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Abstract

This paper extends the applicability of the SUEWS (Surface [Urban] Energy and Water Balance Scheme)
to extensive pervious areas (deciduous trees, evergreen trees, grass, croplands, soil and water) outside
cities. It can be used either offline or online (i.e., coupled to weather/climate models). The required
parameters to simulate the turbulent latent heat (or evaporative) flux are derived using observations. Both
the parameters (leaf area index (LAl), albedo, roughness parameters and surface conductance) and the
surface energy balance fluxes are evaluated at independent sites and/or different periods at the same
site. Methods to obtain parameters and guidance to apply SUEWS are provided. Results demonstrate the
impacts from differences in LAl dynamics and albedo for various types of vegetation. The relation
between LAl and albedo is explored. Deciduous, evergreen, and grass land covers all have long periods
of LAl maxima, but croplands normally have a short sharp peak due to harvesting. For most of the
vegetation types studied the maximum albedo coincides with the maximum LAl period, but for some
evergreen trees the maxima are associated with leaves changing colour (needles/leaves get darker as
they age during autumn and winter). Ensuring these dynamics are captured is important for assessing
urban-rural differences (e.g. canopy layer air temperature).

Keywords: SUEWS, pervious land cover, leaf area index, albedo, evaporation flux, roughness parameters

1 Introduction

Key to advancing our knowledge of planetary boundary layer behaviour is understanding
surface-atmosphere interactions. Various land surface models (LSM) simulate these energy and
water exchanges (Ek et al., 2003; Levis et al., 2004; Krinner et al., 2005; Kowalczyk et al.,
2006). 'Urban’ land use is amongst the most diverse (e.g. high-rise central business district to
one-storey single family residential areas) with many land-cover types (e.g. paved roads,
buildings, parks with trees and grass) influencing energy and water surface-atmosphere
exchange through a wide range of complex biophysical processes. The complexity of urban
systems have grown substantially with urbanization (United Nations 2018). A number of LSMs
have been designed for urban areas (Grimmond et al., 2010), to capture processes such as
heat and water released by anthropogenic activities (Grimmond et al., 1986; Grimmond, 1992;
Masson, 2000; Kusaka et al., 2001; Martilli et al., 2002).

The Surface [Urban] Energy and Water Balance Scheme (SUEWS, Grimmond et al., 1986,
1991, Grimmond & Oke 1991, Jarvi et al., 2011) characterises the heterogeneity of urban

surfaces using seven land covers split between impervious (buildings, paved) and pervious



https://doi.org/10.5194/gmd-2020-148
Preprint. Discussion started: 17 July 2020
(© Author(s) 2020. CC BY 4.0 License.

62
63
64
65
66
67
68
69
70

71
72
73
74
75
76
77
78
79

80
81

82
&3
84
85
86
87

88
&9
90
91
92

(evergreen trees/shrubs, deciduous trees/shrubs, grass, soil, water) types. SUEWS has been
evaluated in multiple cities globally (e.g. Karsisto et al., 2016, Ward et al., 2016, Ao et al.,
2018, Kokkonen et al., 2018, Harshan et al., 2018) with varying mixes of integrated impervious-
pervious land covers. However, when extensive areas of one type of pervious land cover (e.g.
deciduous trees) occurs (e.g. in rural areas) some parameters are expected to differ from
integrated-urban values (i.e. obtained for built-up areas). Most notably, there will be differences
in parameters that are associated with the surface resistances for latent heat flux calculations
because of differences in sub-grid-scale advection processes (Spronken-Smith et al., 2000).

Thus, new parameters need to be determined from observations.

Our objective is to bridge this gap by deriving values for several latent heat flux related
parameters (viz, leaf area index (LAIl), albedo, roughness parameters and surface resistance)
for extensive non-urban pervious areas and assess their seasonal variability. This improves
SUEWS regional applicability with rural areas with forests, farms, and grasslands (efc.). For
reproducibility and applicability to other data sets parameter derivation is implemented in Python
Jupyter notebooks (Omidvar et al., 2020). The SUEWS model (Sect. 2.1, Appendix A) is used
with observations (Sect. 2.2) from numerous sites. Methods address both obtaining the
parameters and their evaluation (Sect. 2.3). The derived parameters (Sect. 3) are evaluated

(Sect. 4), allowing conclusions to be drawn (Sect. 5).

2 Methods
21 SUEWS and its vegetation-related sub-models

The details of how SUEWS computes the surface energy, water and carbon fluxes are given in
Jarvi et al. (2011), Ward et al. (2016), and Jarvi et al. (2019). The surface energy and water
balances are directly linked by the turbulent latent heat flux (Qg) or its mass equivalent
evaporation (E):
Q"+ Qr = Qy + Qp +40Qs D
P+I,=E+R+4S 2)

where Q* is the net all-wave radiation flux, Q is the anthropogenic heat flux, @y is the turbulent
sensible heat flux, 4Qs the net storage heat flux, and P, I,, 4S and R are precipitation, external
water use, net change in the canopy water storage and runoff, respectively. As we focus on
extensive (non-urban) pervious areas the anthropogenic heat flux (Qr) is assumed to be 0 W

m~2.
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Vegetation phenology changes key model parameters, most notably, leaf area index (LA/). Leaf-

out and senescence impact the albedo (a) and therefore surface radiative exchanges. LAI

changes also modify both aerodynamic roughness parameters (roughness length (zo), zero

plane displacement height (z,)) (e.g. Kent et al., 2017) and surface resistance (rs) . The former
impacts aerodynamic resistance (r.) while rs directly moderates Qe (Sect. 2.1.4).

Model parameters need to be internally consistent for land cover type i. This allows different

types of vegetation (e.g. a crop) to be simulated. All the parameters needed for a vegetated

surface and those addressed in this paper are given in Table 1. SUEWS allows parameters to

vary between individual grids (Jarvi et al., 2019, Sun et al., 2020) and thus can represent a high

degree of spatial heterogeneity (e.g. different heights of trees).

Table 1: Parameters that SUEWS uses (and can be set) for pervious surface types by first
associated process (i.e. most impact multiple variables). Those determined (D) in this

study (*) and the values used (given in Table: T#, Sect.: S#) in individual equations (E).

Category Symbol Definition Value | E | D
apar. |Albedo at LAlmin T4 6 |
Radiation Qpar,,, |Albedo at LAlmax T4 |6 "
& Emissivity T2
LAlnin  |LAI Minimum T4 |45 *
LAlmax | LAl Maximum T4 45| *
Leaf Area Index | Tsasesp (Bés\[s)g )temperature senescence degree days T4 4 | .
(LAD Trasecpp | Base temperature for growing degree days T4 4 |
GDD, |GDD from the start of the crop vegetative phase T4 51
GDDypyp, | Growing degree days until LA/max T4 5| *
Hy Vegetation height T3
Roughness Zom Roughness length for momentum S214]1 9 | *
Z4 Zero plane displacement S214 | 9 | *
G2-G6 |Coefficients T5 12 |~
Gmax | Coefficients T5 12| *
Surface Tw, T. | Temperature limits for switching off evaporation | S2.1.4 | 15
resistance s: | Coefficient related to wilting point S2.1.4 | 16
Kimax |Maximum observed incoming shortwave S2.1.4 |13
Storage heat flux| as-as | Coefficient for storage heat flux T2 70"
Water storage Si Canopy water storage capacity T2 19

211 Leaf Area Index (LAl)

In SUEWS, LAI for the current day (d) is calculated using cumulative growing degree days

(GDD) and senescence degree days (SDD) of the previous day (d — 1) for vegetation type i. For

forests and grass we use (Jarvi et al., 2011):
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min(LAImax,i:LAI;)_lLiGDD [2P) + LAId—l,i)v TBaseSDD < Td < TBaseGDD

3
maX(LAImin,i: LAI:_ILL-SDD Wy + LAId—l,i)' Tgasecpp < Ta < Tpasespp

LAl ; = {
with w; =30 x 1072 and w, = 0.5 X 1073. The base temperatures associated with the initiation
of leaf-on (Tzusecpp) and leaf-off (Tzqsespp, UNits °C) periods are used relative to a mean air
temperature T,; derived from the daily maximum (T2 and minimum (T/"") for the current day:

T(;nax + Ténin
a2
The model requires the maximum and minimum LA/ values (LAl gy i, LALyn ;) for each

4)

vegetation type. Eq. 3 has fewer calibration parameters than Eq. A1 of Jarvi ef al. (2014) as
Tgasecpp @nd Tgasespp are determined for each site (Sect. 2.3). If Tgasecpp @Nd Tgasespp are
available for a site, one should account for day-length and photoperiod for more northerly sites
(Bauerle et al., 2012; Gill et al., 2015).

