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ABSTRACT: Detailed eddy covariance measurements of radiation, energy and carbon dioxide fluxes over a residential
neighbourhood of Singapore are presented. The measurements cover a period of ∼7 years and represent the longest set of
flux data reported for a tropical city. Owing to its equatorial location, the observed radiation fluxes are uniformly high
throughout the year. Annual changes in climate, energy fluxes and carbon dioxide exchange are therefore much less than
observed in cities located outside the Tropics. The energy balance partitioning is nevertheless similar to that reported for
subtropical and mid-latitude suburban sites. Across the entire study period and all weather conditions 53.6% of net radiation
(3.222 GJ m−2 year−1) is partitioned into sensible and 39.4% into latent heat, respectively, resulting in a long-term daily Bowen
ratio of ∼1.4. Significant variability exists in net radiation and sensible heat flux using a classification based on clouds and
rainfall. Carbon dioxide fluxes are generally positive throughout the day with morning and evening peaks related to maxima
in traffic volume separating lower day- from higher nighttime fluxes. Unlike in many other comparable suburban studies, net
fluxes are generally higher during night- compared to daytime. The largest daily fluxes and most pronounced diurnal variability
coincide with seasons when the flux footprint includes the highest proportion of vegetation, suggesting an important role for
daytime sequestration and nighttime respiration to control the diurnal and seasonal variation. Carbon dioxide fluxes change
little across the year given the absence of a heating season with an annual total mass flux of 6368 Mg CO2 km−2 year−1.
Singapore provides a unique climatic context, and the present long-term study is expected to add robust statistics from the
understudied (sub)tropical region to the global data set of urban energy and carbon dioxide fluxes, which is dominated by
work conducted in mid- and high latitudes.
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1. Introduction

Cities are extreme examples of human-driven environmen-
tal change. The radical modifications in the nature of the
surface brought about by urbanization produce a very dis-
tinctive climate at the local (city) scale, exposing >50% of
the world’s population to often undesirable consequences
such as reduction in outdoor thermal comfort or poor dis-
persion of air pollutants resulting in bad air quality. Cities
further disproportionately contribute directly and indi-
rectly (through sources located beyond their boundaries) to
the total emission of anthropogenic carbon dioxide (CO2),
the most important man-made greenhouse gas (GHG) in
terms of radiative forcing. As urban areas develop, their
climates may be altered in specific ways that pose poten-
tial risks for urban residents with harmful repercussions on
large-scale climates. To minimize adverse consequences, it
is necessary to understand the heat energetics of the urban
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system, how the surface partitions the available energy and
the net exchange of CO2.

Mitigation measures against meteorological events
enhanced by urbanization, such as the urban heat island
with its implications for human comfort and health,
are usually based on results from meteorological mod-
els, which explicitly consider the urban impacts on the
surface–atmosphere exchange. Process-based models that
simulate the physics have not been tested against tropical
data sets, while empirical models based on existing data
sets are biased towards conditions found in mid-latitudes.
Similarly, effective climate change mitigation policies
must be based on accurate data and a clear understanding
of the carbon emission sources. An increasing amount of
data are available for cities of the developed world located
in the mid-latitudes, however they are notably absent in
the (sub)Tropics. This is unfortunate giving that these
cities already house a significant portion of the world’s
population, have the largest projected future growth rates
and are often located in developing countries with already
deteriorating environments (from deforestation and loss of
biodiversity, local and trans-boundary air pollution, loss
of water quality and quantity, etc.).
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In this context, the objective of this study is to investigate
the energy balance and CO2 exchange of a low-rise resi-
dential neighbourhood located in a tropical city, viz. Sin-
gapore. These two components of the surface–atmosphere
exchange are closely linked in the urban environment. The
presence of buildings, roads, other impervious surfaces, as
well as the expanse and type of the vegetation cover affect
the local climatology. Behavioural patterns of people fur-
ther affect the various fluxes through adding anthropogenic
heat to the energy balance (e.g. Bohnenstengel et al., 2014)
and the emission of CO2 from human metabolism and fuel
combustion (e.g. Helfter et al., 2011). The CO2 flux, on the
other hand, is also controlled through vegetation photosyn-
thesis and respiration (e.g. Velasco et al., 2013; Weissert
et al., 2016), highlighting the important role of vegetation
in all aspects of the surface–atmosphere exchange. Mea-
surements using the eddy covariance (EC) approach are
carried out to quantify the magnitude and diurnal cycle
of the energy and CO2 fluxes across multiple seasons and
years. This study is expected to add robust statistics to the
global set of urban energy and CO2 flux data, providing the
first long-term observations from a tropical city. A brief
review of recent related research is given in the remainder
of this section. Section 2 introduces the site, measurements
and data processing procedure. Section 3 presents a com-
prehensive analysis of the observed fluxes, comparing the
present results with those reported for selected neigbour-
hoods in (sub)tropical (defined as the region between 35∘S
and 35∘N) and temperate cities. Section 4 summarizes the
main results and conclusions.

1.1. Energy balance over urban surfaces

The surface energy fluxes of a city differ greatly from those
of surrounding rural areas. The framework of the energy
balance equation has been proven to be useful to analyse
observational data and obtain process-level knowledge on
urban-atmosphere exchanges of energy. For an urban area,
the energy balance is defined as (Oke, 1988):

Q∗ +QF =QH +QE +ΔQS +ΔQA

(
Units ∶ Wm−2

)
(1)

where Q* is the net all-wave radiation flux, QF the anthro-
pogenic component due to waste heat (from traffic, build-
ings, human and animal metabolism), QH and QE the tur-
bulent sensible and latent heat fluxes, respectively,ΔQS the
net uptake or release of energy by sensible heat changes
in the urban canopy volume and ΔQA the net horizontal
advective heat flux. Positive values denote a gain to (loss
from) the surface for Q* and QF (QH, QE and ΔQS). ΔQS is
often determined as the residual of Equation (1) given the
complexities of its direct measurement, with the assump-
tion that advection is negligible below the height of mea-
surement if a site is homogeneous. Here a residual energy
flux is defined as:

QR =
(
Q∗ + QF

)
–

(
QH + QE

) (
Units ∶ Wm−2

)
(2)

This term includes all measurement errors, potential con-
tributions from advection, errors arising from disparate

source areas for net all-wave radiation and the two tur-
bulent heat fluxes, and from the assumption that there is
energy balance closure. An under-closure of 10–20% has
been observed over natural sites (Wilson et al., 2002) and
is generally explained by the underestimation of the two
turbulent fluxes measured by the EC technique (Foken,
2008). The energy imbalance problem has been investi-
gated numerically using large eddy simulation with the
finding that the turbulent flux based on a point mea-
surement systematically underestimates the total, horizon-
tally averaged flux due to local advection caused by tur-
bulent organized structures whose time scale is longer
than that of thermal plumes (Kanda et al., 2004; Ina-
gaki et al., 2006). QR thus represents an upper limit
for ΔQS.

The available energy at any location to heat the air
or ground or evaporate water depends on the radiation
balance:

Q∗ = K ↓ – K ↑ + L ↓ – L ↑
(
Units ∶ Wm−2

)
(3)

where K and L are the shortwave (from the sun) and
longwave (or terrestrial) radiation fluxes, respectively, and
the arrows indicate whether the flow of energy is towards
(↓) or away (↑) from the surface.

Historically, most urban flux studies have been con-
centrated in mid- and high-latitude cities with a bias
towards residential neighbourhoods. During the last
∼10 years, a number of long-term studies have investi-
gated the multi-seasonal energy exchange over a diverse
range of urban landscapes. Campaigns have been con-
ducted in Basel (Christen and Vogt, 2004), Melbourne
(Coutts et al., 2007), Helsinki (Vesala et al., 2008),
Essen (Weber and Kordowski, 2010), Beijing (Miao
et al., 2012), Oberhausen (Goldbach and Kuttler, 2013),
Swindon (Ward et al., 2013) or London (Kotthaus and
Grimmond, 2014a). On the other hand, cities located
in the (sub)Tropics have received much less attention.
Some short-term observations (usually biased towards dry
conditions) are available from Mexico City (Oke et al.,
1992, 1999; Tejeda-Martinez and Jauregui, 2005; Velasco
et al., 2011), Ouagadougou (Offerle et al., 2005), Miami
(Newton et al., 2007) and Cairo (Frey et al., 2011). How-
ever, there is a significant lack of long-term campaigns,
which have only been conducted over residential areas
in Phoenix (Chow et al., 2014), Singapore and Mexico
City with initial results recently published as part of
carbon sequestration research (Velasco et al., 2016) and a
densely built-up commercial site in Shanghai (Ao et al.,
2016). A few generalizations nevertheless follow from
the mostly suburban (sub)tropical work as summarized in
Roth (2007). The amount of Q* dissipated by QH during
daytime is between 30 and 45% and energy partitioning is
modulated by water availability where higher percentage
of vegetation promotes QE at the expense of ΔQS. Results
are similar amongst all cities and the findings differ only
in magnitude and/or relative importance in response to
special features (e.g. water availability) compared to those
from temperate cities.
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1.2. Carbon dioxide exchange over urban surfaces

