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Abstract. Eddy-covariance measurements of carbon dioxidesite; this also suggests that individual roughness elements did
fluxes were taken continuously between October 2006 andhot significantly affect the measurements due to the large ra-
May 2008 at 190 m height in central London (UK) to quan- tio of measurement height to mean building height.

tify emissions and study their controls. Inner London, with
a population of 8.2 million £5000 inhabitants per kf is
heavily built up with 8% vegetation cover within the cen-
tral boroughs. C@emissions were found to be mainly con-
trolled by fossil fuel combustion (e.g. traffic, commercialand |, recent years, monitoring of carbon dioxide (£Qex-
domestic heating). The measurement period allowed investiz a6 with natural and semi-natural environments has ben-
gation of both diurnal patterns and seasonal trends_. Diurnakfited from communication through international flux net-
averages of Cefluxes were found to be correlated with traf- works (FLUXNET and its regional components such as Car-
fic but also exhibited an inverse dependency on atmOSpheriBoEurope, AmeriFlux, AsiaFlux, etc.). Within some of these
stability in the near-neutral range, with higher fluxes coin- ¢, nities considerable effort has been made to standard-
ciding with unstable stratification during most seasons ano|Se measurement techniques and data processing methods
perhaps reflecting how changes in heating-related natural g ubinet et al., 2000: Foken et al., 2004: Moncrieff et al.,
consumption and, to a lesser extent, photosynthetic aCtiVit}?004). Databases with long-term micrometeorological data,
controlled the seasonal variability. Despite measurement$, oo+ ‘and trace gas fluxes for sites on five continents have
being taken at ca. 22 times the mean building height, COUpaen set up. These span latitudes frorh 3@o 70 N and

pling with street level was adequate, especially during day-gncompass boreal, temperate and tropical forests, wetlands,
time. Night-time saw a higher occurrence of stable or neu-c, s and tundra vegetation types (Baldocchi et al., 2001). In
tral stratification, especially in autumn and winter, which re- contrast, relatively few measurements of 3&change have
sulted in data loss in post-processing and caused the tower {0, performed in urban environments, where over 50% of
become decoupled from street level. £ixes observed at b \orid's population are estimated to live (United Nations,
night were not always correlated with traffic counts, probably2007)1, and the majority of studies were conducted in tem-

reflecting this decoupling, but also the fact that at night heat-perate areas of the Northern hemisphere, e.g. Basel, Switzer-

in_g was always a larger source than traffic. _No significant|and (Vogt et al., 2006); Chicago, USA (Grimmond et al.,
difference was found between the annual estimate of net ex2002); Edinburgh, UK (Nemitz et al., 2002): Tokyo, Japan
change of CQ for the expected measurement footprint and (Moriwaki and Kanda, 2004), as compiled in the database
the values derived from the National Atmospheric Emissions

. i o of the International Association for Urban Climate Al-
Inventory (NAEL), with daytime fluxes differing by only 3%. 4,91 these studies vary in length, all found that the ur-

This agreement with NAEI data also supported the use of theban environment was a net source of CCBummer fluxes
simple flux footprint model which was applied to the London ;. Tokyo were comparable to those measured in Chicago

1 Introduction

http:/funstats.un.org/unsd/demographic/products/dyb/dyb2.
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and approximately half of mean Basel values. Values ob-2 Methods

served in central Edinburgh were the largest of all (e.g. four

times Chicago values and twicg Basel valugs) reflecting the, 4 Measurement environment and instrumentation
strength of CQ sources found in the footprint of the very

central measurement location. Seasonal variations are impor-

tant as demonstrated for example in Tokyo, where wintertimeFluxes of CQ and KO were measured continuously in
fluxes were more than twice their summertime counterpartgentral London from October 2006 until May 2008 from a
due to changes in the demand for fossil fuels for domesticl90 m telecommunication tower (BT Tower; ®1'17.4'N
and commercial heating as well as photosynthetic activity.0°820.04’W). Mean building height is 8.8 3.0m within
Despite a recent surge in publications pertaining to emissiond—10 km of the tower and 5 1.8 m for suburban London
from urban environments, data remains sparse compared teeyond this (Evans, 2009; Wood et al., 2010a). Three sites
the natural environment. deviating substantially from the mean building height were

As a consequence of this data shortage, while large anidentified within the 1-10 km region:
thropogenic point sources are relatively-well characterised,
emissions from diffuse area sources and their variability in — The Regent's Park, a 197ha green space located
space and time are less-well represented in bottom-up emis- €& 1km north-west of the tower;
sions inventories. As many countries are pledging large per- )
centage cuts in greenhouse gas emissions, the monitoring of — Hyde Park, a 142 ha park whose north-east corner lies
trace gas emissions through flux measurements at the urban €. 1.5km south-west from the tower;
neighbourhood or local scale becomes an attractive and im-
portant approach to evaluating the success in reaching emis- — ¢anary Wharf (8—10km east-south-east of the tower),
sion targets and to identify potential underestimated sources. ~ Where a large number of London’s tallest building are

Published urban C®exchange studies vary in length, found (the tallest three buildings are 200, 200, 235 m).
from a few weeks (Velasco et al., 2005) to several months ~ Building heights in this area range from 37 mto ca. 69 m
(Vesala et al., 2008) to a few years (Soegaard and Moller-  (Evans, 2009).

Jensen, 2003; Coutts et al., 2007; Crawford et al., 2011). i ) o
Whilst a rather diverse range of urban environments (e.g. inl N€ conurbation of Greater London, with 12.3 million inhab-
terms of mean building height, vegetation cover) has beer|@Nts, extends at least 20 km into all directions. _
investigated, measurement heights were overall of the order The eddy-covariance system consisted of an ultrasonic
of 2-3 times mean building height, i.e. near the minimum @nemometer (R3-50 Gill Instruments, Lymington, UK) op-
threshold above which eddy-covariance measurements caffated at 20Hz and a LI-COR 6262 infrared gas analyser
be considered to be representative of the local scale (Grim{/RGA; LI-COR, Lincoln, NE, USA) fitted with an in-house
mond and Oke, 1999). auto-calibration system. Zero and g€pan calibration us-

In this study, we examine the dynamics of £@missions ing a 404 ppm standard were scheduled to occur every 72.5 h,
above central London (UK) based on eddy-covariance mea@dradually spreading th_e as_sociated loss in measurement over
surements taken atop a 190 m telecommunication tower. Thée full 24 h cycle. Calibration pressure, which was adjusted
instruments were located at ca. 22 times the mean building© as to match sampling pressure as closely as possible, was
height €n) (Wood et al., 2009, 2010a), i.e. ca. 4-5 times recorded alon_g with all relevant calibration _parametersz(CO
larger than the ratios reported for most urban sites in the [it-2nd FO readings on zero, GOspan value) in order to cor-
erature, and took place between October 2006 and May 2008€ct the CQ and RO concentrations ([C§&} and [H;0])