For crops (e.g. rice, wheat) LA/ also depends on the planting date. However, as crops are

grown to be harvested, the period of LAlnax is short (cf. e.g. forests as parametrised in Eq. 3).

We propose:
LAL gy — LALy;
min (LAImaX, ma ~*_(6DD, — GDD,) + LAlmm> GDD, < GDDypyy, .
LAI _ GDDLAImax - GDDU
d.crop = LAlLygy — LALy;
max (LAImin, — GDDZa:n — G’glgv (DD, — GDD,) + 2LAlpqy — LAImin> GDD, > GDDpgy,, .

where GDD,, is the GDD accumulated from the day of planting; GDD, 4, is associated with
LAlmax and GDD,, is the start of crop vegetative phase. Note that GDD, SDD, and GDD,, (in Eq. 4
and 5) change with time from their base temperatures (Tgqsecpp fOr GDD, Tggsespp for SDD, 0 °C
for GDD,). Using a different base temperature (than 0 °C) to calculate GDD,, GDD,,, and
GDDyy;,,. in Eq. 5 leads to same LAl c-op results as only the difference values GDD, 4y, —
GDD, and GDD, — GDD, are important. Here, these crop specific coefficients are obtained for

rice and winter wheat (Sect. 2.3).
2.1.2 Albedo (a)

In SUEWS, the albedo varies with daily LAI between the minimum (“LAImin) and maximum
(arar,,,,) by vegetation type:

LAly; — LAly_y;
Agi=0g—1;+ (aLAImax,i - aLAImin,i) Al : Al _L ‘ (6)
max,t min,l

)
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The maximum albedo does not necessarily occur with the maximum LAI because of change in
leaf/needle colour (Sect. 3.1). Here we focus on snow-free conditions, albeit a snow module is
available in SUEWS (Jarvi et al., 2014). Bare soil and water albedo are assumed to be constant

in a model run (Sect. 3.2).

The observed (30 min) incoming and outgoing shortwave radiation are used to calculate each
albedo from 10:00 to 14:00 (local standard time). From this, one mean albedo for each day is
calculated. The two model parameters (Eq. 6, Table 1) are selected from those that minimize
the mean absolute error (MAE, Sect. 2.4) of the albedo prediction at a calibration site.

Within SUEWS the albedo is used with the observed incoming shortwave radiation to obtain Q*.
In the current analyses, the observed incoming longwave (L;) and modelled outgoing longwave
radiation (L = (1 — gy)L; + 40T where ¢, is the surface emissivity, o is the Stefan Boltzmann
constant (W m~2 K~*), and Ts is the surface temperature (K), Appendix A.1) are used. Table 2

gives the emissivity values used.

To determine a4, . and a,4; . for each individual vegetated site (excluding snow) we analyse
observational data for snow free periods. Although SUEWS has a snow option, this option is
disabled in all runs to verify “no snow” scenarios. We assume precipitation is snow if T, < 0 °C
(Jarvi et al., 2014), and that snow remains until the 5-day moving average of air temperature is
above 5 °C. Although this method will not flag all the snow-covered days (e.g. duration of snow
cover also depends on snow depth), it provides a rough estimate of when the albedo is affected

by snow.

Table 2: Pervious surface OHM storage heat flux (a+, a2, as) coefficients are derived (this study
020, methods: Sect. 2.1.3), except for tree and grass areas which are derived from literature
sources (D85= Doll et al. (1985), M85= McCaughey (1985)) by Grimmond et al. (1991) and
Grimmond and Oke (1999)); canopy water storage (S; Eq. 19) from BO3= Breuer et al.
(2003), and emissivity from sources in W16 - Ward et al. (2016).

. Si Sources
Vegetation Type a; | a, | az |Source {m';) Source|Emissivity in

Deciduous trees/shrubs|0.215|0.325/-19.9] M85 |1.3| B03 0.98 W16
Evergreen trees/shrubs|0.215/0.325|-19.9| M85 |0.8| B03 0.98 W16

Grass 0.215/0.325/-19.9] D85 [1.9| BO03 0.93 W16
Rice 0.185/0.615/-18.0f 020 [1.9| B0O3 0.95 Water
Wheat 0.283|0.784/-18.0f 020 |1.9] B03 0.93 Grass
Soil 0.210]0.902|-20.4| 020 |1.9]| B03 0.93 W16
Water 0.880]0.370/-85.4] 020 | - - 0.95 W16
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2.1.3 Storage heat flux (4Qs)

Storage heat flux is simulated with the objective hysteresis model (OHM, Grimmond et al.,
1991):

AQs = Z fi [auQ* tay, % + a3,i] (7)

where fiis the plan area (or 3d, Grimmond et al. 1991, Grimmond and Oke 1999) fraction of
surface i and a+.3 are the OHM coefficients (Table 2). To obtain as.3 from observations of Q* and
AQs (as the residual of Eq. 1, in extensive pervious sites Q- = 0 W m2) regression is used. As
the sites are assumed to be extensively the same pervious land cover type fi= 1 in each case.
We determine one set of OHM coefficients per site, hence assuming they are constant and

ignoring soil wetness effects and other variations.
2.1.4 Latent heat flux (Qg)

In SUEWS, a modified Penman-Monteith equation (Penman, 1948; Monteith, 1965) is used to
compute Q5 with Q = 0 W m2 in non-urban areas (e.qg. this paper) and greater than zero for
cities (Grimmond & Oke 1991):

pcpV
ra

s(Q"+Qr —40Qs) +
0y =
: s+y(1+:—s)

The atmospheric state is obtained from the slope of saturation vapour pressure curve with

(8)

respect to temperature (s, units: Pa K™'), density of air (o, kg m™), specific heat of air at constant
pressure (¢, J K" kg™), vapour pressure deficit (V, Pa), psychrometric ‘constant’ (y,: Pa K™),
and the aerodynamic resistance for water vapour (r,, units: s m=1). The latter is obtained from
Ulden & Holtslag (1985) and Jarvi et al. (2011):

- [in (B2 — )] [1n (P22 - 9, ©))] | o

@ K2u

where z, is the measurement height for mean wind speed (u) and k the von Karman constant
(0.4 assumed); the aerodynamic parameters z4 (zero plane displacement height) and zom
(roughness length for the momentum) are estimated as a function of canopy height which varies
for different LA/ states of each surface, as discussed in Appendix B (Garratt, 1994; Grimmond
and Oke, 1999). For water and soil surfaces they are estimated to be zo, = 0.0005 m and 0.002
m respectively with z; = 0 m (Moene and van Dam, 2013). Canopy height for the different
surface types is given in Table 3. The stability scale { (= (z,, — z4)/L) depends on L the
Obukhov length. SUEWS is modified (Appendix A) so that for completely pervious surfaces the

