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Abstract The present study evaluates the performance of
the SURFEX (TEB/ISBA) urban land surface parametriza-
tion scheme in offline mode over a suburban area of
Singapore. Model performance (diurnal and seasonal char-
acteristics) is investigated using measurements of energy
balance fluxes, surface temperatures of individual urban
facets, and canyon air temperature collected during an 11-
month period. Model performance is best for predicting
net radiation and sensible heat fluxes (both are slightly
overpredicted during daytime), but weaker for latent heat
(underpredicted during daytime) and storage heat fluxes
(significantly underpredicted daytime peaks and nighttime
storage). Daytime surface temperatures are generally over-
predicted, particularly those containing horizontal surfaces
such as roofs and roads. This result, together with those
for the storage heat flux, point to the need for a better
characterization of the thermal and radiative characteristics
of individual urban surface facets in the model. Signifi-
cant variation exists in model behavior between dry and
wet seasons, the latter generally being better predicted. The
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simple vegetation parametrization used is inadequate to rep-
resent seasonal moisture dynamics, sometimes producing
unrealistically dry conditions.

1 Introduction

The combined effects of global climate change and local
land use and cover change make urban inhabitants more vul-
nerable to environmental hazards. According to the Fifth
Intergovernmental Panel on Climate Change Report (Field
et al. 2014), more frequent and longer dry spells and heat
waves are expected in the coming decades. At the same
time, heavy precipitation events are predicted to become
more frequent and intense over most land areas. Urban
dwellers especially in low latitudes will be disproportion-
ally affected by extreme heat. Elevated temperatures during
heat waves, for example, will be felt on top of already
existing urban microclimate effects such as the urban heat
island (UHI) and may reduce outdoor thermal comfort, or
high precipitation events can cause flooding since imperme-
able urban surfaces reduce natural drainage of flood water.
As an increasingly larger portion of the world’s popula-
tion is expected to live in cities (66% by 2050 according to
UN 2015) with disproportionate growth observed in tropical
cities, forecasting urban weather and climate is becoming
ever more important to be able to mitigate against or adapt
to the predicted extreme conditions.

Mesoscale models are often employed to predict urban
climates, and their output is also used to provide lower
boundary conditions in global climate models which are
increasingly becoming capable of resolving individual,
large cities. However, computational capabilities are still
not enough to explicitly resolve building-scale heterogene-
ity at the entire city scale. Models overcome this limitation
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by parameterizing sub-grid scale effects to produce, e.g.,
neigborhood-scale fluxes of the surface energy balance
(SEB). The energy balance framework is fundamental to
the understanding of the climatology of any site, and in the
case of a city an urban energy balance (UEB) is defined as
Oke (1988):

Q∗ + QF = QH + QE + �QS + QA (Units : W m−2)

(1)where Q∗, QF , QH , QE , �QS , and QA are fluxes of
net radiation, anthropogenic heat, sensible heat, latent heat,
storage heat, and net horizontal advective heat, respectively.
�QS is usually determined as the residual of the UEB with
the assumption that advection is negligible below the height
of measurement over flat and homogeneous urban surfaces.

There are several urban energy balance parametrization
schemes available of varying sophistication (Grimmond
et al. 2010). In recent years, many of these models have been
incorporated in operational models (e.g., DWD COSMO:
Wouters et al. 2012; Wouters et al. 2015; UK MetOffice:
Best et al. 2006; MeteoFrance: Masson 2000). However,
Masson (2006) noted that most of the UEB models have
been implemented without proper evaluation. There are sev-
eral consequences of this because these parameterizations
provide the surface boundary conditions of large scale mod-
els, and errors from these schemes can propagate, amplify
and result in erroneous forecasts. Offline comparisons against
direct measurements of the energy balance components and
other variables can help to improve model parameteriza-
tions. The existing evaluations, however, are limited to pri-
marily mid-latitude cities (see below) and few evaluations
for (sub)tropical cities have been reported to date.

Considering the relevance of (sub)tropical cities in terms
of climate change and their under-representation in urban
climate research (Roth 2007), the present study evalu-
ates the SURFEX (“Surface externalisée”; externalized land
and ocean surface platform) land surface modelling sys-
tem over a low-rise residential neighborhood of Singapore,
a city located just north of the equator. The objective is
to evaluate its capability to predict magnitudes, diurnal
and seasonal patterns of individual UEB components, and
selected surface temperatures, in one of the first exten-
sive studies conducted for a tropical city. Offline simula-
tions are carried out in order to evaluate the sensitivity
of the model, while keeping the overlying atmospheric
conditions constant.

The present study is complemented by a recent paper,
which uses the same long-term forcing and observed energy
balance data. Demuzere et al. (2017) compare four urban
canopy models in relation to three different external param-
eter lists to quantify the impact (interaction) of (between)
external parameter settings and model formulations
(complexity) on the modeled urban energy balance compo-
nents. They also test new schemes to parameterize water

storage and the radiative interaction of water vapor with
the outgoing long-wave radiation, and further include a sen-
sitivity analysis of parameters and model settings. Again
using the same input and observational data, further recent
research evaluates a single-layer urban canopy model with
a special focus on the role of trees in evapotranspiration
(Liu et al. 2017). These two and the present study, pro-
vide important insights into the use of urban canopy models
to simulate the energy balance in tropical cities. Properly
evaluated models can also be used in a range of real-world
applications such as the prediction of convective heavy rain
events leading to floods, or the mitigation of heat to improve
outdoor thermal comfort.

In the following, the model is introduced in Section 2
and Section 3 presents the measurements and model simu-
lations. The evaluation of the individual energy balance
components and surface facet temperatures are presented in
Section 4, which is followed by a summary and conclusions
in Section 5.

2 SURFEX land surface modeling system

SURFEX is a land surface modeling suite developed by
Meteo France (2013). Four types of different surfaces (tiles)
are represented in SURFEX: “nature,” “town,” “inland
water,” and “ocean.” Exchange processes over the “nature”
tile are simulated by the Soil-Biosphere-Atmosphere model
(ISBA), while the Town Energy Balance model (TEB) is
used for parameterizing the urban (“town”) part of the land
surface fraction. Because of the negligible area covered by
water in the modeling domain, only the TEB and ISBA com-
ponents are used in the present study. The final SURFEX
fluxes are the average of the individual fluxes computed
over the “nature” and “town” tiles, weighted according to
their respective area fraction. A short description of ISBA
and a more detailed one of TEB are provided below.