Of the different pollutants, emissions of G@re proba-  during post-processing. A custom National Instruments Lab-
bly best understood, because emissions are directly linked tyi€W program was used to log wind and trace gas concentra-
fuel use, rather than combustion conditions and evaporatioion data and to trigger auto-calibration events.
sources (as it is the case, e.g. for £N,0O, CO, VOCs and Air was sampled 0.3 m below the sensor head of the ul-
aerosols) (Allan et al., 2010; Langford et al., 2010). The trasonic anemometer - which was itself mounted on a 3m
aim of the present study was to determine the drivers of CO mast to the top of a 15 m lattice tower situated on the roof of
emissions on both a diurnal and a seasonal basis and evdhe tower (instrument head at 190 m above street level) —and
uate the suitability of the measurement site for the purposéulled down 45m of 12.7 mm (172 OD Teflon tubing.
of establishing robust urban budgets of £&nhd, by exten- In addition, meteorological variables (temperature, rela-
sion, other pollutants. Fluxes of CO,30VOCs, aerosol tive humidity, pressure, precipitation, wind speed and di-
number and aerosol chemical species measured at the sarrgction) were also measured with a multi-sensor (Weather
site during two intensive observation periods (October 2006Transmitter WXT510, Vaisala).
and October/November 2007) are presented elsewhere (Mar- The traffic-activity data used in this paper were measured
tin et al., 2009; Langford et al., 2010; Nemitz et al., 2010; at the Marylebone Road traffic census site, one of the busi-
Phillips et al., 2010). est urban arteries in Europe, 1.5 km west of the BT tower;
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this data was compared to traffic counts from four Trans-whereo; is the standard deviation of quantity u, is the

port for London (TfL) 2 sites located in central London locally-derived friction velocityC; (j =1,2,3) are param-

(Fig. S1, Supplement). eters obtained by fitting to the entire dataset (cf. Sect. 3.2

below) and the atmospheric stability parametgrig:

2.2 Flux calculations, quality assurance and filtering tm—d
®)

Local fluxes ¢y) of trace gag, calculated offline by a sec- L

ond custom LabView program use the core eddy-covariancéiere zm is the measurement height (190 mi)js the zero-

=

equation: plane displacement length (431.9 m within 10 km of the
tower; (Wood et al.,, 2010a) and is the locally-derived
Fg=w'x, Q) Obukhov length.

Data were rejected due to insufficient turbulence (13%),

Equation (1) is the covariance between the deviation fromnon-stationarity (6%) and non-fulfilment of the ITC criterion
their respective means of the vertical wind velocity compo- (2%). Combined with downtime of the measurement system,
nent () and of the trace gas concentratigrgX. The 30-min  this left 54% of data coverage, equating to ca. 9500 measure-
flux calculations used the time -lag corrected and despikednent points in 2007.
time series and two-dimensional co-ordinate rotation. In line
with other urban flux measurement, no corrections were ap2.3 Comparison of emissions estimates with NAEI
plied for storage and advection in relating this local flux to
the surface flux. The official UK National Atmospheric Emissions Inventory

Processed data were filtered using a three-step quality a§NAEI)* provided annual C@emissions estimates for 2006

surance algorithm whereby data were deemed of satisfactorgt @ 1 kmx 1 km spatial resolution in central London (Bush
quality if: et al.,, 2008). The spatial inventory consisted of eleven

CO, emission categories, including emissions from indus-
1. The level of turbulence was sufficient, i.e. locally- trial/commercial electricity and gas consumption, domestic
derived friction velocityu, >0.2m s™1. electricity and gas consumption, diesel railways, agricul-
ture, domestic oil and fuel usage and road traffic. Emis-
2. The stationarity test described by Foken and Wichurasion sources and intensities for 2006 were assumed to also
(1996); Foken et al. (2004), which requires the flux be valid for 2007, for which spatially disaggregated emis-
for the complete averaging interval (here 30 min) to be sions were not yet available at the time this paper was writ-
within 30% of the fluxes calculated for the sub-intervals ten, and were consequently compared with emissions esti-
(6 x 5min), was satisfied. mates obtained by eddy-covariance measurements of CO
fluxes taken at the BT tower. Statistics of gas provision are
3. The outcome of the integral turbulence characteristicsavailable at London borough level, which vary in area. To
test (ITC; Foken and Wichura, 1996; Foken et al., 2004) compare activity figures with the measured fluxes, the NAEI
—which compares the turbulence statistics of wind com-emission information was used to estimate the flux that the
ponents, temperature or trace gas concentration to thatlAEI implies should have been measured on the tower. For
of modelled values for a given stability class — was a this it is necessary to estimate the contribution of the various
quality class of 3 at the very maximum (i.e. with a dis- boroughs to each 30-min flux measurements.
crepancy of 50% or less between model and measure- There are no operational footprint models for urban envi-
ment). ronments that fully account for topography and spatial vari-
ations in building height and surface heat flux. Here, as an
The ITC similarity relationships were determined forand approximation, the ana|ytica| footprint model proposed by
[CO] respectively under unstable atmospheric conditionskormann and Meixner (2001) was applied, which accounts

(-6.2<¢ <—0.05) using: for non-neutral stratification but assumes homogeneous sur-

oy faces. The aerodynamic roughness length for momentum

2 =11+ Gyl (2) (zo) was estimated to be 0.870.48 m in central London

Us (Padhra, 2009), with 1 m used in the present study.

oco, c Canary Wharf, which is home to some of the tallest build-
=C1(1+CslgD™? (3)  ings in London, has roughness length of the order of 2—

X 2.5m which differs from that in more (vertically) homoge-

_WCOT nous areas. No special treatment was however applied to Ca-

K = ————— (4)  nary Wharf as the wind occurrence from that sector was low

U (ca. 7% in 2007) as is its relative surface area. Furthermore,
3hitp://www.tfl.gov.uk/ 4http://www.naei.org.uk
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Wood et al. (2010a) show that the Tower Hamlets borough,order of 30 to 40trees hd, with most trees considered to
where Canary Wharf is located, does not contribute to fluxbe isolated rather than part of stands. For the estimation of
measurements on the BT tower during unstable conditions. the magnitude of atmospheric GQptake by trees (all bor-
The Kormann-Meixner (KM) model — which requires, oughs), net assimilation was assumed to be independent of
uy, L andzm — was used to estimate the flux footprint on a age and species; as an approximation, a benchmark value of
half-hourly basis. A software tool coded in Microsoft Excel 6 kg Ctreely~! (growing season), reported for a dominant
— described by Neftel et al. (2008) — which allows footprint beech specimen, was used (Lebaube et al., 2000). Net assim-
contributions to be mapped to user-defined spatial elementslation due to grassy areas (borough of Westminster only as
was used to determine the individual contributions of all 32 grass coverage for the entire footprint area was approximated
London boroughs to the total flux measured at the BT towerto the surface areas of Hyde Park and the Regent's Park,
Formally, the fluxF(0,0,zm) at measurement height, can  both located in Westminster) was estimated from light and
be expressed as (Kormann and Meixner, 2001): temperature response curves parameterised on the productiv-
ity of a managed grassland, dominated Lmlium perenne

T (ryegrass), near Edinburgh (UK, 58L.323N, 3°11.705 W,
F(0,0,zm) = / /F(x,y,0)¢(x,y,zm)dx dy (6)  data obtained from the Centre for Ecology and Hydrology,
—-00 0 Edinburgh station).

