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An urban energy and water balance model is presented which uses a small number of commonly mea-
sured meteorological variables and information about the surface cover. Rates of evaporation-intercep-
tion for a single layer with multiple surface types (paved, buildings, coniferous trees and/or shrubs,
deciduous trees and/or shrubs, irrigated grass, non-irrigated grass and water) are calculated. Below each
surface type, except water, there is a single soil layer. At each time step the moisture state of each surface
is calculated. Horizontal water movements at the surface and in the soil are incorporated. Particular
attention is given to the surface conductance used to model evaporation and its parameters. The model
is tested against direct flux measurements carried out over a number of years in Vancouver, Canada and
Los Angeles, USA. At all measurement sites the model is able to simulate the net all-wave radiation and
turbulent sensible and latent heat well (RMSE = 25-47 W m~2, 30-64 and 20-56 W m 2, respectively).
The model reproduces the diurnal cycle of the turbulent fluxes but typically underestimates latent heat
flux and overestimates sensible heat flux in the day time. The model tracks measured surface wetness
and simulates the variations in soil moisture content. It is able to respond correctly to short-term events
as well as annual changes. The largest uncertainty relates to the determination of surface conductance.
The model has the potential be used for multiple applications; for example, to predict effects of regulation

on urban water use, landscaping and planning scenarios, or to assess climate mitigation strategies.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In urban areas the water and energy exchanges are altered by
land cover changes and peoples’ behavior. Compared to naturally
vegetated areas, urban land cover changes result in increases in
surface runoff, reduction in evaporation and increased sensible
heat emissions to the urban boundary layer (Mitchell et al., 2003,
2008; Xiao et al., 2007). These have implications for flooding (Schiff
et al., 2007), human comfort (McMichael et al., 2008), mixing of the
boundary layer and pollutant dispersion. Despite the importance of
urban areas, given half the world’s population lives in cities, energy
and water balance fluxes are rarely measured. This information is
important for decision and policy makers operating at a range of
spatial scales (properties, blocks, neighborhoods, cities) relating
to the provision of water or imposing water restrictions, mitigating
or responding to extreme conditions for human comfort, and air
pollution prediction and exposure alerts. Of interest are both high
magnitude - low frequency events (e.g. flooding) and low magni-
tude-high frequency events (e.g. air pollution exposure). These re-
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quire continuous knowledge of the state of the surface and the
atmosphere to assess risks and vulnerabilities for urban residents.

For urban areas the water balance of the external environment
can be written (Grimmond et al., 1986):

P+I,+F=E+R+AS [mmh] (1)

where P is precipitation, I, is the external piped water supply, F is
the anthropogenic water emission (e.g. combustion, air condition-
ing, human emissions from breathing), E is the evaporation (which
includes transpiration), R is the runoff, and AS the net change in
water storage (e.g. changes in soil moisture, detention ponds) with-
in the study area. When the complete urban environment is consid-
ered the piped water used internally within buildings is included.
Through evaporation the water balance is linked to the energy bal-
ance which in urban areas is written (Oke, 1987):

Q +Qr=Qr+Qy+AQs Wm? (2)

where Q" is the net all-wave radiation, Qr is the anthropogenic heat
emission, Qg is the latent heat flux (Qg = L,E; L, is the latent heat of
vaporization), Qg is the turbulent sensible heat flux, and AQs is the
net storage heat flux which includes soil heat flux and also the heat-
ing and cooling of the complete urban fabric. Although advection
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exists it is dealt with either through larger scale models in which
land surface models are embedded or at the micro-scale advection
is included within the parameterizations of the individual terms.

Many of the earliest studies of the urban water balance used the
available data to estimate the terms of the water balance, but often
the methods of determination were not explicitly stated (Aston,
1977; Bell, 1972; Campbell, 1982; Lindh, 1978). One of the first
models, L'vovich and Chernogayeva (1977) used observed precipi-
tation data with modeled runoff to determine the evaporation by
residual. Although numerous models have been developed for ur-
ban runoff they do not account for the complete urban water bal-
ance (e.g. Berthier et al., 2004). Distributed hydrological models
have been modified to account for urban areas but to date the
emphasis has been on runoff (e.g. Cuo et al., 2008).

Some urban water balance models have been developed at the
individual property scale with attention to conserving irrigation
water and reducing runoff (Mitchell et al, 2001; Xiao et al.,
2007). Particularly in arid regions, calculation of the amount of
water used for irrigation is of key interest. To do this potential
evaporation is calculated, which may be modified with crop coeffi-
cients (Xiao et al., 2007).

Actual evapotranspiration (or latent heat flux) can be measured
by eddy covariance techniques at the neighborhood or local scale
(10-10* m). Grimmond et al. (1986), the first to present a water
balance model for urban areas with actual evaporation rates at this
scale, accounted for the surface and soil at a daily time step.
Grimmond and Oke (1991), using an evaporation-interception ap-
proach, calculated hourly fluxes. However, their model used a large
number of observed variables, such as soil moisture, irrigation
rates, and net all wave radiation. Lemonsu et al.’s (2007) combined
Town Energy Balance and soil-vegetation-atmosphere-transfer
scheme (TEB-ISBA) examined both urban runoff and the energy
balance to determine infiltration of water through roads.

Not all urban energy balance models simulate latent heat flux,
and they rarely account for irrigation and runoff processes. The
‘PILPS-urban’ international comparison of urban energy balance
models (Grimmond et al., 2010, 2011) concluded that the inclusion
of the latent heat flux was important, even in areas with little veg-
etation and that overall it was the most poorly modeled flux. The
model comparison documented a vast range in model performance
and concluded there is no individual model that had the best per-
formance for all fluxes. Application of several models, to provide an
ensemble, resulted in the lowest modeled error (Grimmond et al.,
2011).

Thus while there is growing interest in urban energy and water
exchange processes there remains a need for a model that can sim-
ulate both energy and water fluxes for extended periods of time
(e.g. multiple years) that requires only limited input data that
can be acquired from standard meteorological stations or a
meso-scale model. This work attempts to fill that gap. Here previ-
ously published models are combined with new parameterizations
to form the Surface Urban Energy and Water Balance Scheme
(hereafter SUEWS), which calculates energy and water balances
at the neighborhood scale (Fig. 1). The foundations of SUEWS, the
urban evaporation-interception scheme of Grimmond and Oke
(1991) and the urban water balance model of Grimmond et al.
(1986), are combined with additional modules to reduce the num-
ber of required input variables (Table 1) and to include more fully
the energy and water exchange processes. The goal is to provide a
widely applicable model for researchers and urban planners which
could be embedded into larger scale models or operate on a stand-
alone basis. Unlike most urban land surface models (Grimmond
et al., 2009, 2011), the surface resistance scheme is parameterized
explicitly for urban areas rather than using schemes originally de-
signed for non-urban areas and takes an integrated approach to the
inclusion of urban vegetation.

2. The model

This paper describes the SUEWS scheme, with particular atten-
tion to surface conductance used in the Penman-Monteith equa-
tion (Monteith, 1965; Penman, 1948). Several methods have been
developed to model surface conductance (Irmak and Mutiibwa,
2010), given it is difficult to measure yet is very important for
the exchange of water between the surface and the atmosphere.
Here the Jarvis (1976) approach is used to obtain general coeffi-
cients for urban environments.

To simulate urban water and energy balances, Egs. (1) and (2),
SUEWS uses several sub-models (Fig. 1a) which are designed to
minimize the number of input variables required (Table 1) (see
Appendix A for notation). The model takes both the surface and
the soil below into account. Both are treated as single-layer mois-
ture stores. The surface stores allow for the full array of surface
types observed in urban environments (Fig. 1b) - paved areas,
roofs, coniferous trees and shrubs, deciduous trees and shrubs,
irrigated grass, non-irrigated grass and water - to be considered.
Each surface type, except water, has a soil store below. When sat-
uration of the soil occurs, the excess water is either prevented
from entering the soil creating surface runoff and/or passes out
of the bottom of the modeled soil layer, this is termed deep soil
runoff.

The fundamental spatial scale of the model is the neighborhood
or local scale. This makes it suitable for inclusion as a tile within a
meso-scale meteorological model or unit within a larger hydrolog-
ical model. The fundamental grid area and shape are not fixed. The
model can be run for an individual area or grid cell representative
of a neighborhood or multiple hydrological linked (or unlinked)
grids which make up catchments or watersheds. However, for
comparison with directly measured turbulent fluxes these need
to have similar dimensions to a flux source area (10>-10* m length
scale). Besides commonly measured meteorological variables
(wind speed, relative humidity, air temperature, pressure, precipi-
tation, shortwave irradiance) the model requires information for
each model grid, including: the plan area fraction of each surface
type, number of inhabitants, fraction of irrigated area using auto-
matic sprinklers; and internal hydrological connectivity (for exam-
ple, based on elevation differences or pervious/impervious linkages
or by piped network connectivity) (Appendix A).