7
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roughness length for vapour (zo/) is calculated as zo, =0.1zom (Brutsaert, 1982) and assumed to
be the same as for sensible heat. The atmospheric stability functions of momentum (y,,,) and

water vapour () for unstable condition are (Campbell and Norman, 1998):

Py = 21In [M]

, (10)
Ym = 0.6,
and for stable condition (Campbell and Norman, 1998; Hogstrom, 1988):
=—45In(1+
Yy n(1+9 a1

Y =—6In(1+0)

For completely wet surfaces, the surface resistance (rs) is assumed to be 0 s m™ (i.e. potential
evaporation is calculated from Eq. 8). Otherwise rs, or its inverse surface conductance (gs), is
modelled (Ward et al., 2016):

t=g5= z(gmax,ifi)g(LAIi)g(KL)Q(AQ)Q(Ta)g(Aesoil)- (12)

To reduce the number of coefficients in Ward et al.'s (2016), G, (their Eq. 9) is removed from the

first term (of Eq. 12) leaving gmax; (maximum surface conductance, units: m s™1) and f.. For

LAI;
LAImax,i

. For bare

‘homogeneous’ sites (Sect. 2.2) /; =1. Phenological state is critical: g(LAI;) =

soil surfaces (i.e. no vegetation), when LA/ is irrelevant g(LAI;) = 1. The remaining terms are
related to meteorology (incoming shortwave radiation K|, specific humidity deficit 4q, air
temperature T,), and soil moisture deficit (Af,,;;, difference between soil moisture and soil water
capacity); using Grimmond & Oke (1991), Jarvi et al. (2011), and Ward et al. (2016):

K\
G, + K,
K)=—%2"~ 13
9t =—5—— (13)
G2 + K| max
where K| mayx is the maximum observed incoming shortwave radiation (= 1200 W m~2);
9(4q) = G5 + (1 - G3)G, " (14)
Toir — T (Ty — T
g(Tair) — ( air L)( H a) (15)

(Gs —T)(Ty — G5)e

TS is a function of the lower (T, = —20 °C) and upper (Ty= 55 °C) limits that
5—1L

Ty—G
where T, = G”

determine when the evaporation switches off in SUEWS. Here we extended T. from —10 °C
(from Ward et al., 2016) to —20 °C to ensure that the temperature limit covers all climates (Table
3) studied here. Note @y is negligible (Appendix C) when T, < —20 °C.
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The soil moisture control considers the wilting point (A8y,p = 2—1 with s; = 5.56, see Jarvi et al.
6

2011) using Ge to vary with soil and plant type:

1-exp(Gs(ABs0i1—ABwp))

1-exp(-GeAbyp) (16)

) (Aesoil) =

To obtain the G, to Gg and gnax, @ SO-called ‘observed’ g, is obtained by rearranging Eq. 8,
when the surface is dry (and both Qu and Qe are > 0 W m™):
1 s Qy ] pc,V
=71, = 1|7, + .
[ Yy

Y Qg

(17)

Ts

The g, related parameters (Eq. 12) are obtained using non-linear regression with the observed
values (Eqg. 17). We use a Python package Platypus (Hadka, 2015) with a multi-objective
evolutionary algorithm (Zhou et al., 2011) so that we capture: (1) variations of g,: difference
between standard deviation of g, from model and observations (normalized by standard
deviation of observations); and (2) magnitude of g;: mean absolute difference between g, from

model and observations.

SUEWS has a running water balance that accounts for the multiple surface types. The amount
of water on the canopy of each surface (C;) (Grimmond & Oke 1991) is used to vary the surface
resistance between dry and wet (r; = 0 s m™) by replacing r; with 5, (Shuttleworth 1978):

w a-w) 1

Tes = + —n,(s/y+ 1), (18)
=G+ D nEn(s/y+ D) s/
where Wiis a function of the relative amount of water present on each surface to its water

storage capacity (S;, Table 2):
w=1 Ci > Si
_ k-1 . (19)
W_K—Si/Ci C;<S;
K depends on the aerodynamic and surface resistances:
K= (rs/ra)/(ra - rb) ‘ (20)
s +1,(s/y+1)

where 1;,, the boundary layer resistance, is a function of friction velocity u, (Shuttleworth 1983):

1
m, = L1u;t + 5.6ud. (21)

Equations 18-21 ensure that the surface resistance 1, has a smooth transition from 0 (a

completely wet surface) to r; (a dry surface).
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2.2 Observations and sites

To determine parameters for non-urban surfaces (Table 1), and to evaluate their performance,
observations from “homogeneous” sites with long term radiation fluxes and eddy covariance
measurements are required (Table 3). The 30 min meteorological observations used are air
temperature, incoming shortwave radiation, upwelling shortwave radiation, station pressure,
relative humidity, wind speed, precipitation, net all-wave radiation, sensible heat flux and
evaporation flux. The precipitation data are used to select dry periods and are required by
SUEWS to calculate Af,;; and the surface state (C;).

The site land cover characteristics are provided by their key references (Table 3). The observed
LAI data are from the NASA Moderate Resolution Imaging Spectroradiometer (MODIS,
Nishihama et al., 1997) four-day composite product MCD15A3H (Myneni et al., 2015) with 500

m resolution.

The sites (Fig. 1) in North America are part of the AmeriFlux network (Baldocchi et al., 2001)
and two of the Asian sites are part of AsiaFlux (AsiaFlux, data access: 2020-01-22). Seven land
cover types are analysed (Table 3) using one to three sites:
(1) Deciduous trees (DBF): three sites
(2) Evergreen trees (ENF): three sites
(3) Grass (GRA): two sites
(4) Rice (RIC): two sites
(5) Winter wheat (WHT): one site
)
)

6) Water (WAT): one continuous and two intermittent flood irrigated rice sites (Table 3)

Py

7) Bare soil (BSV): two sites (up to four weeks after rice planting).

Irrigation (e, Eq. 2) modifies both the soil moisture deficit and surface state and is critical for the
growth of many plants. Notably rice has flood irrigation for a period when a site-specific depth
(Table 3) is maintained. At CN-DNT (Table 3) this occurs until 5 weeks before harvest, whereas
at PH-IRI there are only 2 weeks without irrigation. The CN-DNT wheat field is kept saturated
but not flooded for the entire time (Duan et al., 2020). To account for this, sufficient water is
added by SUEWS to satisfy these conditions (Appendix A.2 gives details).

Table 3: Analysed pervious land cover types (DBF: Deciduous Broadleaf Forests, ENF: Evergreen
Needleleaf Forests, GRA: Grasslands, CRP: crops, BSV: bare soil, WAT: Water) at different sites and
periods. Key references and DOI provide the details of the observations and each site. The sites

elevation (elev) above sea level (asl), vegetation height (H.) above ground level (agl) and height of

10
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Geoscientific
Development

Discussions

wind speed measurement (Hu). Sites are in Canada (CA), China (CN), Japan (JP), Philippines (PH)
and USA (US). At CN-DNT both rice (RIC) and wheat (WHT) are grown.