Here, the x-axis is aligned with the average horizontal wind

direction, y is the crosswind coordinate andx, y,zm) is 3 Results and discussion

the flux footprint (i.e. the flux portion originating from a

point source of strengti” located at {,y,0) and observed 3 1 | 04 atmospheric stability and footprint analysis
at (x,y,zm)). In practice, the integrals in Eq. (6) were re-

placed by a discrete sum due to the finite number of SOUrCes. | o year (1 January 2007 to 31 December 2007), 54%

(boroughs). of half-hourly averages of all observed and calculated quan-
N tities were available. This period was divided into four sea-

F(0,0,zm) = ZF,-qb,- @) sons (Table 1). Data coverage was high in winter and sum-
i=1 mer (76% and 84% respectively) whilst less than 50% of sea-

sonal data was available in spring and autumn (45% and 44%
of data available, respectively). Instrument downtime was

the main cause of missing data throughout the 2007 study
and since it occurred randomly, there is no reason to believe

with F; and¢; the emissions and flux footprint of borough
i, andN the total number of boroughs within the footprint
area. CQ emissions per boroughry) were obtained from
the NAEI data (contributions from commercial and domes'.that diurnal trends discussed in this paper were biased to-

tic electricity consumption were subtracted since the assOCIy, - 4e davtime or niaht ime regimes. The impact on seasonal
ated CQ emissions occur at the power plant) whilst borough Y 9 g ’ P

contributions to the flux footprintg() were calculated on a ittr(\a/\r/];sstﬁeht? ;Vf;?o?a?rfegfc',%uslt(;oe?:3vr:|z'ezsnpter ;Ir?s”i)t/i ;r;cs o
half-hourly basis by the KM Excel tool. For the purpose of

. : : tween regimes of vegetative dormancy and high natural gas
comparing eddy-covariance measurements with NAEI data . ) -
o : temand towards heightened vegetative activity and reduced
only half-hourly averaging intervals for which at least 99%

. Lo . needs for domestic and commercial heating) that were the
of the flux footprint lay within the boroughs were considered )
: . ) most affected. It was therefore assumed that the available
here. Diurnal trends were super-imposed onto, @is-

sions from natural gas usage and traffic, whilst other sourcesc,j ata was representative of the whole season in each case.
9 Y ' Dominant south-westerly winds accounted for 46% of the

of CO; considered by the NAE| were assumed to have COMannual wind occurrence and over 60% in both winter and

stant emission rates. Further details about the methodologgummer time periods. The North-West quadrant had the sec-
are provided in Sect. 2.2 of the Supplement. . . o
ond largest frequency in spring and autumn. The footprint is
sensitive to atmospheric stability. As expected, unstable pe-
2.4 Estimation of CO, uptake by photosynthetic riods were longer and more frequent in spring and summer
activity due to thermal mixing (Fig. 1). Unstable conditions occurred
frequently during night-time and in winter when the average
Net ecosystem exchange (NEE) was estimated from tree prasensible heat flux was positive. Stable conditions were most
ductivity and grassland light-response data with a view tocommon in autumn, presumably when the available energy
evaluate the fluxes obtained by eddy-covariance. Accordingfrom net radiation and anthropogenic heat output) was at
to a report released by the Mayor of London in March 2005its minimum. On individual days in autumn and winter the
(Mayor of London, 2005), 95% of trees in central London sensible heat fluxes remained negative. However simultane-
are broadleaved species ranging from 25 to 300 years in ag®us sensible heat flux measurements at a rooftop site at the
Within the tower footprint, average tree densities are of theWestminster Council building, 2.1 km west of the BT tower,
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Table 1. Median seasonal daytime (09:00-18:00) stability and fetch parametgxgdistance from the measurement point contributing the

most to the observed flux) andg (distance from the measurement point where 90% of the cumulative flux is realigeg)andxgg were

obtained from the Kormann-Meixner model for each 30 min stability value. Seasonal data coverage is given both in relative (percentage of
available data points) and absolute terms (number of available half-hourly data points).

Definition  Data Daytime xmax[km]  xgg[km]
coverage stability
Winter Dec-Feb  63% (2722) -0.2 17 13.9
Spring Mar-May 42% (1855) —-0.4 1.3 10
Summer Jun-Aug  72% (3180) -—-0.8 1 6.9
Autumn  Sep—Nov  41% (1791) -0.2 1.7 13.9
Stability parameter

Spring P e 8 Ee5 3y
®w < < ¢ 60 6 ¢ o
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|
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=
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|
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Time of day [hour]

< O ] S

Xmax [km]

Fig. 1. Frequency distributions of unstable & —0.05), near- Fig. 2. Frequency distribution of the KM footprint calculated max-
neutral (-0.05< ¢ < 0.32) and stable { > 0.32) stability condi-  Imum contribution ¢max) to the measured C&Xlux —in 2007, as
tions at the measurement height by time of day and se@avin- a function of atmospheric stability for 30 min periodsnbx and¢

ter (b) spring(c) summer(d) autumn (see Table 1 for definitions). ~ values denote the beginning of each interval).

observed > 0.1 for only 3% of the half-hour periods and the (Pased on 90% of the total flux), centred on the BT tower; the

sensible heat fluxes were found to be almost always positiv€0rresponding range is ca. 40 to 182km under stable strati-
(Wood et al., 2010b). fication (Q05> ¢ > 6) and ca. 32 km for near-neutral condi-