The basic time step for SUEWS is 5 min to hourly, results are
aggregated into daily, monthly and annual time periods. SUEWS
can be run for periods of a day (or less) to multiple years with
changing surface characteristics and meteorological forcing. Thus,
the development of an area through time can be taken into
account.

2.1. Available energy

The magnitude of sensible and latent heat fluxes are dependent
on the available energy, which is determined from the net all-wave
radiation (Q"), net storage heat flux (AQs) and anthropogenic heat
flux (QF). These are typically calculated with a 1 h time step.

For SUEWS, Q" is calculated using the net all-wave radiation
parameterization scheme (NARP) (Loridan et al., 2011; Offerle
et al., 2003). This allows Q" to be calculated using incoming short-
wave radiation (K|), relative humidity (RH) and air temperature
(T). Instead of the latter two variables, incoming long-wave radia-
tion or cloud cover can be used if available; both improve the Q*
parameterization (Loridan et al., 2011). The effect of snow on the
surface albedo and Q" can be taken into account in the input data
file by defining the fraction of surface covered by snow. AQs is
calculated using the Objective Hysteresis Model (OHM; Grimmond
and Oke, 19993, 2002) which is able to capture the characteristic
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Fig. 1. SUEWS (upper) order of calculations within a grid cell and between grids; (lower) conceptual diagram of the seven parallel surface types (i) with the horizontal and
vertical flows of water (see text for details) within a grid cell and between grid cells. E is the evapotranspiration, P the precipitation, I, the external irrigation, R runoff (see text

and Appendix A for details of notation).

magnitude and diurnal hysteresis of the storage heat flux in cities
(Offerle et al., 2005; Roberts et al., 2006).

To calculate Qr, we modify the Sailor and Vasireddy (2006) ap-
proach developed for the calculation of residential electricity
usage. This approach employs cooling and heating degree days
(CDD and HDD, respectively) in order to take into account energy
used for heating in cold temperatures and increased air condition-
ing in warm temperatures. The daily anthropogenic heat flux
(W m~2) per population density (p, units: capita ha') is calculated
for weekdays (wd) and weekends (we)

QFp,(wd,we) = Qo{wd,we} + al{wd‘we}CDD + aZ{wd,we}HDD (3)

where do (wa,we) is the base value of Qr which is the integrated heat
flux per p from all sources relative to a base human comfort temper-
ature (e.g. 18.2 °C, Sailor and Vasireddy, 2006) for wd and we. The
relation for a study area between CDD (aj(wawe;) and HDD
(az,twawey) Needs to be specified. The daily Qf is partitioned using
user-definable diurnal profiles for we and wd (Table 3). Alterna-
tively, SUEWS can use Qr as an input data set if it is available; the
Large scale Urban Consumption of energy model (LUCY) provides
one such option (Allen et al., 2010). LUCY simulates all components
of anthropogenic heat flux from the global to individual city scale
hourly at 2.5 x 2.5 arc-minute resolution.

2.2. Leaf area index (LAI)

To allow for changes in the growing season between years, a dy-
namic response of leaf area index (LAI) to growing degree days
(GDD) and senescence degree days (SDD) (to capture the effect of
temperature on the initiation of leaf-off in the autumn) has been
developed. LAl is used in the calculation of surface conductance
(Section 2.4.2) and it controls seasonal behavior of the vegetation

porosity for roughness length calculations, surface albedo and

water storage capacity of deciduous trees. The leaf-on period is

determined by GDD and the start of the leaf-off period by the SDD.
The daily LAl,4; for each vegetation type (i) is:

{LAId,i = LAIgf)i,'GDD 5.10* + LAl4_15, Tgasespp < Tq < TBasecpp

LAlg; = LAY} SDD -5 -10"* + LAly 17, Taasecon < Ta < Tpasespp

(4)

where LAl; 4 ; is LAI of vegetation surface type i from the previous
day, T, is the mean daily temperature and Tggsegpp and Tpasespp are
the base temperatures for initiating the periods of leaf-on and
leaf-off, respectively. The user-defined minimum LAI should always
be larger than zero for each vegetation type.

2.3. External water use I,

I, is an important additional input to the urban water balance
and can easily exceed the volume of water from precipitation
(Grimmond and Oke, 1986; Mitchell et al., 2001, 2003). For some
cities and regions, it is the only input of water for large parts of
the year. If I, data are not available a simple hourly model can be
used. The probable daily water used (mm d~!) is calculated from
T4 and time since rain (t,, d) according to:

Ie :ﬁrrgrass[faut(bo.a + bl,aTd + bZ‘atr) + (1 —faut)(bo,m + bl,de + b2.mtr)]
(5)

where fg,, is the fraction of irrigated area fjrgrqss Using automatic
irrigation, bgs-ba4 and bom—b,, are site specific coefficients for
automatic and manual irrigation, respectively. Automatic and man-
ual irrigation are considered separately as they tend to differ in
terms of the time of day at which they occur and their response
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Table 1

Required (a) meteorological input and (b) output variables of the model. See text for
further comments about the use of additional input variables (if available). See
Appendix A for the parameters required. The spatial scale the data are representative
of are: local scale or the whole grid (Loc) and individual surface types within a gird
(T). Larger areas can be determined from the individual grids.

Variable Units Spatial scale
(a) Input

Mean wind speed (u) ms! Loc
Relative humidity (RH) % Loc
Air temperature (T) °C Loc
Station air pressure kPa Loc
Precipitation (P) mmh~! Loc
Incoming short wave radiation (K|) Wm? Loc
(b) Output

Net all-wave radiation (Q*) Wm? Loc, T
Radiation components: KT, LT, L| Wm? Loc, T

Surface temperature °C Loc, T

Sensible heat flux - LUMPS (Qy) Wm? Loc
Latent heat flux - LUMPS (Qg) W m2 Loc
Storage heat flux (AQs) Wm2 Loc
Anthropogenic heat flux (Qr) Wm? Loc
Sensible heat flux - SUEWS (Qy) W m2 Loc
Latent heat flux - SUEWS (Qg) W m~2 Loc
Evapotranspiration (E) mm h~! Loc
External water use (I.) mm h~! Loc
Drainage (D) mmh~! Loc, T
State of the surface storages (C;) mm Loc, T
Aerodynamic resistance (r,) sm! Loc
Surface resistance (rs) sm! Loc
Friction velocity (u.) ms! Loc
Obukhov length (L) m Loc
Soil moisture deficit (A0) mm Loc, T
Leaf area index (LAI) m? m—2 Loc
Runoff (R = Rpipe + Rac) mm Loc, T
Runoff to pipes (Rpipe) mm Loc
Above ground runoff (Rac) mm Loc
Deep soil runoff (Rps) mm Loc, T

to local weather conditions. The diurnal cycle is obtained using
water profiles applied to the daily external water use (Table 3). Gi-
ven that water use restrictions are widely used in different cities
(e.g. Gober et al., 2010; MacDonald et al., 2010), SUEWS allows
water profiles to be defined so that the impact of different water
restriction schedules can be evaluated (importantly the model also
provides a framework to evaluate such regimes). The start and end
times (I stare and I eng, Tespectively) of the external irrigation season
have to be specified.

2.4. Turbulent heat fluxes
Evaporation from each surface is calculated with the Penman-

Monteith equation (Monteith, 1965; Penman, 1948) modified for
urban areas (Grimmond and Oke, 1991):

_S(Q +Qr — AQy) + GpV/re

Qe S+ (1 +15/10)

(6)

This is applicable to dry surfaces. When the surface is completely
wet the surface resistance r; is set to zero. To link the two surface
stages (dry and wet), 1y is replaced with a redefined surface resis-
tance ry (Shuttleworth, 1978):

w a-w) 17
r(s/y+ 1) Ts+1p(s/y+1)

—1(S/y+1) (7)

Tss =

where W is a function of the amount of water on the canopy of the
individual surface surfaces (G) relative to the canopy surface water
storage capacity (S;):

w=1
W=(K-1)/K-S5;/C)

G=S
Ci < S,'
and K relates to the aerodynamic (r,) and surface (r;) resistances:
_ (rs/Ta)/(ra — 1)
rs+1p(s/y+ 1)

where r}, is the boundary layer resistance (Shuttleworth, 1983):
ry = 1.1u" +5.608

Qg depends on the surface wetness state and therefore it is calcu-
lated with 5 min time step. Sensible heat flux is calculated as a
residual from the hourly available energy minus the hourly latent
heat flux.