Similar to energy balance studies, the vast majority of
urban CO2 flux work has also been carried out over res-
idential areas with a focus on mid-latitude cities. Since
a review by Velasco and Roth (2010), which counted
30 urban EC flux towers, another ∼18 studies reporting
observations from an additional 14 cities or unique sites
have been published. Studies lasting a year or longer have
been carried out in, e.g. Montreal (Bergeron and Stra-
chan, 2011), Vancouver (Christen et al., 2011; Crawford
and Christen, 2015), Baltimore (Crawford et al., 2011),
Florence (Gioli et al., 2012), London (Helfter et al., 2011;
Kotthaus and Grimmond, 2012), Helsinki (Järvi et al.,
2012), Beijing (Liu et al., 2012), Lodz (Pawlak et al.,
2012) or Swindon (Ward et al., 2013, 2015), and regard-
ing (sub)tropical work in Singapore (Velasco et al., 2013)
and Shanghai (Ao et al., 2016). Additional tropical results
are available from three shorter studies carried out in Mex-
ico City (Velasco et al., 2005, 2009, 2014). Given the large
diversity in site characteristics (e.g. highly vegetated sub-
urban area vs city centre with little vegetation but dense
traffic), results vary significantly across sites. Velasco and
Roth (2010) list some of the common features reported.
Pronounced diurnal and seasonal cycles are observed in all
studies with significant contributions from vehicular traffic
and domestic heating during the respective winter season
in either hemisphere. During daytime, the CO2 uptake by
urban vegetation is generally not strong enough to offset
the anthropogenic CO2 emissions and hence the urban area
is a net emitter of CO2 throughout the day. Maximum daily
CO2 fluxes are observed during winter while summer val-
ues show a distinct minimum and a strong relationship with
vegetation fraction. Finally, net CO2 emissions of densely
built-up locations and city centres are two to five times
larger compared to those measured over residential areas
in suburban districts.

2. Methods

2.1. Study area and measurements

Singapore is a small (716 km2), densely populated (5.4
million people in 2013), low-lying island city-state with
little topography (highest point is 168 m a.s.l.), located at
the southern tip of the Malay Peninsula, ∼137 km north
of the Equator. About half of the island is built-up and the
other half (primarily in the centre) covered by mainly man-
aged vegetation and young secondary forest (Yee et al.,
2011). The study area is located in the Telok Kurau (TK)
district, ∼7 km east of the central business district and
1.6 km from the southeast coast (Figure 1). The mainly
residential neighbourhood is flat and built up by a mix-
ture of two- to three-storey high semi-detached residen-
tial buildings and terrace houses (rows of houses divided
by common walls) and several scattered five-storey con-
dominiums. A network of mostly minor streets dissects
the area.

The measurement tower with the EC equipment is
located on the grounds of a student hostel in the SW

corner of a grass-covered sports field (1∘18′51.46′′N,
103∘54′40.31′′E, ∼10 m a.s.l.) (Figure 1). Within a 1000 m
radius of the tower, the surface is 85% impervious (build-
ings, roads and parking lots) and 15% pervious (trees and
grass) with an insignificant amount of intermittent open
water in form of a drainage canal (Figure 2; Table 1). The
average height of buildings and trees weighted according
to their plan area fractions is zh = 9.3± 3.9 m (Table 1).
From zh, the zero-plane displacement height, zd, and aero-
dynamic roughness length, z0, are estimated to be 7.34
and 0.80 m, respectively (Figure 1 in Grimmond and Oke,
1999). Resident population density is 7491 persons per
km2 (Velasco et al., 2013). The study area corresponds to
‘compact low-rise’ or Local Climate Zone 3 according to
Stewart and Oke (2012).

Although vegetation is an obvious feature of the land-
scape, only 15% of the study area is covered by either
trees (11% concentrated along roadsides, in a few parks
and to a lesser degree within gardens) or grass (4% as
playing fields or undeveloped areas). Velasco et al. (2013)
provide a detailed analysis of the local vegetation char-
acteristics. Of the ∼4600 trees identified within a 500 m
circle centred on the tower, approximately two-third are
woody and one-third palm trees, all of which are evergreen
species. Average tree height is 7.3± 3.7 m. There is little
(mostly <10%) directional variation in the morphological
properties and land use demonstrating the overall homo-
geneity of the surroundings and its suitability as an EC site
(Figure 2). Of note are a number of above-average height
buildings and trees within 400 m to the NW including
an 18 m tall, small hospital building at ∼250 m from the
tower, and the above-average pervious fractions in the
NE sector owing to the presence of a grass-covered sports
field and a small park with trees at ∼350 m from the tower.

The turbulent energy fluxes QH and QE are measured
using the EC technique and fast response sensors mounted
at the top of a pneumatic mast (NL22; Hilomast, Debary,
FL, USA) at zs = 20.7 m above ground level (Figure 3).
This height is sufficient to ensure that the sensors are well
above the surface roughness (zs = 2.2zh) and therefore
measure spatially representative turbulent fluxes at the
neighbourhood scale (e.g. Roth, 2000; Velasco and Roth,
2010). The instrumentation consists of a three-dimensional
sonic anemometer (CSAT3; Campbell Scientific, Logan,
UT, USA) measuring three-dimensional wind velocities
and virtual air temperature, and an open-path infrared
gas analyzer, IRGA, (LI-7500, LI-COR Biosciences,
Lincoln, NE, USA) measuring CO2 and water vapour.
Q* and its individual components are measured with
a net radiometer (CNR1; Kipp & Zonen, Delft, The
Netherlands). The radiation and flux sensors are placed
at opposing ends of a horizontal boom extending ∼0.55 m
out from the tower to decrease flow interference and
balance weight to increase stability. Distance between the
centre of the sonic transducers and the LI-7500 head is
0.18 m with the latter set back by 0.07 m and mounted at a
slight tilt from the vertical. A lightning rod extends 0.6 m
beyond the top of the tower (Figure 3). All turbulence
sensors are connected to a data logger (CR5000; Campbell
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Figure 1. (a) Land cover within ±1000 m of the TK flux tower (red dot in center) with superimposed average (based on 30-min periods) cross-wind
integrated 80% footprint distance of EC flux sensors for daytime (07–17 h; red contour), nighttime (19–05 h; blue) and diurnal average (black); (b)
location of study area within Singapore; and (c) frequency of 30-min mean wind speed and direction measured at the tower. Footprint statistics are

calculated using a source area model by Hsieh et al. (2000).
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Figure 2. Land cover fractions within ±1000 m of the TK flux tower. Impervious surfaces include parking lots and other surfaces covered by concrete
or asphalt. Source: Velasco et al. (2013).

Scientific) and signals sampled at 10 Hz. Other measure-
ments conducted at the site include air temperature, T , and
relative humidity, RH (HMP45C; Vaisala) on the tower at
18.5 m above the surface, and precipitation (HOBO-RG2;
Onset) near the tower base. The open-path IRGA is
calibrated every 6 months (March and October) during
the inter-monsoon period when the mast is retracted and
the sonic anemometer head turned towards the wind
direction, 𝜃, representative of the new monsoonal wind
regime (40∘ and 180∘, respectively). The CO2 sensor is
calibrated with two standard gas mixtures (Scott-Marrin
Inc. 337 and 531 ppmv; National Institute of Standards
and Technology). The water vapour sensor is indirectly
calibrated with humidity data obtained from the HMP45C
sensor.

Turbulent source areas are calculated for each 30-min
averaging period according to Hsieh et al. (2000). The
temporally averaged surface ‘field-of-view’ of a flux sen-
sor is amongst other factors strongly dependent on atmo-
spheric stability, which varies with time of the day and
becomes larger as stability increases. During daytime
(nighttime), the majority of the flux usually originates from
within 300–500 (700–1000) m of the tower and hence the
measurements are representative of the local environment
(Figure 1). In case of the upwelling radiative flux, 99%
seen by the down-facing radiometer originates from within
a ∼200 m radius circle centred on the tower (Schmid et al.,
1991). The energy balance framework assumes match-
ing source areas for all components, which in practice
is hardly ever achieved given the narrower field-of-view

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Table 1. Heights, land cover and morphometric parameters within 1000 m (350 and 500 m for heights of buildings and trees,
respectively) circles centred on the TK flux tower as of 2012.

zs (m) zb (m) zt (m) zh (m) 𝜆b 𝜆gp 𝜆r 𝜆t 𝜆g 𝜆w z0 (m)a zd (m)a

20.7 9.9± 4.0 7.3± 3.7 9.3± 3.9 0.39 0.34 0.12 0.11 0.04 0.01 0.80 7.34

zs, zb, zt and zh are height of EC sensors, buildings, trees and area-weighted buildings and trees, 𝜆b, 𝜆gp, 𝜆r, 𝜆t, 𝜆g and 𝜆w are plan area fraction
of buildings, gravel/paved, roads, trees, grass and water, and z0 and zd are aerodynamic roughness length and zero-plane displacement height,
respectively. aBased on Figure 1 in Grimmond and Oke (1999).
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Figure 3. (a) TK flux tower and 5 m high scaffold to access sensors when tower is retracted; (b) EC sensors installed at top of tower to measure wind,
temperature (CSAT3: 1), water vapour and carbon dioxide (LI-7500: 2) fluctuations, and all four components of radiation (CNR1: 3) at zs = 20.7 m,
and slow response sensor to measure temperature and relative humidity (HMP45C: 4) at 18.5 m above ground; and (c) view of residential area towards

south.

of the down-facing radiation sensors. The surface char-
acteristics close to the tower are therefore particularly
important. At the present site, some deviation from the
neighbourhood-average radiative and thermal properties
can be expected in the NW and NE sectors within 100 m
of the tower, which are biased towards light roof and grass
surfaces, respectively.