The footprint of the two sites is obviously different and tions. The boroughs contributing the most to the flux mea-
the BT tower measurement will be more affected by the ur-Suréd at the BT tower were located in the south-west quad-
ban parks, but the observation of stable stratification at thé@nt (Fig. 3). The central borough of Westminster, which
tower height also points to the presence of an inversion layerStrétches ca. 3—4 km from the tower mainly in the south-west
during which the tower height is above the layer connectediu@drant, contributed 65.1% averaged over the whole year
to the urban surface below, consistent with investigation ofWith & maximum of 82.8% reached in summer (daytime val-
the vertical boundary layer structure during the REPARTEE-U€S — 09:00-18:00). This is consistent with increased occur-
Il campaign (Barlow et al., 2010). In these conditions, the F€NCes of unstable atmospheric conditions during the warmer
use of the measured stability may still underestimate theSUmmer months and the associated contraction of the flux
footprint. Using the local stability on the BT tower, the footprint. For the quantitative comparison between measured
KM footprint model predicts that the distance from the BT fluxes with NAEI predictions, the footprint model was ap-
tower contributing the maximum to the measured trace gad!ied to daytime periods (09:00-18:00) dominated by unsta-
flux (xmax) peaked at 1600 m and 3000 m under unstable andple stratification for which it was implicitly assumed that the
stable atmospheric stratification, respectively (Fig. 2). Un-tower was connected to the surface_. This is consistent with
der unstable atmospheric stratificationf(< ¢ < —0.05), the study of Wood et al. (2010a) which shows that the tower
sources contributing to GOfluxes measured atop the BT is indeed coupled to the surface under both neutral and un-
tower were contained within ca. 2 to 22km radius circles Stable stratification.

www.atmos-chem-phys.net/11/1913/2011/ Atmos. Chem. Phys., 11,1928-2011



1918 C. Helfter et al.: Controls of carbon dioxide concentrations and fluxes above central London

Winter Spring  Winter o +
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5 — |- — Fit summer
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— — Vesala (Helsinki, urban)
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Fig. 4. Normalised standard deviation (£) w and(b) [CO5], as
a function of seasonal stability « 0, unstable; NB: the absolute
value oft is used in the graph). The fit obtained by Wood (Wood et
al., 2010a) using 2007/2008 tower data (Fig. 4a only) and regression
results for two land-use classes (urban and vegetation) in Helsinki
(Vesala et al., 2008) are also plotted.

Gy lus

Winter

Spring

[ <1%
B 15%
[ 5-10%
[ 10-25%

B 2550 % Coefficients ofo,,/u, for 2007 were comparable with
o those derived by Wood et al. (2010a) for the 2007/08 data
measured at the tower adt] values were also in agreement

Summer Autumn
% with a Helsinki site (Vesala et al., 2008). Values for param-

eterC1 have been reported to decrease with increasing sur-
(b)

face roughness (Roth and Oke, 1995; Vesala et al., 2008). In
2007, theCq coefficient was largest in winter, followed by
autumn, spring and summer; this is consistent with seasonal
S0km changes in mean atmospheric stability (Table 1) as larger
i o ) ) flux footprints in autumn and winter probably entrain resi-
Fig. 3. Seasonal distributions during 2007 of the flux _footprmt of dential and peripheral areas with more homogeneous rough-
the BT Tower over Greater London. The tower footprint was cal- ness values than in central London. Value€efin London

culated on a half-hourly basis using the Kormann-Meixner model.Were found to be significantly lower than in Helsinki for both
Seasonal averages were derived fréem all available data, and 9 y

(b) daytime (09:00-18:00) data only. The colour scale reflects the®w/ andoco,/ x« (Table 3). Furthermore, the best-fit lines

contribution of individual boroughs to the total flux footprint. Maps fOr bothay, /u. andoco, / x« lie below the parameterisations
generated from 1 kfgrid data (as used by the NAEI). for the urban and vegetation land-use types at the Helsinki

site and exhibit a weaker dependence on stability. Wood et
al. (2010a) also noted that the parameterisations of the nor-
3.2 Surface and turbulence characteristics malised standard deviations of the wind velocity components
resembled more those found in the rural surface layer than
Building heights, and consequently roughness length, exabove cities, which could be an effect of the high measure-
hibit a heterogeneous distribution in the circular central areanent height.
stretching approximately 5 km from the tower (Evans, 2009).
Beyond this circle, building heights become more homoge-3.3 Concentrations
neous towards residential areas. Stability and hence flux
footprint exhibited seasonal variations in 2007 (Table 1); tur-The range of C@ concentrations observed is comparable
bulence characteristics based on relationships between noywith data in the literature for other urban areas, although
malised wind and [Cg] standard deviations and stability pa- no other measurements have been taken at similarly large a
rameter {) — Egs. (2) and (3) — were evaluated. They pre- z.,/zy ratio (zm/zH &~ 22, compared to buildings within 1—
sented some seasonal variability (Fig. 4a and b) which wag 0 km from the BT tower site; Wood et al., 2010a). Carbon
not deemed to be statistically significant due to the relativelydioxide concentrations measured at the BT tower were in the
large spread across all datasets. range 370 ppm to 397 ppm for the period October 2006 to
December 2007, with peak values in February and minimum
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3
80x10" ~}—— Traffic Marylebone Rd

= = T T L, Table 2. Average daily traffic counts at Marylebone road and four

3 60| 8 Traffio T35 0 & Transport for London (TfL, with permission) sites in March, June

% [ A e i s 3 and October 2007.

5 40 - g

€ . 6 5

‘ 20 : 4 3 Unit: number of vehicles March  June October

g . - 3

- 0 0 Marylebone Road 76955 76201 76465

= oo . TfL 20 (Camden) 49384 50141 18357

% 400 == Imperial College TfL 21 (Kensington & Chelsea) 57815 52564 29497

H TfL 35 (Westminster) 29809 30721 15367

H 39": TfL 48 (Camden) 14438 14422 14248
fFIsddddddedddgdyd
T FFEE TSI 3.3.1 Seasonal variability

Fig. 5. (a) Traffic counts at Marylebone Road and four Transport ) o )
for London (TfL) census sites, and temperature measured at the BR0ad traffic, whose emissions were estimated to account for
Tower in 2007;(b) comparison of mean monthly GQroncentra-  33% of the annual C®emissions from the borough of West-
tions measured at the BT Tower and a tower site at Imperial Col-minster in 2006 and 42% from all boroughs (NAEI, 2009),
lege London (at 87 m) (Fig. S1, Supplement) (Rigby et al., 2008).was fairly constant from February to July 2007 (Fig. 5).
BT Tower data for April and September 2007 were excluded sinceTraffic volume measured on Marylebone Road decreased
the temporal data coverage was less than 10%. by ca. 6% in December 2006, August—September 2007 and
December 2007, compared with all other months, but this

values in July and August (Fig. 5), based on 30-min averagesivas not unequivocally linked to changes in £@oncen-
This is consistent with the effect of the annual photosynthetictrations measured at the BT tower. Marked drops in traf-
uptake of vegetation, which provides a net sink for.d@® fic loads (Table 2) were recorded between June and October

