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Seasonal and diurnal trends in concentrations and fluxes of
volatile organic compounds in central London

A.C.Valach! 2, B. Langford?, E. Nemitz2, A. R. MacKenzie3, C. N. Hewitt!"

Authors’ responses to reviewers’ comments

The authors would like to thank the two reviewers for their astute comments and suggestions,
which have helped in improving the revised manuscript.

Responses to the reviewer's comments are below with reviewers’ comments in Bold followed
by a response to each point with the respective revisions to the manuscript in Italics unless
the changes included the reworking of whole sections. As well as in response to the reviewers’
comments, changes have been made throughout to improve the clarity and readability. The
manuscript and figures should now be much easier to read and follow. Furthermore, acronyms
and formatting have been checked and are now clear and consistent throughout.

The analyses in Section 3.2.2 have been reworked and a new figure (Fig. 8) has been added.
In the initial analysis we correlated 30 min averaged CO: fluxes with VOC fluxes, including
points below the limit of detection (LoD) in the case of VOCs. This resulted in poor correlations
as we stated originally. However, we now have realised that it is better to use averaged data
which reduces the LoD (see Section 2.3), as has been used for the analyses in Section 3.1.1
and Fig. 3. We now use data points averaged into separate bins according to the CO; flux.
When we do this we find much better correlations, as stated in the revised manuscript. The
text has been modified to make this procedure clearer:

“Good correlations were found between averaged VOC fluxes plotted as a function of
averaged CO; fluxes, which were measured concurrently at the site (R? = 0.03-0.81, p<0.001).
Traffic-related compounds were initially among the lowest correlations with CO; fluxes (R? =
0.03-0.48, p<0.01). However, when points of peak CO; fluxes were removed the correlations
with traffic-related VOC fluxes increased significantly to R?> = 0.65-0.91 (p<0.001).
Presumabily, the initial poor correlations resulted from an additional strong CO, source, such
as vents from gas-fired boilers in nearby buildings, which have a lower source commonality
with aromatic VOCs, i.e. a lower VOC/CO, emission ratio than that of traffic emissions for
aromatic compounds. The London Atmospheric Emissions Inventory indicates that VOC/CO;
flux ratios for benzene are higher for traffic emission sources (i.e. 2 x 107°) than gas sources
(i.e. 0.6 x 10°°) within the flux footprint (LAEI, 2013). The improved correlations are greater for
traffic-related compounds due to the limited range of source types contributing to this group
compared with oxygenated/biogenic compounds. The regression coefficient (R?) of benzene
with CO; fluxes increased from 0.48 to 0.91, whereas for isoprene fluxes the increase was
small, i.e. 0.68 to 0.70 (Figure 8), as isoprene has a range of different sources of which only
few are commonly shared sources with CO..

The presence of a strong separate CO; source within the flux footprint is supported by the
high averaged VOC to CO; concentration correlations for traffic-related compounds (R? =
0.92-0.96, p<0.001). This differs from the fluxes, which are influenced only by sources in the
flux footprint, where one strong point source with a different emission ratio may have a larger
effect on emission rates of one compound but not the other. Concentrations are influenced by
advected pollution from outside the flux footprint for both CO, and VOCs, where shared
emission sources with relatively higher VOC/CO: ratios are more widespread. Averaged VOC
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to CO, concentration correlations were lower with the oxygenated/biogenic compounds (R? =
<0.71-0.90, p<0.05).

Median VOC/CO:; flux ratios ranged from 1.7 x 10®° to 7.7 x 10° (mg m? h*¥/ mg m h™%) with
isoprene and benzene showing low ratios due to their low fluxes, and toluene and Co-
benzenes high ratios. Highest flux ratios for all compounds were with W winds, whereas lowest
for biogenic compounds with N and for traffic-related compounds S wind directions. Flux ratios
declined towards December as CO: fluxes increased and VOC fluxes decreased. Similarly,
VOC/CO; concentration ratios were between 0.45 x 10° and 14.6 x 10° (ppb/ppb) with
isoprene and benzene representing the lowest and methanol and acetone the highest ratios.
Highest concentration ratios were seen in August for oxygenated compounds/isoprene and
December for traffic-related species.”