2.1 ISBA

ISBA represents the vegetation processes in the SURFEX
system. It includes a large variety of sub-models to indi-
vidually parametrize soil, vegetation, carbon, hydrological
and snow processes. The scheme was originally devel-
oped by Noilhan and Planton (1989) and has gone through
extensive modifications and improvements. The nature tile
is composed of 12 different patches (bare soil, C3 and
C4 crops, rocks, permanent snow, irrigated crops, needle
leaf trees, herbaceous, evergreen broadleaf trees, tropical
herbaceous, deciduous broadleaf trees, and wetlands). In
the present simulations, the two layer force restore ver-
sion, which is the least complex version of ISBA, is used.
Unlike TEB (see below), ISBA uses only a single surface
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temperature for the calculation of the UEB components.
QH is parametrized using a scheme developed by Louis
(1979) and later modified by Mascart et al. (1995) to con-
sider the differences between roughness length of heat and
momentum. QE includes evapotranspiration from vegeta-
tion, evaporation from bare soil, and sublimation from snow
and ice (if present) and �QS is calculated as the residual of
the energy balance.

2.2 TEB

Masson (2000) developed the urban energy balance param-
eterization scheme TEB which is based on the urban canyon
as the fundamental unit of urban areas (Oke 1987). The
model considers the building morphology as an infinitely
long canyon and calculates a separate energy balance for
each roof, wall, and road facet of the model canyon. The
parametrization assumes that buildings are of equal heights
and widths and located parallel to roads (i.e., there are
no junctions). In the original formulation, roads are ori-
ented in all possible directions and integrated over 360◦,
which is unlike in the version used here where road direc-
tion can be specified. The longwave radiation trapped in the
urban canyon is calculated considering only one re-emission
(1991), but infinite reflections are possible for shortwave
radiation. Separate surface temperature values can be speci-
fied for roofs, walls, and roads. No advection is incorporated
since the scheme is designed for large scale models where
the advective effect is accommodated through adjacent cell
interactions.

The ground heat flux is computed separately for roofs,
walls, and roads using a simple conduction equation. The
lower boundary conditions for roofs and walls are obtained
through prescribing internal temperatures and a constant
zero flux is assumed for roads. Precipitation is intercepted
by roofs and roads. Since TEB calculates separate surface
temperatures for individual facets, it is straightforward to
calculate saturation humidity on the surfaces and thus QE .
Water from the surfaces evaporates until the air becomes sat-
urated. While TEB parameterizes urban dew, anthropogenic
water is not included.

TEB calculates a city-wide momentum flux according to
Mascart et al. (1995) assuming validity of Monin-Obukhov
similarity at all vertical levels. A city-wide roughness length
for momentum is prescribed in the model. Inside the canyon
the wind profile follows an exponential form and the log
law above the roofs. The roughness length of the roof facet
is set to 0.15 m (Cole and Sturrock 1977; Masson 2000).
The turbulent energy fluxes between roofs or canyon air
and the atmosphere are calculated following Mascart et al.
(1995) and between roads or walls and the canyon air using
the aerodynamic resistance approach according to Rowley
et al. (1930) and Rowley and Eckley (1932). Anthropogenic

heat flux from buildings can be obtained by prescribing
a constant internal building temperature, however, in the
present study the option of “evolving temperature” was cho-
sen. Four additional types of anthropogenic heat fluxes (QH

andQE from traffic and industries, respectively) can be pre-
scribed but are not used given their low contributions in the
study domain (Quah and Roth 2012). Total QH and QE for
an urban area of interest (representative of inertial sublayer
fluxes) are calculated as the sum of area-weighted fluxes
from the respective canyon and roof fractions. Total �QS is
estimated as the residual of the UEB.

TEB is a robust and well-validated model. It is fre-
quently used as the core urban parameterization scheme in
other modelling systems, such as, e.g., the Community Land
Model Urban (CLMU) (Solazzo et al. 2010). Other studies
have proposed modifications such as an option to prescribe
fixed orientations for canyons (Kusaka et al. 2001), the
addition of a parameterization for free convection for use
in tropical regions (Karam et al. 2010), or modifications
to represent features of Australian suburbs in a regional
scale model (Thatcher and Hurley 2011). Finally, Lemonsu
et al. (2012) coupled the ISBA vegetation scheme to TEB,
thereby allowing direct interaction between vegetated and
urban surfaces which is lacking in the classic tile approach.
This improved scheme also considers fixed orientations of
canyons and makes a distinction between opposing walls to
more accurately capture their thermal evolution.

TEB has been validated in several cities against UEB flux
data. Masson et al. (2002) evaluated TEB over an industrial
area of Vancouver, Canada (using 15 days of measurements
during a dry summer period) and a densely-built commer-
cial area of Mexico City, Mexico (7 days during the dry win-
ter period). At both sites, vegetation covered less than 5% of
the area and hence there was no need to run the vegetation
model. In the case of Mexico City, daytime ambient tem-
perature was overpredicted and nighttime roof temperature
underpredicted. This result was attributed to inaccuracies in
the thermal properties used for roof materials. Increasing the
aerodynamic roughness of roofs reduced the temperature
bias in the model. QH and �QS were under- and over-
predicted, respectively. In the case of Vancouver, modeled
roof temperatures showed an opposite tendency compared
to Mexico City and TEB therefore over- and underpredicted
QH and �QS , respectively. The errors were attributed to
advective effects which the model did not take into consider-
ation. The authors concluded that unaccounted fluxes from
the sea breeze front have probably contributed to the larger
QH magnitudes.

Lemonsu et al. (2004) evaluated TEB using observa-
tions taken during 3 weeks in summer over the old down-
town core of Marseille, France (13.6% vegetation). They
reported good performance but the model generally under-
estimated QH , QE , �QS and overestimated Q∗ when
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site-specific urban parameters were used. Model perfor-
mance was poorer when using a default set of urban
parameters. Improved model performance was noted after
changing the ventilation parameter and prescribing more
accurate input values. Pigeon et al. (2008) extended the val-
idation to winter and fall seasons using data from the old
city center of Toulouse, France (8% vegetation). During fall,
model predictions for facet temperatures were similar to
measurements but daytime QH was underpredicted. Dur-
ing winter, TEB overpredicted QH throughout the diurnal
cycle but good performance was reported for QE . Anthro-
pogenic heat flux was predicted well during fall, but a large
bias was evident in winter. TEB was also tested during the
Montreal urban snow experiment with moderate success,
and especially during the snow melting period its perfor-
mance was not satisfactory (Lemonsu et al. 2010). TEB was
further part of phase I and II of the PILPS-urban model
intercomparison experiment (Grimmond et al. 2010, 2011),
and the Toulouse evaluation was further used in a compar-
ison study with CLMU (Demuzere et al. 2013). Recently,
TEB has also been applied offline as part of a model com-
parison study over two sites in the high-latitude city of
Helsinki (Finland), demonstrating its capability to represent
seasonal variation and snow cover characteristics (Karsisto
et al. 2016). The studies cited here show that TEB has
successfully modeled UEB components in several mid- to
high-latitude cities but similar evaluations fromwet, tropical

or equatorial cities are non-existent. Further, more studies
that investigate model performance over long time periods
to better understand their seasonal performance are also
needed (Best and Grimmond 2013).

3 Measurements and model simulations

The study area and energy balance measurements have
been fully introduced in Velasco et al. (2013) and Roth
et al. (2017). Sections 3.1 and 3.2 therefore only give a
brief overview of the site and flux measurements, respec-
tively, with additional information provided about the sur-
face temperature measurements conducted specifically for
the present study. Section 3.3 includes full details on the
implementation of TEB.