summer and a net source in winter (Hall et al., 1975; Keelingat three out of four Transport for London (TfL) monitoring
etal., 1996; Buermann et al., 2007). sites (Fig. S1, Supplement). Whilst these sites were located
The BT tower data were compared to a second tall towerin the boroughs contributing the most to the flux footprint
site (87 m) at the Imperial College of London (Rigby et al., measured at the tower (Westminster, Camden and Kensing-
2008), located ca. 3.5 km south-west of the BT tower alongton & Chelsea), [C@] did not reflect these changes in traffic
the dominant wind direction (Fig. S1, Supplement). Theloads. This could suggest that traffic was not the foremost
CO, concentrations exhibited a similar trend, with a near- mechanism affecting seasonal variations in concentrations.
constant offset of 11.5ppm, except for a peak in Novem-Rigby et al. (2008), who studied GQnixing ratios atop a
ber 2006, which was observed solely at the Imperial Collegetall tower at the Imperial College in London (UK) between
tower. For this month the difference in the mean monthly August 2006 and June 2007 (Fig. 5b), report low concentra-
values is 23.5 ppm. Although a common calibration was nottions in summer — limited by traffic and biospheric uptake —
conducted, the increased concentration at the lower level igvhilst increased values in winter time are attributed to added
consistent with the expected concentration gradient above g@missions from natural gas burning. Furthermore, summer
city. Furthermore, the Imperial College tower measurementdime concentrations are lower than winter time ones across
could have been more influenced by nearby micro/local-scaléhe entire dominant stability range (Fig. 6a), which suggests
sources. Since vertical mixing is likely to be more efficient that dilution by entrainment does not control seasonal trends
during summer, the gradient would be expected to show a0 a great extent.
annual cycle, being largest in winter. However, this was not The extent of the apparent spatial heterogeneity of traffic
reflected in the measurements. Possibly, the measurement @ads could not be probed any further due to lack of detailed
the Imperial College site was already made above the stablgpatial data. However, Marylebone road provides excellent
boundary layer during winter inversion conditions. temporal resolution (continuous hourly data) for 2007. The
The common peak concentration in February 2007 coin-spatial data may be impacted by local activities (e.g. localised
cided with the coldest month of the 2006/2007 winter, which traffic disruptions to the traffic census sites Tfl 20, 21 and
is consistent with inverse correlation to mean air tempera-35 in October 2007), or the extension of the Congestion
tures. This suggests that commercial, industrial and residenCharge Zone (CCZ), implemented in February 2007, but the
tial fossil fuel consumption for heating purposes contribute tomagnitude of these impacts are unknown. However, diurnal
the seasonal trend of G@missions. The magnitude of this trends at the four TfL sites used in this study were strongly
contribution could not be separated from the natural photo-correlated with traffic counts observed at Marylebone Road
synthetic/respiration cycle. (R? ~0.8—0.9; data not shown) which supports the use of
the latter site as a proxy representative of central London.
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Fig. 6. (a) COy concentrations(b) CO; fluxes, (c) traffic counts as a function of atmospheric stability #dpCO, fluxes as a function of
traffic counts.

Table 3. Coefficients for normalised standard deviation of vertical Based on traffic figures anq the r_e_lat_lon betwe_:enQCO

wind velocity and C@ concentration (Egs. 2 and 3) by seasons concentrations and atmospheric stability it seems likely that

(2007, this study), 2007/2008 (Wood et al., 2010a) and for two land-temperature-dependent fluctuations in demand for natural

use classes (urban and vegetation) observed in a study in Helsinkgas combined with seasonal changes in biospheric uptake

Finland (Vesala et al., 2008). control the seasonal trends in atmospheric,@Oncentra-
tions.

o Cq Co C3

Winter 2007w 1.36 0.28 1/3
CO, 202 030 -1/3

w 131 044 1/3

CO, 212 054 -1/3 Diurnal courses of urban Concentrations ([Cg}) are af-
fected by temporal changes in boundary layer height, anthro-
pogenic emissions, biosphere exchange and vertical mixing.
The measurements have distinct hourly and diurnal spatial

3.3.2 Diurnal dynamics

Spring 2007

Summer 2007 w 1.24 0.66 1/3
CO, 200 066 -1/3

Autumn 2007w 133 038 173 patterns as illustrated in Fig. 7a—b in which concentrations
CO; 200 022 -1/3 are plotted as a function of wind direction, time of day (a)

London w 131 0.65 13 and day of the week (b). Increased concentrations were ob-

(2007/2008) served in the north-east and south-east quadrants in the lat-

ter part of the evening (20:00-00:00) (Fig. 7a), as well as

Urban w o L11618 13 during the night (00:00—08:00) in the north-east and north-
(Helsinki) CO, 536 006 —1/3 . ; .
west quadrants. These concentration build-ups are consis-
Vegetation w 1.42 1.68 1/3 tent with a reduction in mixing due to night-time boundary
(Helsinki) Co, 465 101 -1/3 layer shrinkage. The nocturnal build-up in the north-west

guadrant was accompanied by a marked daytime reduction
in concentrations~10:00-16:00). Because this wind sec-
tor has a large fractional vegetation cover, especially in the
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Fig. 7. CO, concentrations (in ppm) as a function of wind direction aver@jéourly and(b) diurnal variations; variations of C¥luxes

(in pmol 2571y as a function of wind direction averag¢e) hourly and(e) diurnal; (c), (f) distribution of CG concentrations (ppm) and
CO;, fluxes (umol nT2 s1) as a function of wind direction and wind speg)) wind occurrence (in hours) as a function of wind speed and
direction. Plots were generated using the openair (Carslaw and Ropkins, 2010) package for R (R Development Core Team, 2009).

daytime footprint due to The Regent’s Park, the diurnal pat-true for the south-east quadrant which had the lowest wind
tern for north-westerly wind was very likely more affected occurrence but the highest GBuxes.
by diurnal plant assimilation/ respiration cycles. In winter and autumn a gradual decrease in concentrations
Overall, daytime concentrations were less than at night-occurred from ca. 10:00 until a minimum at mid-afternoon
time, consistent with fluctuations in boundary layer height. (ca. 14:00-15:00) (not shown). Concentrations increased
Analysis of mean concentrations as a bi-variate function offrom this point until ca. 17:00-18:00 after which they re-
wind speed and direction (Fig. 7c) shows that the largestmain relatively constant throughout the night. These diur-
concentrations were observed from the north and north-eagtal patterns are consistent with those observed in Edinburgh
of the tower especially at high wind speed~ 10ms™1). (Nemitz et al., 2002), Tokyo (Moriwaki and Kanda, 2004)
Rises in CQ concentrations in the north-east quadrant wereand Basel (Vogt et al., 2006). In contrast, spring and sum-
not accompanied by surges in €fuxes, which were largest mer concentrations have local minima at around 12:00 noon
in the south-east quadrant where they ranged freg®—  and 16:00, and local maxima around 14:00. Summer time
60 pmol nT2s~1, (Fig. 7d—f) whilst fluxes in the three other concentrations were generally lower than any other season,
quadrants were in the 0—40 umotés ! range. The level Wwhilst spring time values were the highest, especially at night
of CO, concentrations observed in the north-east quadrantime.
could have been caused by horizontal transport (north-east On a diurnal basis, Cconcentrations appear not to be
winds in the UK are often associated with cyclonic transportcorrelated with traffic density with the minimum [GDas-
of polluted European continental air masses) and reducedociated with afternoon peak traffic counts and whilst }CO
vertical mixing. Averages for north and north-east conditionsincreased during the night when traffic counts were at their
may further have been affected by the relative small numbeminimum. This is consistent with the observations made by
of observations under these conditions (Fig. 7g). This is alsRighy et al. (2008) and can be explained by the overriding
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1