QF is estimated by a combination of top-down and
bottom-up modelling approaches of energy consumption
(Quah and Roth, 2012). At the present site, QF is com-
posed of heat emissions arising from building-space cool-
ing (54%), vehicles (39%) and human metabolism (6%).
Temporal variability during the 6-month modelling period
was very small and therefore the same diurnal profile and
magnitudes (daily energy total= 0.92 MJ m−2 day−1; aver-
age flux= 11 W m−2) are applied throughout the entire
study period.

2.2. Data processing and quality control

Mean and turbulence statistics are calculated using
in-house software for block-averaged 30-min periods
following standard procedures which include linear
de-trending and double rotation to turn the wind compo-
nents into a streamwise coordinate system before turbulent
fluxes are computed (Kaimal and Finnigan, 1994). Before
calculating final statistics, a number of quality control
steps are completed (Lee et al., 2004; Velasco and Roth,
2010). They include despiking of raw data and removal
of 30-min period if total amount of missing raw data

exceeds 10%, test for non-stationarity (following Aubinet
et al., 2000), corrections to QH to account for the use of
sonic virtual temperature (Schotanus et al., 1983) and
density corrections to QE and the carbon dioxide flux,
FCO2, (Webb et al., 1980). Finally, periods with very low
mean wind speeds (U< 0.1 m s−1) or when the radiometer
is directly located upwind of the turbulence sensors, are
excluded. Post processing removes ∼19% of the collected
data (6% each due to rain and non-stationarity, 2% due to
unfavourable 𝜃 and a further 5% since only periods when
all energy balance fluxes are available simultaneously are
retained). The final data availability on a monthly basis
taking into account periods with system failure, mainte-
nance, etc. is shown in Figure 5. The quality of the flux
data is further evaluated through the analysis of cospectral
shapes, which have been shown to follow the expected
theoretical slope in the inertial subrange (Velasco et al.,
2013).

A number of special considerations apply to the process-
ing and analysis of the CO2 data. Low turbulence levels
and reduced atmospheric stability, which are often encoun-
tered at night over natural ecosystems, create uncertain-
ties in EC measurements resulting in an underestimation
of fluxes because suppressed atmospheric mixing may be
insufficient to transport CO2 to sensor height (Aubinet,
2008). Similar to Crawford et al. (2011), no adjustments
to hourly flux measurements for periods with low turbu-
lence levels are made in this study, although the U crite-
rion above will remove some of the periods affected by

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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low mixing. Nocturnal sensible heat release from storage
together with anthropogenic heat emissions and surface
roughness, which promotes turbulent mixing, maintains a
near neutral or unstable atmosphere at most times cou-
pling the canopy and boundary-layers in the urban area.
Further, friction velocity, which is an indicator of turbu-
lent mixing, is relatively large with monthly means ranging
between 0.26 and 0.57 m s−1. Underestimation of night-
time respiration is therefore less of an issue in a heteroge-
neous urban area, and CO2 storage over the course of a day
is likely close to zero and will not affect daily and annual
totals.

2.3. General climate, classifications of seasons and
weather during observations

Given its equatorial location, Singapore has a wet trop-
ical climate (Köppen classification Af) characterized
by uniformly high mean T (annual average ∼27 ∘C),
abundant rainfall, R, (total ∼2340 mm year−1) (Figure 4)
and high RH (mean monthly average ∼84%). Mean
month-to-month T variation and diurnal T ranges are
small (<2 and 7 ∘C, respectively). There are two distinct
monsoonal wind regimes during which 𝜃 is mainly from
the south/southwest and northeast defining the respective
monsoon seasons (here called SWM and NEM), and
phases preceding these two periods with variable 𝜃 called
inter-monsoon seasons (IM1 and IM2) (Table 2). The
division according to 𝜃 needs to be refined to account for
variations in antecedent moisture conditions, in particular
during NEM. While December and January experience
the highest annual R, February is often unusually dry
(Figure 4). Separate dry (NEMd) and wet (NEMw) sea-
sons are therefore identified. Finally, clear days (CLR),
determined as those with receiving at least 80% of the
potentially available K↓, are also analysed separately as
an important category often used for model predictions.
Statistics representing the entire study period and all
weather conditions are denoted as ALL.

Observations were carried out between January 2006
and November 2013, spanning the full range of synoptic
regimes that can be expected in Singapore. The number of
data points available for each season reflects the prevailing
wind directions and is highest for SWM and NEM and
lowest for CLR and NEMd, which are subsets of the main
seasons (Table 2). Longer data gaps during the study period
are due to a number of unexpected events. For example
a lightning strike (March 2007), damage to tower caused
by a reversing truck (March 2008) or equipment upgrades
(September 2012 and April 2013) result in months with no
or reduced data availability (Figure 5).

Meteorological conditions at TK during the study period
are summarized in Figure 5 to help understand the climatic
forcing on the fluxes. The absence of seasonality in most
variables is clearly notable. Typical 30-min average ranges
are 0–6 m s−1 (for U), 23–32 ∘C (T), 1.7–3.2 kPa (vapour
pressure, e), 0.5–3 kPa (vapour pressure deficit, vpd),
100.1–101.5 mb (atmospheric pressure, P) and 50 mm
maximum R. Particularly low (high) T and vpd (U and

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

Figure 4. Mean monthly long-term (1981–2010) climate normals for
(top to bottom) temperature, wind speed, mode of wind direction and
rainfall measured at Changi Airport (thick, short horizontal lines), and
monthly averages during study period (January 2006–November 2013)
for temperature (symbols) and rainfall (bars) measured at TK flux tower.

Durations of four main seasons are indicated at the top (Table 2).

R) values are associated with early afternoon cumulonim-
bus development and patchy but intense showers during
convective storms, which can occur throughout the year.
𝜃 displays the expected seasonal reversal which is used to
partition the data into four main seasons with similar mete-
orological characteristics. Times reported are in local solar
time, LST (local time minus 1 h), which is within ±10 min
of local apparent time (LAT=UTC+ 8).

3. Results and discussion

In the following, the diurnal and seasonal variation of
the radiation balance fluxes (Section 3.1), energy bal-
ance fluxes (Section 3.2), ratios of energy balance fluxes
(Section 3.3) and carbon dioxide fluxes/concentrations
(Section 3.4) are presented, followed by the discussion of
the annual and inter-annual variability of energy fluxes
and budgets (Section 3.5) and carbon dioxide fluxes/
concentrations and budgets (Sections 3.6).

3.1. Radiation balance fluxes

The diurnal variability of the four radiation budget compo-
nents for different seasons and weather types is plotted in
Figure 6. The ensemble hourly (mean of two 30-min peri-
ods) averages describe smooth curves during all individual
seasons. Naturally, the absolute magnitude of K↓ is rela-
tively large given the location of the site near the Equator.

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Table 2. Classification of seasons/weather types, number of data points and main meteorological characteristics in chronological
order.

Code Description Months
includeda

No. of 30-min periods
after (before)

quality control

Meteorological characteristics

NEM Northeast
monsoon

1 Dec–13 Mar 13 227 (16 435) Winds mainly from NE; high seasonal rainfall (except
February) and mean low-cloud cover; highest seasonal mean
wind speed associate with monsoon surges

IM1 Inter-monsoon 1 14 Mar–8 Jun 9636 (12 380) Weak and variable wind, high afternoon temperature and
sometimes severe thunderstorms towards the early evening;
frequent pre-dawn rainfall and high wind gusts associated
with Sumatra squalls lasting 1–2 h

SWM Southwest
monsoon

9 Jun–26 Sep 16 578 (18 311) Winds from SE to SW; lowest seasonal rainfall; slightly
greater mean low-cloud and mean wind speeds compared to
inter-monsoon periods; frequent pre-dawn rainfall and high
wind gusts associated with Sumatra squalls lasting 1–2 h

IM2 Inter-monsoon 2 27 Sep–30 Nov 9876 (13 579) Weak and variable wind, high afternoon temperature and
sometimes severe thunderstorms towards the early evening;
frequent pre-dawn rainfall and high wind gusts associated
with Sumatra squalls lasting 1–2 h

NEMw Wet part of
northeast
monsoon

1 Dec–2 Feb; 28
Feb−13 Mar

9688 (12 788) Some rain every day; highest seasonal rain and cloud cover

NEMd Dry part of
northeast
monsoon

3–27 Feb 3728 (3839) Consecutive days with no or little rain

CLR Clear days 1 Jan–31 Dec 4390 (4417) Days which receive at least 80% of potentially available K↓
ALL Overall average 1 Jan–31 Dec 49 317 (60 705) All weather conditions

aDates are averages for 2006–2013 but year-specific dates are used for identification of periods used in calculations.

