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Abstract. Eddy covariance measurements of the turbulentthe extent of suburban land use, these results have important
sensible heat, latent heat and carbon dioxide fluxes foimplications for understanding urban energy, water and
12 months (2011-2012) are reported for the first time forcarbon dynamics.

a suburban area in the UK. The results from Swindon
are comparable to suburban studies of similar surface

cover elsewhere but reveal large seasonal variability.

Energy partitioning favours turbulent sensible heat duringl Introduction

summer (midday Bowen ratio 1.4-1.6) and latent heat

in winter (0.05-0.7). A significant proportion of energy Understanding interactions between land surfaces and the
is stored (and released) by the urban fabric and theatmosphere has an important role in assessing human impact
estimated anthropogenic heat flux is small but non-negligible®n the environment and improving the predictive capability
(0.5-0.9 MJ T2 day~1). The sensible heat flux is negative of models. Underpinning these models are representations
at night and for much of winter daytimes, reflecting the of relevant processes governing the transport of heat, water,
suburban nature of the site (44 % vegetation) and relativelynomentum and pollutants. Besides weather forecasting,
low built fraction (16%). Latent heat fluxes appear to be Simulations are increasingly used in the following ways: to
water limited during a dry spring in both 2011 and 2012, predict the occurrence and impact of extreme events such as
when the response of the surface to moisture availabilityﬂOOdi”g or heat waves; to make informed planning decisions,
can be seen on a daily timescale. Energy and other factorguch as identifying suitable sites for wind power generation
are more relevant controls at other times; at night the wind(Heath et al., 2007) or assessing the effect of building form
speed is important. On average, surface conductance follow@n Pollutant dispersion (Xie et al., 2005; Balogun et al.,

a smooth, asymmetrical diurnal course peaking at arounc010); and in the optimisation of strategies for sustainable
6-9mms?, but values are larger and highly variable in water supplies (Mitchell et al., 2008) or thermal comfort
wet conditions. The combination of natural (vegetative) (Lindberg and Grimmond, 2011). In order to develop and
and anthropogenic (emission) processes is most evider€fine our understanding of such processes, observational
in the temporal variation of the carbon flux: significant datasets are required that encompass a range of environments
photosynthetic uptake is seen during summer, whilst trafficand span sufficient timescales to offer insight into the driving
and building emissions explain peak release in winterfactors.

(9.5gCnT2 dayl). The area is a net source of €O That human behaviour impacts the environment has
annually. Analysis by wind direction highlights the role been well documented, particularly for urban areas where
of urban vegetation in promoting evapotranspiration andmodification is most apparent. The construction of buildings,
offsetting CQ emissions, especially when contrasted against©2ds and other impervious surfaces, changes in vegetation

peak traffic emissions from sectors with more roads. Givencover and type and the behavioural patterns of people
have been shown to dramatically affect local climatology,
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within the urban areas themselves and up to regional scalesrban literature include a highly vegetated neighbourhood in
(Oke, 1987; Roth, 2000; Collier, 2006; Grimmond, 2010). Baltimore (Crawford et al., 2011) and a recently developed
Urban temperatures tend to be warmer than for the ruralow-density residential area in Kansas City (Balogun et al.,
surroundings — the urban heat island effect (Oke, 19822009). Despite the increase in field studies in recent years,
Arnfield, 2003). A higher proportion of sealed surfaces andthere is still demand for multi-seasonal flux datasets covering
reduced plant cover usually mean evaporation is lower inthe diverse range of urban landscapes (Grimmond et al.,
cities (Oke et al., 1999; Grimmond et al., 2004), whilst 2010).

the amount of energy that can be stored in the thermal There are a few comparisons between multiple areas
mass of buildings and anthropogenic materials becomes within the same city. As part of the BUBBLE project,
major component of the energy balance (Grimmond andthree rural, three urban and one suburban site in Basel,
Oke, 1999b; Offerle et al., 2005a; Roberts et al., 2006).Switzerland, were monitored simultaneously for 1 month in
Direct input of heat released from human activities can alsathe summer of 2002 (Christen and Vogt, 2004). Offerle et
be significant, especially during winter months or in cool al. (2006) present data from rural, suburban residential, dense
climates (Ichinose et al., 1999; Bergeron and Strachan, 2010)rban and industrial areas irbdz. Four sites of increasing

or in regions of very high population density (Hamilton et al., housing density are compared in Melbourne (Coutts et al.,
2009). The energy balance for urban areas is thus modifie@007b). Weber and Kordowski (2010) compare 1yr of data
from the rural case (Oke, 1987): for urban residential and suburban (residential bordering
parkland) zones in Essen, Germany, and three sites along a

* —
O +0r=0n+OetAls @) rural-urban transect are contrasted during winter in Montreal
whereQ* is the net all-wave radiatio@ ¢ the anthropogenic  (Bergeron and Strachan, 2010).
heat flux,Qy the turbulent sensible heat flugg the latent The objective of this paper is to investigate the temporal

heat flux andA Qs the net storage heat flux. In addition variability of energy, water and carbon exchange of a typical
to anthropogenic heat, there are emissions of, Génd suburban area within the UK (Sect. 2) using local-scale
other gases) as a result of human metabolism and fue(10°>—10* m) eddy covariance (EC) measurements (Sect. 3).
combustion for transport or other energy use. High emissionAttention is given to the representativeness of the 12-month
rates coupled with modification of the wind field by buildings study period (Sect. 4) and the role of variability in
and recirculation of trapped air within street canyons meanssurface cover on flux measurements (Sect. 5.4). Temporal
air quality can be a major health risk in cities (Mayer, 1999). changes in the observed fluxes are examined and related
Itis clearly vital to understand the impacts of urbanisation onto the physical processes which govern surface—atmosphere
the environment. exchange (Sect. 5). In particular, the influences of water
Suburban areas represent a significant, and increasingvailability, vegetation and anthropogenic activities are
proportion of the land surface worldwide. In the UK, urban considered. Estimation of the surface conductances under
areas cover 14.4% of the land surface (Home, 2009)different conditions offers empirical data for comparison
most of this is made up of suburbs housing around 80 %with models or model development (Sect. 5.2).
of the country’s population (Gwilliam et al., 1998). The
results presented here are the first suburban measurements
of energy, water and carbon fluxes in the UK. Previous2 Site description
urban flux campaigns in the UK have taken place in city
centres, with work in central London (Helfter et al., 2011; The study was conducted within the town of Swindon,
Kotthaus and Grimmond, 2012) and Edinburgh (Nemitz et120 km west of London (Fig. 1), in a residential area very
al., 2002). Annual total emissions of G@or both London  typical of UK suburbia. Swindon has a population of 175 000
and Edinburgh are around 10kg CAyr—1, considerably  and in recent years has been one of the fastest growing towns
larger than the emissions from other studied cities around thén Europe. High population density in southern England puts
world (Helfter et al., 2011;arvi et al., 2012). pressure on water supplies and creates demand for land to
Other highly urbanised city campaigns (of various build on: it is estimated that 10 % of new homes built in the
durations) have included Mexico City (Oke et al., 1999), UK in 2007 are situated in areas at risk of flooding (Home,
Marseille (Grimmond et al., 2004), Tokyo (Moriwaki and 2009). Swindon has previously experienced problems with
Kanda, 2004) and &dz (Offerle et al., 2005a). Energy both flooding and drought.
balance measurements over lower density sites include the An eddy covariance mast was installed in a residential
following: winter to spring in Vancouver (Grimmond, 1992); garden located approximately 3 km north of Swindon town
winter to autumn (9 months) in Helsinki (Vesala et al., centre (521354.6"N, 1°4753.2’W). The area has some
2008); the dry season in Ouagadougou (Offerle et al.,nstitutional buildings (schools) and light commercial build-
2005b); and summertime in Miami (Newton et al., 2007), ings (small supermarkets, local shops) along the main road
Tucson, Sacramento, Chicago and Los Angeles (Grimmondhat runs about 150 m south of the mast (Fig. 1). Southwest
and Oke, 1995). The least built-up sites documented in theof the mast is the area with the largest proportion of built
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Fig. 1. (a) Aerial photograph (ZOOQ?GeoPerspectives) ar(®) land cover map foe: 500 m around the flux mast (EC). The large area

southeast of the mast classified as grasg)nhas since been built on (it can be seen undergoing developméaj)irThe location of
Swindon within the British Isles is shown (top right).