3.1 Study area

Singapore is a city state located on an island just south
of the Malay peninsula (1◦ 22′ N, 103◦ 48′ E). Given
its equatorial setting, it has a tropical rain forest climate
(Af according to the Köppen climate classification sys-
tem) which is characterized by high mean air temperature
(annual mean ∼27.5 ◦C) and rainfall (total ∼2340 mm)
throughout the year. Singapore’s climate is often classified
into four seasons based on wind direction. The southwest

Fig. 1 Locations of flux tower
(FT), HOBO (H1-H4), and
HMP45 (HMP) sensors to
measure canopy-layer air
temperatures, and OMEGA IR
sensors (O1-O3) to measure
surface facet temperatures. Red
square on inset map shows
location of study area within
Singapore. Source: Google
EarthTM
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Table 1 SURFEX model input
parameters Parameter (unit) Value Reference

Urban plan area fraction (%) 85 VE13

Building plan area fraction (%) 39 VE13

Vegetation plan area fraction (%) 15 VE13

Mean building height (m) 9.86 VE13

Wall-to-horizontal (roofs and roads) surface ratio (-) 0.66 AU

Roughness length (m) 0.8 VE13

Anthropogenic heat flux from traffic (W m−2) 4.25 QU13

Number of layers

Roof 4 DB14

Wall 4 DB14

Road 4 MA02

Thickness of layers (m)

Roof 0.025, 0.091, 0.091, 0.005 DB14

Wall 0.013, 0.085, 0.085 CDF

Road 0.01, 0.040, 0.20, 1.00 MA02

Albedo (-)

Roof 0.20 DB14

Wall 0.50 DB14

Road 0.08 MA02

Emissivity (-)

Roof 0.90 DB14

Wall 0.90 DB14

Road 0.94 MA02

Thermal conductivity (W m−1K−1)

Roof 1.00, 0.04, 0.04, 0.19 DB14

Wall 0.16, 0.80, 0.80, 0.16 DB14

Road 0.82, 0.82, 2.1, 0.40 MA02

Volumetric heat capacity (MJ m−3K−1)

Roof 1.60, 0.025, 0.025, 0.80 DB14

Wall 0.60, 1,30, 1.30, 0.60 CDF

Road 1.74, 1.74, 2.00, 1.40 MA02

ISBA parameters

LAI (m) 1.75 EC05

Root depth (m) 1.50 EC05

Sand (%) 47 FI02

Clay (%) 27 FI02

Minimum stomatal resistance (s m−1) 68 EC05

Coefficient for RSMIN calculation (-) 0.02 EC05

Vegetation thermal inertia coefficient 1.33E-05 EC05

Maximum solar radiation usable in photosynthesis 65 EC05

Emissivity of vegetation (-) 0.97 EC05

Emissivity (-) 0.97 EC05

Surface roughness length (m) 0.28 EC05

Albedo NIR of vegetation (-) 0.27 EC05

ER13: Velasco et al. (2013); DB14: Designbuilder software, Tindale (2014); EC05: ECOCLIMAP data set,
Champeaux et al. (2005); QU12: Quah and Roth (2012); AU: from existing GIS dataset; MA02: Masson
et al. (2002); FI02: Fischer et al. (2002); CDF: Civil Defence Force (2012)
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Table 2 Periods, dates, number of 30-min values, and percent data for different times of the day and different variables. K↑ and L↑ have the
same percent availability as Q∗

% data available

Period, dates (# 30-min values) All Nighttime Daytime Daytime clear Daytime cloudy

All, 18/05/2013-19/04/2014 (16128)

Q∗ 91.93 44.39 47.54 19.79 27.75

QH 86.95 42.91 44.04 19.16 24.88

QE 84.11 40.02 44.08 19.33 24.75

�QS 82.83 39.58 43.25 18.84 24.40

Tsurf 81.98 39.80 42.18 17.47 24.71

# 30-min rain values (total rainfall) 868 (1829.30 mm)

Dry, 15/02-16/03/2014 (1345)

Q∗ 99.03 47.96 51.08 31.45 19.63

QH 97.10 47.96 49.15 29.74 19.41

QE 91.52 41.64 49.89 30.63 19.26

�QS 89.67 41.64 48.03 28.77 19.26

Tsurf 93.83 45.28 48.55 29.74 18.81

# 30-min rain values (total rainfall) 0 (0.00 mm)

Wet, 16/11-17/12/2013 (1441)

Q∗ 100.00 48.09 51.91 16.86 35.05

QH 91.53 45.59 45.94 16.52 29.42

QE 86.54 42.26 44.27 16.10 28.17

�QS 86.54 42.26 44.27 16.10 28.17

Tsurf 92.16 48.09 44.07 13.25 30.81

# 30-min rain values (total rainfall) 120 (280.98 mm)

monsoon period (between June and September) is charac-
terized by short-duration thunderstorms in the afternoon and
the occasional occurrence of squall lines (Sumatra squalls)
accompanied by severe gusts during pre-dawn hours. The
northeast monsoon period (December to mid-March) expe-
riences the highest wind speeds, lowest air temperatures and
heaviest rainfall associated with monsoon surges (primar-
ily during December and January), but also driest period
of the year (February). The two inter-monsoon periods

(mid-March to May and October to November, respectively)
are characterized by sometimes severe afternoon and early
evening thunderstorms and generally light winds with vari-
able direction. May and April usually experience the highest
mean air temperatures (NEA 2009).

The study domain corresponds to the low-rise residential
neighborhood of Telok Kurau (TK), located 7 km east of
the downtown commercial core and 1.6 km from the coast-
line (Fig. 1). The area is built up with freestanding and more

Fig. 3 (Left) Diurnal ensemble mean of observed (blue) and simulated
(red), and (right) time series of daily average daytime K↑ for entire
simulation period (18 May 2013–19 April 2014). Vertical blue dotted

lines in (a) indicate times of sunrise and sunset; separate wet (dry) peri-
ods are demarcated by vertical green (red) dotted lines; shaded areas
are ±1 standard deviation
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Table 3 Model statistics (Bias,
d, MAE, RMSE, and RMSEs,u;
units are W m−2, except for d

which is dimensionless) for
different periods for K↑

Bias d MAE RMSE RMSEs RMSEu

Full (Daytime) −10.59 0.83 11.70 16.98 15.67 6.55

Wet (Daytime) −3.26 0.90 5.77 8.36 6.28 5.52

Dry (Daytime) −19.76 0.74 20.27 26.07 25.12 6.95

Full (Daytime, clear) −19.03 0.62 20.24 24.57 23.57 6.95

Full (Daytime, cloudy) −6.78 0.85 7.85 12.09 10.88 5.29

often joined 2–3 storey high residential houses, and a few
scattered, small five storey apartment blocks. The area has
a population density of 7491 people km−2 (Velasco et al.
2013) and belongs to Local Climate Zone (LCZ) 3 accord-
ing to Stewart and Oke (2012). Plan area fraction within a
1000-m circle around the center of the study area consti-
tutes of 39% buildings, 34% paved and gravel, 12% roads,
11% trees, 4% grass, and 1% water. The main morpholog-
ical parameters are mean roughness height, zH = 9.3±3.9
m (area-weighted for buildings and trees), displacement
height, zd = 7.34 m, and roughness length for momentum,
z0 = 0.8 m (Velasco et al. 2013).