effect of the growth of the mixed layer and entrainment of air _ ¢ @
less concentrated in GGrom above during the day (Reid 2 4 . ) E .
and Steyn, 1997). As shown in Fig. 6a, there is a correlatior £ ,, g g g . E g $
between atmospheric stability (at the measurement height .2 ==

and CQ concentrations in the near-neutral range, especially 60 — Jan 07 Feb 07'Mar 07' Apr 07 May 07 Jun 07" Jul 07 'Aug 07'Sep 07 Oct 07 Nov 07 Dec 07'
for values of the local stability parameter £ z/L) in the ]
range—1.5 to +2, where over 90% of available data points
were found. Strong positive linear dependencies were founc
in spring and autumn in the narrower stability rang@.5

to +1 (84% of the total annual data falls into this stability
range); this is also true in summer for the stability range ”‘;
—0.5 to +0.5 (82% of the total annual data). In all three 4
cases, [CQ) exhibited an inverse correlation to traffic counts . ;
which supports the idea that entrainment/dilution is the dom- g 2 % & & 1w 2 @ i 1w i w2
inant mechanism. No such trends were however observe. Time of day [hours]

during the winter period, perhaps due to increased emissions

from natural gas burning, although this could not be verified.Fig. 8. (a)Monthly breakdown of CQflux statistics for 2007 (bot-
Due to the corrrelation between stability and source activ-iom and top of boxes correspond to 25th and 75th percentiles, re-
ity, it is impossible to quantify the importance of both effects SPectively; bottom and top whiskers correspond to 10th and 90th
on governing concentrations more fully. In addition, during percentiles, respectively; monthly means and medians are indicated

night-time (when most of the stable conditions occur) emis_by solid markers and horizontal lines, respectively), and seasonal
9 trends in(b) CO, and(c) latent heat fluxes. Winter is defined as De-

sions are dominated by gas combustion rather than trafficCember 2006-February 2007, spring is March-May 2007, summer is

However, overall it appears that fluctuations in£xncen-  jyne-August 2007 and autumn is September-November 2007.
trations on the BT tower were driven also by dilution rather

than by changes in local sources strength alone.

Im’s

F [umol m?sT)