2.4.1. Aerodynamic resistance r,
The aerodynamic resistance is calculated using the logarithmic
wind profile for each hour:

lIn()y — g inCaE) — g,
ku ’
where z,, is the height of the measured horizontal wind speed u, z;
is the zero plane displacement height, z,, is the roughness length
for momentum, zo, is the roughness length for heat and water va-
por, k is the von Karman constant (0.4), and y/,, and v, are the sta-
bility functions for momentum and water vapor, respectively The

stability functions for unstable conditions for momentum are (van
Ulden and Holtslag, 1985):

2
Y =210 <#> +In (1 = ) ~2tan ' (X) +5 9)

where X = (1 — 15.20)%?* (Hogstrém, 1988) and { = (z, — z4)/L and
for heat and water vapor (van Ulden and Holtslag, 1985):

v, = 2In (1 Zyz) (10)

where Y = 0.95(1 — 15.20))*° (Hogstrom, 1988). The function for
stable condition for momentum (van Ulden and Holtslag, 1985):

(8)

a

Y = —17(1 - exp(~0.290)) (11)
and for heat and water vapor (Hogstrom, 1988):
¥, =-4.5( (12)

The initial calculation of the stability functions uses Qg calculated at
each time step by the local-scale urban parameterization scheme
(LUMPS) (Grimmond and Oke, 2002).

The evaluation of zy,, and z4 schemes by Grimmond and Oke
(1999b) was driven by the sensitivity of the r, to the values used.
In SUEWS, zy, and z; may be specified (static or dynamic) or calcu-
lated using Macdonald et al. (1998) or rule of thumb (Grimmond
and Oke, 1999b). If these are calculated in SUEWS, the mean height
of roughness elements is determined as a weighted average from
the mean height of buildings and trees, and takes into account that
the trees are not bluff bodies. The porosity of trees is set to vary
with LAI of the deciduous trees (Grimmond and Oke, 1999b). When
evaluating the model against measurements the changing observa-
tional footprint can be accounted for if the user provides values for
each interval (dynamic).

Assuming the roughness length for heat and moisture are the
same, then zg, is typically calculated from zg,,. Recently, parame-
terizations for urban areas have been developed (Kanda et al.,
2007; Voogt and Grimmond, 2000) of the general form (Brutsaert,
1982):
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Table 2

(a) Model parameter values by surface type and (b) general model run options (see Appendix A for notation and units, and text for relevant equations where the parameters are
used). Initial state for soil stores in Vancouver (VCR) and Los Angeles (LA) are set to different values because of the different hydro-meteorological conditions.

(a) Units Building Pavement Conif. Trees Decid. trees Irrigated grass Unirrigated grass Water
Si mm 0.25% 0.48° 1.3¢ 0.3-0.8¢ 1.9¢ 1.9¢ 0
Ssoili mm 1504 1504 1504 1504 1504 1504 -
Do mm 10°¢ 10°¢ 0.013¢ 0.013¢ 10°¢ 0.013¢ -
b - 3d 3d 1.71¢ 1.714 0.013¢ 1.71¢ -
G mm 0 0 0 0 0 0 0
Cooiti mm VCR 1509 1504 1504 1504 1509 1509
LA 130 130 130 130 130 145

o - 0.15 0.12f 0.10 0.18f 021" 021" 0.10
& - 0.95 0.91f 0.98f 0.98f 0.93f 0.93f 0.95
&imax mms~! - - 7.4 11.7¢ 40 33.1¢ -
(b) Input Value Input Value Input Value Input Value

Olsnow 0.5 bam 1.10 Ks 0.0005% M 0.45

Esnow 0.99 G 16.48 LAl ax.con 5.1¢ S5 15

Psoil - G, 566.1 LAl naxdec 5.5¢ Spipe 100

o fwd,we} 0.308 Gs 0.216 LAl nax grass 5.9¢ SDD -450

al.{wd,we} 9~86‘103 G4 3.36 LAImin.con 4 TBuseGDD 5

2 (wd,we} 0.0102 GS 11.07 LAlmin,dec 1 TBaseSDD 11

boa —84.54 Gs 0.018 LAl ningrass 1.6 ThaseoF 18.2"

b1a 9.96 GDD 300 T's.max 9999.0 Ty 40

baa 3.67 Iy 0.0 TeScap 10 A n 0

bom —25.36 Klm 1200 TeSdrain 0.25 Tstep 300

bim 3.00 Rc 1.0

@ Falk and Niemczynowicz (1978).

b Davies and Hollis (1981).

¢ Breuer et al. (2003).

4 Grimmond et al. (1986).

¢ Grimmond and Oke (1991).

f Oke (1987).

& Berthier et al. (2006).

" Sailor and Vasireddy (2006).

i Grimmond (1988).

I Loridan et al. (2010).

Zop = Zom€XP (2.0 - azo,:u*> (13)  gry= (T-T)(Ty-1"

where a is an empirical constant depending on the surface cover
and v=1.46-10">m?s! is the molecular viscosity of air. For
unvegetated urban surfaces, Kanda et al. (2007) proposed a = 1.29.
We use Kawai et al. (2009):

a=12-09f0% (14)

where a depends on the fraction of vegetation cover (f,,).

2.4.2. Surface resistance s

Evaporation is highly sensitive to r; (or its inverse surface con-
ductance g;) thus defining it appropriately is important. Here a sin-
gle integrated conductance for the whole surface is calculated
using a modified version of the physically based model of Jarvis
(1976) and Grimmond and Oke (1991):

- LAl
T;l =gs=0 Z (figi‘max?[jJ

i=3

)g(K 1g(Aq)g(T)g(A0) (15)

This allows g, to respond by vegetation type (i) to LAly; relative to its
maximum (L, ;) for its fraction of cover (f;) and maximum conduc-
tance values (g;max), and the environmental variables of incoming
shortwave radiation (K|, W m~2);

K1 )G K )
gD = (G Kl

specific humidity deficit (Aq, g kg™!):

1—G3Aq,Aq<G4
Ad) =
£(Aq) {1—63647Aq > G,

air temperature (T, °C):

(Gs = T1)(Th — Gs)"
where T, = (Ty — Gs)/(Gs — T;), and soil moisture deficit (A0, mm):
g(A0) =1 — exp{Gs(A0 — (51/Ge) +52)}

where S; and S, are parameters related to the maximum Ad6.

To obtain the parameters G;-Gg (Section 4.2) observations of Qy
and Qg (Section 3) are used to determine ‘measured’ values of r
from:

sp cppV
rs=(=—-1)r+
( 7 ) yQ

2.5. Interception state of the canopy (C;), infiltration (R;), and runoff
(R)

(16)

For the calculation of flowing water the model has a 5 min time
step to allow rapid response to rain or irrigation events (Grimmond
and Oke, 1991). The equations are given for the current time step
unless otherwise indicated. The surface wetness state of ith surface
(G;) determines the approach taken for calculating evaporation
from Eq. (6). At each time step a running water balance of each sur-
face i (Rutter et al., 1971) is calculated, which has the form (Grim-
mond and Oke, 1991):

Ci = Cir1 + (Pi + Iej + Reaci + Rsasi) — (Di + E;)

(in mm (5 min) ") (172)

The surface can become wet from precipitation (P;), irrigation (I ;)
or from runoff from water flowing above ground from a neighboring
grid (Rgpc;) and/or from within the grid from hydrologically
connected surfaces (Rs,s;). The amount of water received by this
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Table 3

Diurnal profiles of (a) Qr for a residential area in Vs87 for weekdays (wd) and
weekends (we). These are applied to the mean daily flux (3). (b) External water use.
The model allows for daily water use profiles (Prof) to be specified (when actual water
use data are not supplied) as a fraction of the daily total (5) for a particular time
period. A constant amount of water use is assumed for each hour with a delineated
period.

(a) Qr (b) Fraction I,
h wd we Prof 1 Prof 2 Prof 3
Vancouver? Arcadia® San Gabriel”
0 0.57 0.65
1 0.45 0.49
2 0.43 0.46
3 0.40 0.47 0.15 0.40 0.35
4 0.40 0.47
5 0.45 0.53
6 0.71 0.70
7 1.20 1.13
8 1.44 1.37
9 1.29 1.37
10 1.28 1.30
11 131 1.37 0.35 0.40 0.19
12 1.30 1.33
13 1.32 1.30
14 1.35 1.27
15 144 1.36
16 1.51 1.44
17 1.41 1.30 0.50 0.20 0.46
18 1.14 1.10
19 0.99 0.98
20 0.86 0.84
21 0.85 0.90
22 0.80 0.87
23 0.70 0.74

9 Based on Vs87 data.
b Grimmond et al. (1996).

inter-surface transfer within a grid is specified by the user based on
hydrological connectivity with the impacts of topographic differ-
ences taken into account. For the water surface no drainage occurs.
However, when grid to grid flow occurs there is a stream/river,
whereas when there is no flow there is a detention pond. If the
water body receives external water it may be necessary to account
for this (Iyp) through input by the user.