3.2 Measurements

Modeled UEB fluxes are evaluated with measurements car-
ried out at the top of a micrometeorological tower located
in the center of TK (1◦ 18′ 51.46′′ N, 103◦ 54′ 40.31′′
E, ∼10 m a.s.l.) (Fig. 1). Net radiation and its individual
short-(K↓, K↑) and longwave (L↓, L↑) components are
measured with a net radiometer (CNR1; Kipp and Zonen,
Delft, The Netherlands). A 3D sonic anemometer (CSAT3;
Campbell Scientific Inc, Logan, Utah, USA) and open-path
gas analyzer (LI-7500; LI-COR, Lincoln, Nebraska, USA)
record fluctuations of vertical wind speed, temperature, and
moisture at 10 Hz to calculate QH and QE over 30-min
averaging periods using the eddy covariance (EC) method.
The usual quality control and correction procedures are
applied (see Velasco and Roth 2010; Velasco et al. 2013;
Roth et al. 2017 for more details). The sensors are mounted
at a height of 23.7 m, which is ∼ 2.5 zH and are there-
fore likely located within the inertial sublayer. An analysis
of flux source areas further demonstrates that the measured
fluxes are representative of a low-rise suburban neighbour-
hood (Velasco et al. 2013; Roth et al. 2017). Additional
sensors near the top of the mast measure specific humid-
ity (qf orc) and air temperature (Tf orc) (HMP45; Vaisala,
Helsinki, Finland), both used to force the model, and surface
temperature (Tsurf ) (4000.ZL; Everest Interscience, Tus-
con, Arizona, USA). The latter sensor is mounted at a height
of 20 m above ground, and given its elevation angle of 60◦
and field-of-view of 15◦ measures the radiant surface tem-
perature of a representative section of the neighborhood.

This temperature is also referred to as complete surface
temperature. The oblique viewing angle ensures sampling
of a wide range of surface facets, including vertical walls
and roofs at different angles and orientations, to account for
the effective anisotropy of the outgoing longwave radiation
present in urban areas. Nadir remote views may gener-
ate temperatures that are warmer or cooler than off-nadir
views, even in residential areas with relatively low build-
ing heights (Voogt and Oke 2003). Tsurf , however, remains
an approximation of the true value given the limited FOV
(∼30 m diameter footprint at the surface) which is unlikely
to include a representative domain-wide relative fraction of
different surface facets. Sensor orientation changes during
different periods of the year to align the Everest FOV with
that of the energy flux footprints which were turned toward
the wind direction representative of the monsoonal wind
regime (40◦ and 180◦, respectively) every 6 months.

Three infrared (IR) thermometers (Omega OS152-MT;
OMEGA Engineering Inc, Stamford, Connecticut, USA)
are used to measure individual surface temperatures of east-
(Teast) and south-(Tsouth) facing walls and an east-west run-
ning road (Troad), respectively (Fig. 1). The emissivity of
all IR sensors is set to 0.95 which corresponds to an aver-
age value for urban surfaces Oke (1987). Four HOBOTM

(Hobo ProV2, Onset Computer Corporation, Bourne, Mas-
sachusetts, USA) and one HMP45 sensor measure air tem-
perature at 2 m above ground (T2m) inside selected canyons
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Fig. 4 Scatter plot of observed vs. modeled daytime K↑ for clear and
cloudy conditions during the dry (15 February–16 March 2014) and
wet (16 November–17 December 2013) period, respectively
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Fig. 5 (Left) Diurnal ensemble mean of observed (blue) and simulated
(red), and (right) time series of daily average daytime (large values)
and nighttime (small values) of L↑ for entire simulation period (18
May 2013–19 April 2014). Vertical blue dotted lines in (a) indicate

times of sunrise and sunset; separate wet (dry) periods are demarcated
by vertical green (red) dotted lines; shaded areas are ±1 standard
deviation.

within the source area of the flux sensors (Fig. 1). All air
temperature sensors were shielded from radiation and relied
on natural ventilation. The ground-level sensors were fur-
ther compared against each other to ensure absence of any
systematic differences. Agreement was very good with dif-
ferences of < 0.2 K which is similar to the accuracy of the
sensors involved.

Finally, rainfall (30 min total) is recorded with a
HOBOTM rain gauge. UEB measurements were carried out
between 18 May 2013 and 19 April 2014, covering almost
a complete year. Individual surface temperature observa-
tions were conducted between 19 September 2013 and 19
April 2014 (27 June 2013–19 April 2014 in the case of
the complete surface temperature) and the additional T2m
measurements between 11 November 2013 and 19 April
2014.

3.3 Model setup and evaluation metrics

TEB-ISBA simulations were run for 336 days (i.e., the
length of the observation period) using forcing variables

measured at the top of the tower, including mean wind speed
Uf orc, atmospheric pressure Pf orc, Tf orc, qf orc, L↓, K↓
and rainfall (Fig. 2). Less than 3% of the observation period
experienced missing data for any of these variables. To gen-
erate a continuous forcing time series, gaps longer than 6 h
were filled with data from a weather station located on the
university campus ∼15 km to the west of the flux site. This
was the case for all variables with the exception of L↓
which was estimated following Iziomon et al. (2003). Miss-
ing periods shorter than 6 h were interpolated according
to Garcia (2010). To reduce the influence of model ini-
tialization errors, equilibrium values as proposed by Chen
et al. (1997) were applied. SURFEX version 7.3 allows pre-
scription of separate walls and different street orientations.
Streets were aligned N-S and E-W in the present set-up to
approximate the orientation of the roads and buildings in
the study domain. The simplest 2-d layer model in the ISBA
scheme was used because (i) more complex schemes need
additional soil vegetation parameters whose values are not
readily available, and (ii) its simplicity in view of a forth-
coming sensitivity analysis. Model output was generated

Table 4 Same as Table 3 but
for L↑ Bias d MAE RMSE RMSEs RMSEu

Full period 13.25 0.61 23.08 33.34 30.63 13.17

Wet period (Day- and nighttime) 10.76 0.60 19.85 29.74 27.60 11.09

Dry period (Day- and nighttime) 16.72 0.67 27.13 37.06 36.24 7.74

Full period (Daytime) 35.09 0.47 35.89 45.45 43.28 13.90

Wet period (Daytime) 30.14 0.46 30.91 40.80 38.85 12.46

Dry period (Daytime) 42.16 0.49 42.86 50.46 49.62 9.14

Full period (Nighttime) −9.55 0.48 9.70 10.68 9.62 4.63

Wet period (Nighttime) −8.65 0.41 8.77 10.15 8.73 5.17

Dry period (Night) −10.37 0.39 10.38 11.14 10.91 2.24

Full period (Daytime, Clear) 62.26 0.23 62.35 66.32 64.75 14.38

Full period (Daytime, Cloudy) 22.84 0.50 23.97 31.86 29.01 13.15
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Fig. 6 Same as Fig. 4 but for L↑

every 30 min to match the averaging period of the EC flux
data. Table 1 summarizes the location-specific TEB and
ISBA parameter values.