3.4.2 Traffic and seasonal controls

3.4 Fluxes
Traffic

3.4.1 Flux losses due to high-pass filtering Unlike CO, concentrations, the fluxes of GQF) are cor-

related with Marylebone Road traffic counts throughout the
Comparison of 30-min fluxes with calculations based on 2-hyear (Fig. 6d). The data in Fig. 6d are the observed fluxes
averaging showed that losses due to high-pass filtering werego include the net exchange from all the sources and sinks,
< 5% irrrespective of time of day and season (Fig. S4, Sup-and the diurnal variability. On averagg; ranged between
plement). ca. 7 and 47 umol m? s~1 (consistent with other urban sites
In contrast, for 25-min averaging times, Langford et reported in the literature, Table 4) although excursions to-
al. (2010) derived flux losses of 5.8% and 8% ffs_30  wards much larger values (maximum 167 umofs—1)
(1.5 h block-averaged sensible heat fluxes compared to awere sometimes observed (Fig. 8a). From fitting a first
eraging over 25-min averages within three consecutive halforder exponential function, background emissions (i.e. in-
hourly periods) andds_30, respectively, for measurements tercepts for zero traffic counts) were estimated. They
taken during October 2006 at the BT tower site (day andranged from 4 to 7 umol ? s~1 and correspond to an emis-
night regimes were not segregated from one another). Thossion of 33400t C@km~2y~1 from non-traffic-based activ-
results suggested a moderate flux loss using the shorter aveities. This is 11% higher than the 2006 NAEI value of
aging periods due to failure to capture low-frequency com-29919tCQ km~2,y~1 for non-traffic emissions, but unlike
ponents (see also Martin et al., 2009a). the NAEI also includes the biospheric signal, which at night-
Given that the flux loss of 30-min periods was5% and  time (when traffic volume is lowest) reflects emission from
that shorter averaging times (a) are less likely to be affectechet respiration. The intercept was largest during winter con-
by non-stationarities and (b) provide more information on sistent with the largest night-time heating emissions during
variability and processes, an averaging time of 30 min wasthis period.
selected. Possible reasons for the non-linearity in the traffic de-
pendence of the flux include: (a) other activities, such as
demand for natural gas, scale non-linearly with traffic, (b)
fuel consumption increases at high traffic volumes, (c) the
Marylebone Road traffic counts underestimate the full dy-
namic range of the average traffic activity in the flux footprint
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due to saturation at high traffic volumes, and (d) chang-suggests that the night-time emission was dominated by non-
ing meteorology (e.g. boundary layer height) with season atraffic sources. While the nocturnal footprint was larger than
rush hours. during the day (and may therefore have been biased towards
The latter is illustrated in Fig. 6¢ which shows that high more residential areas) there was no significant difference in
traffic counts were generally recorded at times dominated bythe wind frequency distribution during day and night-time.
unstable stratification. C&Xluxes () are inversely corre- There is on average a time-lag between the increase in traf-
lated to stability (i.e. unstable stratification is often accom-fic in the morning and the increase in the measured {0
panied by higher flux values), as shown in Fig. 6b and pos-and the ratio tends to dip between 06:00 and 09:00 and peak
itively correlated to traffic counts (Fig. 6d). The relation- between 09:00 and 12:00, an observation that was less vis-
ship between traffic counts and stability (this is obviously notible at the weekends, probably due to the slower increase
causal) is of a sigmoidal nature over the stability rarde5 in traffic numbers during the morning. This would be con-
to +2, where over 90% of available data points were found.sistent with early morning emissions being injected into a
In light of this, it is difficult to quantify unequivocally how shallow residual layer and only contributing to the flux at
much of the variability in the C®flux measured well above the tower height as this layer expands later in the morning.
the city is associated with the variability in traffic volume and Thus there is also indication that nocturnal decoupling did
how much reflects changes in atmospheric factors. affect the fluxes. Gradient measurements below the flux mea-
Similarly, the interpretation of the difference between surement height would be required to quantify the storage in
weekday and weekend, in averaged diurnal cycles in Marylemore detail.
bone Road traffic volume and measured fDx (Fig. 9), Although average fluxes remained positive, daytime val-
is not straightforward. Although, at the annual average levelues did decrease in the summer (8 to 35 umofs11); this
(not shown), traffic counts measured on Marylebone Rd weravas accompanied by an increase in latent heat fluxes (LE)
virtually identical at midday (difference of 1.7%), measured (Fig. 8c). The mean decreasefipobserved during the sum-
fluxes were~29.2+6.7 pmolnT2s~! at weekends com- mer months is equivalent to 567 t G&m—2month 1 com-
pared with 38.6t 8.0 pmol nT2s~1 on weekdays (23% dis- pared with winter (winter and summer data were used so as
crepancy). This would imply that non-traffic sources maketo compare periods of vegetative dormancy with the fully-
a larger relative contribution on weekdays than at weekendsgeveloped growing season) which is 13% larger than the
which is also reflected in an increased ratio between fi summer to winter deficit obtained from the cumulative con-
and traffic flow during all seasons (Fig. 9). tributions of F¢_gas human CQ emissions and biosphere
Based on traffic data, the weekday/weekend comparisomxchange in Sects. 2.5 and 2.6. In contrast, seasonal fluctu-
also suggests that the tower may have been decoupled fromtions in traffic observed at Marylebone Road and TfL sites
street level at night time when stable or neutral stratification20, 35 and 48 were negligible (e.g. 0.02% smaller in winter
were dominant throughout the year. Measured fluxes werghan in summer at Marylebone Road), whilst traffic counts
very similar despite a considerable difference in the trafficwere on average 10% fewer in summer than in winter at TfL
patterns: during all seasons traffic wa85% heavier be- 21, which is located within the dominant wind sector. Fur-
tween midnight and 04:00 at the weekends and reached thermore, the marked drops in traffic counts observed at TfL
minimum at around 05:00 (possibly coinciding with night- 20, 21 and 35 (traffic counts at TfL 48 and Marylebone Road
club closing time and the resuming of public transport ser-remained approximately constant) between June and Octo-
vices). Traffic increased steadily — and almost linearly —ber (Table 2) were not accompanied by a decrease in flux
thereafter before reaching an almost constant value fronvalues. On the contrary, these were found to increase to lev-
~13:00 until 19:00. Weekday traffic volumes were on av- els comparable to winter and spring time. This illustrates the
erage 15% higher between 05:00 and 13:00 and grew morepatial heterogeneity of traffic volumes within the flux foot-
rapidly from 05:00 until 08:00. However, weekday and print (and the difficulty to identify a robust proxy site) and
weekend CQfluxes were almost identical in magnitude and suggests that seasonal emissions trends are largely driven by
trend between midnight and 08:00 and until 05:00 the ratiothe demand for natural gas and, to a lesser extent, by changes
between CQfluxes and traffic numbers was larger on week- in biospheric exchange. GGOluxes exhibited clear diurnal
days than at the weekend by ca. a factor of 1.5 to 2, in alltrends (Fig. 7d) with maximum values observed in all quad-
seasons except spring. This suggests that (a) at night theants between ca. 08:00 and 20:00. Unlike concentrations
net CQ flux was dominated by other (non-traffic) sources, which peaked in the north-east quadrant, which covers a busy
(b) that night-time weekend Marylebone Road traffic loadscommercial area, the largest fluxes20—60 pmol m?2s—1)
are not representative of other areas within the flux footprintwere found in the south-east quadrant independent of day of
or (c) that decoupling from the surface occurred at night (al-the week and wind speed (Fig. 7e—f). The low frequency of
though it was not possible to determine how frequently thiswind from this quadrant in 2007 (ca. 5%; Fig. 7f) means that
might have been the case). Since there is no reason to a#-made a small contribution to the total flux measured at the
sume that stability was (on average) different between weektower (Fig. 3) despite the seemingly strong sources located
days and weekends, the lower flux/traffic ratio at weekendsn that quadrant.
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Table 4. Recent measurements of g@oncentrations ([Cg]) and fluxes (k) in different urban sites (CC — city centre, SR — subur-
ban/residential, IN — institutional). To aid inter-annual comparison JJ&re normalised by their concurrent background levels measured
at the Mauna Loa observatory (Tans, 2009).

City Year Season Site Height Normalised Fc range
type [m] [COJrange [umolnTZ2s™1]

Basel 2002 Summer CC 29 0.97-1.13 3to 15

Vogt et al. (2006)

Chicago 1992 Summer SR 27 1.04-1.15 —21t0 10

Grimmond et al. (2000)

Copenhagen 2001 Fourseasons CC 40 61032

Soegaard and Moller-Jensen

(2003)

Edinburgh 2000 Autumn  CC 65 0.96-1.13 —121t0 135

Nemitz et al. (2002)

Helsinki 2007  Winter-Summer IN 31 —10to 17

Vesala et al. (2008)

London — 2007 Four seasons CC 190 0.96-1.03 7to 47

this study

London 2006-2007 Four seasons cC 87 1.01-1.11

Rigby et al. (2008)

Marseille 2001 Summer CC 44 5to 30

Grimmond et al. (2004)

Melbourne 2004-2005 Four seasons SR 40 0.94-1 2to 115

Coutts et al. (2007)

Mexico City 2003 Spring CcC 37 1.06-1.18 —51t036.4

Velasco et al. (2005)

Tokyo 2001-2002 Four seasons SR 29 0.91-1.21 45t025

Moriwaki and Kanda (2004)

The north-west quadrant exhibited the lowest fluxes rang-Comparison of bottom-up inventory (NAEI) with
ing between-10 and +20 umol m? s~ and their diurnal cy-  eddy-covariance results
cles were in phase with those of the concentrations, which
could be explained by photosynthetic activity in The Re- Annual average daytime (09:00-18:00) £€missions rates
gent's Park area (1-2 km NW of the BT Tower). Wind occur- from London boroughs measured by eddy-covariance at the
rence from the north-west quadrant was however relativelytelecom tower (4242 609 tons C@km~2 month 1) were
low and observations extreme could have affected flux and3% smaller than the bottom-up flux estimated from the 2006
concentration averages. NAE| (4377+345tCQ km~2monttr!). The NAEI de-

Peak fluxes £50-70 umolm?2s1) in the dominant rived flux omits both biosphere exchange and human exha-
south-west wind sector occurred at relatively low wind speedlation, which would have contributed to the flux measure-
(<7-8msL; Fig. 7f) and can probably be attributed to emis- ment. However, it is estimated that these two fluxes are small,
sions from highly-populated inner boroughs with high traf- similar in magnitude and approximately cancel each other
fic loads such as Westminster which, according to the KMout. In contrast, annual averages obtained from all avail-
footprint, contributed 65.%11.9% to the flux measured atop able data (no restriction to the daytime period 09:00-18:00)
the tower over the whole year (WestminsteBOOO inhabi-  yield emissions rates of 4194612tCQ km~2month !
tants knt2 (Office for National Statistics}, 433150tCQ  and 4650t 254tCQ km~2 monthr? for eddy-covariance
from traffic emissions in 2006 (NAEI)). and NAEI, respectively (NAEI exceeds the eddy-covariance
by ca. 11%). This might indicate an underestimation of
the eddy-covariance approach over stable night time periods
Shttp:/ivww.statistics.gov.uk when the tower becomes either decoupled from the surface
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Fig. 9. Weekday-weekend segregation of traffic counts (figures for Marylebone Road used as a proxy for central London), carbon dioxide
fluxes measured at the BT Tower and ratio of fluxes to traffi@jrwinter 2007 (b) spring 2007(c) summer 2007 an() autumn 2007.