Figure 5. Meteorological conditions measured at TK flux tower during study period (January 2006–November 2013) as 30-min averages (small
dots) and monthly means (black open circles) of (top to bottom): wind speed, wind direction, temperature, vapour pressure, vapour pressure deficit,
atmospheric pressure, rain and percent availability of data for each month (A). Means are only calculated for months with at least 50% data coverage;

gaps in time series are due to defective sensors and mast, power issues, maintenance, sensor replacements, etc. (see text).

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)



M. ROTH et al.

(a) (b)

(c)

0

0 4 8 12 16 20

0 4 8 12 16 20

0 4 8 12 16 20

0
0.10

0.15

0.20

A
lb

e
d

o
 (

fr
a

c
ti
o

n
)

0.25

0.30

8 10 12

LST (h)LST (h)

14 16 18

150

K
(W

 m
–
2
)

K
(W

 m
–
2
)

50

100

400

450

L
L

(W
 m

–
2
)

500
800

600

400

200

0

NEM
SWM

L
L

IM1
IM2
NEMw
NEMd
CLR
ALL

SR SS

SR SS

SR SS

SR SS

1000

(d)

Figure 6. Ensemble mean diurnal variation of (a) incoming shortwave radiation; (b) incoming and outgoing longwave radiation; (c) reflected
shortwave radiation; and (d) albedo for overall average (black dots) and seven different seasons/weather types (coloured thin lines) (Table 2)
during study period (January 2006–November 2013) at TK flux tower. Grey shaded areas are ±1 S.D. which for clarity are only plotted for ALL.

SR – sunrise, SS – sunset.

Average seasonal peak values at noon range between
570 and 900 W m−2 (Figure 6(a)). A clear differentiation
according to seasons is observed. The largest values are
found during CLR, when individual 30-min values reach
>1100 W m−2 (maximum value observed was 1113 W m−2

on 31 January 2008 at 1215 LST), followed by NEMd
which is also characterized by mostly fair weather. The
statistics of these two seasons, however, are not completely
independent given that many of the clear days occur dur-
ing NEMd. Given the geographic location of the site, the
largest values would be expected close to the equinoxes
when the subsolar point is on the Equator. Because of
existing cloud patterns maximum K↓, however, is biased
towards cloud free conditions. Clouds are responsible for
the lowest seasonal values measured during NEMw, which
coincides with the rainiest part of the year. Given drier,
and therefore less cloudy conditions, values are higher dur-
ing SWM compared to NEM, IM1 and IM2. The latter
two agree well with each other, confirming similar weather
conditions during periods when monsoonal winds reverse
direction. The slight reduction of K↓ in the early after-
noon compared to the corresponding morning hours is
associated with cumulus development and patchy thunder-
showers and can also be seen in Q* (Figure 7(a)). The
peak magnitude for CLR (∼900 W m−2) is similar to that
measured on clear days in July over residential neighbour-
hoods in Tokyo (Moriwaki and Kanda, 2004) and Miami

(Newton et al., 2007), and during the dry-warm season
(March–June) over a densely built neighbourhood in Mex-
ico City (Velasco et al., 2016).

Reflected shortwave radiation shows similar seasonal
variability to K↓ with the largest (lowest) values observed
during CLR (NEMw) (Figure 6(c)). The same result
is obtained for the ratio of the two, i.e. the albedo, 𝛼

(Figure 6(d)). Daytime averages (0800–1600 LST; solar
elevation angle >20∘) are 0.148 and 0.166 for NEMw and
CLR, respectively and 0.158 for ALL (Table 3). Albedo
slightly decreases from the morning towards the evening,
in particular for NEMd. The larger values just after sun-
rise and before sunset have been observed before, and are
due to additional specular reflection during low solar ele-
vation angles, an effect which is particularly pronounced
during clear skies (e.g. Christen and Vogt, 2004; Kotthaus
and Grimmond, 2014b). The present values are similar
to those reported for residential neighbourhoods in Mel-
bourne (0.15–0.19; Coutts et al., 2007) or Phoenix (0.168;
Chow et al., 2014) but larger than measurements over sub-
urbs in Vancouver (0.13; Cleugh and Oke, 1986) and Basel
(0.13; Christen and Vogt, 2004). Interpretation of any sim-
ilarities, however, is complicated by the fact that the sites
referred to above represent varying amounts of vegetation
(15–64%) and the present measurements could be biased
due to the narrower field-of-view of the downward-facing
radiation sensor (see before). The influence of 𝛼 on the
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(a) (b)

(c) (d)

Figure 7. Same as Figure 6 but for fluxes of (a) net all-wave radiation, (b) sensible heat, (c) latent heat, and (d) residual (includes storage heat but
excludes anthropogenic heat which is not shown).

total energy budget, however, is small because K↑ is the
smallest of all fluxes (Table 3).

Both longwave radiation components peak during
midday (Figure 6(b)). Absolute values and diurnal
ranges are smaller for L↓ (430–440 W m−2) compared
to L↑ (490–530) reflecting the corresponding absolute
temperature of the emitting bodies (boundary-layer air
vs surface). Daytime L↑ is largest (lowest) for CLR
(NEMw) following the expected dependency on surface
temperature. Although seasonal variability is small for L↓,
there is a clear tendency for NEMd values to be system-
atically lower throughout the entire day. The present L↓
values are amongst the largest reported by any (sub)urban
study and are likely due to the warm and humid air
masses. For comparison, L↓ was 380–410 W m−2 during
a warm (25–29 ∘C) and humid (mean vapour pressure
2.78 kPa) 40-day period in May and June in subtropical
Miami (Newton et al., 2007). The closest data in terms of
proximity to the Equator are reported from Dar es Salaam
(6∘50′S) where daily average L↓ reached∼390 W m−2 dur-
ing warm (27–30 ∘C), humid (vapour pressure ∼2.5 kPa)
and cloudless conditions at a downtown and two residen-
tial sites (Jonsson et al., 2006). The (sub)tropical values
are larger compared to average summer data measured in
mid-latitude cities which are, for example, between ∼260
(clear skies) and 340 (overcast) W m−2 in London, UK
(Kotthaus and Grimmond, 2014a).

The overall trends seen in the diurnal plots are also
reflected in the associated energy totals. There is little
variation across seasons for daily or daytime radiation
fluxes which remain high throughout the year, with the
exception of K↓ where daytime energy totals vary between
14.43 (NEMw) and 21.87 (CLR) with an overall average
of 16.57 MJ m−2 day−1 (Table 3).

3.2. Energy balance fluxes

The diurnal variation of the four main energy balance com-
ponents during different seasons is shown in Figure 7.
Net radiation is the most important flux during day-
time, peaking at solar noon and turning positive (neg-
ative) about half an hour after (before) sunrise (sunset)
(Figure 7(a)). The magnitude of Q* is primarily deter-
mined by the amount of clouds, hence periods with clear
skies (CLR and NEMd) have the largest and those with
cloudy skies (NEM and NEMw) the lowest values. Day-
time peak magnitudes across seasons range between 430
and 660 W m−2 with a long-term average for all condi-
tions (ALL) of ∼490 W m−2. At night Q* varies between
40 and 60 W m−2. These values are similar to subtropical
research summarized in Roth (2007) reporting peak values
ranging from 400 to 600 W m−2 based on short-term, clear
and dry winter and summer data for suburban sites located
between 12∘ and 32∘N. Similar seasonal daytime peak
ranges have been reported over residential areas in Phoenix
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Table 3. Average daily and daytime (6–18 h for energy balance components and 8–16 h for ratios) energy totals (MJ m−2 day−1)
and dimensionless ratios for six different seasons/weather types (Table 2) and overall average during study period (January

2006–November 2013) at TK flux tower.