Urban land-use and morphological parameters were
obtained from Velasco et al. (2013), the thermal and radia-
tive parameters for roads from Masson et al. (2002), roof
and wall parameters were obtained from the Singapore Civil
Defence Force (2012), and general building envelop infor-
mation from BuildingSIM (Tindale 2014). Most of the roofs
in the present study area are made of red clay tiles and walls
are generally of light color, hence albedo and emissivity
values were prescribed accordingly.

The present study evaluates model predictions of (i) UEB
fluxes with those measured by EC at the top of the flux
tower, (ii) T2m with the weighted average of the correspond-
ing temperatures measured at five urban canyon locations,
(iii) Tsurf with measurements obtained from the IR ther-
mometer mounted near the top of the tower, and (iv) Teast,
Tsouth, and Troad from individual IR sensors. The evalu-
ation is performed for the diurnal variation of ensemble
means for the entire simulation period as well as time
series of diurnal ensemble means across the entire simula-
tion period. Separate daytime (0800–1800) and nighttime
(2000–0600 hrs LT) statistics are calculated. Daytime cases

are further divided into those with clear (ratio of incoming
global solar radiation to extra terrestrial radiation >0.55;
Kawai et al. 2009) and cloudy conditions, respectively. The
study period was characterized by an unusually long and
severe dry period between 13 January and 16 March 2014,
and February 2014 was the driest month (0.2 mm total
rainfall) since 1896 compared to the long-term (146 years)
mean of 159.9 mm (NEA 2009). The entire northeast mon-
soon period, however, was wetter than usual. This provides
an opportunity to test the model performance during dis-
tinctive moisture regimes. Two separate 1-month periods
are therefore analyzed representing dry (15 February–16
March 2014) and wet (16 November–17 December 2013)
conditions.

Model performance is evaluated using the following six
metrics (see Willmott 1981, for more details):

Bais = 1

N
(Pi − Oi) (2)

Root mean squared error (RMSE) =
√∑N

i=1 (Pi − Oi)2

N
(3)

RMSE systematic (RMSEs ) =
√∑N

i=1 (P̂i − Oi)2

N
(4)

RMSE unsystematic (RMSEu) =
√∑N

i=1 (Pi − P̂i )2

N
(5)

Mean absolute error (MAE) = 1

N

N∑
i=1

|Pi − Oi | (6)

d =1−

N∑
i=1

(Pi − Oi)
2

N∑
i=1

(
∣∣Pi −Ō

∣∣+∣∣Oi −Ō
∣∣)2 (7)

where Pi = model predicted value, Oi = observed value,
N = number of data points, P̂i = regressed prediction

estimate from least-square fit, and Ō = 1
N

N∑
i=1

Oi . Model

evaluation metrics are calculated for 11 combinations of
weather conditions and periods of the day (Table 2). Model

Fig. 7 Same as Fig. 5 but for Q∗
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Table 5 Same as Table 3 but
for Q∗ Bias d MAE RMSE RMSEs RMSEu

Full period (Day- and nighttime) −6.08 0.94 20.14 27.58 24.21 13.21

Wet period (Day- and nighttime) −7.35 0.93 19.96 29.47 25.98 13.91

Dry period (Day- and nighttime) −4.64 0.96 19.46 24.32 21.78 10.82

Full period (Daytime) −23.30 0.93 27.26 36.04 31.60 17.33

Wet period (Daytime) −24.20 0.91 28.36 39.12 34.43 18.56

Dry period (Daytime) −22.19 0.94 24.56 30.72 27.59 13.51

Full period (Nighttime) 12.37 0.53 12.50 13.57 12.93 4.11

Wet period (Nighttime) 10.83 0.53 10.89 12.42 11.85 3.70

Dry period (Nighttime) 14.04 0.31 14.04 14.69 14.14 3.99

Full period (Daytime, Clear) −35.18 0.86 38.95 44.89 40.44 19.48

Full period (Daytime, Cloudy) −18.23 0.92 22.28 31.53 28.08 14.33

comparison was only carried out for periods when measured
data were available.

4 Results and discussion

In the following, the two radiation fluxes K↑ and L↑ are
discussed first (Sections 4.1 and 4.2), followed by the energy
balance fluxes Q∗, QH , and QE (Sections 4.3–4.6) and
surface temperatures Ta and Tsurf (Sections 4.7 and 4.8).

4.1 Outgoing shortwave radiation (K↑)

The diurnal ensemble mean in Fig. 3 shows that the model
generally underestimates K↑, with the largest underesti-
mation seen during midday. Agreement is better just after
sunrise and particularly in the late afternoon. The midday
result is likely due to the fact that the prescribed albedo for
horizontal surfaces, which dominate the radiative exchange
during high solar angles, is too small. During low sun
angles, vertical walls become more influential in reflect-
ing K↓ which, however, is of lesser magnitude. The time
series of daily averages shows that underprediction is sys-
tematic throughout the entire simulation period. This is also
reflected in the respective model evaluation metrics for all
conditions which display a daytime bias of −10.59Wm−2,
MAE of 11.70 W m−2, RMSE of 16.98 W m−2, and d of
0.83 (Table 3).

Although the significant underestimation especially dur-
ing midday is systematic, there are notable differences
between morning and evening hours (Fig. 3, left). It is
possible that differential shadow effects based on time of
day contribute to the slightly larger values (and hence bet-
ter agreement with the model) observed in the evening. At
low sun angles, shadows from a two-storey building located
∼15 m directly to the west of the tower will cover a portion

of the surface immediately underneath the radiometer. ISBA
does not account for shadows from nearby buildings on
natural surfaces, hence the model albedo is too high result-
ing in a corresponding increase in K↑. This hypothesis is
supported by albedo observations which are slightly lower
in the late afternoon compared to early morning, an effect
which is most pronounced during clear and dry conditions
(Roth et al. 2017).

Figure 4 shows the relationship between modeled and
observed K↑ for four distinct periods. Model performance
decreases as K↑ increases (especially for values >70 W
m−2) and is better for the wet than dry period (Table 3).
Since the model albedo does not change with season, the
latter result suggests changes in the radiometer source area
characteristics which affect the observations. The major-
ity of K↑ originates from within ∼200 m of the flux
tower (Roth et al. 2017), which to a large extent is cov-
ered by grass. During the dry period, much of the grass
has turned yellow accompanied by an increase in albedo,
which results in a larger discrepancy between prescribed
and observed albedo. During the wet period, the ground is
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Fig. 9 Same as Fig. 5 but for QH

covered by denser grass with a lower albedo, better match-
ing the constant vegetation albedo prescribed by ISBA.
The error metrics further show that the model performs
better during cloudy than clear periods. Model RMSE dur-
ing the dry period is mainly composed of the systematic
component, while during the wet period the difference
between systematic and unsystematic errors are not large
(Table 3).