Table 5. Comparison of observed daytime (09:00-18:00) carbon dioxide fluk@swith emissions from natural gas usage, biosphere
exchange and human respiration (by season in 2007). The relative contribution from traffic emissions is the diffeferaredajround
sources. Natural gas usage was estimated from third-party data as described in Sect. 2.2 of the Supplement.

Winter Spring Summer Autumn

Observedr; [tCO, km=2montirl]  +4041  +4802  +3474  +4651

Natural gas contribution [%] +71.1 +59.0 +59.0 +47.8
Total biosphere exchange [%] +1.2 -25 —4.3 -1.6
Total human exhalation [%] +4.8 +4.4 +5.9 +4.9

Traffic (+oil and coal combustion) [%] +22.9  +39.1 +39.5 +48.9

or entrainment from peripheral/ rural areas occurs. HoweverSeasonal controls of CQ emissions
bottom-up inventory and top-down eddy-covariance figures
for CO, emissions are statistically similar (based on standardVieasured winter time emissions of @@ central London
deviations of the means) and it can therefore be concludedvere estimated to have been dominated by natural gas emis-
that the BT tower was an adequate location for monitoringsions (71.1%) whilst traffic and other fossil fuel burning
trace gas fluxes in central London and that the KM footprint contributed 22.9% (Table 5). It is important to emphasize
model provided a reasonable approximation for that site, esthat traffic emissions from eddy-covariance measurements
pecially during daytime. This is in line with the observations were not estimated from traffic counts but taken as the dif-
made by Wood et al. (2010a) that locally-normalised turbu-ference between the total eddy-covariance flux and the es-
lence at high levels above central London is similar to thattimated cumulative contributions from other sources (natu-
above rural terrain. This suggests that the measurements afél gas, biospheric and human). The NAEI takes fleet com-
representative of the urban morphology surrounding the sit@osition into account for the purpose of estimating traffic-
and that advection errors were limited. based emissions of G@ Emissions from natural gas com-
bustion reached their lowest point in autumn (47.8%), when
traffic emissions accounted for ca. 48.9% of the measured

6http://WWW.airquaIity.co.uk/reports/cat07/1010011332
UKMappingMethodReport2007.pdf
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Table 6. Annual emissions estimates for six cities, plan area of vegetation and population density around the study areas (see Table 4 for
references).

London Copenhagen Edinburgh Melbourne Mexico Tokyo

(this study) City
Emissions 35500 12800 36 000 8490 12800 12290
(tCOkm~2y~?)
Vegetation 8 - 20 38 16 21
cover (%)
Population density 10000 - 7500 2940 12000 11800

(persons kim2)

flux. These figures reflect not only the seasonal variations of  40x10°
source strengths but crucially also of the position of the foot-
print. The latter was dominated throughout 2007 by emis-
sions from the City of Westminster (up to 82% of daytime

4]

30

summer fluxes measured at the tower were attributed to that gl it Sl
borough) which is densely populated but also greener than $ Finburgh

. . . yo
average. The net impact of vegetation during the 2007 grow- 204 A Melbourne

ing season was ca. 174tG@m—2month! for Westmin-
ster (Table S1, Supplement) where green space accounts for
ca. 15% of the plan area (compared to 8% for London taken
as a whole). Data records of first and last annual lawn cuts
in central England from 2000 to 2004 were used to define
the growing season (mid-March and late October) (Sparks et
al., 2005). Assuming leaf-on was complete from early May g i 20 2
to mid-September for the species within the tower footprint, Vegetation cover [%]
the vegetative growth in the borough of Westminster assimi-
lates~4330tCQ or 0.4% of the annual emissions of carbon Fig. 10. Annual CG emissions in five cities compared with
dioxide (based on the 2006 NAEI G@missions figure). vegetation cover.

For comparison, Nemitz et al. (2002) estimated that gas
combustion accounted for 52% and other fossil fuel com- ,
bustion sources (dominated by traffic) accounted for 41% oft Conclusions

autumn conditions in central Edinburgh, while the London The close aareement between measured fluxes and bottom-
autumn values of 47.8% and 48.9%, respectively, reveal a g

A . . up emission inventory estimates (within 3% during daytime)
smaller contribution from gas combustion. Annual emissions .
; 1 suggests that the 190 m tall BT Ttower in central London was
in central London were comparable to the 10 kt C¥yt ; . - .
. . a suitable measurement site for characterising average emis-
reported for Edinburgh, but were nearly three times larger

than for measurement sites in Tokyo, Mexico City and sions during daytime, while some care needs to be taken to

Copenhagen, and roughly four times higher than in I\/lel_lnterpret night-time fluxes. This would imply that long-term

: flux measurements can be used to track changes in emis-
bourne (Table 6). This reflects the fact that measurements in. . . ges |
sions, and to quantify emissions of pollutants for which ur-

London and Edinburgh were conducted above the city Centreban area sources are more poorly understood and more vari-
rather than residential areas. Annual emissions in Londonable than those of C Measurements for a year reveal that
Mexico.City, Tokyo qnd Melbourne ex_hibitacorrglation Wi.th the seasonal dynamics of atmospheric carbon dioxide con-
vwegitlast?itlno dnugt? i\;elrég;ght?gi;”;ﬂ”é’;gﬁgggﬂgg:Iofr:J ;eunssalltyé centrations are strongly linked to the natural background veg-

' 9€ etation cycle, seasonal variations in natural gas consumption

(e.g. traffic, heating) are the main sources of urban @l : ) .
. . . . . (e.g. commercial and domestic heating, referred to as back-
are likely to vary between sites due to, e.g., climate, vehicle

fleet or land use, Fig. 10 illustrates the combined impact ofg_rou_nd emiss'ions) aqd that diurnal trends were regulated by
plant assimilation on urban G@missions. dilution, consistent W!th cycles of growth and shrinkage of
the boundary layer. Diurnal fluxes of G@vere strongly cor-
related with traffic counts and, to a lesser extent, with atmo-
spheric stratification in the dominant stability rangel(5 to

Annual emissions [t CO, km

10

-0.22465x)

y=9284.2 +1.5784 10" &
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