Daily Daytime

NEM IM12a SWM NEMw NEMd CLR ALL NEM IM12a SWM NEMw NEMd CLR ALL

K↓ 15.83 15.89 17.77 14.37 19.45 21.80 16.51 15.90 15.94 17.83 14.43 19.52 21.87 16.57
K↑ 2.49 2.65 3.03 2.23 3.18 3.71 2.74 2.43 2.58 2.96 2.17 3.11 3.64 2.67
L↓ 35.94 36.54 36.28 36.29 35.00 35.64 36.29 19.83 20.11 19.91 20.00 19.37 19.60 19.96
L↑ 40.06 40.67 41.05 39.87 40.55 41.41 40.63 22.27 22.60 22.84 22.10 22.70 23.22 22.59
K* 13.34 13.24 14.74 12.14 16.27 18.10 13.78 13.46 13.36 14.87 12.26 16.40 18.23 13.90
L* −4.12 −4.13 −4.77 −3.59 −5.55 −5.77 −4.34 −2.44 −2.50 −2.93 −2.10 −3.33 −3.62 −2.63
Q* 9.22 9.11 9.97 8.56 10.72 12.32 9.43 11.03 10.86 11.94 10.17 13.07 14.61 11.27
QH 4.78 4.49 5.81 3.91 6.96 7.60 5.01 4.54 4.39 5.63 3.76 6.46 7.28 4.86
QE 3.92 3.64 3.23 4.02 3.67 3.58 3.57 3.49 3.33 2.91 3.53 3.44 3.33 3.23
QR 1.45 1.90 1.86 1.55 1.02 2.06 1.76 3.54 3.69 3.95 3.43 3.72 4.55 3.73
QF 0.92 0.92 0.92 0.92 0.92 0.92 0.92 0.54 0.54 0.54 0.54 0.54 0.54 0.54
𝛼 0.151 0.159 0.164 0.148 0.159 0.166 0.158
𝛽 1.319 1.351 1.960 1.098 1.863 2.201 1.528
QH/Q* 0.392 0.400 0.448 0.357 0.463 0.476 0.415
QE/Q* 0.298 0.297 0.228 0.326 0.250 0.216 0.272
QR/Q* 0.349 0.344 0.361 0.360 0.322 0.339 0.352

aAverage of IM1 and IM2.

(400–600 W m−2; Chow et al., 2014) and Mexico City
(470–643 W m−2; Velasco et al., 2016). Nighttime val-
ues in both studies varied from −75 to −100 W m−2. The
present seasonal variability is much smaller compared to
what is typically observed in mid-latitude suburban areas
where mean daytime peak values vary by a factor of at
least two throughout the year. For example, mean hourly
Q* peak values for all conditions vary between 200–250
(early winter) and 450–500 (end of summer) at three sites
in Melbourne (Coutts et al., 2007) and 80 (winter) and
470 (summer) in Swindon (Ward et al., 2013). For clear
conditions only, observations in Tokyo range between 350
(winter) and 700 W m−2 (summer) (Moriwaki and Kanda,
2004).

The magnitudes of the associated daily energy totals
are primarily a consequence of cloud conditions, which
determines how much solar radiation can reach the sur-
face, rather than sun angle changes related to summer
and winter seasons as would be the case in ex-tropical
cities. The ranking for daytime Q* follows that for K↓
with the smallest (largest) value of 10.17 MJ m−2 day−1

(14.61) observed during NEMw (CLR) (Table 3). Simi-
larly, daily energy totals vary between 8.56 MJ m−2 day−1

during NEMw and 12.32 (CLR) with an overall average
(ALL) of 9.43 MJ m−2 day−1.

The diurnal variation of QH is approximately symmet-
ric around noon and peak magnitudes change considerably
with season from ∼160 W m−2 during the wettest period
(NEMw) to∼300 and 260 W m−2 during clear and dry con-
ditions (CLR and NEMd), respectively (Figure 7(b)). Sim-
ilar to other (sub)urban studies, fluxes remain positive even
after Q* has changed direction in the evening and only
between 0500 and 0600 LST average values are slightly
negative. The nocturnal suburban atmosphere therefore
remains unstable as a result of the release of storage heat
and QF. The magnitude of QH at night strongly depends

on building morphology, fabric and amount of greenspace.
Coutts et al. (2007) report negative QH throughout night-
time at a low-density suburban site with 44% vegetation
cover, while values never become negative over a densely
built neighbourhood with 6% vegetation in Mexico City
(Velasco et al., 2016). QH reaches its peak 1 h later during
CLR and NEMd compared to other seasons which coin-
cides with the timing of the peak in surface temperature
for these conditions (not shown). Day-to-day variability is
large as indicated by the large standard deviations for ALL
(Figure 7(b)).

The temporal form of QE is similar to that of other
cities with peak values observed close to solar noon
(Figure 7(c)). Seasonal variability is surprisingly low
(mean daytime peak values are between 105 and
130 W m−2) which is suggested to be due to a num-
ber of compensating influences. Large values during NEM
and NEMw are due to high seasonal rainfall (Figure 4)
which results in higher surface wetness and hence evap-
oration. In addition, the source area of the QE sensor
during these times includes a slightly larger proportion of
vegetated surfaces (Figure 2). CLR and NEMd, however,
also exhibit similarly large daytime values, which demon-
strates the influence of available energy in driving
evapotranspiration, which is significantly higher during
clear and dry compared to wet periods (Figure 7(a)). The
lower values during the SW monsoon period, which is
also relatively wet (Figure 4), on the other hand, are due
to the higher fraction of impervious surfaces (Figure 2).
Similar to other suburban sites QE remains above zero
during nighttime. Values for wet periods are higher than
those for QH, suggesting that QR (or storage heat release)
is primarily used for evaporation. Although curves for
individual seasons are relatively smooth, day-to-day vari-
ability is large as shown by the large standard deviations
(Figure 7(c)).
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Increased heat storage is a typical feature of urban sites
and the daytime QR peak at the present location is of sim-
ilar magnitude to that of QH (Figure 7(d)). The peak is
attained about 1 h before solar noon, which is slightly ear-
lier than in similar suburban studies, and the flux becomes
a source to the atmosphere after ∼1600 LST, reaching its
largest negative value 2 h later. This suggests that daytime
heat storage is released from the urban surfaces prior to
the time of sunset as observed in other suburban studies.
By around midnight QR stabilizes at∼−50 W m−2 for ALL
when it fully supports the Q* loss, before becoming a sink
again just after sunrise. Daytime values are as expected
lowest (largest) during wet (clear and dry) conditions with
peak magnitudes ranging between 180 and 260 W m−2.
The smallest (largest) diurnal amplitude is observed dur-
ing NEMw (NEMd and CLR) as a result of the higher
(lower) specific heat and hence less (more) responsive heat
storage nature of wet (dry) surfaces, which is also mir-
rored in a lower (larger) surface temperature amplitude
(not shown). The nocturnal storage heat release supports
an average urban heat island of ∼3 ∘C in a nearby low-rise
residential neighbourhood of similar characteristics (Chow
and Roth, 2006).

Timing and magnitudes of peak values for the var-
ious fluxes during different seasons are similar to
short-term averages observed in other (sub)tropical
cities reviewed in Roth (2007) which for QH are 120–270
(peak occurring between 1300 and 1500 LST), QE
30–170 (1200–1300 LST) and QR 200–260 W m−2

(1000–1300 LST). Respective seasonal ranges (peak
times) for two other long-term studies over suburban
areas are for Mexico City 150–225 (∼1200 LST), 40–82
(∼1300 LST) and 280–360 W m−2 (∼1200 LST) (Velasco
et al., 2016), and Phoenix 140–300 (∼1330 LST), 30–160
(∼1200 LST) and 210–300 W m−2 (∼1100 LST) (Chow
et al., 2014). The unusually large QR magnitudes over
Mexico City reflect the significant daytime heat storage
uptake of this dense and mostly impervious neighbour-
hood. The general shape of the energy balance for the
long-term average is thus similar to that measured over
other suburban sites across a variety of latitudes and cli-
mate conditions (Figure 8(a)). The phase of the individual
fluxes is different with QR peaking 1 h before, QE at and
QH 1 h after noon, respectively, resulting in a charac-
teristic hysteresis pattern between Q* and QR which is
observed in most cities (Figure 8(b)). Since fluxes depend
on the magnitude of the net radiation input, a more useful
comparison normalizes them by Q* (Section 3.3).

The above diurnal trends for the convective and con-
ductive fluxes are mirrored in the respective energy totals.
Daytime values and range are largest for QH varying
between 3.76-7.28 MJ m−2 day−1 with the minimum
(maximum) measured during NEMw (CLR) (Table 3).
Minimum and maximum values for QR are 3.43 and
4.55 MJ m−2 day−1, respectively and also observed dur-
ing NEMw and CLR. The daytime range is smallest
for QE with the lowest and highest values of 2.91 and
3.53 MJ m−2 day−1 observed during SWM and NEMw,
respectively. Seasonal variability of daily totals is similar

to that observed for daytime only. One obvious exception
is QR during NEMd whose daily total (1.02 MJ m−2 day−1)
is the lowest of all seasons but ranks in the middle of the
range for daytime values. This is due to the efficient
nighttime storage heat release (Figure 7(d)) facilitated by
dry surface conditions.

3.3. Ratios of energy balance fluxes

Ratios of energy balance fluxes allow the direct com-
parison of trends across different seasons and between
cities, because they are not biased by the absolute mag-
nitude of fluxes or different climate zones. Bowen ratios
(𝛽 =QH/QE) increase from sunrise until 1400 LST, show-
ing an increasing partitioning of available energy into
QH at the expense of QE which is usually observed over
built-up areas (Figure 9(a)). From late afternoon onwards,
𝛽 decreases and on average becomes negative just before
sunrise due to small negative QH magnitudes (Figure 7(b)).
Values near sunrise and sunset, however, have to be inter-
preted with caution because they involve division by small
numbers. Average 𝛽 is generally larger (smaller) than unity
during most daytime (nighttime) hours. The largest day-
time values (∼2.6) are observed during CLR when QH is
significantly larger than during other periods (Figure 7(b)).
During the wettest season (NEMw), evaporation gains in
significance and the daytime peak is only ∼1.2. These
seasonal trends are also reflected in the respective day-
time averages, which range between 2.2 (CLR) and 1.1
(NEMw) with an overall mean of 1.5 (Table 3). NEMd val-
ues stay high throughout most of the nighttime as a result
of considerably larger (lower) QH (QE) compared to other
periods.