Review 1

General comment 1: My main comment concerns the discussion on the influence of
boundary layer dynamics: the possible role of atmospheric boundary layer (ABL)
dynamics in shaping the diurnal profiles of species concentrations and their difference
between summer and winter is mentioned briefly several times throughout the MS (e.g.
in section 3.3.1), but not shown. Only in section 3.1.2 it is mentioned that the ABL was
on average 1700 m in summer and 900 m in winter. | think you can discuss much more
exactly how ABL dynamics have influenced your observations, and show it using the
available data. Just some thoughts on the influence of the ABL from looking at the data:
In Fig. 1 several concentrations (acetaldehyde, benzene, toluene, C2-benzenes) show a
peak just around 8 a.m., which could be due to the emission into a shallow nocturnal
ABL. After 8, the ABL quickly grows, clean air is entrained and emissions are diluted,
leading to lower concentrations. The second peak in concentrations of aromatics
(around 5 p.m.) could be the result of continuing emissions into a collapsing ABL.
Finally, during night time, the ABL is shallow, but also the emissions are low, leading
to low concentrations. For a good introduction on the ways in which ABL dynamics
influence the relation between fluxes and concentrations of chemical species, see for
instance Vila-Guerau de Arellano et al. (2009). It would be very interesting to see
correlations between species mixing ratios and ABL height (which is apparently
available from LIDAR observations), in addition to the correlations with temperature,
PAR and traffic density in Fig 3. This information could also help to strengthen your
argument in Sect. 3.1.2 for therole of ABL dynamics in the seasonal variability and your
conclusion (p.6625, |. 2-4) that ’'many of the spatio-temporal differences in the observed
mixing ratios were attributable to emissions and boundary layer dynamics’.

General response 1: A more extensive discussion and description of atmospheric boundary
layer effects on VOC concentrations and fluxes is now included throughout Section 3.1,
including the suggested reference. The diurnal summer and winter boundary layer heights
have been added to Figures 2a and b. Furthermore, correlations of averaged boundary layer
height and VOC fluxes and concentrations have been investigated and example plots of
averaged isoprene fluxes and concentrations with boundary layer height have been added to
Figure 3. Only correlations with boundary layer height during summer are shown due to the
larger diurnal changes of boundary layer height in summer than in winter. Boundary layer
height measurements were only available for 2-3 weeks in summer and winter 2012, as they
were part of the short term intensive observation periods of ClearfLo. The benefit of this flux
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site is that the low measurement height of the tower means that our measurements are always
closely coupled with the surface layer, unlike the previous VOC flux study from the BT Tower
in London, which had the problem of becoming decoupled from the surface layer during stable
night time conditions due to its high sampling height (Langford et al., 2010b).

General comment 2: Throughout the MS, the term ’diurnal averages’ of VOC
fluxes/concentrations are used, which | think is very confusing. To me, a diurnal
average flux/concentration means the flux/concentration, as averaged over all
observations during one day, so a single value for each day. | think what you mean is
the ’average diurnal cycle’ (or ’average diurnal profile’ as you write in the caption of
Fig. 2), so the diurnal cycle of the flux/concentration, averaged over multiple days.
Please check throughout the MS and use the latter term consistently.

General response 2: The term “average diurnal profile” is now used consistently throughout
when describing diurnal cycles.

Specific comments:

Comment 1: Title: since large parts of the results section discuss (3.1, 3.1.1) and
figures 2 and 4 show diurnal cycles, | would add to the title that you have also looked
at diurnal trends. Therefore | would recommend ’Seasonal and diurnal trends in ...’
Response 1: Title: added “and diurnal”.

Comment 2: p. 6603, |I. 17-20: the lines about satellite retrievals of VOCs are not
necessary for the discussion and could be left out.
Response 2: p. 6603, I. 17-20: This sentence has been removed.

Comment 3: p. 6604, |. 1: Seasonal, diurnal and spatial differences?
Response 3: p. 6604, |. 1: added “diurnal”.

Comment 4: p. 6604, I. 1. | would mention both VOC fluxes and concentrations here,
since you discuss both.
Response 4: p. 6604, I. 1: added “and concentrations”.

Comment 5: p. 6612, I. 22: Is Mexico City the only other city for which flux
measurements are available for comparison? You also mentioned papers by Park et
al. with flux measurements in Houston, TX. Why not compare those with yours too?
Response 5: p. 6612, |. 22ff: An additional comparison of average fluxes and concentrations
with Park et al. 2010 has been added (Section 3.1):

“Most VOC fluxes and concentrations were comparable to or lower than those previously
observed in London (Langford et al., 2010b) and other UK cities (Langford et al., 2009),
although C»-benzene fluxes and concentrations, as well as isoprene and benzene
concentrations were slightly higher. The discrepancy in isoprene and benzene
concentrations is consistent with photochemical loss during transport to the higher
measurement height of the previous study. Compared to other cities such as Houston Texas
(Park et al., 2010) and Mexico City (Velasco et al., 2005), VOC fluxes and concentrations
were lower, apart from C,-benzenes which were comparable or higher, although it must be
noted that C,-benzenes in this study represent the sum of multiple VOC species. Unlike the
other studies cited, Park et al. (2010) use relaxed eddy accumulation to measure VOC fluxes
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and hence the data obtained are not directly comparable with measurements made by EC-
based methods.”