O other Table 1.Land cover within a radius of 500 m around the flux mast.
W Vegelalod Land cover not classified by these classes comprised less than 0.5 %
g m mpervious of the total area. “Trees” includes all vegetation not classified as
% ® Buit grass (i.e. includes hedges, shrubs, small bushes).
3 Land cover type Area fraction
Buildings 0.16
g § § &8 B 8 2 § § 8 § 8§ Impervious 0.33
(2 © (=] o [=] Q o o o (=] (=]
e ¢ e 2 5 I K 8 8 —roads 0.15
Wind Sector L1 — within gardens 0.15
Vegetation 0.44

Fig. 2. Land cover fractions for 3@vind sectors within a radius of

500 m around the flux mast. —grass 0.36

—trees 0.09
Water 0.00
Pervious (bare soil, gravel) 0.06

and impervious surface cover and least vegetation (Fig. 2)inhkm=2 in this area of Swindoh The average building
However, the study area as a whole has significant vegetationeight is 4.5 m and the proportion of built area, is 0.16.
cover (vegetated plan area fractiohy =0.44 within a  The style, density and arrangement of housing vary between
500m radius of the mast, Table 1), comprising mainly neighbourhoods (Fig. 1) but are typical of today's UK
gardens, some open space (playing fields, parks, intentionallguburban areas. Many houses are packed into the available
undeveloped green corridors) and verges alongside roads. 4pace with compact new-build homes constructed between
large nature reserve lies 0.75—-1km to the northeast. older developments. Most houses have small gardens which
The trees and shrub — which constitute 9% of the totalusually include some paved (or otherwise) impervious area
area (500 m radius) — are within gardens, bordering operpatios, driveways). The total impervious land cover fraction,
green spaces, in green corridors and along roadsides (Fig. 1)y, is 0.33, with almost half attributable each to roads and
The average tree height is around 6m (defining trees agmpervious surfaces within gardens (Table 1).
vegetation> 3.5m). Species are predominantly deciduous From the mean obstacle height, the displacement height,
rather than evergreen. The tree canopy is very appareniy, is estimated to be 3.5 m and the roughness length for mo-
when looking across the study area and changes in leafnentum,zg, to be 0.5m. Usingq = 3.5 m, anemometrically
area dominate seasonal variation in the appearance of thgerivedzg ranges between 0.25m and 2.00 m for different
landscape. Directly northeast of the mast the properties havevind directions, with the larger values attributed to the effect
relatively large gardens with a large proportion of mature of nearby buildings. Similar variability has been observed
trees (Fig. 1). at other sites (Grimmond et al., 1998; Pawlak et al., 2010;
Buildings are mostly 1-2 storeys, with more single storey Nordbo et al., 2013) ang will also vary to some extent. The
housing to the north of the mast and a few three storey blocks
of flats to the south. The population density is around 4700 Ihttp://www.ons.gov.uk
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literature suggests a realistic rangezgfor this site may be  Instruments, Lymington, UK) combined with water vapour
about 0.3-1.0m (Grimmond and Oke, 1999a). The value ofand carbon dioxide from an open-path infrared gas analyser
0.5m is adopted here. (IRGA) (LI-7500, LI-COR Biosciences, Lincoln, USA) yield
The footprint model of Hsieh et al. (2000) was used turbulent sensible and latent heat fluxes and the carbon flux
to determine the probable source area of the turbulen{Fc). Onthe same mastafour-component radiometer (NRO1,
fluxes. During stable conditions the measurement footprintHukseflux Thermal Sensors, Delft, the Netherlands), at a
can extend over many hundreds of metres; under unstablbeight of 10.1 m, provides incoming and outgoing longwave
conditions it is much closer to the mast. For the majority (L, and L4) and shortwave K| and K;) radiation and
(89%) of the data { <0.1, i.e. unstable to just-stable net all-wave radiation. Additional meteorological data are
conditions) the peak contribution to the measured flux issupplied by an automatic weather station (WXT510, Vaisala,
predicted to come from within 100 m of the mast and 80 % Finland) at 10.6 m, also on the same mast. The field of view
of the source area lies within 700 m (using=0.5m and  of the downward-facing radiation sensors encompasses a
zd = 3.5m). Although the land cover fractions will vary for range of surfaces: gardens, roads, pavements, grass verges,
different flux footprints, even within the same wind sector, hedges and small trees, bare soil, gravel, roofs of garages,
there are clear differences between the higher vegetatiosmall sheds and single-storey extensions, and brick and
fraction (to the northeast) and more built-up areas (to thepainted walls. Following Schmid et al. (1991), 95 % of the
southwest). radiometer source area is calculated to lie within a radius
The land cover classification was based mainly on aof 44 m from the mast. At the same site, there is a tipping
geodatabase (OS MasterMap 20%@rown Copyright),  bucket rain gauge (0.2 mm tip, Casella CEL, Bedford, UK)
with a spatial resolution of 1m, in combination with and a digital camera (CC5MPX, Campbell Scientific Ltd,
lidar data Plnfoterra Ltd, 2007) and aerial photography Loughborough, UK) which provides a visual indication of
(®GeoPerspectives, 2009). To determine the locations ofonditions within the garden (changing phenology, snow
trees not specifically classified by the database, vegetatedover). Soil moisture (CS616, Campbell Scientific Ltd)
areas with an obstacle height greater than 3.5 m were defineaind soil temperature (model 107, Campbell Scientific Ltd)
as trees. For the wind sector 120-1%0large proportion of  sensors were installed around the base of the mast, measuring
vegetation is shown in Fig. 2, which is partly attributable to different surfaces within the garden. Soils are mainly
the corner of the large grassed area in this sector (Fig. 1bglayey loams with some sandier areas. A wetness sensor
that has since been built on (under development in Fig. 1a)(model 237, Campbell Scientific Ltd) positioned in a nearby
Hence, the land cover fractions for 120-15@re least flowerbed provides an indication of whether the surface is
representative of the current land cover and overestimatevet or dry. Soil heat flux plates (HFPO1, Hukseflux) were
the contribution from vegetation. Aside from this change, installed within the garden; data used heg@g] are from
the classification scheme and aerial photograph are judgedandy soil at a depth of 0.03 m. No adjustment was made for
to be good representations of the surface cover during théeat storage in the soil layer above the plate.
measurement period (based on observations when visiting The raw flux data were logged at 20Hz (CR3000,
the site). To establish the composition of gardens (classifiedCampbell Scientific Ltd) and post-processed to 30min
only as multiple surfaces by the database), 96 randomlystatistics. Meteorological data are available at a resolution of
selected gardens were subdivided into different surface covet min (CR1000, Campbell Scientific Ltd), although 30 min
types by visual inspection of aerial photography. Then theblock averages are presented here to match the eddy
average surface cover percentages obtained were used ¢tmvariance output. Data transfer via a wireless router (Sierra
apportion the area of “garden” into grass, trees, paved, bar®aven XE, Sierra Wireless, USA) enables daily collection
soil, etc. Although significant variation was seen betweenand real-time monitoring of instrumentation. Flux data were
gardens, the sample was judged to be sufficiently largeprocessed using EddyPro Advanced (v3.0.0beta, LI-COR)
for clear trends to emerge (running means approachedollowing standard procedures, including despiking of raw
constant values) and consistent results were obtained for theata, correction for angle of attack, time-lag compensation
identification of trees using lidar data. by seeking maximum covariance, double coordinate rotation,
correction of sonic temperature for humidity, high- and
low-frequency spectral corrections (Moncrieff et al., 1997)
3 Instrumental setup, data collection and data and the density corrections of Webb et al. (1980). No
processing adjustment was made to account for instrument surface
heating of the open-path IRGA; however, the relatively mild
Eddy covariance measurements were made on a pneumati¢K climate means this effect is not expected to be significant
mast at 12.5m above ground level (108 m above sea levelThomas et al., 2011). Subsequent quality control programs
providing a measurement heighf,, of 2—3 times the height written in R (The R Foundation for Statistical Computing)
of the roughness elements. Fast-response temperature ardclude data collected at times of instrument malfunction
wind measurements from a sonic anemometer (R3, Gilland/or bad diagnostic values (LI-7500 output), when rain or
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moisture could adversely affect readings (particularly from4 Meteorological conditions during the study period
the IRGA), and if data fell outside physically reasonable
thresholds. Swindon generally experiences warm summers and cool
Data are analysed from installation on 9 May 2011 towet winters. Southern England is drier than the UK as a
30 April 2012 (so May 2011 data are not complete). Of whole — the Met Office normal annual rainfall for central
the potential 17 145 30min periods, 97 are missing dueand southeast England (1971-2000) is 780 mm. Recent
to power failure. After quality control 96 % oy, 74%  summers have been wet and cloudy, with more favourable
of Qg and 73% ofFc data are available for analysis. A weather in spring and/or autumn. The period May 2011 to
significant proportion of IRGA data loss was due to the high April 2012 followed this trend. Spring 2011 was warm and
frequency of wet instrument windows because of rainfall. sunny with less than a third of normal rainfall (50 mm in
No friction velocity screening was used here, bytvalues ~ March—May compared to the 1971-2000 normal 160 mm
<0.1m s1 were observed for less than 4 % of the dataset,(at nearby Met Office station at Lyneham)). Summer 2011
so the impact on the overall results is likely very small. was slightly cooler than normal with rain events occurring
Data failing the stationarity and developed turbulence tests ofis frequent showers rather than intense downpours. Autumn
Foken and Wichura (1996) were not excluded from analysiswas warm, with a warm and sunny spell from the end of
as other studies have shown that the integral turbulenc&eptember to early October (Fig. 3b). Slightly above normal
characteristics tests in particular may be too restrictive fortemperatures continued through winter; with heavy frost in
urban areas (Fortuniak et al., 2013). This decision has a smalate January and snow in February 2012 (the longest period
effect on the fluxes: the magnitude 6f; and Qg monthly ~ of snow cover was 2-3 days). February and March were
means would be increased by 0-3 W#if these values dry with warm sunny weather from the end of March to
were excluded. The biggest impact is on the friction velocity: early April, after which over three times the normal rain
the distribution is shifted to larger values (mean increases byell in Swindon (Fig. 3f) accompanied by low temperatures
0.03ms1), more so at night (mean increases by 0.05%)s  (Fig. 3b), and April 2012 became the wettest on UK records.
In the urban environment the available energy can beThe diurnal patterns of temperature, vapour pressure deficit
supplemented by heat released from anthropogenic activitie§/PD) and wind speed were typical, with the highest values
such as building heating, traffic and human metabolism.in the middle of the day and the expected inverse in relative
Although difficult to measure directly, the anthropogenic humidity (RH) (data not shown). The prevailing wind is from
heat flux can be estimated using statistical information andhe southwest quadrant (59 % of all data, Fig. 3e) and the next
inventories relevant to the study area (Sailor and Lu, 2004most common wind directions are from the northeast (16 %)
Bergeron and Strachan, 2010). The release of @Om and northwest (15 %).
the associated combustion processes can also be estimated
via the same method. Details of the methodology used for
Swindon are given in Appendix A. 5 Results and discussion
Given the complexities of direct measurements of the
storage heat flux (Offerle et al., 2005a; Roberts et al.,5.1 Energy balance
2006), two alternative methods are used hetgds is
estimated using the objective hysteresis model (OHM) ofThe net all-wave radiation provides energy to the surface that
Grimmond et al. (1991) (see Appendix B), and the residualcan be transformed into turbulent sensible or latent heat or
term (RES=0*+ QOr) — (QOn + Qg)) is calculated. Using stored in the urban fabric. For the data collected har@s
RES as an estimate of the storage flux assumes closure abnstitutes 19 % of dail@*, whilst Oy constitutes 45 % and
the energy balance at the time interval of estimation andQg 34 % in June 2011. The coloured bars in Fig. 4 represent
collects all the errors in the other terms. The lack of energymonthly averages calculated using all available data, whereas
balance closure in other environments is well documented the unfilled bars indicate times when data for all energy
measurement under-closure of 10-20 % is common (Wilsorfluxes are available concurrently. The main restriction is the
et al., 2002). This has been partially attributed to ignoringavailability of Qg so this flux does not change, but average
heat storage, especially in forests (Leuning et al., 2012), a®* and Qy both increase if the averages are calculated
well as to underestimation @ and Qg by eddy covariance for times when all energy fluxes are available, i.e. mainly
measurements (Wilson et al., 2002; Foken, 2008). Thus, iexcluding times during and following rainfall when there
RES is used as a proxy for storage it should be taken asre noQg data. Data availability had the biggest impact in
an upper limit (Coutts et al., 2007b; Bergeron and StrachanApril 2012, when frequent rainfall significantly reduced the
2010). number of Qg data points.
Q* is the largest flux except for November to January
(Fig. 4), when solar radiative input is at a minimum. The peak
in median diurnalp* is about 470 W m? in June compared
to 80 W n12 in December (Fig. 5a). Warmer surfaces create
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at night (around 15 % of all data) when the latent heat flux
is directed towards the surface, i.e. dewfall. Generglly,