Cwater = Cwater,t—l + (Pi + IWB + RGZGAwater + RSZS,water) - Ei) (17b)
Drainage (D;), the rate at which a surface store drains, depends on
the surface type (i) and the water status of the surface (or store)
from the previous time step (Ci,_q); for unirrigated vegetation
(Halldin et al., 1979) this is:

D; = D()_,'GXP(bCLFl — 1) (18)

and for paved surface, roofs and irrigated vegetation (Falk and Nie-
mczynowicz, 1978):

Di = Do;i(Cir1)". (19)

The values for the maximum drainage rates (Dy;) and coefficients
(b) are taken from the literature (Table 2).

From both impervious and pervious surfaces part of drainage
water can flow to hydrologically connected surfaces (Ds,s;); for
example, allowing water to drain from the roof to an impervious
or vegetated area (see also Rsys;). From impervious surfaces, the
drainage not flowing to neighboring surfaces goes to the pipe net-
work (Cpipe) as runoff (Rpipe.i):

2
Cpipe.t = Cpipe,t—l + ZRpipe,i (20)

i=1

If the pipe capacity (Spipe) is exceeded flooding above ground occurs
as the water is added to above ground runoff (Rag imp):

RAG.imp = (Cpipe - spipe) (21)

Currently, for impervious surfaces water cannot infiltrate to the soil
directly (for example, cracks in the pavement are assumed not to
exist).

From pervious surfaces, part of the drainage infiltrates (R;;) into
the underlying soil increasing the amount of water of each sub-
surface i (Csoi)- It is assumed that the soil infiltration rate is larger
than drainage (Grimmond and Oke, 1986) if rainfall intensities are
below 10 mm per 5 min period. If Cs;;; €xceeds its maximum stor-
age capacity (Ssoir;), infiltration does not occur and the water goes
to the pipe network, if possible:

6
Cpipe = Lpipet-1 + ZRpipe‘i (22)

i-3
or if Cpipe > Spipe, then it goes to above ground runoff (Racveg):
Rac.ves = (Cpipe — Spipe)- (23)
The total above ground runoff, or flooding, is then

Rac = Rac,veg + Rac.imp

If the impervious surface is dry, water by evaporation is removed
proportionally from the surrounding pervious surfaces. If evapora-
tion occurs and the state of ith surface (G) is dry, water is removed
from Cs,s; under pervious surfaces:

Coiti = Csoitit—1 + Rii — Ei — Rpgnj — Rps (24)

where Rgcp; is water flux between different soil storages and Rps
water flow to deep soil. If Gy iS empty, no evaporation can occur.

After the vertical movement of water between the soil and
atmosphere, water is allowed to move horizontally between the
soil storages according to Green and Ampt’s equation (Hillel,
1971); the water flux between soil stores i and j (Rpg,i2)):

AHjy;

iy (25)

Rpcoj = —K
where Xi; is the distance between the two stores. The area of each
surface type is assumed to be square and Xiy; is calculated as the dis-
tance between the midpoints. AHjy; is the pressure head difference
of the stores i and j and K, j»; is the hydraulic conductivity. The pres-
sure head (H;) of each soil store (i) is calculated using van Genuch-
ten (1980) with the assumption in their Eq. (3) of m=1 and n = 2:

VOt (26)

b
(0874

where o, is a parameter (o,c=0.0005mm~') and

O; = (0yi — 0pri)/(04si — 0,r;) With the volumetric water content
(0,) calculated from the soil moisture deficit:
A0
0p =0, ——F+
v ” zsoilfr

Kpm,ioj is calculated as an areally weighted average from the hydrau-
lic conductivities of soils stores i and j (van Genuchten, 1980):

Ky = Ks®X°[1 — (1 — @}/ 1=tz (27)

where Kj is the saturated hydraulic conductivity given as an input
parameter and n = 2.

If at this point a below ground soil storage (C;) exceeds its
maximum capacity (Ss;), the water is removed to deep soil as
runoff (Rps) given separately in the model output file. This is not
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passed to the next grid cell. After these steps, the canopy and soil
stores are updated and the model calculates the hourly
evaporation, drainage, total runoff (R = Rpipe + Rag) and runoff to
deep soil (Rps), soil moisture content and canopy state using the
weighting of each surface fraction.

3. Methods
3.1. Measurements

SUEWS is tested against measured net-all wave radiation and
turbulent fluxes of sensible and latent heat from Vancouver, Can-
ada (Grimmond and Oke, 1991; Crawford et al., 2010) and from
Los Angeles, USA (Grimmond and Oke, 1995). In addition, the mod-
eled surface wetness and soil moisture are tested against measure-
ments in Vancouver and the sensitivity to different model options
in Vancouver in 1987 are shown.

The analysis undertaken here is for individual model grid areas
(Fig. 1) rather than for a larger area. The sites used are located in
Vancouver, Canada, and Los Angeles, USA (Table 4). The five data-
sets, referred to by site (SS) and year of measurements (YY) (com-
bined to SSYY), are for Vancouver (Vo82, Vs87, Vo09, Vs09) and Los
Angeles (Ar93, Ar94) (Table 4). For all datasets excluding Vo09
dynamically varying surface cover information were determined
from turbulent source area analysis. For Vs09 the model by
Korman and Meixner (2001) was used, while for Vs87, Ar93 and
Ar94 the model of Schmid (1994) was used.

Table 4

3.2. Parameter estimation

The parameter values for several of the functions used within
the sub-models are obtained using a bootstrapping method (Efron
and Gong, 1983) which allows more representative values and
uncertainties to be assessed. In bootstrapping, the dataset is di-
vided into 100 subsets, each with a random but arbitrary 5/6™ of
data, to allow measurement errors to be accounted for (Jdrvi
et al., 2009). For each subset coefficients are determined. The final
coefficients and root mean square errors (RMSE) are the arithmetic
means and standard deviations of the 100 subsets.

The approach taken by function is:

(a) The anthopogenic heat flux coefficients for Eq. (3), are deter-
mined from multiple linear regression using the Vs87 data
(Grimmond, 1992) (Table 4).

(b) The surface resistance parameters G,-Gg for Eq. (15) (Sec-
tion 2.4.2) are calculated from non-linear least square
regression between the ‘measured’ g; (Eq. (16)) and the envi-
ronmental variables (K|, T, Aq, A#). Observations (Sec-
tion 3.1) from five datasets (Vs87, Ar93, Ar94, Vs09, Vo09;
Table 4) are used in order to generalize values for urban
environments. The number of suitable datasets is limited
as soil moisture is rarely measured together with the turbu-
lent heat fluxes in urban areas.

The non-linear regression is conducted for daytime hours when
the surface is dry. Daytime is defined by a positive K| and the

Characteristics of the measurement sites. For zo,;, z4: Counihan (1971), Macdonald et al. (1998); RT: rule of thumb (Grimmond et al., 1999b). See Appendix A for other notation.

Profiles see Table 3.

City Vancouver Los Angeles
Oakridge Oakridge Sunset Sunset Arcadia Arcadia

Year 1982-1983 2009 1987 2009 1993 1994
Doy 22-22 178-243 33-179 1-365 186-223 188-205
Code Vog2? Vo09® Vs87¢ Vs09° Ar93¢ Ar94°
Location 49°23'N, 123°1'W 49°23'N, 123°1'W 49°23'N, 123°1'W 49°23'N, 123°1'W 34°08'N, 118°03'W 34°08'N, 118°03'W
Ay(ha) 21 22.5, 78" 21 78h 78.5 78.5
DLTsqre 73 67 67 67 94 94
DLTgnq 331 305 305 305 304 304
faue 0.05 0.61 0.01 0.01 0.16 0.16
Io 0.20 0.25" 0.26 0.23* 0.17 0.23
feon 0.05 0.06 0.02 0.03 0.03 0.03
fec 0.14 0.19 0.07 0.09 0.31 0.28
firrgrass 0.29 0.29 0.22 0.18 0.24 023
Soav 0.20 0.20 0.27 0.45% 0.20 0.19
fr 0.85 1 0.85 1 1 1
funirrgrass 0.11 0.01 0.17 0.02 0.03 0.02
fu 0.60 0.55 0.47 0.322 0.61 0.56
fw 0.01 0.00 0.00 0.00 0.02 0.02
I, period 121-243 121-243 121-243 121-243 186-223 188-205
I, profile Prof2 8 pm-7 am 0.56 Prof1 Prof1 Prof2 Prof2

7 am-4 pm 0.10

4 pm-8 pm 0.34
p (in ha™") 20.5 29.3 214 64.1 18.7 18.7
Trone -9 -9 -9 -9 —8 (solar) —8 (solar)
Zom» Zq (M) RT RT M C M M
z;, (m) 7 5.8% 5.2 5.5f 5 5
Zhy (M) 7 8 6.0 7.1f 7 7
Zpm (M) 9 29 22.5 28 30.5 325
Zsoir (M) - 0.05 0.15 0.05 0.08 0.08

2 Grimmond and Oke (1986).

b Crawford et al. (2010).