4.2 Outgoing longwave radiation (L↑)

The model overpredicts (slightly underpredicts) L↑ during
day- (night)time (Fig. 5). The positive daytime (negative
nighttime) bias for the full period is 35.09 (−9.55) W m−2

(Table 4). The evaluation metrics for all conditions con-
firm an overall positive bias of 13.25 W m−2 with a
relatively low d of 0.61. All error metrics show higher day-
time values, and RMSE is dominated by systematic errors.
Similar to K↑, the wet period is better predicted than the
dry one, with model errors increasing with increasing L↑
(Fig. 6). Wet period RMSE values are also lower. The model

predicts cloudy periods better than clear ones with a large
difference in respective MAE values for the full period
(23.97 vs. 62.35 W m−2) and larger systematic compared to
unsystematic errors (Table 4).

The magnitude of emitted L↑ is directly related to sur-
face temperature which shows the same model performance
characteristics, viz. daytime over- and nighttime under-
prediction (see Fig. 15 below). Longwave radiation also
depends on emissivity which, unlike albedo, however, does
not vary much across urban materials or with surface wet-
ness. Thus, changing the urban emissivity of roofs or roads
will not significantly affect the performance of the model.
The results suggest that errors can be reduced by choos-
ing suitable, i.e., location-specific, thermal, and radiative
parameters (through measurements or from local building or
construction authorities). The smaller errors during cloudy
and wet as opposed to clear and dry conditions (Table 4)
are possibly due to the more mooted response of the surface
during the former, while higher surface temperatures, when
not predicted accurately, result in a larger deviation from the
initial model value.

Table 6 Same as Table 3 but
for QH

Bias d MAE RMSE RMSEs RMSEu

Full period (Day- and nighttime) 5.29 0.89 16.20 27.89 10.52 25.83

Wet period (Day- and nighttime) 1.95 0.86 15.56 26.08 5.04 25.58

Dry period (Day- and nighttime) 11.85 0.91 21.03 35.74 22.36 27.88

Full period (Daytime) 12.79 0.85 26.49 38.39 15.26 35.23

Wet period (Daytime) 7.57 0.80 25.25 36.01 8.07 35.10

Dry period (Daytime) 24.92 0.84 35.81 49.71 31.76 38.25

Full period (Nighttime) −2.43 0.59 5.61 7.85 5.68 5.42

Wet period (Nighttime) −3.66 0.51 5.86 7.89 6.81 3.99

Dry period (Nighttime) −1.55 0.63 5.88 7.31 4.63 5.66

Full period (Daytime, Clear) 28.19 0.73 41.85 54.66 28.30 46.76

Full period (Daytime, Cloudy) 5.86 0.84 19.58 28.17 6.15 27.49
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4.3 Net radiation (Q∗)

Net radiation is under- (over)predicted during day-
(night)time (Fig. 7). The respective bias and RMSE are
−23.30 (12.37) and 36.04 (13.57) W m−2 (Table 5). The
underprediction of the daily average is systematic through-
out the year but relatively small, with an overall negative
bias of −6.08 Wm−2. The index of agreement for the entire
period and all conditions is 0.94 and among the highest of
all variables analyzed. Given that the model uses prescribed
incoming radiation components, the results in Fig. 7 reflect
the compensating influences of under- (over)predicting K↑
(L↑) during daytime. At night,Q∗ is the difference between
prescribed incoming and modeled outgoing longwave radi-
ation, thus underprediction implies slightly higher observed
than modeled surface temperatures of urban facets.

Figure 8 and Table 5 suggest slightly better performance
of the model for daily and daytime dry compared to wet
periods, with the opposite result at night. Cloudy conditions,
however, are predicted more accurately with a lesser nega-
tive bias of −18.23 compared to −35.18 W m−2 for clear
conditions. Similar to other studies (e.g., Grimmond et al.
2010), overall model performance for Q∗ is better than for

other UEB fluxes. More generally, the accurate estimation
of Q∗ is important because in most cases it represents the
main energy input into the system.

4.4 Sensible heat flux (QH )

The model overpredicts average daily and daytime QH

(Fig. 9). Daytime bias is relatively small (12.79 W m−2)
with large contribution to RMSE (38.39 W m−2) from the
unsystematic component (35.23 W m−2) (Table 6). Much
of the overprediction occurs two hours before and after
solar noon, when QH is largest, while agreement with
observations during the rest of the day is very good. Over-
prediction occurs during all times of the year but is higher
during the dry (bias = 11.85 W m−2) compared to wet
(1.95 Wm−2) period. Nighttime underestimation is evident,
however, respective bias and MAE are small.

Daytime model vs. observation scatter is increased com-
pared to the radiation components, and is largest for wet
periods (Fig. 10). Overestimation is most pronounced for
large values during clear and dry conditions which also con-
tribute to the noon peak values in Fig. 9. The evaluation
metrics for the full period show that during clear conditions
errors are higher with relatively higher contributions from
RMSEu compared to cloudy conditions (Table 6). This is
primarily due to the larger errors associated with large QH

fluxes (Fig. 10).
Contrary to the other fluxes, RMSE for QH for all

periods and cases is primarily made up of the unsystem-
atic component, suggesting that simple parameter tuning
may not be sufficient to improve model performance. The
observed overprediction of noon-timeQH could also be due
to overpredicted surface temperatures (see below), which
will promote a higher temperature gradient between the sur-
face and atmosphere. It is further well known that the eddy
covariance method tends to underestimate turbulent fluxes
(e.g., Mahrt 1998), adding another source of uncertainty in
properly validating the model.

Fig. 11 Same as Fig. 5 for QE
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Table 7 Same as Table 3 but
for QE

Bias d MAE RMSE RMSEs RMSEu

Full period (Day- and nighttime) −10.78 0.65 24.40 44.33 26.16 35.79

Wet period (Day- and nighttime) −5.80 0.65 28.42 51.23 24.17 45.17

Dry period (Day- and nighttime) −20.17 0.51 21.71 33.69 33.30 5.09

Full period (Day) −15.55 0.51 38.78 58.70 35.17 46.99

Wet period (Day) −4.67 0.50 46.03 68.12 35.13 58.36

Dry period (Day) −34.28 0.39 35.52 44.98 44.49 6.63

Full period (Night) −5.47 0.47 8.40 17.86 17.00 5.46

Wet period (Night) −6.97 0.53 10.26 23.40 22.18 7.47

Dry period (Night) −2.88 0.33 4.79 6.76 6.75 0.38

Full period (Daytime, Clear) −23.55 0.42 45.89 65.52 44.90 47.71

Full period (Daytime, Cloudy) −11.78 0.53 35.43 55.19 30.25 46.16

4.5 Latent heat flux (QE)

The model generally underpredicts QE with an overall bias

of −10.87 W m−2 and d = 0.65 (Fig. 11 and Table 7).
Evaluation metrics show a stronger negative day- than night-
time bias (−15.55 vs. −5.57 W m−2, respectively). There
is a strong seasonal variation in model performance. Fluxes
become unrealistically low, trending toward zero, by the end
of the dry period when observed daytime QE remains above
50 W m−2 (Fig. 11). This negative bias is found in all cases
analyzed and is most pronounced during the daytime dry,
followed by the daytime clear period. One characteristic of
the QE data is the large scatter shown in Fig. 12 and the
high RMSE values in Table 7. The large underestimation
during the dry period is also clearly visible when compar-
ing daytime clear and cloudy conditions (Fig. 12). Model
errors for the full period are higher (with lower d) during
clear compared to cloudy conditions (Table 7).