ﬁ\ j\/\ JK\ JV\ J\\ SO NEALE AN remains close to and slightly above zero during nighttime
I T T T T
May Jun Jul Aug Sep Oct

Flux [Wm 3
5 o
[

o
]

I R (mean 5.7 Wm?2, median 3.4 W m?), as also documented
o Nov Dee m P in other suburban studies (Grimmond and Oke, 1995;
Balogun et al., 2009). Average nighttime values are largest
Fig. 6. Mean diurnal cycles of building energy usg), vehicle  qyring winter, peaking in November—December, and are also
emission Qv) and human metabolism) contributions to tofal ¢, jite high in July. However, given the small size of the signal,
]?Onrtzreczgi‘ljg)egE:;ﬁgf:ﬁ)ﬁc'ztg :::;:#3% F;iréor%iﬁ';;e;mp\?sgg'sXA the relative uncertainty in these data can be significant: the
' ' majority of nighttime values lie betweenl5 and 15 W m?,
similar in size to the uncertainty (the larger of 15 %@# or
15W m 2, according to Mauder et al., 2006).

Physically, the net storage heat flux is expected to be The diurnal course of the sensible heat flux changes
positive during summer and negative during winter so thatconsiderably with season, from being large and positive
annually there is minimal net gain or release of energy by theduring daytime and small and negative at night (May to
surface (Grimmond et al., 1991). The soil heat flgx5( is August), to remaining below zero (around25W m2)
one component of the storage flux measured in this study. land only reaching positive values for a few hours around
shows the expected behaviour at daily and annual timescalesyidday (December) (Fig. 5b). Such negatig values are
whereas RES remains positive all year round (Fig. 4). Theseen when the fraction of built-up area is small, but these
residual data are biased to when all observed variables arebservations are rare in the literature. Rather, the focus has
available and most notably by the absence of data durindbeen either for warm periods or more heavily urbanised
and immediately following precipitation. It seems unlikely areas, where there is a larger anthropogenic energy input
that this is the sole explanation here, although Kawai andand release of energy from storage (Nemitz et al., 2002;
Kanda (2010) observed enhanced release of stored energy @iferle et al., 2005a; Loridan and Grimmond, 2012). Recent
rainy days. In the summertime RES behaves like the storageesults from a suburban site in Oberhausen, Germany, show
flux, rising rapidly in the morning withQ* and being of  similar wintertime behaviour to that observed in Swindon
similar magnitude to other studies. The residual has beerfGoldbach and Kuttler, 2013), supporting the idea that the
used as an estimate of storage for several suburban locatiorsensible heat flux becomes more negative in winter and at
in the USA (Grimmond and Oke, 1995; Balogun et al., night with decreasing building density.

2009). In winter, however, RES is considerably larger than Of particular interest is the changing relation betwégpn

A Qs during daytime and less negative at night (Fig. 5d), and Qg (i.e. the Bowen ratio8). In summer, when solar
resulting in a daily total RES that remains positive in winter radiation provides energy for warming the atmosphere and
in contrast toA Qs and Qg. The use of OHM to estimate evaporation, the turbulent heat fluxes are largest with more
A Qs in Vancouver by Grimmond (1992) also suggested noenergy directed into heating the air than evaporation (June
significant annual gain in energy by the surface and a nemedian diurnal peaks at 189 and 121 Wanrespectively,
release of stored heat over 24 h in winter. However, accordingyiving a Bowen ratio of 1.6). BothQy and Qg decrease

to Fig. 5d, OHM suggests a large release of stored energyhrough autumn into winte) e remains positive and begins
during winter which does not appear as outgoing radiationto dominate the increasingly negatiggy so that in autumn
Oy or Qg and so is not physically justified. Whilst the energy and winter more energy is partitioned in2e than Oy and
balance closure is close to 100 % in summer, it is over-close@ drops below 1. This demonstrates an important difference
by about 20 % in winter. Thah Qs changes sign at similar in behaviour to the bulk of studies of suburban environments
times to Q¢ gives some support to the OHM estimates, butand is discussed in more detail in Sect. 5.2.

there is also a clear decrease in the magnitude of nocturnal

Qg from summer through to winter which is not replicated 5.2 Controls on evaporation

by OHM. This is mainly due to the negativg term in the

A Qs estimation (see Appendix B) which seems to be tooFor urban areas with similar vegetation fractions, the
large during winter, although studies are limited. Clearly, literature suggests typical midday or daytime Bowen ratios of
there is a need for more winter-based evaluations of OHM1-1.5 (Grimmond and Oke, 1995; Loridan and Grimmond,
(Best and Grimmond, 2013) and for more wintertime field 2012). This is indeed matched quite well during summer
campaigns to improve estimatesADs. 2011 in Swindon. However, middayt(2 h) Bowen ratio

Of the turbulent heat fluxeg)y is largest in May, whilst  values range from above 2.0 in spring to close to 0.5 in
Qg peaks in June along wit@* (Fig. 4). During the winter,  winter with a minimum of 0.05 in December wheh, is at
when Q* is negative so isQH, whereas mean dailye a minimum (Fig. 7a). The range in daytim& ( > 5Wm2)
remains clearly positive throughout the year. The exceptiorBowen ratios is greater and, as a result of the negative

o
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In (b) the median daytime Bowen ratios for each day are shown (coloured squares).