¢ Grimmond and Oke (1991).

4 Grimmond and Oke (1995).

€ Grimmond et al. (1995).

' Average in long-term turbulent source area of tower.

& Determined for a representative segment of 10° and 500 m radius from the tower.

" Area studied a 500 m radius circle.
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Fig. 2. ‘Measured’ (Grimmond, 1992) and modeled anthropogenic heat flux (Qr) per
capita_' ha~' as a function of air temperature T. The impact of coefficients from
Seattle, Los Angeles and Houston are shown (Sailor and Vasireddy, 2006).

surface is assumed to be dry if rain had not been recorded in the
preceding 3 h or the following 1 h. To fit the data, outliers defined
as g;>40mms~! (or r;< 25 s m™!), were omitted (see Fig. 3). Due
to the different climatological and ecophysiological conditions,
data were divided into seasons with winter extending from
December to February (DJF), spring from March to May (MAM),
summer from June to August (JJA) and fall from September to
November (SON) (Table 5).

The coefficients were calculated by season and as a whole for
Vancouver. For each season coefficients were determined based

on a random 190 data points selected100 times through bootstrap-
ping. The subsampled data were forced to have the similar num-
bers of samples per season and site: winter (DJF) 95 (Vs87) + 95
(Vs09), spring (MAM) 95 (Vs87) + 95 (Vs09), summer (JJA) 38 * 5
(All datasets), and fall (SON) 190 (Vs09) data points (Table 5a).
The final coefficients for each season were calculated as an arith-
metic mean from the 100 values (Table 5a). In addition, coefficients
were determined 100 times for equally weighted seasonal
amounts of data for Vancouver (190 * 3 + 38 *3 = 684) and using
5/6™ of the whole dataset (3509).

(c) For external water use (Section 2.3) coefficients for Eq. (5) are
determined by multiple linear regression between the mete-
orological variables and water use data measured measured
from 1 May-27 June in Vs87. The model is further tested
with data collected between 28 April and 3 September in
Vo082 and between 4 June and 23 September in Vs09. I, data
collected during Vs87 were also used to determine hourly
water use profiles (Table 3). Water use profiles for the two
sites in Los Angeles in Table 3 are from Grimmond et al.
(1996).

4. Results of sub-model parameter development and testing

To evaluate model performance and to determine values for
parameter coefficients, as many of the individual sub-models as
possible are tested independently. The net all-wave radiation mod-
el has recently been evaluated in detail over a range of seasons (see
Loridan et al., 2011). The performance of SUEWS is primarily

80 T r v r - - - T T T
60} 1t .
x
I
anr T . .
| : T =
| - i |
RN o
20t | } | 1t 7 | : I |
| = |
- T 28 18 9
a | s
o ot T T 5= o[ & T 1
E -5-0  0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 0-200 200-400 400-600 600-800 800-1000
= T(°C) K (W m?)
80
60} g 4
at T 1t E 1
| T T
|
: e : | | e T
207 ! 1r I I | I T 1
| - | R | |
5 = 8 = = =T 5 H
0-4 4-8 8-12 12-16 16-20 20-24 24-28 0-4 4-8 8-12 12-16 16-20 20-24 24-28
Aq(gkg?) A8 (mm)

Fig. 3. Box plot of ‘measured’ surface conductance Eq. (16) with meteorological variables used in Eq. (15) to obtain the surface conductance parameters for the whole data set
(see text for details). The outliers (+) (1.5 times the interquartile range) are show individually.
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Table 5

Evaluation of g (a) total number of data points available by season for each dataset (see Table 4 for site codes) and (b) parameters values (G;-Gg) calculated by seasons, cities and
all data together. For the whole data set 25, 50 and 75th percentiles are shown, while for the others only medians are presented. N is the number of data points used in each
bootstrapping run; winter (DJF), spring (MAM), summer (JJA), fall (SON). Bold: values used in the base run of the model.

Season Data set (number of hourly data points)
(a) Vs09 Vo09 Vs87 Ar93 Aro4
Winter 193 0 99 0 0
Spring 606 0 647 0 0
Summer 786 677 264 415 182
Fall 342 0 0 0 0
(b) N Gy (mms™") G (Wm?) Gs(kgg ™) Gy (gke ") Gs (°C) Ge (mm) RMSE (mms ')
Winter 190 5.68 26.0 0.148 8.91 9.43 0.007 8.92
Spring 190 14.97 1230.9 0.164 428 11.15 0.009 8.00
Summer 190 11.54 15906 0.093 827 19.56 0.013 5.39
Fall 190 7.87 131.1 0.132 5.95 17.88 0.040 7.27
Vancouver 684 14.97 359.1 0.213 3.32 9.42 0.016 8.73
50% 760 16.48 566.1 0216 3.36 11.07 0.018 853
25% 760 13.80 435.0 0.191 3.24 11.53 0.018 8.37
75% 760 19.57 813.5 0.235 3.76 11.63 0.020 8.69
5/6th 3509 15.14 1462.3 0.180 417 13.50 0.015 7.16
30 ao=(0.308 +0.003)Wm 2 (capitaha ')"!, a;=(9.9+1.9)-103
Wm2K™! (capitaha™')"', and a,=(10.18 +0.36)- 10> W m2
- ——vs09 || K™' (capitaha™!)"' were obtained with RMSE=0.028 Wm 2
—e— V009 Fig. 2 shows the Grimmond (1992) values relative to those mod-
ol —a—vsa7 || eled Qr with Eq. (3) as a function of daily air temperature for
‘ Vs87. The temperature range for this data set is 1.5-21 °C; beyond
| this values should be used with caution.
The modeled flux gives the integrated Qr for the study area and
| therefore it is strongly dependent on site characteristics and the
behavior of the people in that area. The slope in response to cooling
. | and heating degree days, for example, will vary depending on so-
T cio-cultural-economic factors of the city in question. Fig. 2 shows
£ the shape of the functions for Seattle, Los Angeles and Houston
£ (Sailor and Vasireddy, 2006) in comparison to Vs87. Heating need
o ik —&— Winter | | is small in Los Angeles and Houston and therefore there is little de-
—&— Spring mand (slope azgwiwe;) in cold temperatures, whereas the use of
1s| —8— Summer | | cooling is high and therefore a; qwawe; is larger. It should be noted
that the slope values for Los Angeles, Houston and Seattle are
based on city-scale analysis while the Vs87 results are determined
] at the neighborhood scale.
The Vs87 data are used to estimate the diurnal profile of Qg sep-
] arately for weekdays and weekends (Table 3). On workdays the ef-
fect of morning and evening rush hours on Qr was evident.
] Otherwise the weekday and weekend daytime profiles were of
al : : ) ‘ ) . ) the same order of magnitude indicating similar heat emissions

Time (h)

Fig. 4. Median diurnal behavior of ‘measured’ surface conductance g, (mms™') (a)
for each dataset and (b) seasonally for all datasets together. The quartile deviations
are shown with grey lines.

evaluated using the Vs87 dataset as this allows its performance to
be considered relative to the original model (Grimmond and Oke,
1991) for which many more of the variables were required (and
provided) as direct input. In addition, the Q*, and turbulent fluxes
are evaluated using four additional datasets Ar93, Ar94, Vs09 and
Vo09. For each dataset the area modeled corresponds to the area
calculated for the turbulent flux source area or for the catchment
(Table 4).

4.1. Anthropogenic heat flux (Qr)

Given the similarity in coefficients obtained (Eq. (3), Section 3.2)
between weekdays and weekends, the same values are used here:

from household activities and traffic in the study area.