Comment 6: p. 6613, I. 10: If the moments of the peak fluxes coincide with those of a
low ABL it is difficult to tell the effects of emissions and ABL dynamics on the
concentration apart. Can you check with data on ABL height how exact this
coincidence is?

Response 6: p. 6613, I. 10: This was added as part of Response to general comment 1 and
now reads:

“The rush hour emission peaks mostly coincide with the boundary layer expansion and
collapse and therefore the effect of each factor cannot be separated. The morning
concentration peak was slightly higher than the evening peak across traffic-related species
even though fluxes tended to be larger during the evening rush hour. Morning emissions
enter a shallow nocturnal boundary layer leading to relatively larger concentrations
compared with higher afternoon emissions entering a developed boundary layer, leading to
relatively lower concentrations. This enhanced dilution effect is found more often during
summer when the boundary layer mixing height is higher (Figure 2a). Therefore, the
regression analyses below only refer to data from August (cf Section 3.1.2 for comparisons
with December). Furthermore, increased photochemical degradation during the day removes
VOCs, further contributing to the midday minimum in mixing ratios.”

Comment 7: p. 6624, |. 26-27: "There were observable spatial and temporal variations
in relative source impacts at different resolutions such as hour to month.’ | find this a
too general statement for a conclusion. Can you be more specific?

Response 7: p. 6624 |. 26-27: This has been expanded and changed to:

“There were observable spatial variations in flux rates, which result from the varying spatial
distribution of emission types and strengths of emission sources, such as vegetation and
traffic. Temporal variations in relative source strengths can be seen in the diurnal and
seasonal profiles, reflecting the diurnality and seasonality of some of the driving factors.”

Technical comments:

Comment 1: p. 6602, |. 5: after ’proton transfer reaction-mass spectrometer’, add
’(PTR-MS)’, since this acronym is used throughout the text
Response 1: p. 6602, I. 5: added “(PTR-MS)".

Comment 2: p. 6602, I. 15: accounted for -> explained

Response 2: p 6602, I. 15: changed sentence to:

“Isoprene, methanol and acetaldehyde fluxes and concentrations in August and September
showed high correlations with PAR and temperature, when fluxes and concentrations were
largest suggesting that biogenic sources contributed to their fluxes.”

Comment 3: p. 6602, I. 17: change into 'Modelled biogenic isoprene fluxes from urban
vegetation, using the G95.... " and remove: ’, due to urban vegetation.’

Response 3: p. 6602, I. 17: added “from urban vegetation” and removed “due to urban
vegetation”.

Comment 4: p. 6602, I. 25: live -> lives
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Response 4: p. 6602, I. 25: changed to “lives”.

Comment 5: p. 6603, I. 9: additionally act as a source -> act as an additional source
Response 5: p. 6603 I. 9: changed to “an additional”.

Comment 6: p. 6603, I. 11: introduce the acronyms NAEI and LAEI here, where they
are first used.
Response 6: p. 6603 . 11: added “(LAEI and NAEI)”

Comment 7: p. 6604, 1. 12: m.s.l. -> m.a.s.l.
Response 7: p. 6604 I. 12: added “m a.s.l.”

Comment 8: p. 6612, I. 3: diurnal averages -> average diurnal cycles
Response 8: p. 6612 |. 3: changed “diurnal averages” to “Average diurnal cycles” throughout
the manuscript.

Comment 9: p. 6613, |. 8: concentrations for aromatics -> concentrations of aromatics
Response 9: p. 6613 I. 8: changed wording throughout this section.

Comment 10: p. 6615, I. 3-4: were seen with -> were seen between, positive
correlations with -> positive correlations between.
Response 10: p. 6615 I. 3-4: changed to “between”.

Comment 11: p. 6615, I. 5: pls add a comma between ’temperature’ and ’likely’
Response 11: p. 6615 |. 5: added “,”.

Comment 12: p. 6615, |. 27: Bohnenstengel et al., 2014 -> Bohnenstengel et al., 2015
Response 12: p. 6615 |. 27: changed to “2015”.