sensible heat flux except during the middle of the ghis observed Bowen ratios were lower during summer 2012 than
negative November—January, dropping0.6 in December. 2011 (closer to 1 than 1.5).
Nocturnal Bowen ratios are lower and more variable but Observed Qg can be compared to the equilibrium
follow a similar monthly pattern to the daytime values. They evaporation, Qgq (Slatyer and Mcllroy, 1961) for urban
are often negative becaugg; <0Wm 2, areas:

Rainfall was frequent in the second half of 2011 (Sect. 4). s .
The longest dry periods were in mid-May 2011, following a ¢Ea= m(Q +OF—AQs), )
very dry spring, and at the end of March 2012. The highest
midday Bowen ratios occurred during the driest conditionswhere s is the slope of the saturation vapour pressure-
(May 2011, end of July and mid-October 2011, March temperature curve angt is the psychrometric constant.
2012, Fig. 7a) with frequent individual 30-mjhvalues> 4.  Qkq is the energy limited but water unlimited evaporation
Fig. 7b shows spring 2012 in more detail. February 2012rate for the ambient conditions. Note that since th@s
was drier than normal, and in March less than one third ofterm is calculated here using OHM, it is also a function
the average rainfall was recorded (Sect. 4). The Bowen rati®f Q*. If instead the residual is used, then the bracketed
is seen to respond to the availability of water on a daily term reduces to the sum of the turbulent fluxgs;(+ Qg).
timescale, ramping up from 1 following rainfall to>4 as ~ The ratio Qe/Qgq is the Priestley—Taylor aridity parameter
the surface dries out. Although the wind direction changes(«pt). For saturated surfaces (abundant moistupg)= 1.26
during this period, expected trends with vegetation fractionand represents potential evaporation (Priestley and Taylor,
seem to be overridden by the limited availability of water — 1972). Urban values afpr are considerably lower, e.g. 0.51
i.e. water supply is more important than surface cover in thisin humid Miami (Newton et al., 2007) and between 0.5
case. After heavy rain on 3 April, median daytighes mostly ~ for well-irrigated suburban areas (Sacramento, California;
between 0 and 2 for the rest of the month, with a decreasing-hicago, lllinois) and 0.1 for unusually dry conditions
trend overall as extended rains provide abundant surfac# Vancouver during an irrigation ban (Grimmond and
water and replenish soil moisture (not shown). Although notOke, 1999c). For Swindon in March—April 2012pt1 =
shown here, the remainder of 2012 was very wet and soi0.52. The low rainfall in early spring and increasingly dry

moisture remained high in contrast to 2011. As a result,conditions resulted in a marked reductionvgr, from 0.56
at 12—-24 h after rainfall to 0.28 during the longest dry period
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Fig. 8. Measured evaporation (30 min) against equilibrium evapo-
ration for contrasting water availability in March and April 2012, Fig. 9. Monthly median diurnal cycles (lines) and interquartile
coloured according to time since rainfall. The slopes give the valueranges (shading) @&) the aridity parametetpT; (b) Bowen ratio,

of apT: 1.26, i.e. potential evaporation (dashed line), 1.00 (solid B; (c) stability parameter;; (d) wind speed//; (e) aerodynamic
black line) and decreasingpt with increasing time since rain  registancer,; and (f) surface conductances, for all conditions.
(coloured, inset). See text for methods.

10-16 days after rain (Fig. 8). Despite the uncertainties inremained negative throughout the afternoon (betwe8a
the energy balance terms, in particulaQs, the observed and —1Wm~2). These sudden large water vapour fluxes
trend remains when the available energy is increased oare an important part of the urban water budget, but are
decreased (adjustiyQs by + 10 % spreads thept values  problematic to measure with open-path gas analysers (as
by +0.03). For this periodQg demonstrates a clear and instrument windows may remain wet for as long as the urban
strong response to surface moisture availability, even withsurface) and difficult to quantify through simple models.
source areas sometimes from the more treed sectors. There is also a considerable proportion of nighttime data
The measured suburban evaporation is well below thewhenQg > Qgq with small positive or negative values even
equilibrium value, implying that there is some control due when water is limited (i.e. many days after rain). This may
to limited water supply even a few hours after rainfall result from inaccuracies in the nighttime storage heat flux.
(e.g. ap7=0.76 for 2-12h, Fig. 8). This conforms to Uncertainties are likely to be small fo@* (<5%, e.g.
expectations given the enhanced proportion of imperviousBlonquist Jr. et al., 2009) but appreciable for obserggd
surfaces, smaller vegetation fraction and reduced wate(Sect. 5.1), and at these timegr is the ratio of two small
storage compared to most natural environments. Howevemumbers. Note, however, that exclusion of the nighttime data
directly following rainfall, measuredQg is significantly  does not significantly change the regression slopes.
greater thanQgq (points > 1:1 line in Fig. 8). For these Despite clear trends in Fig. 8 there is considerable scatter.
instancesQg is larger than would be expected given the Crudely accounting for a measure of water availability and
available energy and likely represents rapid evaporation fromapplying this available energy-based estimation captures
rainfall that has either been intercepted by vegetation orsome of the trends i@g, but it does not accurately represent
buildings, or reached impervious road surfaces, that mayts variability. Also, in Fig. 9a, the lack of a diurnal trend
be enhanced by micro-scale advection. Particularly if ain apt suggests a significant dependence on the energy
warm, dry, impervious surface is suddenly wetted, energy isavailable and supports the suggestion that the general model
primarily directed into evaporation andg can exceed)* of Qg responding toQ* + O — AQs is well replicated
via a negativaQy as heat is supplied from the surroundings. across the daily timescale. Other relevant controls depend
For example, following a rain shower at 12:00UTC on 5 on the timescale of interest, e.g. water availability through
June 20118 dropped from around 1.5 te-0.5 and Oy soil moisture usually changes over days to weeks, whereas

www.atmos-chem-phys.net/13/4645/2013/ Atmos. Chem. Phys., 13, 4654 2013



4654 H. C. Ward et al.: Multi-season eddy covariance observations

radiative forcing can change over minutes when cloud covewvapour (subscriptv) (van Ulden and Holtslag, 1985;

is patchy. The peaks iapt towards the end of the day HOgstbm, 1988). Here, the right-hand form of Eq. (4) is
result from Qgq values passing through zero, and there used with the EC measureg. Following J&rvi et al. (2011),

is considerable variability associated with small fluxes atthe roughness length for water vapour was estimated using
transition times and at night. After the very dry start to (Brutsaert, 1982)

April 2012, the month as a whole was very wet (Sect. 4)

aqd produced a rglatively large value af_:_T (0.6—0.7) 200 = Z0m exp[z_a<u*zom)o.25]’ 5)
(Fig. 9a). Evaporation was closest to equilibrium rates in v

November—December 2011, when there was fairly frequent, . ) . L
sometimes heavy, rain and minimum solar energy input Stherev is the molecular viscosity of air, with the surface-

that surfaces remained wet for much of the time. Due tod€Pendent coefficient calculated using the parameterisation

the increased difficulties of estimatingQs at this time, we ~ Sud9ested by Kawai et al. (2009) for vegetated cities,

suspect that the “truedpt may be larger than shown here.
The seasonal variability aPg in relation to the available

energy pr) differs from the relation t@y (6). The Bowen Aerodynamic resistances describe the impedance of
ratio has_a cle_ar d_|urnal cycle throughout the_: year (E|g. gb)scalars (momentum, heat, water vapour) to transfer by
and, again, nighttime results are highly variable being they,j,jence. Maximumra occurs when conditions are calm
ratio of small numbers (with appreciable uncertainties: theand mechanical turbulence is weak (wind speeds close
uncertainty onQy being the larger of 10% or 10 WTH, to zero). Calculatingy from Eq. (4) enables the surface

Mauder et al., 2006). Negatiye values for much of winter resistance to be estimated from observet and B
daytime reflects the tendency f@y <O0Wm2 (Fig. 5) (Monteith, 1965):
all ’ '

and prevailing stable or near-neutral conditions. The sm
values of the stability parameter,= (zm — zd)/Lob (Lob s pcpVPD
is the Obukhov length), even during spring and summer,’s= ;ﬁ_l> ’3+W- )
appear perhaps surprising at first (Fig. 9c). However, they are
consistent with other studies (Weber and Kordowski, 2010)The resultings values are effectively a measurement of the
and are likely further suppressed by the wet conditions forsurface resistance obtained by inversion of Eq. (3). For wet
this dataset; outside summer, dry March 2012 was fairlysurfacesrs approaches zero an@g is determined by the
unstable. A combination of lower suburb@y than city  energy available. For dry conditiong comprises the mix
centres (less heavily urbanised, more vegetation), but ofteiof surface controls affectin@e and is a complex function
similar displacement heights, means that sububaan be  of meteorological conditions and surface characteristics (e.g.
low compared to both more urbanised and rural sites. This isncoming radiation, air temperature, humidity, wind speed,
exemplified by three sites along an urbanisation gradient irsoil moisture, leaf area indexati et al., 2011), analogous
Montreal, Canada (Bergeron and Strachan, 2010). to the bulk canopy resistance in forests made up of leaf
The Penman—Monteith equation allows the calculation ofstomatal resistance and contributions from the understory.
the latent heat flux by incorporating the resistance of theSince rs encompasses the range of controls determining
surface (Monteith, 1965) and can therefore be applied inthe transport of water vapour between the surface and
cases where water is not freely available. Grimmond andatmosphere, it would be highly desirable to be able to

a=(1.2-0.929%9). (6)