4.2. Surface conductance (gs)

The behavior of ‘measured’ gs obtained from Eq. (16) with the
meteorological variables T, K|, Aq and A0 (Fig. 3) has the functional
forms suggested by Jarvis (1976); this supports the use of this ap-
proach. Similarly, the diurnal behavior of the measured g; at each
site (Fig. 4a) follow those previously reported in the literature
(Grimmond and Oke, 1991). The maximum conductances vary be-
tween 5 and 20 mm s~!. Overall, the highest conductance values
are observed in the Vs87 data set, not unexpectedly as they are
spring time measurements and reflect conditions when leaves
grow and take up carbon through stomata keeping the resistance
to water exchange lower (Fig. 4b).

The results when 5/6™ data points are used (Section 3.2) give
coefficient values that are biased to the summer as there is much
more data than for other seasons. To obtain a more general set of
parameter values without this bias, the 190 data points from
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seasonal datasets were used for the 100 bootstrapping runs. The final
coefficients are the median values (50 percentile) from these 100
subsets (Table 5b). When measured and modeled g; are compared
using these parameters the RMSE is 7.4 mm s~' (N = 15,168 h).

The parameters vary as a function of season with the weighting
for the maximum surface conductance G; having its maximum in
spring following the seasonal variations of g;. The shortwave radi-
ation related parameter G, has its highest value in summer when
the solar radiation is most intense. The specific humidity deficit re-
lated parameters G3 and G4 peak in spring and winter, respectively.
The temperature related Gs reaches its maximum in fall, and the
soil moisture related Gg also reaches its maximum in fall when
the soil is wettest. The fitted values for Los Angeles should be used
with caution due to the small number of data points available for
the analysis.

Fig. 5 shows the diurnal behavior of the functions g(var) as cal-
culated using the base values for all data sets together. g(K|) fol-
lows the intensity of solar radiation on both the diurnal and
annual scale and reaches the highest values in summer and lowest
in winter. g(Aq) reaches its maximum in early morning before
reaching its minimum value defined by G4. Thus in the daytime
in summer, the humidity deficit is important in limiting Qg. In win-
ter, the importance of this function increases i.e. Qg is less limited
by humidity deficit. In summer, g(T) decreases in the afternoon due
to closure of stomata during the warmest hours of day. In winter
the behavior is opposite and evaporation is enhanced during the
warmest hours of day. g(A0) has flat diurnal course which is caused
by the small diurnal variability of Af. The correct biological/phys-
ical behavior of g(var) suggests the fitted parameters are
appropriate.

4.3. External water use (I.)

The external water use (Section 2.3) coefficients for Eq. (5),
when automatic irrigation was negligible (f;,: = 0.01, Vs87) are cal-
culated (Section 3.2) to be bg,=—-84.54+529 mm, b;,=9.96+
040 mm K ! and b,,=3.67+032mmd ' (RMSE =1.14 mmd1).
By comparing the median water use per property using manual
irrigation and automatic sprinklers, calculated from Vo09 and
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Vs09, bom—b2.m was found to be 0.30 times those from automatic
irrigation. This gives R? = 0.80 and RMSE = 1.11 mm d~! (with p-va-
lue 0.1) between the measured and modeled daily water use for
Vs87.

The model was tested with water use measured during Vo82
and Vs09 (Fig. 6), where f,, was estimated to be 0.05 and 0.01,
respectively. The modeled water use follows the measured values
well in Vo82 (R*?=0.73, RMSE=3.57mmd!) but has a larger
RMSE for Vs09 where underestimation occurs (R%=0.41,
RMSE = 2.549 mmd~!) particularly evident at times of higher
water use (with a significance level of 0.9). If the hourly water
use profile in Vs09 is assumed to follow that in 1987 (Table 3,
Prof1), the R? = 0.36 and RMSE = 0.26 mm h~.

5. Results of application of SUEWS
5.1. Base run for Vs87

To evaluate the performance of the overall model a ‘base’ run is
made using the Vs87 data (Table 4). Parameter values used for this
run are listed in Tables 2 and 4. Initially, the soil stores are assumed
to be full in winter as this is the wet period in Vancouver
(Grimmond and Oke, 1986); surface stores were assumed to be
dry. From roofs, 4% of water was allowed to flow on other surfaces,
with the rest going directly to piped runoff (estimated rather than
calibrated).

First, the individual energy balance fluxes (Q*, Qy and Qg) are
evaluated (Fig. 7, Table 6) at the hourly time scale for the whole
measurement period. Not unexpectedly Q" has the highest coeffi-
cient of determination (Table 6). This indicates the model gives
good estimates of Q* when downward longwave radiation is calcu-
lated using only T and RH (Loridan et al., 2011). This is important as
errors in Q" propagate into the turbulent fluxes. In Section 5.2 the
effect of the modeled Q* on latent heat flux is studied in more
detail.

One of the intended improvements of SUEWS, compared to the
Grimmond and Oke (1991) model, is the reduction in the number
of variables that need to be supplied to use the model. Many of
those required by Grimmond and Oke (1991) are not routinely
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Fig. 5. Daytime median diurnal variation of functions g(var) in Eq. (15) by season calculated with the base run parameters G;-Gg for all data sets.
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Table 6

Base run performance for hourly results for SUEWS and Grimmond and Oke (1991)
[GO91 in table] for Vs87 data. NA indicates that the GO91 did not have this capability
to model the so it is not applicable. See also Table 7 for more detailed analysis of
SUEWS performance for Qg.

Period: Mean observed SUEWS base G091 Base
22-179 W m? R? RMSE R? RMSE
Q 75.9 0.95 44.9 NA

Qu 61.3 0.77 39.1 NA

Qe 38.8 0.74 32.5 0.81 27.7

measured. Statistics for the modeling of Qg are slightly poorer than
obtained by Grimmond and Oke (1991) (Table 6). However, given
that previously the model was provided with observed Q*, Qy
(for stability calculations), Qr, I, and A6, this drop is regarded as
acceptable (and expected) given these much reduced data inputs.

SUEWS underestimates Qg in the daytime when the fluxes are
larger resulting in a slight overestimation of Qy (Fig. 8). When Qg
is low a slight overestimation of the flux occurs particularly in
May and June. The model fails to simulate dew formation during
the summer months. Currently the model does not account for
snow accumulation and melt (beyond shortwave radiative
exchanges).

Fig. 9 shows the time series of modeled irrigation and measured
precipitation, surface wetness state of unirrigated lawn (plotted for
between 0.05 and 1: wet) and Af. The modeled surface state of
unirrigated grass Cygg and soil moisture deficit for the complete
surface area weighted by plan area fraction for each component
(A0) and for each sub-surface i are also shown. The model simu-
lates the surface wetness state well: only for 7% of the hours does
the model predict a wet surface when the measured surface is dry,
and in only 1% of the hours when the measured surface is wet does
the model predict a dry surface. Thus overall, the model is able to
follow the changes in the soil moisture following evaporation and
precipitation events. The differences between the measured and
modeled A0 arise from the difficulty of measuring representative
soil moisture relative to the volume the model is calculating for.
Soil moisture measurements were carried out only below lawns,
therefore they are not representative for the whole surface. At
the hourly time scale, the different parts of the model respond
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appropriately to the precipitation and irrigation events indicating
that the model can also be used to study short-term hydrological
events.

At the monthly time scale, the model produces the expected
temporal variability in the water balance results (Fig. 10). In win-
ter, runoff dominates the water balance accounting for 85% of
the water output in March. But, as the growing season starts,
evapotranspiration becomes increasingly important reaching 91%
of output in June when runoff is only 9%. In June, irrigation be-
comes the most important source (40%) for water with the remain-
der of the evaporative water coming equally from precipitation and
soil drying. These results again are reasonable and show how the
model is able to respond to the seasonal variations of the urban
water balance and in future could be used for long-term water bal-
ance studies.

The maximum fluxes for the monthly energy balance are in June
for Q" with 128.6 Wm™2 (11.1 M] m—2d™!) and in February for Qf
9.1Wm2(0.79 MJm 2d ') (Fig. 10). In February-March the tur-
bulent fluxes are nearly the same, while in April-June more energy
is partitioned into Qy than to Qg. In June Qy reaches 71.4 W m—2
(6.17MJm2d ") and Q- 49.6 W m 2 (4.29 MJ m 2 d~!). These val-
ues compare well with the observations (Grimmond, 1992)
(Fig. 10).

5.2. Sensitivity analysis of the model

To investigate the impact on Qg sensitivity tests were run to as-
sess the impact of model options (summarized in Table 7).
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(a) Net all wave radiation: When measured Q" is used, rather
than modeled, there is only a minor improvement in mod-
eled Qr (R®> of Qg stays the same, RMSE decreases by
0.1Wm2). This is explained by the good agreement
between the measured and modeled Q* (Fig. 7a, Table 6).