EGU

$5900y uadQ

11

Us-mwmis|Vorgan Momroe State | pae | 435 | 9750 | 250 | 460 [39.32| ~86.41 2017 2019.2012: 110.17190/AMF/1246080 | Schmid et al. (2000)
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282 Figure 1: Location of sites (Table 3) analysed by vegetation type deciduous trees (DBF), evergreen trees
283 (ENF), grass (GRA), water (WAT) and crops (CRP). Source of base maps: Basemap (2012)
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2.3 Determination of SUEWS parameters for pervious surfaces

The processes and parameters of interest (Sect. 2.1, Table 1) are not completely independent
for vegetated surfaces as both LAl and albedo influence surface conductance, hence Qg. As
LAI varies with vegetation type, season and climate (e.g. latitude, local site characteristics), this
should be determined prior to albedo, surface conductance and Qy; whereas neither bare soil
nor water surfaces require LA/ (Fig. 2). At each site, the LAI and albedo model parameters are
derived with one year of data (‘calibration’) and evaluated with other years (‘test’) (Table 3, Fig.
3). Given limited data for the water site (JP-SWL, Table 3) the albedo is determined for April
2015 and evaluated for the remaining months (Fig. 3). Calibration data are used to derive zo and

Z4 (Eq. 9) using the methods in Appendix B. These values are used in the Q; evaluation.

To assess the generality of the derived parameters (chosen based on minimized MAE) for a
surface type, most are evaluated against both (Fig. 3): (a) another year at the same site, and (b)
two independent sites using one year of data. However, lack of data prevents this for bare soil,
crop, and water sites.

The Python package SuPy v2020.3.18 (Sun & Grimmond 2019) with the calculation kernel
SUEWS v2020a (Sun et al., 2020 ,Appendix A) is used for all simulations. The 5-min
simulations are averaged to 30-min for consistency with the eddy covariance observations
(Table 3). The complete Python source code (with comments) are provided at Omidvar et al.
(2020).
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Figure 2: To obtain SUEWS parameters for LAl, albedo and surface conductance, the order indicated is
required to be used. For notation see Table 1
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307  Figure 3: Sites and periods (Table 3) used to derive (calibrate) and evaluate (test) the parameters related
308 to LAI, albedo and surface conductance for non-urban land types. Numbers in circles indicate
309 order of calculation. Notation defined in Table 1.

310 2.4 Evaluation metrics

311  To evaluate the model output (Ymod) with observations (Yobs) for a number (N) of data points the

312  following metrics are used:

313 1) mean absolute error (MAE):

314

MAE =

Z?:llymod -

13

N

Yobsl

(22)
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2) mean bias error (MBE):
Z?:l(ymod - Yobs)

MBE = N (23)
Both the MAE and MBE are ideally O (with units of parameter/variable assessed).
3) normalised MAE (nMAE):
nMAE = M—AE (24)
MAE qiip

This is used to assess the model performance relative to data used to derive the parameters
(calib). If nMAE > 1 the performance is poorer with the test data set than the calibration set (and

vice versa).

To evaluate the evaporation, data are stratified by LA/ phenology: (1) leaf off/leaf on/transition
for DBF, ENF and GRA sites (Sect. 3.1, 3.3) and (2) vegetative/reproductive/ripening for crops.
Crop dates are available for CN-DNT (Table 3) but not for PH-IRI-rice. As different states are

not available for the PH-IRI-rice, BSV and WAT sites Qr evaluation uses the entire period.

3 Results and Discussion

3.1 LAl parameters

Fig. 4 shows how different parameters control the LA/ dynamics (Eq. 3) at the deciduous forest
site US-MMS (Table 3, Fig. 1) in 2017. At this site, LA/ begins to increase from its minimum (0.5
m? m~2) as the daily mean air temperature (T,) increases. As T, increases above Tgysecpp LA/
increases to its maximum (i.e. 5). LAl remains constant until T4 goes below Tgyse5pp When LA/
starts decreasing until it reaches the minimum (i.e. 0.5). Whereas for rice (Fig. 5, CN-DNT site)
the LAl evolution from planting has a short peak period with almost symmetric ascending and
descending parts. Given this different behaviour in LA/ evolution between crops and other

vegetation types, two different forms (Eq. 3 and 5) are used.

Across all sites and years, the calculated LA/ (Eqg. 3, Table 4 parameters) have good agreement
with the MODIS LA/ product (Sect. 2.1.1) (Fig. 6, 7). Based on entire years, all MAE are less
than 0.67 m? m? and the MBE are between —0.36 and 0.16 m? m? (Table D1). The largest
deviation from the MODIS LA/ occurs at a grassland site (US-AR1) in 2011. A possible
explanation for this may be a lack of rain, as in 2011, US-AR1 received half the rainfall of the
other years, leading to larger soil moisture deficits (cf. 2010, 2012 (calibration)) (Fig. 8). This

14
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344  important role of rainfall and soil moisture in moderating LA/ dynamics with shallow vegetation
345  roots is also found by Bobée et al. (2012).
346  As expected, deciduous tree (DBF) sites have the largest variation in LAl among the vegetated
347  areas whereas grass has the smallest (Fig. 6, Table 4). However, the LA/ variation at the
348  evergreen sites (ENF) indicates that assuming a constant LA/ would result in poor predictions of
349  albedo and consequently turbulent heat fluxes. Consistent with Liu et al. (2013) and Alemu &
350 Henebry (2016), for each vegetation type Tgysecpp @nd Trasespp generally decrease with
351 increase in latitude (Table 3, 4). However, CA-Obs has slightly larger values than CA-Qcu
352  despite its higher latitude.
353  For both rice and wheat Eq. 5 performs well (Fig. 9, Table D1). The sharp decrease of LA/ after
354 its peak in both rice and wheat is captured (Fig. 9a-c). For these crops, the MAE is < 0.53 m? m"
355 2and MBE is between -0.31 and 0.19 m? m?2.
356  Generally, both Eq. 3 and 5 perform similarly when derived and evaluated (Fig. 7c, 9d). This
357  suggests the LA/ calibration parameters from other years can be used. Recommended values
358 are given in Sect. 4. Although Eq. 3 performance varies between calibration and test sites with
359  phenology, no general trend is found (Fig. 7c).
. US-MMS : 2017
® —— Model
'. e MODIS
T4 T =8°C
5 Tanseson =21 °C ol
2 LAlmin =0.5 m? m~2
< 21 LAlmax =5 m2 m~2
W
01_ea®e® J ® o o
301
204
g 104 GDD
° —— SDD
= 04 Tgasesop
Tgasecop
-10
0 150 200 250 350
360 Time (DOY)
361  Figure 4: Deciduous forest (US-MMS 2017, Table 3) (a) LAl (m? m?) modelled (Eq. 3) and from MODIS
362 (Myneni et al. 2015) with values of Tgqsespp, Tsasegpp, LAIin @nd LAlmax; and (b) Ta (Eq. 4). Vertical
363 lines (5 days apart) give GDD (red) and SDD (blue) values (°C) relative to Tgusecpp (solid) and
364 Tsasespp (dashed) (horizontal purple lines, °C). Notation is given in Table 1.
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366  Figure 5: Rice field (CN-DNT-2015 from June 10 (planting) to November 7 (harvest)) LAl: modelled (Eq.