Oke (1991) modified the equation for urban areas: correctly parameterise this variable. Resistance can also be
expressed as its reciprocal the surface conductagice,
O o — s(Q* + QF — AQs) + pcpVPD/ra - rs_lf_ p
) s+y+rs/ra) ’ Patterns inrs are not always followed by those iy,

indicating that the surface resistance cannot be explained
of air, VPD the vapour pressure defioit, the aerodynamic by aerodynamic con_trols alqne_. _The a(_arodynamic resistance
resistance ands the surface resistance. The aerodynamicShows remarkably little variability during daytime and all

resistance in Eq. (3) should be that for heat and water vapoufonths exhibit a clear diurnal cycle of minimum resistance
(assumed equal) and can be calculated via (Grimmond anl! the middle of the day (Fig. 9e). Except during winter the

where p is the density of air¢p the specific heat capacity

Oke, 1991) daily cycle is smooth and fairly symmetrical. In contrast,
’ the diurnal cycle ofgs is highly asymmetrical: surface
[m(%)_w] [m(%)_%] [W%)_%] conductance is usually highest in_the morning and then

ra= 27 = o . (4 reduces through the afternoon until close to zero at night

(Fig. 9f), which emerges from the combined shape of
wherex, is von Karman’s constant (0.4)/ the horizontal  Qg/VPD on a daily timescale. Nighttime conductances are
wind speed,u, the friction velocity andW are stability  significantly larger during winter than other seasons (around
functions for momentum (subscript) or heat and water 3mms ! compared to almost zero) when the surface often
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Fig. 10.Median diurnal cycles (lines) and interquartile ranges (shadin(g)datent heat flux angb) surface conductance for selected days
with heavy dewfall (23-26, 30 March 2012) and little or no dewfall (22, 27—-29, 31 March 2012, 1-2 April 2012). Valiges 40 mm st
or gs <—10mms 1 have been excluded.

remains wet, the anthropogenic energy input is greatest anthought to be overestimated in Fig. 11a due to the limitations
nocturnal wind speeds are high (Fig. 9d). Uncertainty inof the OHM estimation ofAQs. For all seasons there is
the roughness length for momentum has a sizable effect oan appreciable difference between wet and dry conditions,
ra, but the impact orgs is small: increasingg,, by 0.5m  with the most marked contrast in spring 2012, when rainfall
increases the median valuerghby 1.8 snT! and the average  patterns were extreme (Sect. 4).
difference is 6 %; the median value gf is unchanged and Differences in synoptic conditions, particularly cloud
the average difference is 2 %. cover andQ*, lead to differences in the potential evaporation
During morning hours the behaviour gf differs for days  rates between wetness subsets: daily potential evaporation is
with and without dewfall (days with dew were identified by larger for dry conditions than wet conditions, yet observed
the surface wetness sensor and IRGA diagnostics, Fig. 10daily evaporation totals are smaller for dry conditions than
Negative Qg during nighttimes with dew results in negative wet conditions. In winter the potential evaporation is similar
surface conductances. Whilste measurements are scarce between subsets, at 0.87 mmdayand 0.89 mm day* for
when heavy dew settles on and is evaporated from thevet and dry conditions, respectively, whereas the observed
IRGA windows, the data remaining after quality control (i.e. evaporation was 0.53 mm da¥ (61 %) and 0.33 mm day
when moisture is not present on the instrument windows bu{38 %), respectively. As expected, the greatest contrast is
likely remains over the surroundings) indicate larger surfaceseen in March—April 2012, when observed evaporation
conductances in the early morning compared to days withreached 71 % of potential for wet conditions and 28 % for
little or no dewfall. By the afternoon, the course gf is dry conditions. The largest mean daily evaporation rates
similar for dew and non-dew days. Note that irrigation of were observed for summer (1.89 and 1.39 mntd§yas also
gardens in Swindon is expected to be minimal, particularlypredicted by the potential rates (3.10 and 3.33 mnTday
overnight, unlike in many of the North American studies.  for both wet and dry conditions. On the whole, the potential
The dataset is divided into broad categories by seasomvaporation shows the same seasonal trends as, but is much
(summer (MJJA), autumn (SON), winter (DJF) and spring larger than, the observations and also the ratio of observed
(MA)) and approximate wetness regimes (wet (1 to 6hto potential evaporation varies considerably with season and
after rain), partially wet (6 h to 2 days after rain) and dry surface conditions. This supports earlier findings thatis
(= 2 days since rain)). The large®2g values occur in  dynamic (Figs. 8 and 9a). In addition, Fig. 11b shows the
spring and summer (Fig. 11a), when the leaf area indexdependence of the Bowen ratio on moisture availability for
increases, vegetation actively transpires and solar radiatioall seasons.
is large (Sect. 5.1). Potential evaporation rates are rarely The surface conductance is significantly higher shortly
reached during the day, even for wet conditions, althoughafter rainfall, when surfaces are likely to be wet, but Fig. 11c
by selecting data between 1 and 6 h after rain, some of thesuggests that setting to 0 during these times may be too
highest evaporation rates immediately following rainfall have extreme. Median values @k reach about 17-20 mm$ in
been excluded (these can be highly variable and confusspring and summer and 12—15 mrs$n autumn and winter
underlying trends). The wintertime potential evaporation isfor data 1-6 h after rain. For dry conditions the peak of
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(> 2 days since rain).

the diurnal cycle is around 5mms5 (Fig. 11c). Although  above suburban areas are the net result of these surface
peak values are similar across all seasons (6—9ninfis controls.

all conditions) the shape of the diurnal pattern varies. Some There is a striking contrast between daytime Gtake
monthly variability seen in Fig. 9f is averaged out acrossin summer and release in winter (Fig. 12). Summertime
the seasons, such as the contrast in peak values betweeptake by vegetation is largest in the middle of the day
March and April 2012, whilst other trends remain visible, (—5umolnT2s™1) and total Fc exhibits strong correlation

for example higher nighttime conductance in winter. Underwith photosynthetically active radiation (PAR, estimated as
wet conditionsQe andgs are highly variable and show sharp a proportion of K| following Papaioannou et al. (1993),
changes from hour to hour, in contrast to the fairly smoothFig. 13). Results are similar to those of Crawford et
behaviour, particularly during daytime, when the surface isal. (2011) (see their Fig. 6): for high PAR values (around

dry. 1500 pmol m2s~1) the rate of uptake decreases, probably
limited by stomatal closure and light saturation; for low
5.3 Carbon flux PAR values the increase in uptake is more linear than the