(b) Roughness length for heat: The original 0.1z, gives slightly
poorer model performance than the base run. Although,
the zg, exp(—20) proposed by Voogt and Grimmond
(2000) improves the model performance, the parameteriza-
tion given by Egs. (13) and (14) are recommended as it
allows varying vegetation cover to be accounted for. This
term is important in energy balance models but uncertainty
suggests there is need for ongoing research (Best et al., 2006;
Loridan et al., 2010).

(¢) Surface conductance: The effect of the surface conductance
parameters (G;—-Gg) on the model performance is tested
using 25" and 75 percentiles of the whole dataset and by
using coefficients obtained for the different seasons (Table 4).
The winter and fall values and 75" percentiles of the whole
dataset give the poorest performance, with R?<0.69 and
RMSE >36 mms !, and strongly underestimate Qg Both
spring and summer values give better model performance
than the base run which uses parameter values obtained
for whole year using all datasets. These values also decrease
the underestimation of Qg Vs87 dataset contains measure-
ments only from spring and early summer and it is likely
therefore that better performance is obtained with these val-
ues. The 25 percentiles values do not have a large effect on

the model performance.
These results show that these parameter values have a

strong influence on how efficiently water is exchanged be-
tween the vegetation and atmosphere. Their importance is
likely to decrease in areas with higher impervious surfaces
due to the lack of vegetation.

(d) Soil moisture deficit: Using measured soil moisture deficit
increases scatter between the modeled and measured Qg
(RMSE increases 2.4 W m2) but a better linear relation
results (better R? and slope). The poorer model performance
when using measured soil moisture likely indicate problems
of spatial sampling and representativeness (Section 5.1).

(e) External irrigation: Using measured external water use has
only a minor effect on the model performance indicating
that the simple model provides a reasonable replacement
to the observed values. A slightly larger effect on model per-
formance was observed when the starting and ending days
for the external irrigation were changed by 10 days. Specify-
ing an earlier starting time of irrigation resulted in better
model performance than the base run while the later one
underestimates Qg causing poorer performance.

These tests show the model to be most sensitive to the surface
conductance parameters, while using the measured variables in-
stead of the modeled ones had a minor impact on the model
outputs.

5.3. Model performance at other measurement sites

In addition, the performance of the model is evaluated using
datasets that Grimmond and Oke (1991) did not have to test their
model. The newer datasets are used in the surface conductance
model parameter calculations (Table 4). Evaluation is done on a
seasonal basis (Fig. 11) with the Vs87 data included for compari-
son. The RMSE for Q* varied from 25 (Vs09) to 47 W m~2 (Vs87),
while for Qy the range was from 30 (Vs87) to 64 W m 2 (Vo09),
and for Q; from 20 (Vs09) to 56 W m~2 (Ar93). In order to compare
the performance between different seasons and fluxes, RMSE nor-
malized with observed means were also calculated. For all three
variables, the poorest model performance is observed in winter,
particularly in Q*. The model underestimates Q" up to 50% and
20% through the day in Vs87 and Vs09, respectively (not shown).
Also Q* is underestimated slightly in fall. During other periods Q*
is modeled well but in Vancouver a slight nocturnal overestimation
(maximum 50 Wm™2 in Vs09 in fall) and in daytime a slight
underestimation (maximum 50 W m~2 in Vs87 in summer) is ob-
served, and in Los Angeles, Q* is overestimated throughout the
day by about 45 W m2.

During almost all seasons and sites excluding Vo09, Qg is under-
estimated with highest underestimation 45 W m2 observed in
Vs09. SUEWS is able to model Qf equally well in spring and sum-
mer with poorer performances in Los Angeles than in Vancouver.
As Qy is calculated as a residual, the underestimation of Qg in most
cases causes an overestimation of Qy. In Vo09 both turbulent fluxes
are overestimated indicating problems in Qr and/or AQs.

SUEWS is able to model the net all-wave radiation and turbu-
lent fluxes well and the RMSE vary in line with those reported in
a recent urban land surface model comparison (Grimmond et al.,
2011). When the RMSE of Qg is normalized with the observed
mean, the results for the sites (0.9-1.6) are at the better end of
the model performances reported in Grimmond et al. (2011)
(roughly 1.0-2.4). The best model performance was obtained for
Q* while the poorest for Q4 (not shown). This is the same overall
conclusion as reported by Grimmond et al. (2011). As Qg is the
residual, errors from the other energy balance components accu-
mulate. Q" was modeled equally well in different seasons, whereas
the turbulent fluxes are modeled better in summer.

The model responded as expected relative to fraction of imper-
vious surface; with higher evaporation from sites with higher veg-
etation cover and lower runoff values modeled. At other sites, as
for Vs87, the model responded as expected to precipitation and
irrigation events. Modeled A0 for the whole area was compared
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Table 7

Statistics for sensitivity tests to options and variables in the calculation of Qg (see text for details). All correlations are significant with p-value < 0.01. Observed and modeled

distributions (25, 50 and 75" percentiles) are given.

RMSE (W m~2) R? Linear fit Q: (Wm™2)
Slope Intercept (W m~2) 25™ percentile Median 75th percentile
(a) Measured - - 24 7.2 70.5
Base Run 32.5 0.74 0.68 114 1.2 15.1 62.3
(b) Measured net all wave radiation 324 0.74 0.70 11.1 0.6 12.2 67.9
(c) Roughness length for heat
0.1zo,, 32.7 0.74 0.68 11.6 1.2 16.5 62.5
Voogt and Grimmond (2000) 29.1 0.79 0.77 8.5 1.0 7.9 58.9
(d) Measured surface conductance
G1-Gg: 25% 33.0 0.73 0.70 113 1.0 10.6 66.7
G1-Gg: 75% 36.0 0.69 0.60 11.9 1.0 10.8 64.3
G1-Gg: Winter (DJF) 46.8 0.47 0.43 14.5 1.0 938 59.0
G1-Gg: Spring (MAM) 30.7 0.76 0.75 10.7 1.0 10.5 69.5
G1-Gg: Summer (JJA) 31.3 0.76 0.75 7.8 1.0 8.9 55.9
G1-Gg: Fall (SON) 37.2 0.67 0.59 12.1 1.0 104 64.1
(e) Measured soil moisture deficit 349 0.76 0.94 12.3 1.0 10.9 85.2
(f) External Irrigation
Measured I, 323 0.74 0.69 115 1.0 10.9 68.5
Iestarty leena — 10d 314 0.75 0.73 114 1.1 10.9 70.8
Lo start, leena+ 10 d 339 0.72 0.65 11.2 0.9 10.6 64.8
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Fig. 11. Model performance (RMSE) for Q*, Q4 and Qz (W m™2, bars) for five data sets by season. The mean observed values (W m~2) are given at the bottom of each bar.

to A0 measured under lawns in Vs09 and Vo09. Again SUEWS is
able to model the variations in A9 well at both sites, but predicts
higher deficits than those measured (not shown). The differences
originate from the different soil depth of the measurements and
the model.

6. Conclusions

SUEWS is an urban energy and water balance model which re-
quires only commonly measured meteorological forcing data and
information about land cover (surface fractions) at the neighbor-
hood scale. In the model the surface and soil have single-layer

moisture stores with parallel stores for the different cover types.
The model uses an hourly time step for the energy balance while
it adopts 5-min time step for the water balance. In the model,
the surface resistance scheme is parameterized explicitly for urban
areas rather than using schemes originally designed for non-urban
areas, and takes an integrated approach to the inclusion of urban
vegetation.

The model is evaluated in Vancouver, Canada, and Los Angeles,
USA, with five independent datasets. SUEWS is able to simulate the
net all-wave radiation and turbulent fluxes of sensible and latent
heat well, with RMSE varying between 25 and 47 W m2, 30 and
64Wm 2 and 20 and 56 W m~2, respectively. The model also
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tracks observed surface wetness state and soil moisture deficit
well. It responds correctly to short-term events and to seasonal
variations of the vegetation. The model is fairly insensitive to the
model options which are introduced to limit the need for difficult
to obtain forcing data. The largest uncertainty is related to the
roughness length of heat and surface resistance.

Due to the simplicity of the model, SUEWS is easily usable; and
has potential in evaluating planning decisions related to water
conservation or restrictions, considerations of the mix of urban
surface cover (e.g. increased or decreased vegetation), and for eval-
uating climate mitigation strategies where implications for heat
and water need to be considered. The modeled sensible heat fluxes
can be also used as forcing data (preprocessor) for dispersion mod-
eling in air quality studies.
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Appendix A

Notation and input variables/parameters (marked with X) of the
model in alphabetical order. For default values of input parameters
see Tables 2 and 4 - those in bold are the most critical to be spe-
cific for a site. Parameters with subscript i in square brackets indi-
cate they are used commonly and separately for the different
surface types (i).