The present daytime results are lower than those sum-
marized in Loridan and Grimmond (2012) for sites with
similar surface vegetation fraction, but within the range of
observations from less impervious places. The relatively
high evaporation fraction (also in relation to Q* as shown
below) is suggested to be due to the numerous large trop-
ical trees which make up 11% of the surface (Table 1).
These trees also have high biomass density, which is possi-
bly a more appropriate parameter to appraise evapotranspi-
ration of vegetation compared to vegetation fraction. High
antecedent surface moisture during most times of the year
further increases the potential for evaporation. This char-
acteristic, however, is counter-balanced by the typically
low vpd magnitudes observed in (sub)tropical maritime
air masses. Average vpd at the present site is 0.6–1.4 kPa
and in the same range as observed at a suburban site in
Miami (Newton et al., 2007). The diurnal variability of 𝛽
correlates well with that of vpd, which also has its highest
(lowest) values associated with clear and dry (wet) condi-
tions (Figure 9(b)).

Mean ratios of each energy balance flux normalized by
Q* show distinctive diurnal patterns. By day, the avail-
able energy is primarily partitioned into QH and QR, with
a lesser proportion used in QE (Figure 10(a)). The diurnal
analysis reveals consistent hysteresis patterns of QH and
QR with Q* which mirror each other (Figure 8(b)). Most
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(a) (b)

Figure 8. Ensemble mean diurnal variation of (a) energy balance components and (b) hysteresis between net all-wave radiation and residual flux
averaged across all seasons/weather types during study period (January 2006–November 2013) at TK flux tower. Grey shaded area is ±1 S.D. which

for clarity is only plotted for net all-wave radiation. SR - sunrise, SS - sunset.
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Figure 9. Ensemble mean diurnal variation of (a) Bowen ratio and (b)
vapour pressure deficit for overall average (black dots) and seven differ-
ent seasons/weather types (coloured thin lines) (Table 2) during study
period (January 2006–November 2013) at TK flux tower. SR - sunrise,
SS - sunset. Values close to SR and SS are due to division by small num-

bers and can be ignored.

of the available energy is channelled into heat storage in the
early morning hours (up to 50%) and at a steadily decreas-
ing rate throughout the day until the proportion reaches
zero just before sunset. During the same period, the propor-
tion of available energy going into QH increases from 25 to
64% for ALL. The respective fraction of Q* used for evap-
otranspiration is constant at 25–30% between 0800 and
1600 LST. The opposite trend seen for the ratios involving

QH and QR has been observed in many other studies (e.g.
Newton et al., 2007; Chow et al., 2014) and is a result of
increasing instability as the day progresses, which favours
conduction (convection) in the morning (afternoon). At
night, the two turbulent fluxes are small and the respec-
tive ratios negative, suggesting that ∼10 and ∼20% of the
Q* loss is channelled into QH and QE, respectively. From
∼2200 LST onwards, QR almost totally matches the Q*
loss, hence their ratio is close to unity. The large ratios
close to sunrise and sunset are again not significant because
they result from division by small numbers.

Seasonal variability is very small in terms of magnitudes,
particularly for the daytime ratio involving QR. The data
support the earlier explanation why QE is relatively con-
stant across seasons with very different cloud and surface
wetness conditions. Despite lower magnitudes, the pro-
portion of Q* channelled into QE is largest during NEMw
compared to CLR which exhibits the lowest ratio, how-
ever, is associated with the largest Q* values. The present
variability across seasons resembles results from different
climate zones representing different built densities
and moisture regimes at the surface (e.g. Oke, 1982;
Roth, 2007).

Normalization by Q* has the limitation of including
information on surface characteristics such as site-specific
𝛼 or emissivity. An alternative normalization has therefore
been suggested by Loridan and Grimmond (2012) which
uses total downward radiation (Q↓=K↓+L↓) instead,
facilitating comparisons that are more independent of the
underlying surface. The shape of the curves and relative
magnitudes are similar to those of the respective fluxes
in Figure 7 (Figure 10(b)). The more pronounced phase
shifts observed are related to the respective tendency of
the surface to favour channelling of energy into conduc-
tive (convective) heat transfer in the morning (afternoon).
Peak values for ALL are 0.19 (for QR/Q↓), ∼0.19 (QH/Q↓)
and ∼0.11 (QE/Q↓). The ratios involving the two turbu-
lent fluxes remain small and generally positive (0.0-0.02)
throughout the night given that Q↓, unlike Q*, does not
change direction.
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Figure 10. Same as Figure 8 but for flux ratios normalized by (a) net
all-wave radiation (Q*) and (b) total incoming radiation (Q↓=K↓+ L↓).

The seasonal variability mirrors that of the respective
fluxes but, unlike when normalized by Q*, the ratios are
now clearly differentiated according to seasons which
is most pronounced for daytime QH/Q↓ and nighttime
QR/Q↓. Peak QH/Q↓ for example varies between 0.15
and 0.24 for NEMw and CLR, respectively, but over a
much narrower range when normalized by Q*. Likewise,
nighttime storage heat release is a much larger fraction
of Q↓ (=L↓ at night) during dry (up to ∼0.20 for NEMd)
compared to wet conditions (∼0.11 for NEMw), whereas
the corresponding ratios normalized by Q* are very sim-
ilar. The present results are similar to those summarized
by Loridan and Grimmond (2012). Daytime averages
for all conditions match those from a long-term site in
Melbourne during the respective summer season when
Q↓> 1000 W m−2. At night, however, QR is only about
half the proportion of the incoming energy, while the
ratios for the two turbulent fluxes are again similar. The
present average day- and nighttime ratios are also within
the range reported for short-term sites representing a wide
variety of (sub)urban locations in Loridan and Grimmond
(2012).

3.4. Carbon dioxide fluxes and concentrations

Average CO2 fluxes, FCO2, are generally positive through-
out the day (Figure 11(a)). They depict a clear diurnal
pattern with morning (0600–0800 LST) and evening
(1800–2000 LST) peaks in phase with the rush-hour
traffic, revealing the importance of vehicles as the main

emission source. Although traffic emissions remain high
after the morning rush hour, CO2 uptake by vegetation
lowers daytime fluxes, which occasionally can become
negative around noon. Morning and evening peak values
(6–8 at 0700 LST and 7–9𝜇mol m−2 s−1 at 1800 LST,
respectively) are similar to those from other suburban
neighbourhoods during the non-heating season (Velasco
and Roth, 2010). Net fluxes are generally higher during
night- compared to daytime, which is opposite to what is
usually observed over densely built-up locations and city
centres elsewhere (Velasco and Roth, 2010). The respec-
tive fractions of the daily total flux for ALL are 51 and
36%, respectively, with the remaining 13% corresponding
to fluxes during the sunrise and sunset transition periods
(Table 4). An important characteristic of the CO2 flux
from urban areas is its high day-to-day variability, which
is also the case in this study as demonstrated by the large
hourly standard deviations (Figure 11(a)).

Fluxes during the three seasons with primarily northeast
winds (NEM, NEMd and NEMw) are very similar despite
different antecedent moisture conditions, and exhibit the
most pronounced diurnal variability and highest nighttime/
daytime ratio (Table 4). The diurnal pattern likely reflects
the influence of the higher proportion of vegetation in
this sector. The presence of a grass field close to and
a small park ∼350 m from the tower (Figures 1 and 2)
seems sufficient to enhance daytime CO2 uptake and night-
time respiration from the soil and trees above the neigh-
bourhood average. The influence of the vegetation, how-
ever, is not strong enough to fully counterbalance daytime
anthropogenic emissions as for example observed dur-
ing the growing season in the heavily vegetated suburban
neighbourhoods of Baltimore (67% vegetation) (Crawford
et al., 2011) or Swindon (44 %) (Ward et al., 2013) where
summer mean peak FCO2 are clearly negative (−14 and
−3𝜇mol m−2 s−1, respectively). The smallest diurnal vari-
ability and highest (lowest) daytime (nighttime) fluxes are
observed during SWM when the influence from vegetation
is less (smaller area fraction and drier surface conditions)
and fluxes of anthropogenic origin become more impor-
tant. The presence of more roads to the southwest of the
tower will therefore contribute to the higher daytime emis-
sions observed during SWM

Given the absence of local CO2 emissions related to
space heating or cooling, changes across seasons are
expected to be small. Net daily emissions vary by <25%
ranging between 15.48 (for IM1) and 18.96 (NEMw)
Mg km−2 day−1 (Table 4). In contrast, the mean daily CO2
release for a residential area in a mid-latitude city (Swin-
don) varies from 2.05 (summer) to 34.8 Mg km−2 day−1

(winter) (Ward et al., 2013). Any seasonal variability at
the present site is primarily related to different source/sink
distributions in the flux footprints as 𝜃 changes. The largest
seasonal fluxes are observed during NEMw, NEM, NEMd
and IM2, where the three seasons with a highest proportion
of vegetation in their respective footprints (NEMw, NEM
and NEMd) display the highest nighttime fluxes (Table 4).
CO2 efflux from the warm, moist and well-fertilized urban
soil and from trees is therefore expected to be an important
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Figure 11. Ensemble mean diurnal variation of carbon dioxide (a) flux and (b) concentration for overall average (black dots) and seven different
seasons/weather types (coloured thin lines) (Table 2) during study period (January 2006–November 2013) at TK flux tower. Grey shaded areas are

±1 S.D. which for clarity are only plotted for ALL. SR - sunrise, SS - sunset.