367 5) and MODIS (Myneni et al. 2015) with values of GDD, ;... (°C), GDD,,; . (°C), LAknin (m? m?)
368 and LAlmax (m? m2); and GDDy (right axis, °C). Notation is given in Table 1.
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370  Figure 6: Comparison of LAI (m? m?) calculated (lines, Eq. 3, Table 4 parameters) and MODIS (dots,

371 Myneni et al. 2015) for deciduous (DBF), evergreen (ENF) and grass (GRA) sites (Table 3, Fig.3)
372 for different years with modelled maxima (green), leaf off (blue), and transitional
373 growth/senescence (black) periods shown.
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Figure 7: Modelled LAl (Eq. 3, Table 4 parameters) evaluated using MODIS (Myneni et al., 2015) for
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380  Figure 8: Grassland site (US-AR1) (a) cumulative rain and (b) SUEWS modelled soil moisture deficit

381 (48,,,,) for three years: 2012 (calibration), 2010 and 2011 (test years). SUEWS spun up for each
382 year using the same year data until the soil moisture deficit converges.
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384  Figure 9: Crop site (Table 3) LAl (m? m™) results a-c: using Eq. 5 with Table 4 parameters (lines) and

385 MODIS (dots, Myneni et al., 2015) by time and site (Table 3, Fig.3); and d: evaluation statistics
386 (Sect. 2.4).
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390  Table 4: Parameters derived for LAl using Eq. 3 (DBF, ENF, GRA) and Eq. 5 (RIC, WHT) and

391 albedo (Eq. 6). Bare soil (BSV) a,,, .. is derived from the first 4 weeks of CN-DNT-rice. Water
392 (WAT) is only for JP-SWL. Crop site air temperature at planting (Tyqn¢) * is the 5 day mean.
Site Cover |LAlnn | LAlmax | Tasesop | Teaseapp AL Al yin AL Al ax
m?>m?2|m?m?2| °C °C - -
US-MMS| DBF 0.5 5.0 21 8 0.10 0.14
US-UMB| DBF | 0.5 4.5 20 6 0.10 0.14
US-Oho | DBF 0.5 3.0 21 8 0.10 0.14
CA-Obs | ENF | 0.5 2.5 15.0 5 0.08 0.07
CA-Qcu | ENF 0.2 20 11 2 0.08 0.15
US-Blk | ENF | 1.0 2.2 16 5 0.08 0.07
US-AR1| GRA | 0.2 1.0 20 5 0.14 0.19
US-KUT | GRA | 0.1 1.7 13 3 0.18 0.21
Tplant GDDy GDDLAImaX
°C °C °C
CN-DNT| RIC 0.5 225 | 22.5* 135 1635 0.10 0.17
CN-DNT | WHT | 0.3 2.0 9.0* 90 770 0.12 0.18
PH-IRI | RIC 0.5 7 29.0* 475 1970 0.09 0.18
JP-SWL | WAT - - - - - 0.05 -
CN-DNT | BSV - - - - - 0.10 -

393
394 3.2 Albedo parameters

395  The daily albedo simulated with Eq. 6 (Table 4 parameters) clearly shows similar intra-annual
396  evolution as the observations (Fig. 10, 11, snow-free periods, a< 0.3). Some sites (e.g. CA-Qcu)
397  have an a ~ 0.85 during snow. Although the snow flags (Sect. 2.1.2) do not identify all snow

398  days (i.e. high albedo), they approximately indicate snow periods.

399  As our sites are snow-free between May and October (Fig. 10, F1), the independent evaluations
400  use this period (except for crops). The crops are evaluated between planting and harvest (Fig.
401  11). Overall, the modelled and observed albedos are in good agreement (Fig. 12, Table D2)
402  during the snow-free periods (May-October for AmeriFlux sites, and entire period for other sites)
403  with MAE < 0.025, —0.012 < MBE < 0.025 and 0.5 < nMAE < 1.6 (Fig. 12). Water (0.05) and
404  bare soil ( 0.10) albedo are treated as constants (Table 4, consistent with Gascoin et al. (2009)
405  and Nunez et al. (1972)).
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407  Figure 10: Modelled (Eq. 6, lines) and observed (Sect. 2.1.2) daily albedo by time (day of year, red —
408 snow free, blue - snow-covered, Sect. 2.3) for different vegetation types (Table 3). Note y-axis
409 (albedo) varies between vegetation types.
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411 Figure 11: Daily crop albedo a-c: modelled (Eq. 6 with Table 4 parameters, lines) with observations by
412 time (date) for three cases (Table 3), and d: evaluation statistics.
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Figure 12: As Fig. 7, but for albedo assessed during a snow free period (May- October).
3.3 Surface conductance parameters

To model Qg, gmax and [G, — G¢] are essential (Sect. 2.1.4). Here observed K|, T,, Aq and
modelled LAI (Fig. 2, 3) and Af,,;; are used when fitting the parameters (Table 5). The values
obtained for different pervious land cover types are summarised in Table 5. G, (related to K,), Gs
(related to T,) and G, (related to Ag) do not vary substantially among different land types. G
(related to Afy,;;) is quite similar for DBF, ENF and GRA but varies for other land cover types.

However, gnax varies between all the land cover types.
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Using the derived parameters (Table 5), the SUEWS ability to predict Qj is assessed across the
test sites and years (Fig. 13, 14; Table D3). In general, for the DBF, ENF and GRA sites the
MAE (for all LA/ states) is less than 58.5 W m~2 (Table D3) with a slight overestimation for most
of the sites in the leaf-on period (e.g. US-MMS, CA-Obs, CA-Qcu; MBE: 8.8 to 40.4 W m~2; Fig.
14, Table D3). Qj, is overestimated in the leaf-transitional period at US-AR1 (MBE = 8.1 W m~2)
and underestimated at US-KUT (MBE = —18.2 W m~2). For CRP, WAT and BSV, the MAE of
Qy is generally less than 44.5 W m~2. For WAT, the smaller nocturnal overestimation of Q= may

result from overestimation of nocturnal storage heat flux.

Multiple factors influence the Qe performance: over/under estimation of LA/ (modifying albedo
and conductance) at vegetated sites; over/under prediction of storage heat flux (from for

example, missing moisture feedbacks); and/or assuming homogeneous fetch around each site.

Compared with using urban specific parameters, such as those derived for London and
Swindon, Ward et al., 2016), those derived for non-urban land covers (Table 5) improve
SUEWS Qe performance (Appendix E): MAE is reduced (cf. MAEy4,4) and nMAE is less than
one for all the sites (Fig. E2).

Table 5: Surface conductance (Eq. 13-16) parameters (sites, Fig. 3) derived for different land cover types.
Note individual site values are not reported.

Land cover| 9max G, .l ¢ Gs Ge
(msH)Wm2)| | ™| (C) |(mm™)
DBF 89.9 | 104.10 |0.16]0.57|25.92| 0.028
ENF 14.9 | 104.64 |0.70/0.63|36.62| 0.022
GRA 24.2 | 104.85 |0.49|0.61|36.63| 0.022
RIC 234.8 | 105.13 |0.97|0.75|36.91| 0.046
WHT 747.5 | 104.45 |0.16|0.70(37.37| 0.048
BSV 10.9 | 108.93 [0.93|0.96|42.26| 0.041
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Figure 13: Latent heat flux for different sites (Table 3) calculated by SUEWS (Eq. 8 with Table 5
parameters) with annual diurnal pattern (median (lines) and interquartile range (shading)) for
observed (red) and model (blue)) and scatter (dots, colour for LAl period, and N is the number of
data points). Note for water and flood period for rice, rs in Eq. 12 is zero and potential evaporation
is calculated.
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Figure 14: As Fig. 7, but for Qe (Eq. 8, Table 5 parameters). Units W m2

4 Concluding remarks

New SUEWS parameters to simulate LA/, albedo and latent heat flux for different extensive
pervious (i.e. non-urban) land covers are derived and independently evaluated. The Python
Jupyter Notebooks protocol to derive the parameters is provided (Fig. 2, GitHub repository in
Omidvar et al., 2020). This can be applied to other sites (or to other time periods at these sites).
The order of parameter determination is critical (LA/ > albedo - surface resistance/

conductance, Fig 2, 3) to ensure appropriate values are obtained.

Recommended values are given in Table 6 based on the variability of different parameters
derived in this paper. In agreement with previous studies (e.g. Bobée et al., 2012), we find that
soil moisture impacts LA/ for vegetation with shallow roots (e.g. grass). This feedback should be
considered in future LAl modelling for SUEWS.