natural ecosystem comparisons. The Swindon fluxes are

There are often distinct sources and sinks ob@@h strong more positive (a Iarger source, smaller sink) .thgn the natu_ral
temporal signatures. Examples include natural processe?cos.ystem comparisons when reduced to S|m|lar.vegetat|on
such as seasonal and diurnal patterns of, @Ptake by raction, demonstratmg_ the |mpact of anthropogenic sources.
plants and C@release through respiration, as well as humanCompared to the Baltlmore S'te“.( =067) (C“?‘Wf‘”d et
drivers that include emissions from traffic, heating, industryal" 2011) the _Swmdor! upt_ake IS Iower_. _Swmdon _has a
or landfill sites. Carbon fluxes measured by eddy covariance\gm‘eIIIer vegetative fraction, increased building density and
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likely heavier traffic load closer to the measurement site
(the crossroads to the southwest of the mast is probably th€ebruary; these are likely from central heating. February
busiest junction within the study area). The Swindon datawas the coldest month with a mean temperature 0f@.2
also show a weaker response to increasing PAR. and two snowy periods (5 February and 10-12 February).
The Swindon site is a net source of carbon dioxide in all Other suburban studies have shown similar patterns (Coutts
seasons despite uptake during daytime in the summer. Thet al., 2007a), in contrast to more heavily urbanised sites
mean daily carbon release ranges from 0.56 g€ day ! in where winter time fluxes are considerably higher than in
July to 9.5 g C m2day 1 in December (averages of monthly summer for all hours of the day and throughout the night
mean diurnal cycles). The vegetative draw-down is not large(Liu et al., 2012; Song and Wang, 2012). This is generally
enough to compensate for the emissions on a daily basis b result of heating a greater density of buildings and heavier
does go some way to offsetting the human impact. traffic loads, and may also be due to some 24 h industrial
Photosynthetic activity begins early in the year, with the contributions.
diurnal cycle exhibiting midday uptake in March (Fig. 12).  The rise in carbon emissions from summer to winter
The proportion of evergreen trees around the measuremetiltustrates the increasing seasonal impact of anthropogenic
tower is small, so this is most likely due to grass growth activity. Coupled with vegetation being largely dormant
in early spring, occurring before leaf-out of deciduous during winter, a shift is seen in the drivers of the diurfgl
trees (Peters et al.,, 2011). Warmer temperatures in theycle. The main controls change from photosynthetic uptake
urban environment can also encourage early onset of the related to PAR, vegetation fraction and water availability,
growing season compared to rural areas (Zhang et alto human behaviour — the demand for building heating and
2004). These factors give urban vegetation an advantaggaffic signals that are no longer masked by uptake (Fig. 12).
in its effectiveness at helping to offset carbon emissions To quantitatively examine the impact of anthropogenic
compared to agriculture, for example, where crops may beactivities, the release of Gdrom the combustion of fossil
sown later in the year and harvested early, leaving bare soifuels for heating or transport and from human exhalation is
for many weeks whilst the urban vegetation continues toestimated following a similar method @ (Appendix A).
photosynthesise, providing there is adequate water availablerhe emissions from transport are a major source and a direct
From late summer and through autumn, the;@Gxes are  human impact on the atmosphere (Fig. 14). Two prominent
larger at all times of day, except early morning hours whenpeaks are visible for the winter months and, although
the flux remains fairly constant across the seasons at arounstrongest in winter, elevated G@uxes can be identified in
3pumol nT2s~1. Anthropogenic activity is minimal for these August during these morning and evening peaks of activity
nighttime hours, photosynthesis nil, and the observed fluxegFig. 12). As with Qr these correspond to the daily pattern
can be attributed to respiration (soil, plant and human) withof human behaviour in residential areas, i.e. rush-hour
a probable slight contribution from emissions due to heatingperiods, when roads are busiest, times of building and
industrial activities and occasional traffic. A small increasehot water heating demand (combustion of fossil fuels) and
in nighttime CQ emissions is seen during December and maximal metabolic release from respiration when residents
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Fig. 14.Diurnal cycle of measured (median: solid lines, interquartile range: shaded) and modelled anthropogenic (mean: dashed lines) carbon
fluxes, including components from human metabolism (M), gas usage in buildings (B) and vehicle emissions (V). Uptake by vegetation is
modelled for a mixed deciduous forest (Schmid et al., 2000) and temperate grassland (Flanagan et al., 2002) ecosystem scaled by the
vegetation fraction for Swindoga). Weekdays are shown for June 2Qia) and weekdays and weekends for December ZB1&).

are at home before and after work. With the addition of National Atmospheric Emissions Inventdr{NAEI), our
increased emissions from building heating in winter, thesevalues for vehicle emissions are larger (approximately
anthropogenic peaks in the diurnal cycle are considerablelouble). However, our values for the whole of Swindon
(> 10pmolm2s-1 for 5 months of the year). Consistent match NAEI estimates more closely (10 % underestimation),
with other studies, the morning peak is sharpest, with theindicating our assumption of equal traffic distribution over all
widely spread evening peak reflecting the end of the schootoads within the Borough of Swindon is a weakness. Human
day, variable length of workdays and contributions from respiration is only really a significant contribution at night
heating and cooking which occur throughout the evening.(alongside soil and plant respiration). Nighttime measured
The peak morning flux is also likely enhanced as,CO F¢ is larger than the anthropogenic estimates in summer
stored overnight is flushed out by growth of the boundarybut about the same in winter (Fig. 14), which could be
layer (Coultts et al., 2007a). At night the shallower boundaryattributed to increased soil and plant respiration with warmer
layer restricts the dispersion of GQcausing an increase in temperatures.
concentration. In the morning, as the boundary layer grows
again with the increase in vertical mixing, an enhanced flux5.4 Influence of surface cover on fluxes
may be observed as G@& transported away from the surface
(Reid and Steyn, 1997). The highest vegetation fraction is found to the north of the
In winter the morning and evening peaks are considerablymast, particularly directly northeast where there are mature
larger on weekdays compared to weekends, when hom#ees and lush gardens (Fig. 1). In contrast, the busy road,
heating (and probably leisure travel) contributes to Iargerhighel’ built fraction and increased impervious surfaces lie
positive fluxes during the middle of the day (Fig. 14b, c). to the southwest (Fig. 2). The sector 210-24tas the
Summertime Fc is slightly more positive on weekdays greatest difference between anthropogenic (0.60) and natural
compared to weekends, which is most noticeable duringsurface coveriy is 0.35). When analysed by wind direction,
the morning (not shown). Differences between weekdaysummer daytime is negative except for the most-built-up
and weekend human behaviour are incorporated into théectors: the 0-90sector with large lush gardens, quieter
model and agreement with observed fluxes is best on wintefoads and a nature reserve beyond shows strong uptake
weekdays, but for both types of day the midday modelled(Fig. 15a). Similarly, when the daytime latent heat flux
fluxes are larger than the observations. This may be thdés normalised by downwelling radiation)( = K + L)
small uptake by evergreen vegetation and grass that i& greater proportion of the incoming radiation is used in
unaccounted for, or more likely a misrepresentation of dailyevaporation (just above 10 %) for the most-vegetated sectors
patterns in traffic or building emissions. An overestimated (Av > 0.45) and slightly less for the least-vegetated sectors
traffic contribution seems likely, especially in the middle (v = 0.35-0.40, about 6-8 %) (Fig. 16a).
of the day, as when compared with estimates from the

2http://naei.defra.gov.uk

Atmos. Chem. Phys., 13, 4645666 2013 www.atmos-chem-phys.net/13/4645/2013/


http://naei.defra.gov.uk

H. C. Ward et al.: Multi-season eddy covariance observations 4659

Fc [ umol m2s ]

Fc [ pmol m2s™ ]

Fc [ umol m2s’ 1

o o o o o o o o o o o o
) © o} I} 0 © N < ~ o @ ©
I - -~ - o~ N o o 9] ®

(=} o} [} | \ h h |
%} © o o [ o o o o o o
> I 0 © N < ~ =} @
= -~ -~ (9] (o} (9] (] [s2]

Wind Sector [°]

Fig. 15.Monthly boxplots of daytimeK | >5W m—z) carbon fluxes by wind direction fqa) summer(b) autumn—winter andc) spring.
Boxes have a minimum of 20 samples.

In autumn, with reduced photosynthesis and increasedeflects the significant proportion of vegetation in the study
anthropogenic emissions (Sect. 5.8y, increases across all area as a whole.
wind sectors (Fig. 15b). The largest wintertimig release Previous studies have demonstrated clear links between
is from the sectors with the greatest proportion of buildingssurface cover and flux partitioning (Grimmond and Oke,
(180-240). Trends in the latent heat flux are less clear, but2002; Christen and Vogt, 2004; Offerle et al., 2006;
as the incoming radiation diminishes much is returned asGoldbach and Kuttler, 2013). For the analysis presented here,
outgoing radiation and a smaller fraction @f, is converted  no detailed footprint model has been applied; nevertheless,
to turbulent or storage fluxes during winter (Loridan and categorising the data by wind sector broadly supports
Grimmond, 2012). In autumn there is still quite higk/Q | these results. In heterogeneous environments it is important
for the 90-180 sector, and also lowFc, which could be to consider the EC measurement bias introduced by the
due to photosynthesis more likely from grass than deciduousvind direction distribution during the study period. For
trees (Peters et al., 2011) and evaporation from wet surfacesxample, in Helsinki variable wind direction explains a 16 %
or moist soils. difference between annual carbon budgets due to source area

In spring (Figs. 15c and 16c), spatial patterns similar characteristics @rvi et al., 2012).
to the summer emerge as plants become active again. In Swindon the predominant wind direction is from the
Anthropogenic CQ@ emissions reduce as temperaturessouthwest (Fig. 3e); therefore, the dataset is expected to be
increase and daytime averagE: is negative for the biased towards high GOfluxes, relative to the study area
more vegetated sectors as photosynthetic uptake begires a whole. Some months have few data from particular
(March and April, 0-90) and transpiration contributes to wind directions (e.g. 0—90in May and December). From
the total suburban evaporation. As leaves emerge duringhe observations, Swindon is an annual source of,®ath
March—April, these trends of falling’c and risingQe/Q, a net release of 1.6 kg CTAyr—1. By considering monthly
are seen fairly consistently across all wind sectors, whichmean diurnal cycles for different wind sectors, the annual
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Fig. 16.As for Fig. 15 but forQg normalised by incoming radiation.

flux from the least vegetated quadrant with the busiest roadé Conclusions

(180-270) is estimated at 2.0 kg CTdyr—1, compared to

1.4kgCnr2yr~1 for the 270-360 quadrant. These values The first UK suburban measurements of energy, water and
are considerably lower than other UK studies: both Londoncarbon fluxes are presented for a residential area in the
and Edinburgh emit around 10 kg Cyr—! (Nemitz etal.,  town of Swindon for 12 months. The eddy covariance and
2002; Helfter et al., 2011), but comparable to other suburbarmeteorological data give comparable results to studies in
studies worldwide, such as in Melbourne (Coutts et al.,similar environments: the storage flux is a major component
2007a), Helsinki @rvi et al., 2012) and Montreal (Bergeron of the energy balance all year round, the anthropogenic heat
and Strachan, 2011) where emissions are 2.32, 1.76 anfiux is small but important wherQ* is small, and more
1.36kg CnT2yr—1, respectively. energy is directed int@y than Qg during summer (Fig. 4).