Table 4. Average daily, daytime (7–17 h) and nighttime (19–05 h) carbon dioxide fluxes and daily carbon dioxide concentrations for
seven different seasons/weather types (Table 2) and overall average during study period (January 2006–November 2013) at TK flux

tower.

FCO2
a CCO2

Daily (𝜇mol m−2 s−1) Daily (Mg km−2 h−1) Daytime/nighttime (Mg km−2 h−1) Daily (24 h) (ppm)

NEM 4.9± 4.6 0.773± 0.73 0.354/1.122 385.4± 16.2
IM1 4.1± 4.2 0.645± 0.664 0.481/0.751 393.9± 17.9
SWM 4.4± 3.7 0.697± 0.58 0.699/0.623 381.8± 14
IM2 4.9± 4.5 0.777± 0.709 0.706/0.785 390.7± 16.9
NEMw 5± 4.8 0.79± 0.753 0.39/1.125 387.9± 16
NEMd 4.5± 4.2 0.719± 0.658 0.259/1.096 378.2± 14
CLR 4.2± 3.9 0.672± 0.611 0.537/0.723 379.2± 13.7
ALL 4.6± 4.2 0.726± 0.67 0.571/0.815 387.0± 16.7

aTo convert from CO2 to C the flux is multiplied by 3/11.

component at the present site, affecting the magnitude and
as well as the diurnal (see before) and seasonal variability
of net FCO2.

The diurnal cycle of atmospheric concentrations of CO2,
CCO2, is driven by complex interactions of flux source
strength, local-scale advection, vertical mixing within the
boundary-layer and entrainment at its top (Reid and Steyn,
1997). Concentrations peak 1 h after sunrise which coin-
cides with the morning flux peak (Figure 11(b)), a shal-
low boundary-layer and venting of overnight CO2 buildup
in the canopy layer (e.g. Crawford and Christen, 2014;
Crawford et al., 2016). The emissions from local traffic
result in high atmospheric concentrations which, however,
become diluted and decrease thereafter due to increased
mixing in the growing boundary-layer and increasing CO2
sinks from photosynthesis. Unlike in the morning, no
similar CCO2 evening peak is observed. Rather, concen-
tration increases slowly due to continuously accumulating
traffic emissions in a shrinking boundary-layer throughout
the evening until ∼2000 LST and emissions from soil res-
piration and vegetation which continue throughout the
night. Comparable diurnal patterns have been observed
in other suburban (Reid and Steyn, 1997; Moriwaki and
Kanda, 2004; Coutts et al., 2007; Crawford and Chris-
ten, 2014) and urban (Vogt et al., 2006) studies. Diurnal

variability is similar across all seasons, with systematic
differences bearing no relationship with the respective
fluxes. The lowest concentrations observed during dry and
less cloudy conditions (NEMd, CLR and SWM) (Table 4)
are suggested to be the result of a variety of reasons
including the highest seasonal wind speeds (for NEMd and
CLR), increased boundary-layer height during sunny con-
ditions (CLR) or advection of background air with lower
background concentrations due to winds from the ocean
(SWM). The larger values observed during IM1 and IM2
may in part be due to the seasonally lowest wind speeds
reducing vertical mixing.

3.5. Annual and inter-annual variability of energy
balance fluxes and budgets

The long study period permits the examination of the
annual and inter-annual variability, and possible long-term
trends. As noted earlier, the most striking characteristic is
the absence of a significant annual cycle in all components
of the surface energy balance (Figure 12). This is different
from results found in (sub)urban areas located in temper-
ature climates (for a good example see Figures 4 and 6
in Kotthaus and Grimmond, 2014a) and can be observed
in the individual values as well as monthly means (only
calculated for months with at least 50% data coverage).

© 2016 Royal Meteorological Society Int. J. Climatol. (2016)
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Figure 12. Individual 30-min (small red dots) and monthly mean fluxes (blue open circles) during study period (January 2006–November 2013) at
TK flux tower for (from top to bottom): net all-wave radiation, sensible heat, latent heat, residual (includes storage heat), anthropogenic heat, carbon
dioxide flux, carbon dioxide concentration and monthly rain total (blue bars). Means are only calculated for months with at least 50% data coverage;

horizontal black line for carbon concentration is 2006–2013 average, blue vertical bars are ±1 S.D.; data gaps are explained in text.

The latter range for Q* between 72.6 and 130.5 W m−2

with an average of 102.5 W m−2 (Figure 13). There is
some correlation with the prevalence of clouds (using
rain as a surrogate) with the largest magnitudes observed
during February 2011 and 2012, which are amongst the
driest months (Figures 4 and 12). On the other hand,
July–October often have above-average Q* magnitudes,
which seems unusual given above-average rainfall dur-
ing most years. One possible explanation is the nature
of precipitation, which outside NEM tends to occur dur-
ing intense, short-lived storms during pre-dawn hours and
therefore has a lesser influence on the radiation climate.
QH range is relatively large (33.0–80.2 W m−2) with an
overall mean of 54.6 W m−2 (Figure 13) and the expected
tendency for higher values to occur during drier months.
As already noted in respect to its seasonal variability
seen in the average diurnal plots (Section 3.2), the QE
range is small (33.2–49.2 W m−2) with an overall mean
of 40.3 W m−2. Below-average values between June and
September are associated with SWM when the lowest sea-
sonal values are measured (Figure 7(c)). QR varies between
4.5 and 30.8 W m−2 with a small, positive overall aver-
age of 18.4 W m−2. QF is the smallest flux of the energy
balance with a mean of 10.6 W m−2 (Figure 13) (Quah and
Roth, 2012), which is similar to summertime magnitudes
reported in suburban neighbourhoods of Basel, Switzer-
land (Christen and Vogt, 2004) or Phoenix (Chow et al.,
2014). No long-term trend across the 7-year observation is
visible in any of the energy balance fluxes.

Monthly mean energy totals for all fluxes change lit-
tle across the year (Figure 14), and any variations are
of similar magnitude to those observed across seasons
(Table 3). Q* remains uniformly high throughout rang-
ing between 7.93 and 10.04 MJ m−2 day−1 (calculated
using only months with at least 50% data coverage). The
corresponding ranges for QH and QE are 3.3–5.8 and
3.0–4.0 MJ m−2 day−1, respectively. The annual Q* total
is 3.231 GJ m−2 year−1 with the energy primarily parti-
tioned into QH (1.723 GJ m−2 year−1; 53.3% of Q*) and
a lesser proportion going into QE (1.271 GJ m−2 year−1

or 518 mm year−1; 39.3%) resulting in an overall average
daily 𝛽 of ∼1.4. QR is a systematic loss to the surface but
magnitudes are relatively small (0.58 GJ m−2 year−1). The
latter values, however, need to be interpreted with cau-
tion given the caveats mentioned in Section 1.1. They are
approximations of ΔQS, which is expected to be uniform
in a tropical climate and close to zero over the course of
a year. The present magnitudes are within the 20% error
margin due to underestimation of EC fluxes, uncertainties
with estimating QF, or scale disparities in measurements
between turbulent and radiation fluxes noted by others (e.g.
Wilson et al., 2002). QF is small (0.335 GJ m−2 year−1)
and uniform throughout the year in the absence of a sea-
sonal cooling cycle. Results from higher latitudes dis-
play much larger variation across the year. For example,
clear-day monthly Q* totals over a suburban area in Tokyo
in December/July are 2.89/16.85 (with annual totals of
3.701 and 2.36 for clear and all conditions, respectively),
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Figure 13. Monthly mean fluxes for each year (vertical bars) and long-term averages (horizontal red lines) during study period (January 2006–
November 2013) at TK flux tower for (from top to bottom): net all-wave radiation, sensible heat, latent heat, residual (includes storage heat) and
carbon dioxide. Means are only calculated for months with at least 50% data coverage; blue vertical bars are ±1 S.D.; data gaps are explained in text.
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Figure 14. Monthly mean energy totals of all surface energy balance
components for entire study period (January 2006–November 2013) at
TK flux tower. Bars for each month show (from top to bottom) values for
flux of anthropogenic heat (0.9 MJ m−2 d−1 for all months), net all-wave
radiation, sensible heat, latent heat and residual (includes storage heat).
Positive (negative) values denote gain (loss) to the surface; calculated

based on months with at least 50% data coverage.

for QH 2.01/9.88 and QE 1.20/5.68 MJ m−2 day−1 (Mori-
waki and Kanda, 2004). Corresponding December/June
values for all conditions measured over a heavily vegetated
suburban surface in Swindon are about −1.1/13.0 (for Q*),
−1.6/6 (QH) and 1.0/4.0 (QE) MJ m−2 day−1, respectively
(Ward et al., 2013).