The high daytime RMSEu, excessive dryness (underper-
diction) of the model during the dry period, and low d value
suggest that the vegetation scheme used (two-layer scheme)
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cannot account for the full variability of antecedent mois-
ture conditions experienced at the present site. The model
therefore has limited capability to properly represent the
observed QE dynamics. It remains to be seen in a future
study if a more complex scheme would perform better. The
underprediction of QE during the dry period could have
contributed to the overestimation of QH and �QS (see
below) during the same period given that a lesser portion of
the available energy is dissipated as QE .

4.6 Storage heat flux (�QS)

The absolute magnitude of �QS is underestimated dur-
ing both day- and nighttime (Fig. 13). Daytime evalua-
tion metrics for the full period show a negative bias of
−17.27 W m−2, MAE of 53.97 W m−2, very large RMSE
of 69.18 W m−2, and d of 0.49 (Table 8). A positive
bias is present during nighttime (meaning less negative val-
ues), with larger errors compared to other variables. Model
underestimation is evident during the entire simulation
period, with an improvement in daytime model performance
between January to mid-March. The long-term daily model
RMSE for all conditions is 53.74 W m−2 and therefore the
largest of all modeled fluxes. Systematic rather than unsys-
tematic errors dominate. The overall bias is small (0.89 W
m−2) because the negative daytime nearly cancels the pos-
itive nighttime bias. Considering the entire period, daytime
cloudy conditions are predicted better than clear ones which
have larger MAE and RMSE and the lowest d of all cases
modeled (Table 8).

Underestimation of �QS is largest during daytime when
magnitudes are highest (Fig. 14). Overall, model prediction
is better during dry compared to wet conditions as seen in
the increased scatter and model evaluation metrics (MAE
and RMSE) for the latter. This result is contrary to find-
ing for other fluxes. The better performance for dry cases,
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Fig. 13 Same as Fig. 5 but for �QS

however, may be due to wrong reasons. As seen in Fig. 11,
the model underpredicts QE during the dry period but per-
formance for QH is good, hence the remaining available
energy will be channeled into �QS . Moreover, most of
the residential houses in the study domain have brick walls
with concrete veneer, a fact which is unaccounted for in the
model. Such additional thermal mass could result in sys-
tematic underestimation and more conservative behavior of
�QS by the model. The larger systematic proportion of
RMSE indeed suggests that model performance could be
improved, e.g., by selecting more suitable values for ther-
mal properties to increase the diurnal amplitude of �QS .
Finally, measured �QS represents an upper limit and may
be slightly overestimated (Roth et al. 2017), hence the
model evaluation metrics are suggested to indicate an upper
limit.

An additional explanation for the underestimation of the
fluxes is related to the observations which are estimated as
the residual of the energy balance (see Eq. 1). The observa-
tions therefore contain all errors of all other terms including
the well-known underestimation of the two turbulent fluxes
measured by the EC method. A 10–20% underestimation

has been observed in the past (Wilson et al. 2002), which
thus can explain up to half of the observed disagreement
between model and observations in the present study.

4.7 Complete surface temperature (Tsurf )

The model overpredicts (underpredicts) TSurf during day-
time (nighttime) (Fig. 15a). Respective MAE and RMSE
are 3.67 and 4.91 (1.42 and 1.61) ◦C, and d is 0.69 (0.53)
(Table 9). Model performance is good averaged across the
full period and all conditions with a small MAE (d) of
1.09◦ (0.76). The model performs significantly better during
cloudy compared to clear periods. The daytime scatter plot
for Tsurf shows a systematic offset which becomes larger
as surface temperature increases (Fig. 15b). Unlike for L↑
(Fig. 6), there is little difference between dry and wet peri-
ods. This could be due to differences in source areas of the
respective sensors. The circular source area of the radiome-
ter is fixed and always includes substantial portions covered
by grass which changes its thermal and radiative properties
according to surface wetness. The source area of the sen-
sor measuring Tsurf , on the other hand, changes according

Table 8 Same as Table 3 but
for �QS

Bias d MAE RMSE RMSEs RMSEu

Full period (Day- and nighttime) 0.89 0.60 36.18 53.74 44.63 29.94

Wet period (Day- and nighttime) −2.13 0.63 39.15 57.33 49.44 29.02

Dry period (Day- and nighttime) 4.57 0.56 30.36 41.16 32.71 24.99

Full period (Daytime) −17.27 0.49 48.92 69.18 57.87 37.91

Wet period (Daytime) −25.88 0.52 53.94 73.89 63.89 37.11

Dry period (Daytime) −7.87 0.43 39.40 52.09 41.76 31.14

Full period (Nighttime) 20.94 0.40 22.11 28.16 25.31 12.36

Wet period (Nighttime) 22.35 0.37 23.90 32.35 30.58 10.57

Dry period (Nighttime) 19.26 0.32 19.69 22.16 19.75 10.05

Full period (Daytime, Clear) −35.09 0.30 62.73 81.53 70.44 41.04

Full period (Daytime, Cloudy) −9.05 0.53 42.54 62.66 52.97 33.48
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Fig. 14 Same as Fig. 4 but for �QS

to the monsoonal wind direction (together with the source
areas of the flux sensors which are rotated into the predom-
inant wind direction twice a year) and therefore does not
always include areas covered by vegetation (see also Roth
et al. 2017).

The present findings, in particularly the higher ampli-
tude of the predicted surface temperature cycle, suggest
that the model heat storage capacity is smaller than the
actual heat capacity of the urban substrate. Similar find-
ings have been reported before. Porson et al. (2010b), for
example, use a range of roof thicknesses and show that TEB
tends to amplify the diurnal surface temperature cycle when
smaller heat capacities are used. Studies by Masson et al.
(2002) and Loridan et al. (2010) also suggested that heat
storage is highly sensitive to roof characteristics, thus affect-
ing roof temperature evolution and UEB fluxes. As shown
above, �QS is underpredicted which may have contributed
to the overprediction of the diurnal temperature amplitude.
Further, the surface temperature used in the comparison is

obtained by an infrared thermometer measuring temperature
at an oblique angle (Section 3.2). The measured temperature
is therefore possibly biased toward certain surfaces or may
miss some surface facets, and therefore may not accurately
reflect the true, weighted surface temperature the model
provides. The comparison of individual facet temperatures
in the following section therefore provides a more accurate
model evaluation.