Using the derived (Table 2, 4, 5, 6) parameters or obtaining new values from the protocol
(Omidvar et al., 2020) gives broader applicability of SUEWS in non-urban areas and thus
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461  improves the model performance (cf. SUEWS runs using urban specific resistances, assuming
462  f=1). Use of these derived parameters in online SUEWS applications should improve
463  representation of land-atmosphere interactions.

464  Table 6: Recommended values for SUEWS parameters (Table 1) for pervious land cover where ranges in
465 LA, albedo and roughness parameters indicate regional variations.

Cover | oBF | ENF | GrRA | RC | WHT | BSV | war |
LAI(TabIe 4)
LALnin m2 m?2 05 02-1.0 | 0.2-1.0 05 0.2 ] ]
LAIL. m? m2 3050 | 2025 | 1017 1.7-7.0 2.0 - -
Tpasesn °C 20-21 11-16 13-20 - - - -
Tpasec] °C 6-8 2-5 35 - - - -
GDD., °C - - - 135-475 90 - -
GDDyy °C - - - 1635-1970 | 770 - -
Albedo(Table 4)
ALAL - 0.1 0.8 0.14-0.18 0.09-0.10 0.12 0.1 0.05
tar,. - 0.14 00 | 019021 | 047018 | 018 | - -
Surface conductance(T2'e 5
Frmax ms 335 21.8 13.8 2768 | 660.8 | 10.9 -
G, W m™? 104.82 104.38 104.47 104.71 105.08 | 108.93 -
Gs - 0.53 0.51 0.79 0.19 0.17 0.93 -
G, - 0.61 0.77 0.59 0.57 0.68 0.96 -
Gs °C 36.3 36.28 37.24 36.46 36.76 | 42.26 -
G mm™! 0.03 0.023 0.025 0.049 0.044 | 0.041 -
OHM storage heat flux(TaF'e 2
ar - 0.215 0.215 0.215 0.185 0.283 | 0.210 0.880
az S 0.325 0.325 0.325 0.615 0.784 | 0.902 0.370
as W m™? -19.9 -19.9 -19.9 -18.0 -18.0 -20.4 -85.4
Canopy water storage capacity(™'e 2 ‘
S mm 13 | o8 | 109 19 | 19 [ 19 [ - ]
Aerodynamic roughness (T2P'¢ B!) by phenological state with fo (Eq. B2) and fs (Eq. B3) parameters |
Leaf-off/ vegetative | 0.16 3.2-5.2 0.3-5.1 0.01-0.03 0.24 0.12
Zom | M |Trans./reproductive| 0.18 | 3.9-5.5 | 0.3-2.6 0.01 0.19 0.2 | 0.002 | 0.0005
Leaf-on/ ripening | 0.18 3.2-54 1.8-24 0.02-0.03 0.55 0.38
Leaf-off /vegetative | 0.5 7.2-19.2 3.7-6.5 0.06-0.83 0.32 0.14
Zd m | Trans/ reproductive | 0.44 | 8.2-15.4 2.2-6.6 0.06-0.9 0.39 0.45 0 0
Leaf-on/ripening | 0.42 | 8.0-10.9 3.8-6.6 0.06-0.83 0.88 0.65

k66
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Appendix A: SUEWS developments included in v2020a

A.1 SUEWS surface temperature (Ts) calculation

At each time step, the surface temperature T; is calculated iteratively. First Ty is estimated by
NARP (net-all radiation parameterization) (Offerle et al., 2003; Loridan et al., 2011) as a function
of air temperature T, (i.e., TN4RP = NARP(T,)), then T/N4RP is used to calculate Q* (via outgoing
longwave radiation L;). At the end of this iteration (j), Ts is updated using sensible heat flux Qy
and T, based on Monin-Obukhov similarity theory (MOST) to give a new value T ; (=1, initial
iteration). In subsequent iterations, the NARP-based estimation of T; is skipped and T ;_; (i.e.,
previous iteration) is used in the Q" calculation and updated to T ; (i.e. current iteration) using
MOST. Once |TSJ-_1 - TSJ-| < a prescribed tolerance, then T; = T; ; and iteration stops (or for j=

20)
A.2  SUEWS irrigation scheme for crops

Automatic irrigation can be set (WaterUseMethod=1 in RunControl.nml file) to maintain the
water availability at a specified level hn, (e.g. a certain depth of ponding water for flood irrigation
of rice or a particular soil moisture state of other crops; by setting column h,, of
SUEWS_Irrigation.txt file, in mm). When it is a positive value it allows for flood irrigation (e.g.
rice); otherwise, the soil moisture is maintained by irrigation at the maximum soil storage
capacity minus h,. The running water balance considering precipitation, irrigation, evaporation
and runoff rates and the net change in storage is used to determine the irrigation needed (cf.
Eq. 2) taking hm in to account. The irrigation needed (In) is determined at the last time step of
the day. The . water is applied the next day if needed (i.e. for Iy > 0 mm) based on the rates
specified by the user via the SUEWS automatic irrigation profile f, The automatic irrigation
profile allows water to be supplied at the appropriate times of the day and intensity for the
region. If the water is applied too rapidly (e.g. all in one 5 min timestep) unrealistic runoff will
occur. At each time step, the Ivis checked to confirm that water is still needed (as determined by
In at the end of the previous day). If there is need remaining at the end of the day this will be
included in the end of day water balance calculation for the next day.

A.3 SUEWS land cover adaptive z;, scheme

A new option RoughLenHeatMethod (choice 5) is included (RunControl.nml) that allows different zoy
schemes to be used depending on the land cover characteristics. If no impervious cover exists in a grid
(fpr» = 1) then Brutsaert's (1982) method is used:
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ZOU = O-IZOm (Al)
Otherwise (f,n <1) Kawai et al. (2009) is used:
U Zom 0.25
Zow = Zom exp ( 2 — (1.2 — 0.9£92°) <T) (A2)

where z,,, is the roughness length for momentum, u, the friction velocity, and u the molecular

diffusivity of air.

Appendix B: Roughness length and zero-displacement height for momentum
B.1 Methods

The roughness parameters (zom, zq) are derived during neutral stability (|(z=- 0.7h,)/L)| <0.01, i.e.
assuming initially z4=0.7h,) using observed u, and u (Monin and Obukhov, 1954):
u= %ln [%] (B1)
These can also be obtained simply using a rule of thumb (Garratt 1991, Grimmond and Oke
1999):
Zom = fo,ihw, (B2)

Zg = faihvi (B3)

where hy; is the vegetation height for type i and f,jand fy; depend on porosity of the vegetation
type.

The same multi-objective evolutionary algorithm used to determine G2- G¢(Sect. 2.1.4), is
applied with two objectives to optimize Eq. B1: (1) to minimize the normalized (n) standard
deviation (SD) of observations (obs) of u:

_ SD (U moa) — SD(Upps)
nSD =
SD (uobs)

(B4)

(2) to minimize the MAE of u (Eq. 22).