3.6. Annual and inter-annual variability of carbon
dioxide fluxes/concentrations and budgets

Carbon fluxes show no distinct annual cycles or a
long-term trend across the 7-year observation period,

and little variability in individual monthly means
(3.3–6.3𝜇mol m−2 s−1) (Figures 12 and 13). This
suggests a lack of significant short- and long-term
changes and trends in vegetation characteristics and
local anthropogenic emissions sources. Figure 15 further
illustrates the earlier noted strong diurnal variability,
which is more pronounced than changes across months.
The latter vary within a narrow range of 14.5 (in May)
to 21.0 (January) Mg km−2 day−1 (corresponding to 3.8
and 5.5𝜇mol m−2 s−1, respectively). These ranges are
much smaller than observed in the (sub)urban areas
reviewed in Velasco and Roth (2010) or Helfter et al.
(2011). Across the entire measurement period, both the
largest and lowest (and occasionally negative) hourly
fluxes are observed during the northeast monsoon months
(December–March) when nighttime soil respiration of
soils and trees and daytime carbon draw-down become
more important given the larger amount of vegetation
in the respective source areas. The anthropogenic signal
shows up as higher values during the morning and evening
rush hours. The present site is an annual net CO2 source of
6368± 5867 Mg km−2 year−1 with a mean daily emission
of 17.4± 16.07 Mg km−2 day−1. These values are close to
those reported in Velasco et al. (2013) based on a shorter
period (∼6502 Mg km−2 year−1 and a weekday average of
17.9± 15.1 Mg km−2 day−1).

The emission sources and sinks at the present site have
been investigated in detail by Velasco et al. (2013). Using
bottom-up approaches (i.e. emission factors and activ-
ity data), they found that for weekdays emissions from
vehicles were responsible for the majority of the flux
(72%), followed by human respiration (17%) and house-
hold emissions (7%). The last value is relatively small and
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Figure 15. Temporal variation of mean hourly carbon fluxes with month
for entire study period (January 2006–November 2013) at TK flux
tower. Values at the top are mean daily flux totals for each month in

Mg km−2 d−1.

due to Singapore’s benign weather restricting household
emissions to natural gas burning for cooking. The veg-
etation contribution was quantified by two independent
approaches, which agreed well with each other, suggest-
ing that vegetation sequesters 7.8% of the total emitted
CO2. However, when soil respiration is included, the bio-
genic component (vegetation and soil) becomes an emis-
sion source accounting for 4.4% of the total CO2 flux to
the atmosphere.

Unlike FCO2, CCO2 is increasing with time (Figures 13
and 16). Average CCO2 for June–November 2006 is 371.6
and 392.9 ppm for the same period in 2013. The increase
follows the upward trend observed in background concen-
trations driven mostly by fossil fuel burning. The respec-
tive concentrations for the same periods measured at a
global reference site are 380.9 and 395.5 ppm (NOAA,
2016). The interpretation of concentration magnitudes and
trends, however, is complicated by the influence of local
and regional sources as well as the global background. The
range of mean monthly CCO2 values, when standardized by
concurrent background levels, is similar to observations at
other (sub)urban sites which report data for a full year (see
Helfter et al., 2011 for a summary). The variation within a
particular year (Figure 16) is also similar to that observed
in the global record (NOAA, 2016) where maxima (min-
ima) are measured in spring (late autumn) as a result of
photosynthetic activity by plants.

4. Summary and conclusions

The first detailed, multi-year radiation, energy and carbon
dioxide fluxes for a residential neighbourhood in a tropical
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Figure 16. Monthly mean carbon dioxide concentrations for each year
during study period (January 2006–November 2013) and mean global
background (see text). Means are only calculated for months with at least

50% data coverage.

humid and wet climate are presented. Based on measure-
ments taken between January 2006 and November 2013,
the following conclusions are drawn.

Energy balance fluxes:

• Given the equatorial location (1∘19′N) of the measure-
ment site, variability in the background climate (e.g. T ,
e, vpd or R) is very small.

• Incoming radiation components are amongst the highest
reported by any urban study ranging between 570–900
(K↓) and 430–440 (L↓) W m−2, respectively. Albedo
is lowest (highest) during wet (clear or dry) conditions
varying between 0.148 and 0.166.

• The large radiative inputs produce a higher daytime
Q* surplus than observed at most other (sub)urban
sites with daytime peaks ranging between 430 and
660 W m−2.. The largest percentage seasonal change is
observed for QH (160–300 W m−2), while QE varies
over a surprisingly narrow range (105–130 W m−2). At
night the two turbulent fluxes are small (<15 W m−2)
and mostly positive, and from 2200 LST onwards the Q*
loss (40–60 W m−2) is almost totally matched by QR.

• Daytime 𝛽 varies between 1.1 (wet conditions) and 2.2
(dry) with an overall mean of 1.5. Seasonal variability
of energy fluxes normalized by Q* is relatively small, in
particular for QR, suggesting a robust basis for param-
eterization regardless of season. Normalization by Q↓
increases daytime variability.

• Annual variation of monthly energy totals is much
smaller compared to similar data from (sub)urban
areas located in higher latitudes. Using only
months with at least 50% data coverage ranges are
7.7–10.0 (for Q*), 3.3–6.0 (QH) and 3.0–4.0 (QE)
MJ m−2 day−1, respectively. Across the measurement
period 53.6% of Q* (3.222 GJ m−2 year−1) is parti-
tioned into QH (1.726 GJ m−2 year−1) and 39.4% into
QE (1.269 GJ m−2 year−1) resulting in a long-term
daily 𝛽 of ∼1.4. QR and QF are both small (0.569 and
0.335 GJ m−2 year−1, respectively).
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• Separating data into wet, dry and clear periods increases
variability in the seasonal energy balance and energy
partitioning, demonstrating the limitations associated
with using the traditional seasonal classification based
on 𝜃 only.

Carbon dioxide fluxes:

• Fluxes are generally positive throughout the day with
morning and evening peaks related to maxima in traf-
fic volume separating lower day- from higher night-
time fluxes. Unlike in many other comparable subur-
ban studies net fluxes are generally higher during night-
compared to daytime.

• The largest daily FCO2 and most pronounced diurnal
variability coincides with seasons when the flux foot-
print includes the highest proportion of vegetation, sug-
gesting an important role for daytime sequestration and
nighttime respiration to control the diurnal and seasonal
variation.

• The present site is a net CO2 source in all seasons and
months. Fluxes change little across the year given the
absence of a heating season. Mean daily fluxes range
from 14.5 (in May) to 21 (January) Mg km−2 day−1. The
annual total mass flux across the entire measurement
period is 6368± 5867 Mg km−2 year−1.

• The mean carbon dioxide concentrations display the
characteristic diurnal peak in the morning related to traf-
fic emissions, lower daytime values due to the growing
mixing layer and slowly increasing values throughout
the evening and night.

A comparison of the annual energy and carbon fluxes
with those from nearby natural ecosystems which may
have existed at the measurement site before urban devel-
opment occurred, demonstrates how drastically anthro-
pogenic land cover changes can affect the energy and mass
exchange at the surface and hence the microclimate. Using
long-term energy totals, partitioning rates into QH and QE
at the present site are about 0.53 and 0.39 compared to
0.15 and 0.7 over a peat swamp forest located in the same
region (2∘21′S) (Hirano et al., 2015). The ratio of evapora-
tion to precipitation is only ∼0.21 over the dry and mostly
sealed city surface compared to ∼0.76 in the case of a low-
land mixed dipterocarp forest (2∘58′N) (Takanashi et al.,
2010). Changes to the carbon balance are also very pro-
nounced. While the present suburban area is a source of
carbon (1737 MgC km−2 year−1), a nearby lowland mixed
dipterocarp forest is a net sink (−124 MgC km−2 year−1)
(Kosugi et al., 2008).

Singapore provides a unique climatic context and this
study adds to the global data set of urban energy fluxes,
which can be used to evaluate and adapt models to investi-
gate the urban heat island, improve the thermal comfort
of residents, study extremes of urban weather or evalu-
ate GHG mitigation policies. The present data enhance the
geographic range of similar work to a grossly understud-
ied region, lay the basis for the development of parame-
terizations and provide a reference against which urban
microclimate models (e.g. Bruse and Fleer, 1998) and

urban parameterization schemes used in mesoscale models
(e.g. Masson, 2000; Kusaka et al., 2001) can be evaluated.
Such models are increasingly used in a diverse range of
cities, including the Tropics, but often miss a complete
evaluation.
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