4.8 Temperatures of individual wall and road surfaces
and 2-m canyon air temperature

The model overpredicts the temperature of an east-facing
wall between sunrise and solar noon (Fig. 16b). It, how-
ever, shows good agreement with observations throughout
the afternoon (when the wall is shaded) and at night,
only slightly underpredicting the latter. Overprediction is
more pronounced during the dry period (not shown). The
model exhibits similar behavior for the north-facing wall
but with lesser overprediction that lasts longer in the after-
noon because the wall remains sunlit (Fig. 16c). Agree-
ment is again good during the remaining hours and thus
best when the respective surface facet is shaded. Unlike
for the two individual wall facets but similar to Tsurf ,
daytime temperature of the road surface is systematically
overpredicted (Fig. 16d). In the absence of a significant
phase shift between model and observation, increasing the
road albedo would likely remove the constant bias. Given
that no site-specific road albedo was available, 0.08 sug-
gested by Masson et al. (2002) was used which, how-
ever, could be too low. Alternatively, the heat capacity
assigned to roads in the model may also be too low. Finally,
2-m canyon air temperature is slightly (by less than 2K)
overpredicted (underpredicted) during daytime (nighttime)
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Fig. 15 a Diurnal ensemble mean of observed (blue) and simulated
(red) complete surface temperature for entire simulation period (18
May 2013–19 April 2014), and b scatter plot of observed vs. modeled
daytime complete surface temperature for clear and cloudy conditions

during the dry (15 February–16 March 2014) and wet (16 November–
17 December 2013) period, respectively. Vertical blue dotted lines
in a indicate times of sunrise and sunset; shaded areas ±1 standard
deviation
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Table 9 Same as Table 3 for
Tsurf

Bias d MAE RMSE RMSEs RMSEu

Full period (Day- and nighttime) 1.09 0.76 2.58 3.70 3.03 2.12

Wet period (Day- and nighttime) 0.49 0.77 1.90 2.78 2.32 1.53

Dry period (Day- and nighttime) 1.98 0.79 3.07 4.22 3.93 1.54

Full period (Daytime) 3.41 0.69 3.67 4.91 4.18 2.58

Wet period (Daytime) 2.35 0.73 2.62 3.72 3.19 1.91

Dry period (Daytime) 4.76 0.64 4.83 5.72 5.40 1.89

Full period (Nighttime) −1.37 0.53 1.42 1.61 1.37 0.84

Wet period (Nighttime) −1.22 0.48 1.24 1.46 1.24 0.77

Dry period (Nighttime) −1.02 0.55 1.18 1.34 1.07 0.81

Full period (Daytime, Clear) 6.46 0.40 6.60 7.39 6.57 3.39

Full period (Daytime, Cloudy) 2.11 0.71 2.42 3.34 2.67 2.00

Fig. 16 Diurnal ensemble mean of observed (blue) and simulated (red) temperatures of a 2-m canyon air, b east-facing wall, c north-facing wall,
and d east-west oriented road. Shaded areas are ±1 standard deviation
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(Fig. 16a). Overprediction of QH may contribute to the
observed daytime differences.

5 Summary and conclusions

The present study evaluates the TEB-ISBA land surface
modeling system over a tropical residential neighborhood
in Singapore with long-term (11 months) radiation, energy
balance, and selected surface and air temperature mea-
surements. The model systematically underpredicts K↑ (in
particular values > 70 Wm−2), L↑ is overpredicted (under-
predicted) during daytime (nighttime), and Q∗ is slightly
underpredicted during both day- and nighttime. Model per-
formance is generally better during cloudy and wet condi-
tions compared to clear and dry periods for the radiation
components. Modeled QH is slightly higher than observed,
with much of the error attributed to the unsystematic part
of RMSE, which is the opposite from the radiation compo-
nents where systematic errors dominate. QE is noticeably
underestimated throughout the entire simulation period, but
particularly so during an extreme dry period when values
are unrealistically low. The model fails to capture the full
variability of antecedent moisture conditions and hence QE

observations. The large unsystematic errors imply limited
scope for parameter tuning to improved model performance.
It is possible that the two-layer ISBA model used in TEB is
too simple to model the complexities of urban evapotranspi-
ration. A more complex model, however, will invite further
uncertainty through the large number of input parameters
which need to be specified accurately. Systematic errors are
responsible for the consistent underestimation of �QS dur-
ing both day- and nighttime, but also raise the possibility to
improve model performance through the use of more suit-
able values for the thermal properties of materials present in
the study domain.

Tsurf is generally overpredicted, in particular during day-
time. This result is similar to that of L↑ because the latter
is directly dependent on Tsurf . Wall surface and canyon
air temperatures on the other hand agree well with obser-
vations, however, road surface temperature is significantly
overestimated during daytime. A sensitivity study by Porson
et al. (2010a) of roof thickness on UEB components using
theMORSEUS urban parametrization scheme showed that a
thinner roof implies a smaller area heat capacity, thus reduc-
ing net radiation and amplifying sensible heat flux with an
earlier peak and thereby reducing storage heat flux. This
finding, together with result from the present study, suggests
that the present total roof thermal heat capacity is too small,
and the specification of roof thickness and/or volumetric
heat capacities needs to be improved for all layers and mate-
rials. This could be achieved through either a direct field
survey of actual materials or parameter estimation methods

(e.g., Loridan et al. 2010; Wang et al. 2011a). An exten-
sion of the present work will focus on a global sensitivity
and multi-objective optimization experiment to identify and
optimize the most influential parameters (Harshan 2015).

The present model evaluation metrics show that over
a tropical residential neighborhood, TEB is performing at
least as well as the better performing models in the PILPS-
urban multi-model comparison project in Grimmond et al.
(2011). Evaluations carried out for separate dry, wet, clear,
and cloudy periods reveal that for most variables, TEB per-
forms better during cloudy and wet compared to clear and
dry conditions. Large systematic errors are found forL↑ and
K↑, which indicates that model performance can be further
improved. On the other, the large unsystematic error frac-
tions found for QH , QE , and �QS imply inherent model
limitations to more accurately predicting these fluxes.

The following recommendations for tropical cities follow
from the present study: (1) Despite a number of limita-
tions, overall performance of SURFEX in modeling the
urban energy balance of a tropical city can be considered
satisfactory, and performance is similar or better than in
comparable studies elsewhere. (2) SURFEX performance is
poorest for QE . This flux is an important component of the
tropical urban energy balance and efforts should be directed
at improving the modeling of tropical moisture dynamics.
(3) Applying a more sophisticated soil layer scheme than
the one used in the present study should improve model
performance for QE .
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