In the same way, the total evaporation measured byin winter there are negativey values (Fig. 5) that can be
the EC system will be affected by the wind direction explained by the suburban nature of the site with relatively
distribution since vegetated areas promote evaporationow building density, smallQr and relatively smallA Qs
through transpiration, access to deep water reserves angrms compared to sites that are more built-up — and more
evaporation from soil, whilst impermeable surfaces can havérequently studied.
very high evaporation rates for a short time immediately A specific aim of this work was to identify the controls
following rainfall. These large latent heat fluxes immediately on evaporation within the suburban environment. Results
after rain (as well as evaporation of intercepted rainfall show that the latent heat flux remains positive all year
over all surface types) are usually not captured by theround, so under limited radiative input, energy is diverted to
IRGA, therefore, the annual evaporation is likely to be anevaporation at the expense 6fy. This results in an annual
underestimate. From the measurements, annual evaporati@gycle of the Bowen ratio that reaches a minimum of close
is estimated to be 370 mm, compared to 650 mm of rainfallto zero in December (Fig. 7a). At this time daily (24 h)
for the 12 months May 2011—April 2012. On and Qg have opposite signs (Fig. 4). Negatigg, is
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also observed during summer daytimes shortly after rainfall particularly on lesser studied conditions — winter months and
when evaporation can exceed potential rates. Nightiime nighttimes — demanding multi-seasonal observations such
exhibits a similar seasonal trend but is lower. At the otheras the Swindon dataset presented here. From the analysis
extreme, high values oB (>4) are seen in both spring discussed above, the change in response of surface fluxes
2011 and 2012, when water is scarce (Fig. 7). Significanto moisture availability and seasonal controls, as well as to
deviations from the typicaB of 1-1.5 expected given the the variability in land cover characteristics, warrants further
vegetation fraction occur outside of summer and on dailyresearch.
timescales in response to water availability (Sect. 5.2).

To further investigate controls on evaporation, surface
conductances were calculated using measured variables Hyppendix A
season and by time since rainfall. These empirically derived
conductances may be useful for assessing or improvind=stimating the direct anthropogenic contributions of
model values, e.g. to capture variability in time and acrossenergy, water and carbon
different surface conditions. The diurnal cycle of the ) )
observedgs is asymmetrical, particularly outside of winter, 1€ energy balance of urban environments can include
being usually highest in the morning and declining through® Non-negligible addition of energy as a direct result of
the afternoon until close to zero at night (Fig. 9). This pattern@nthropogenic activities such as building or water heating,
results from the combined course GE/VPD over the day. electricity use, transport a_m_d_ human metabolism. The _heat
An early morning peak is seen as dew evaporates, and theeleased during these activities boosts the energy available

times of dewfall itself are represented by negative values offfom solar input) for turbulent fluxes or storage. In addition
gs as O is directed towards the surface (Fig. 10). Nocturnal to heat release, cgmpustlon processes and human respiration
gsis larger when water is abundant and wind speeds are higrProduce carbon dioxide and water vapour; hence, the carbon
Generally, gs follows a smooth diurnal course; however, and water cycl_es also have pllrect anthropogenlg_lnputs which
when the surface is wet, values are larger and more errati@'® Not found in natural environments. The additional energy
(Fig. 11). After several days without rain, impervious surface SUPPlied via human activities is represented in the energy
materials limit evaporation compared to the pervious andP@lance byQr, the anthropogenic heat flux, consisting of
vegetated areas. Hence, the energy partitioning is stronglgentributions from vehicular transpor@(), the energy used
dependent on land cover fractions (Sect. 5.4). The activé" Puildings ©g) and human metabolismO{u) (Sailor and
vegetation index proposed by Loridan and Grimmond (2012)'-”* 2004):

to characterise urban surfaces in terms of energy exchange

accounts for some seasonal variability through changing leaflF = Qv + B+ Owm.
area (as opposed to a fixed vegetation fraction), but doe
not currently parameterise water availability. However, the

(A1)

Fhe aim here is a first-order estimate to gauge the

results presented here suggest linking water availability t robable magnitude of these terms for Swindon using

. . K national statistics available at a range of spatial and
surface cover and state of vegetation could offer improved . ; o
. L temporal resolutions. Sub-daily and monthly variations
accuracy for modelling the energy partitioning.

. : T - are of interest for comparison with multi-seasonal eddy
Analysis by wind direction reveals the significance of . . .
g . . ovariance observations. At the spatial scale and coarseness
vegetation and traffic on carbon emissions. The annual ne o S
. . . 1 of our Qf estimation, it did not make sense to attempt to

carbon release for residential Swindon (1.6 kg Cyr—1) ; : . .
) . . ) N calculate differences with land cover (e.g. building density,
is consistent with other studies of similar source area

characteristics and is considerably lower than other Uerrcentage of road) for different wind sectors around the

. . . . flux mast. However, it should be kept in mind that, to a
city-based observations. In Swindon, vegetation clearly helps . . X
o . . certain extent, the EC fluxes will reflect the variable source
to offset emissions, aided by extended growing seasons . . :
. ; . . . ‘area measured. Daylight saving was accounted for in the
(Fig. 12). Vehicle emissions and photosynthetic activity following calculations
are responsible for the difference between overall daytime 9 '
uptake and release for different wind sectors around the flux, 4 Vehicular emissions

mast. However, even in summer when the diurnal trend is

dominated by photosynthesis, daily fluxes (24 h) indicateThe total distance travelled by motor vehicles for each local
CO;, release. Comparison of the modelled anthropogenicyythority in the UK (Department for Transpdir{DfT)) was
CO; release with the measured fluxes demonstrates th@eighted by the area of road in the study area, assuming
impact of human activities. In December, when vegetationthe weight of traffic is equal across all roads as in Ichinose
is dormant, the combination of traffic peaks and building et a1, (1999). This resulted in 122 million vehicle knmyy

emissions match the observed fluxes fairly well (Fig. 14).  which when divided by the representative area and converted
Key questions remain if we are to better understand

the complex urban environment. Future work should focus 3 http://www.dft.gov.uk/statistics/series/traffic
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from years to seconds gives the average vehicle km per uni®.3 % of the UK’s total electricity and gas use was consumed
area per second. Multiplying by emission factors for the by Swindon Borough, of which about 85% was used by
amount of energy, C®and water vapour released per km Swindon Town. These proportions are assumed to remain
travelled yieldedQy, the contribution of traffic toFc and  similar for 2011-2012 to obtain quarterly and monthly
the anthropogenic water vapour flux from traffic. Emission energy use. C®and water vapour release were estimated
factors from the Department of Energy and Climate Ch&nge based on consumption of natural gas (Moriwaki and Kanda,
(DECC) and Moriwaki and Kanda (2004) of 0.2069 kgkin ~ 2004). Other energy sources (e.g. burning of biomass, coal,
and 0.0990 kg km?, with a mean fuel economy of 8.5km oil) were neglected. The sub-daily variation was modelled
L~ (Sailor and Lu, 2004), were used for g@nd HO, using Hamilton et al. (2009), linearly interpolated to 30 min
respectively. FoQy a mean energy release of 3.97 MJ#m  profiles.