Variable  Units Input Table Description

o - X 2 Effective surface albedo of ith sub-surface

Osnow - X 2 Effective surface albedo for snow

oy mm~! Parameter in (26)

B - Bowen ratio

Y hPaK™! Psychometric constant

A0 mm Soil moisture deficit

Aq gkg! Specific humidity deficit

AHj; mm Pressure head difference of stores i and j

AQs W m™2 Net storage heat exchange

AS mm h™! Total water storage change

€ - X 2 Effective bulk surface emissivity of ith subsurface

Esnow - X 2 Effective surface emissivity for snow

4 - Atmospheric stability

Ov i m®>m3 Volumetric water content

Ovr i) m>m—3 Residual volumetric water content of ith soil store

Ovs i) m>m—3 Saturated volumetric water content of ith soil store

) m?s! Molecular viscosity of air

0 kgm3 Density of air

Psoit kg m™ Soil density (needed if measured soil water content used)

Ym - Stability function for momentum

Yy - Stability function for heat and water vapor

O; - Normalized volumetric water content of soil store i

a - Empirical parameter depending on surface cover (14)

doqwdwey W m 2 (capita ' ha ')™! X 2 Parameter defining the base Qr per capita in (3)

Qi wawey Wm 2K ' (capita~'ha™)™! X 2 Parameter related to CDD in (3)

o wdwey Wm 2K !'(capita'ha)! X 2 Parameter related to HDD in (3)

As m> X 4 Surface area of the study grid

b - X 2 Empirical coefficient in (18) and (19)

boa-b2, MM, mm K !, mmd! X 2 Fitted parameters for automatic irrigation in (5)

bom-b2,y mm, mmK~!, mmd! X 2 Fitted parameters for manual irrigation in (5)

o Jkg 1 K! Specific heat capacity

G mm X 2 Interception state of the canopy of ith sub surface

Cie 1 mm Interception state of the canopy of ith sub surface from the previous time
step

Coipe mm Water storage state of pipe network

Coiper—1 mm Water storage state of pipe network from previous time step

Cooil,i mm X 2 Wetness state of the soil

Cooitlt—1 mm X 2 Wetness state of the soil from the previous time step

CDD °C Cooling degree days

(continued on next page)
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Variable  Units Input Table Description

doy - Day of year

Dy mm h~! Drainage

Do mm X 2 Drainage rate when G; > S;

Dsas,ji) mm Part of drainage flowing to other sub-surfaces
DLTs,, doy X 4 Start of the daylight savings time (used for I, and Q)
DLTgnq doy X 4 End of the daylight savings time (used for I. and Qf)
Epj mm h™! Evaporation

Sout - X 4 Fraction of irrigated surface area using automatic irrigation
i - X 4 Plan area fraction of roofs

Seon - X 4 Plan area fraction of coniferous trees

Sdec - X 4 Plan area fraction of deciduous trees

fi - Plan area fraction of surface type i

Sirrgrass - X 4 Plan are fraction of irrigated grass

Spav - X 4 Plan area fraction of paved surfaces

I - X 4 Fraction of soil without rocks

Sunirrgrass ~ — X 4 Plan are fraction of unirrigated grass

i - X 4 Plan area fraction of vegetation

fw - X 4 Plan area fraction of water

F mm h! Anthropogenic water emission

s ms™! Surface conductance

Zimax ms! Maximum conductance values of vegetation type i
g(var) - Surface conductance functions in (15)

Gy mm s X 2 Parameter related to the maximum surface conductance in (15)
G, W m2 X 2 Parameter in g(K|)

Gs kgg! X 2 Parameter in g(dq)

Gy gkg! X 2 Parameter in g(6q)

Gs °C X 2 Parameter in g(T)

Ge mm X 2 Parameter in g(46)

GDDy; °C X 2 Growing degree days when leaf-on

H; mm Pressure head of soil store i

HDD °C Heating degree days

i - Surface cover type

Il mm h! External piped water supply

I start doy X 4 Starting day for external irrigation

Ieena doy X 4 Ending day for external irrigation

Iws mm X 2 Additional water supplied to the water surface type (see text)
j - Soil store, surface store

k - von Karman constant

K - Related r, and 15 in (7)

K| W m 2 X 1 Incoming shortwave radiation

Klm W m2 X 2 Maximum incoming shortwave radiation used in g(K|)
K1 W m™2 Outgoing shortwave radiation

Kinizj mm s~ Hydraulic conductivity of soil storage i

Ks mm s~ X 2 Saturated hydraulic conductivity of soil

lat - X 4 Latitude of the site

lon - X 4 Longitude of the site

L m Obukhov length

L| W m—2 Incoming longwave radiation

LT W m™2 Outgoing longwave radiation

Lini m? m—2 Maximum LAI of vegetation type i

L, Jkg™! Latent heat of vaporization

LAI m? m—2 Leaf area index

LAl m?m~2 Daily leaf area index of vegetation type i

LAlviaxi m? m 2 X 2 Maximum annual LAl of vegetation type i

LAlpin m? m—2 X 2 Minimum annual LAI of vegetation type i

LUCcY - Large scale Urban Consumption of energy model
LUMPS - Local scale urban parameterization scheme

n - Parameter in (27)

N - Number of data points

NARP - Net all-wave radiation parameterization scheme
OHM - Objective Hysteresis Model
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Appendix A (continued)

Variable  Units Input Table Description

p capitaha! X 4 Population density inside the grid

P mmh! X 1 Precipitation

Q" W m2 Net all-wave radiation

Qc W m—2 Latent heat flux

Qr W m—2 Anthropogenic heat emission

Qrpwawey W m 2K ! (capita_tha')! Anthropogenic heat emission per capita separated to weekdays and
weekends

Qy W m™? Sensible heat flux

Ta sm! Aerodynamic resistance

Th sm™! Mean boundary layer resistance

Is sm™! Surface resistance

T's.max sm”! Maximum surface resistance

Tss sm™! Redefined surface resistance

reScap mm X 2 Capacity of the surface to hold water (LUMPS)

T€Sdrain mm h™! X 2 Drainage rate of water bucket (LUMPS)

R mmh™! Total runoff

Rac mm Above ground runoff

Rac,imp mm Above ground runoff from impervious surfaces

RaGveg mm Above ground runoff from pervious surfaces

Ric.izj mm Horizontal transfer of water between surface types i and j

Rc mm X 2 Limit of surface is totally covered with water (LUMPS)

Riq mm Infiltration into subsurface i

Reacyil mm Water obtained from other grids via above ground runoff

Rpipe,[i] mm Runoff to pipe network

Rsasyi] mm Water flowing from other sub-surfaces

Rps;i) mm Runoff to deep soil

RH % X Relative humidity

S hPa K~! Slope of the saturation vapor pressure curve

Si mm X 2 Fitted parameter related to maximum A6 in (15)

S, mm X 2 Fitted parameter related to maximum A6 in (15)

S; mm X 2 Maximum storage capacity of ith surface

Spipe mm X 2 Maximum depth capacity of pipes

Ssoil,i mm X 2 Maximum storage capacity of ith soil store

SDDy; °C X 2 Senescence degree days

t h X 1 Time

t, d Days since rain

T °C Air temperature

Base temperature for vegetation growth of ith vegetation surface
TgasespD °C Base senescence temperature of ith vegetation surface

Tgaseqr °C Base temperature for Q

Tq °C Daily mean air temperature

Tpasesop ~ °C

XX X K
NN =

Ty °C X 2 Maximum air temperature limit in (17)

T, °C X 2 Minimum air temperature limit in (17)

Tstep S X 2 Time step

Tzone h X 4 Time zone relative to UTC

u ms! X 1 Horizontal wind speed

u* ms™! Friction velocity

Vv hPa Vapor pressure deficit of air

wd - Weekdays

we - Weekends

w - Function of C; relative to S;

X - Stability dependence of the unstable stability function for momentum

Xioj m Distance between two soil stores

Y - Stability dependence of the unstable stability function for heat and water
vapor

Zom m Roughness length for momentum

Zov m Roughness length for heat and water vapor

Z4 m Zero displacement height

zy m X 4 Mean building height

Zhy m X 4 Mean vegetation height

Zn m X 4 Height of the wind speed measurements

Zsoil m X 4 Depth of the soil layer
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