As LAl state changes both zom and zq (e.g. Kent et al. 2017b ) by modifying the porosity of the
canopy, the three phenological states (leaf off, on and transition, Sect. 3.1) are considered.
However, sufficient data (> 20, Grimmond et al. 1998) need to be used. By undertaking analysis
by wind direction for sites that appeared to have variable results (based on modelled u) it is also
possible to identify sites that have varying fetch by wind direction (e.g. CA-Qcu). This can be
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526  confirmed using visible wavelength satellite imagery. As CA-Qcu'’s fetch is found to vary, data
527  are analysed with 10° direction bins (for each LA/ state) with the median zon» and zq4 used.
528
529  To obtain the parameters fo; and fy; (Eq. B2 and B3) vegetation heights are needed (Table 3).
530  As crop height varies substantially through a season, where heights are available (e.g. C-DNT,
531 Duan et al. 2020) these are used. However, for others only one height is used and zon, zq4 are
532 calculated for the entire growth period (e.g. PH-IRI). The training years (Table 3) are used to
533  derive zom, zs and subsequently fp; and fy,.
534  B.2 Results
535  Analysis of ‘observed’ zo, and zq4 (Eq. B1) with height suggests fo and fy (Eq. B2) vary between
536 0.16-0.18 and 0.42-0.5 (Fig. B.1) across phenological states. These values for each LA/ state
537  are used to derive zom, z4 Of test sites.
20.0
y = 0.18x ] y = 0.42x L
5] -—- y=0.16x L 1751 === y =0.5x
-==- y=0.18x .7 ===y =0.44x
7 15.0 -
44 -m
/,::/ - : 125 x:
Eca- ://::: . %10.0 e &
N , /,/»jf'/’ Y ogs '/,:/:/" - am
,ft’//// 5.0 e
1 2?7 BF ~Ciae
’/// 2.5 1 ";/_;’— * *
01 gx * 0.0 ""
6 5 1’0 15 2‘0 2‘5 (I) 5 lk) 1‘5 2‘0 2‘5
538 hy (m) hy (m)
539  Figure B1: Micrometeorologically derived (Eq. B1) aerodynamic roughness parameters and vegetation
540 height (Table 3) calculated for the calibration years by phenological state (Sect. 3.1): (a) zom and
541 (b) za. The crop states heights vary for CN-DNT (Duan et al. 2020) [rice: vegetative =0.39 m,
542 reproductive=0.64 m, ripening=0.93 m; wheat: vegetative=0.15 m, reproductive = 0.58 m
543 ripening=0.86 m] but not for Ph-IRI.
544
545  The ability to predict u is assessed for different sites with LAl/crop state using Eq. B1 and the
546  derived zom and zy values (Table B1). These are in generally good agreement with observations
547  (Fig. B2), with MAE < 1.32 m s and -1.03 < MBE <1.22 mss™.
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549  Figure B2: Comparison of observed u (u-Obs) to modelled u (u-Model, zom and z4 Eq. B1,Table B1) at the
550 vegetated sites for all training years (Table 3) with number (N) data points and phenology (Sect.
551 3.1) and CN-DNT crop states (Duan et al. 2020).
552 Table B1: Micrometeorological (Eq. B1) zom and zq4 for vegetation sites (Table 3) for number (N) data
553 points for different phenology periods (Sect. 3.1) and for CN-DNT crop states (Duan et al. 2020).
554 MAE (m s™) and MBE (m s™') are calculated for u.
Leaf-off Leaf-trans Leaf-on
site Zom| 24 | MAE |MBE| N |Zom| %4 | MAE |MBE| N |Zm| %4 | MAE |MBE| N
(m) | (m) (m) | (m) (m) | (m)
US-MMS 3.56{19.19| 0.58 |-0.38| 145 |3.95| 8.2 0.66 |-040| 89 |3.21{ 109 | 054 |-041]| 25
US-UMB 324|722 | 058 |-0.44| 221 |4.28/15.36| 1.03 [-1.03| 48 |3.69]/ 9.06 | 0.50 |-0.36| 22
US-Oho 5.16| 8.18 | 0.33 [-0.19| 354 |5.54| 9.54 | 046 |-0.38| 90 |5.42| 799 | 0.16 0.0 27
CA-Obs 1.24| 3.73 | 041 | 0.12 | 371 |1.55| 2.22 | 0.39 |-0.16 | 124 |1.77| 3.76 | 0.39 |-0.36 | 35
CA-Qcu 0.32| 514 | 0.58 |-0.14| 602 |0.31| 247 | 0.72 |-0.16| 38 - - - -
US-Blk 295/ 646 | 045 | 012 | 727 |2.62| 6.56 | 0.58 | 0.22 | 230 |2.38] 6.63 | 0.44 | 0.20 | 53
US-AR1 0.03] 0.83 | 0.82 | 0.28 | 938 |0.01] 0.9 1.32 | 1.22 | 442 |0.03| 0.83 | 0.91 | 0.38 | 308
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560
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US-KUT 0.01] 0.06 | 0.59 [-0.38] 54 [0.01] 0.06 | 0.57 [ 0.52 | 330 [0.02] 0.06 | 0.5 [ 0.43 [ 177
Vegetative-crop Reproductive-crop Ripening-crop

CN-DNT-rice [0.24| 0.32 | 0.42 | 0.05| 112 |0.19] 0.39 | 0.84 | 0.26 | 318 |0.55| 0.88 | 1.30 | 0.55 | 422

CN-DNT-wheat [0.12| 0.14 | 0.91 | 0.02 | 754 |02 | 045 | 0.48 |-0.14| 575 |0.38| 0.65 | 0.85 | 0.19 | 421

Total Growth Period

PH-IRI-ice |0.05] 0.89 [ 0.33 |-0.03 | 2841

Appendix C: Latent heat flux (Q;) in extremely cold conditions

As the surface conductance (Eq. 12) has an air temperature dependency with limits (i.e. T.in

Eqg. 15), we investigate the T, limit with Qe below -10°C for different sites (Fig. C1). Given this

we use T, = —20°C for all sites as the limit when evaporation switches off in SUEWS.
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Figure C1: Latent heat flux Qe variation with air temperature Ta when T, < —10°C at eight sites (Table 3).
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Appendix D: Model evaluation statistics

Sites (Table 3) used to evaluated (metrics Sect. 2.4) the parameters assessed LAl (Table D1),
albedo (Table D2) and latent heat flux (Table D3).

Table D1: Evaluation of SUEWS modelled LAl (Eq. 3 or 5, with parameters Table 4) and MODIS LAl
product (Myneni et al., 2015) for entire year (all), leaf on period (model LAl - maxima), leaf off
period (LAl model - minima), and transitional period (growth/senescence period).Units: m? m.
N is the number of data points in each period for each site