from Sailor and Lu (2004) has been used. No adjustment

for fleet composition or variable fuel economy was madea3 Human metabolism

as no data specific to Swindon were available. Temporal

changes were modelled using typical daily (Monday—Friday,Nighttime and daytime population densities from the 2001
Saturday, Sunday) and monthly profiles from the Nationalcensus were used to estimate heat and gas emissions from
Travel Survey 2019 (DfT). human metabolism. For the study area the population has
not changed significantly«{1.5 %) between 2001 and 2010
(Office for National Statisti, although the population of
Swindon Town has grown significantly-(14 %) as devel-
opment has rapidly progressed to the north and west. Fol-
lowing Bergeron and Strachan (2010), nighttime population
1. All energy released from fuel consumption or electricity densities were used for weekday nighttimes (18:00-06:00),
use in buildings is eventually dissipated as heat. weekends and holidays; lower daytime population densities
were used for weekdays when residents would be at work
2. No allowance is made for time lags between energy(08:00-16:00); and linear interpolation filled the transition
consumption and release to the surroundings. times. The daytime (175W persoh 08:00-21:00 on
) ) ) ) _ weekdays, 09:00-21:00 on weekends/holidays), nighttime
3. Only domestic energy use is considered as reS|dent|a{75W person, 23:00-06:00 on weekdays, 23:00-07:00 on
areas are judged to be the predominant land use. Thergeekends/holidays) and transition period (125 W perdon
are a few institutional buildings (mainly schools) and peqyeen times) heat released depending on activity is based
small supermarkets plus a row of shops to the southwesg, sjlor and Lu (2004). Figures for G@nd water vapour
(Fig. 1). Domestic energy use data are probably anygjease are adjusted for day, night and transition times
underestimate and may misrepresent the daily anct280, 120 and 200 umol GOs~! persortd: 31.5, 13.5 and
seasqnal patterns (non-domestic energy use typica”SQZ.SWpersonl) based on Moriwaki and Kanda (2004).
remains high throughout the workday and decreasegompining the population densities with the per capita
in the evening, see Hamilton et al. (2009), and showsgmissions yielded fluxes of anthropogenic heat,»G@d
less variation across seasons) — but the prevalence qftant heat due to human metabolism.

residential buildings means the likely impact is small. These estimates do not account for details such as

4. Whilst the dissipation of heat from electricity used in r_e3|dents on holiday, mght _sh|fts, more or less active
the home but generated at out of town power pIantSI|festyles, or people travelling into the area for education, to

will result in additional heating that contributes to the work or shop. However, many of these contributing factors

observations, the emissions from these power plants déend tp tcom_pen('jsatte. T|r|1e Tethod(;)l_ogy COU'S be relfm_etd b%/
not contribute to C@ measured at the flux tower. more Intensive data collection and increased complexity o

models, as has been trialled in other studies: Nemitz et
Annual domestic electricity and gas consumption statisticsal. (2002) obtained hourly gas supply data for Edinburgh;
were available up to 2009 for different areas within Swindon, detailed traffic monitoring was available in London (Helfter
whilst consumption in 2011-2012 was available quarterly€tal., 2011). For suburban areas an order of magnitude figure
for gas and monthly for electricity for the UK (DECC). may be sufficient to demonstrate th@t is a relatively small
The latter provides more information on temporal changescontribution to the overall energy balance; improving the
which can be determined, for example, by the weather (mildaccuracy of C@ emission estimates might be more relevant.

winter in 2011) and cost of fuel. In 2009, approximately The water vapour released through anthopogenic activities
was found to be a negligible component of the talel as

A2 Building energy use

To estimate the outputs of energy use in buildings the
following assumptions were made:

4http://www.decc.gov.uk
Shttp:/Avww.dft.gov.uk/statistics/releases/
national-travel-survey-2010 6http://www.statistics.gov.uk/hub/population
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shown in other studies (Moriwaki and Kanda, 2004), exceptAcknowledgementsiVe wish to thank the owners of the Swindon
near cooling towers (Moriwaki et al., 2008). property who very kindly agreed to have the flux mast installed
in their garden. We appreciate the constructive comments of both
anonymous reviewers. This work was funded by the Natural
Appendix B Environment Research Council, UK.

Net storage heat flux estimation Edited by: J. Rinne

The net storage heat flux, a significant term in the urban
energy balance, is difficult to measure directly. As shown

!n Fig. 4, the reSId.uaI term can k?e very large and WaSAIIen, L., Lindberg, F., and Grimmond, C. S. B.: Global to city
]u(.jged a poor estimate of the likely sto_rage flux .for. scale urban anthropogenic heat flux: Model and variability, Int.
thls dataset. Se.VGra! heat ﬂUX plates were I.nSta.”ed W!thln J. Climatol., 31, 1990_20050'101002“00221-(2011
different materials in Swindon (under soil, vegetation apnandakumar, K.: A study on the partition of net radiation into heat
and rubble, between a roof and roof lining) to give a fluxes on adry asphalt surface, Atmos. Environ., 33, 3911-3918,
gualitative indication of the different behaviour between the  1999.
multiple material types that make up the urban fabric. TheArnfield, A. J.: Two decades of urban climate research: A review
practicalities of obtaining sufficient spatial representation of turbulence, exchanges of energy and water, and the urban heat
and the assumptions required to use such measurements toisland, Int. J. Climatol., 23, 1-2@l0i:10.1002/joc.8532003.
determine a representative storage term demand a differef@ogun. A.. Adegoke, J., Vez'happaramb”' S., Mauder, M.,
approach. To avoid these issues we estimate the storage McFadden, J., and Gallo, K. Surfgce energy balance mea-
. L . surements above an exurban residential neighbourhood of
heat flux using the objective hysteresis model (OHM)

. Kansas City, Missouri, Bound.-Layer Meteorol., 133, 299-321,
of Grimmond et al. (1991). The method uses Camuffo doi:10.100;//510546-009-9421-21)3/9.

and Bernardi's (1982) hysteresis regression approach W'“Balogun,A.,Tomlin,A.,Wood, C., Barlow, J., Belcher, S., Smalley,

net all-wave radiation and a rate-of-change term for the R Lingard,J., Arold, S., Dobre, A., Robins, A., Martin, D., and

hysteresis betweer* and AQs. The coefficients are Shallcross, D.: In-street wind direction variability in the vicinity

applied objectively based on the different land cover types of a busy intersection in central London, Bound.-Layer Meteo-

weighted by their relative proportions of the surface. Thus, rol., 136, 489-513(0i:10.1007/s10546-010-9515-3010.

the storage flux is estimated from (Grimmond et al., 1991) Bergeron, O. and Strachan, I. B.: Wintertime radiation and energy
budget along an urbanization gradient in Montreal, Canada, Int.

AQs= Z {a1; O +az (0Q*/dt) +azi} fi, (B1) J. Climatol., 32, 137-152]0i:10.1002/joc.22462010.

; Bergeron, O. and Strachan, |. B.: @@ources and sinks in urban

and suburban areas of a northern mid-latitude city, Atmos.

wherer is time anduy 2 3 are coefficients for each land cover  Environ., 45, 1564-1573, 2011.

type, i, covering an area fractiofi. For Swindon the plan Best, M. J. and Grimmond, C. S. B.. Analysis of the sea-

area fractions (Table 1) were used. Coefficients used were sonal cycle within the first international urban land-surface

taken from Table 1 of Grimmond et al. (1991), using an quel comparison, Bound. Layer Meteorol., 146, 421-446,

average of the values given for each land cover type, asphalt doi:10.1007/510546-012-9769-2013.

for roads and bare soil for surfaces classified as “Other”.Blonauist Jr, J. M., Tanner, B. D., and Bugbee, B.. Evaluation
of measurement accuracy and comparison of two new and

The resulting coefficients obtained for Swindon ¢ 0.39, three traditional net radiometers, Agric. For. Meteorol., 149,
az = 0.35, a3 = —27.0) are comparable to those at Sunset, 1709_1721d0i:10.1016/j.agrformet.2009.05.012009.

Vancouver. Brutsaert, W.: Evaporation into the atmosphere: Theory, history, and
These coefficients were used all year round. Anandaku- applications, Kluwer Academic Publishers, 299 pp., 1982.

mar (1999) derived a set of coefficients for asphalt whichCamuffo, D. and Bernardi, A.: An observational study of heat
revealed seasonal variation, notably the large negative values fluxes and their relationships with net radiation, Bound.-Layer
of a3 found during summer became smaller and even positive Meteorol., 23, 359-36&]0i:10.1007/bf001211211982.
during winter. For the Swindon data, fitting Eq. (B1) to the Christen, A. and Vogt, R.. Energy and radiation balance of
soil heat flux O suggested similar seasonal variation of & central European city, Int. J. Climatol., 24, 1395-1421,
the coefficients, particularlys. Clearly, this topic warrants Coﬂ?é}l%l??/#?hcéli(r:ig?if urban areas on weather, Q. J. Roy
e esanc, A e I 0t e rODrion ro o 152 1280 0 12504 316005
Coutts, A. M., Beringer, J., and Tapper, N. J.: Characteristics
surfaces are wet compared to dry (Offerle et al., 2005b;

’ . . influencing the variability of urban Cofluxes in Melbourne,
Kawai and Kanda, 2010). Ideally, the estimation ADs Australia, Atmos. Environ., 41, 51-62, 2007a.

would inco_rporate changing seasonal and surface conditiongsoutts, A. M., Beringer, J., and Tapper, N. J.: Impact of increasing
but the variety of surface types and lack of long-term datasets urban density on local climate: Spatial and temporal variations
means this is beyond the scope of the present study. in the surface energy balance in Melbourne, Australia, J.
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