All Leaf-off Transitional Leaf-on

MAE| MBE | N |MAE| MBE |N |MAE| MBE |N |MAE| MBE |N
2010 |0.67| —0.36 |94 |0.16|—0.12|30{0.84|—0.15|44|0.98| —0.84 |20
US-MMS 2012 |0.60| —0.36 |92|0.12|—0.05|23|0.88|—0.70|38/0.80| —0.33 |31
2016 |0.70| —0.56 |91|0.08|—0.01|24|0.80|—0.63|51/1.10|—0.95 |16
2010 |0.52| —0.39 |92 |0.22|—0.09(38|0.58|—0.46|36|1.06 | —0.95 |18
US-UMB 2014 |0.51| —0.17 |92]0.22|—0.14|48|0.96 |—0.09|29|0.58 | —0.38 |15
2016 |[0.56| —0.23 |{90|0.23|—0.15|30{0.82|—0.34|41|0.65|—0.47 (19
2011 |0.36| —0.05 |94 |0.22|—-0.15|40{0.51| 0.02 |34/0.43| 0.03 |20
US-Oho 2012 |0.38| —0.17 |93]0.15|—0.08|37|0.52|—0.28|25/0.57 | —0.23 |31
2013 |0.48| 0.16 |93|0.24|—0.04|40|0.74| 0.54 |37/0.62|—0.15|16
2003 [0.45| —0.23 |91|0.33|(—0.24|47|0.61|—0.11|25/0.59|—0.54 (19
CA-Obs 2005 [0.49| —0.31 |95|0.32|—0.25|46|0.75|—0.43|28|0.70 | —0.55 (21
2006 [0.41| —0.29 [93|0.35(—0.31|46|0.51|—0.35|25/0.42|—0.17 |22
2005 |[0.35| —0.03 {92]0.20|—0.13|38|0.48|—0.13|32/0.43| 0.22 |22
CA-Qcu 2008 |0.42| —0.13 |94 |0.23|—0.08(43/0.48|—0.08|38|0.75|—0.31 |23
2009 |0.42| —0.04 |93|0.26|—0.05(42|0.54| 0.07 |41/0.66|—0.23 |20
2004 |[0.30| —0.16 |93|0.20| 0.01 |43|0.35|—0.20|26|0.47 | —0.47 |24
US-Blk 2006 |[0.26| —0.07 |94 |0.30|—0.05|47|0.27 |—0.12|24|0.19| —0.06 |23
2008 [0.35| —0.02 [92]0.40| 0.03 [51|0.47| 0.04 |21/0.28| 0.17 |20
2010 |[0.13| 0.01 |94|0.06| 0.03 |29/0.11|—0.07|28/0.20| 0.05 |37
2011 |0.21| —0.18 [93]0.04 | 0.01 |{25|0.21|—0.17|22|0.34 | —0.34 |46
US-KUT 2006 [0.25| 0.01 [93|0.16| 0.13 |24|0.37|—0.08|23|0.27 | —0.05 |36
2007 |0.23| —0.15 {92|0.10| 0.01 |31{0.31|—0.20|25|0.30| —0.23 |36

CN-DNT-rice 2016 [0.40| 0.19 |28| - - - - - - - -
CN-DNT-wheat | 2014-15 |{0.46| -0.06 |42 | - - - - - - - -
PH-IRI 2013 [0.53| -0.31 |13]| - - - - - - - -

site year

US-AR1

Table D2: As Table D1, but albedo (Eq. 6, Table 4) during snow-free periods (May- October; but the
entire period for crops).

site year IMAE| MBE | N
2010 |0.007| —0.003 [177
US-MMS | 2012 |0.007| 0.001 |183
2016 |0.008| —0.003 |182
2010 |0.009| —0.001 |182
US-UMB | 2014 |0.012]| —0.010 |182
2016 |0.010]| —0.003 |183
US-Oho | 2011 |0.009| —0.003 |183
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572

573

574

575

576
577

2012 [0.009| —0.004 |183
2013 [0.015| —0.012 |183
2003 [0.005| —0.000 |183
CA-Obs | 2005 [0.007 | —0.003 [175
2006 [0.005| —0.000 |171
2005 [0.014| —0.001 |180
CA-Qcu | 2008 [0.020| —0.012 180
2009 [0.023| —0.019 |183
2004 |0.004| —0.002 [160
US-BIk | 2006 [0.008|—0.005 |176
2008 [0.011|—0.004 [182
2010 |0.022| 0.016 [183
US-AR1 2011 |0.025| 0.025 |183
2006 [0.017| 0.001 |[145
LEn L 2007 |0.017| 0.004 |148
CNr'iEg‘T' 2016 [0.016| -0.001 |123
CN-DNT- | 2014- 1, 431 (002 [174
wheat 15
PH-IRI | 2013 |0.017| 0.013 |113

Table D3: As Table D1, but for Qe (Eq. 8 with Table 5 parameters). Units: W m2

Leaf-off Leaf-trans Leaf-on All
site year| MAE |MBE N MAE |MBE N MAE | MBE| N MAE MBE| N
US-MMS 2016/ 12.1|-4.8| 1330 |42.2|20.7| 3028 |58.5|40.4| 1057 | 37.8 | 18.1|5415
US-UMB 2014 7.5 |—1.1| 3410 |28.2] 9.1 2347 [38.1]11.9| 1288 | 19.9 | 4.6 |7045
US-Oho 2011|12.8|-5.0 | 2255 |26.4| 3.7 2198 |40.6|—5.2| 1588 | 25.0 | -1.9 |6041
CA-Obs 2006| 8.3 |-2.3| 2352 |18.3| 1.0 1844 [42.4|32.7| 1544 | 20.6 | 8.1 |5740
CA-Qcu 2005| 6.1 |—4.9| 2134 |25.0|-8.0| 2007 [47.0|21.9| 1462 | 23.4 | 0.9 |5603
US-Blk 2006| 19.3 |—16.5 3867 |36.2|-12.9] 1907 |43.3| 8.8 | 1938 | 29.5 | -9.3 |7709
US-AR1 2010/ 18.1 (—15.2 2338 |48.1| 8.1 2323 |58.2119.1| 3291 | 43.5 | 5.8 |7952
US-KUT 2007| 96 |-7.9| 2059 |24.7 |-18.2| 1899 |37.8|17.8| 2338 | 24.6 | -1.5 |6296

Vegetative Reproductive Ripening

CN-DNT-rice |2016/42.6|19.8| 610 |26.1|-14.5| 605 38.4110.5| 1095 | 36.3 | 6.4 |2310
CN-DNT-wheat |2014|19.6 | 10.4| 1153 |30.7 | -4.0 752 254192 | 899 | 245 | 6.2 |2804
PH-IRI-rice |2013| - - - - - - - - - 445 |28.3 (1834
CN-DNT-soil |2016| - - - - - - - - - 36.7 |-10.4| 355
PH-IRI-soil |2013| - - - - - - - - - 24.3 | -1.5| 840
JP-SWL - - - - - - - - - - 36.7 |10.3|1229

Appendix E: Qe simulated with London and Swindon parameters

To demonstrate the necessity and benefit of using appropriate parameters to estimate Qe in

SUEWS, we compare Qe simulated at DBF, ENF and GRA pervious sites using Ward et al.'s
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579
580
581

582

583

584

585
586
587

(2016) gmax and G2-Gs parameters (derived for London and Swindon) (Fig. E1) to those derived
here (Table 5). In all cases the performance is improved using pervious area surface
parameters (e.g. LA, albedo, surface conductance) than using the suburban/urban parameters
(assuming fi=1 of the pervious area) (Fig. E2).

DBF ENF GRA
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Figure E1: As Fig. 15, but using the parameters from Table A1 in Ward et al. (2016).
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Figure E2: MAE for Qe (Eq. 5) calculated with site-specific surface conductance parameters for sites

(Table 3) (i.e. Table 5, MAEo) and with the Ward et al. (2016) parameters (their Table A1)
(MAEws1s), and the ratio of MAEo and MAEwss for these sites.
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Appendix F: Albedo for May to October period

DBF ENF GRA

0.30

US-MMS : 2010  US-MMS : 2012 US-MMS : 2016 CA-Obs : 2003 CA-Obs : 2005 CA-Obs : 2006 US-AR1 : 2010 US-AR1: 2011

0.25
0.20
0.15

0.10
0.05

L

030 US-UMB : 2010 US-UMB : 2014 US-UMB : 2016

CA-Qcu : 2008 CA-Qcu : 2009 US-KUT : 2006 US-KUT : 2007

0.25

0.20

0.15
0.10
0.05

.
pigog L i
Py e o
BN F gk (A
3 o
e
\ ¢

]

K

200 300 200
US-Oho : 2011 US-Oho : 2012 US-Oho : 2013

0.30
0.25

Model
o Obs-snow detected

0.20

012 M
0.10
0.05

200 300 200 300 200 300 200 300 200 300 200 300
Time (DOY) Time (DOY) Time (DOY) Time (DOY) Time (DOY) Time (DOY)

Figure F1: As Fig. 10, but only for May—October period.
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