Comment 13: p. 6616, |. 4: the equation from Langford et al: which equation?
Response 13: p. 6616 I. 4: added “isoprene temperature response function from figure 9 in”.

Comment 14: p. 6617, . 16: add 'from those’ between ’'than’ and ’areas’
Response 14: p. 6617 |. 16: added “from those”.

Comment 15 and 16: p. 6617, I. 21: add ’'that’ before ’‘compounds’ and “Higher
correlations than what? Than compounds with traffic sources?”

Response 15 and 16: p. 6617 I. 21-22: changed sentences for clarification:

“Correlations of VOC/VOC fluxes (R? = 0.40-0.62, p<0.001) indicated two groups of
compounds with good correlations within each group, i.e. compounds related to traffic
sources such as aromatics, and oxygenated and biogenic compounds, such as methanol,
acetone and isoprene. Correlations of VOC/VOC concentrations (R? = 0.13-0.84, p<0.001)
showed highest correlations between traffic related compounds (R? = 0.45-0.84, p<0.001)
and good correlations between the oxygenated and biogenic compounds (R? = 0.55-0.69,
p<0.001) (Figure 6). High correlations between oxygenated VOCs could indicate source
commonality or formation mechanisms that depend on similar environmental factors.”

Comment 17: p. 6618, I. 1: tended -> tend



238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274

275
276
277
278
279
280
281
282

Response 17: p. 6618 I. 1: changed to “tend”.

Comment 18: p. 6618, I. 20: delete ’observed’, since it is mentioned twice in this
sentence.
Response 18: p. 6618 |. 20: deleted “observed”.

Comment 19: p. 6624, |. 6: What does SNAP stand for?
Response 19: p. 6624 |. 6: added “(Selected Nomenclature for sources of Air Pollution)’.

Comment 20: p. 6625, I. 14: however -> but
Response 20: p. 6625 I. 14: changed to “but”.

Comment 21: p. 6625, |. 15: Where does ’this’ refer to? This study? The previous line?
Response 21: p. 6625 . 15: Added “study”.

Comment 22: p. 6625, |. 22: there is atypo in the name of the 1st author
Response 22: p. 6625 |. 22: changed to “Valach”.

Comment 23: Fig. 1: Can you increase the size of the green dot, so it is easier to find?
Response 23: Fig 1: The size of the green dot has been increased, a label added and the
caption updated:

“Map of central London overlaid with the Ordinance Survey grid including the measurement
site (KCL) at King’s College (green point) with references to the geography of Greater
London and Great Britain.”

Comment 24: Fig. 2: Some use of colours would be very helpful to distinguish
between the different lines, like in figure 4. Besides, the axis labels are too small to
read without zooming in.

Response 24: Fig. 2: Layout and font size have been increased to improve the clarity, as
well as weekdays and weekends are now in colour (red, blue).

Comment 25: Fig. 5: In the caption, first describe the left and then the right panel.
Also here, it would be helpful to increase the font size of the axis labels.

Response 25: Fig. 5: The figure size has been increased, as well as captions and order
changed.

“Figure 5a. Time series of both measured (grey) and modelled (black) fluxes, as well as PAR
and temperature measurements for August and September 2012.

Figure 5b. Correlation between modelled and measured isoprene fluxes (mg m? h™) by wind
direction using the G95 algorithm with temperature as a third variable, Ordinary Least
Squares (OLS) regression lines, 99" confidence intervals, formulae, and R*-value.”

Comment 26: Supplementary material: A caption for the figure would be useful.
Besides, since the supplement consists of only 1 figure, it would perhaps be more
convenient to include it in an appendix to the main paper.

Response 26: A figure caption has been added.
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“Figure A1. Sensible heat fluxes (W m™) measured from the roof tower of the King’s College
London Strand building calculated using 1 to 2.5 h averaging periods and compared with
fluxes calculated using the same 25 min averaging period as used for VOC fluxes.”

Review 2

Major comment 1: The suitability of the King College site for monitoring turbulent fluxes
needs further assessment. The land cover is very heterogeneous and the buildings
morphology does not seem to contribute for measuring fluxes by eddy covariance. The
street canyon formed by the own building where the measurements were conducted
may enhance the accumulation of freshly emitted VOCs below the urban canopy,
particularly during periods of stable atmospheric conditions at night and winter.

Response 1: The KCL site at King’s College has been used as a long term CO2/H,O flux
measurement site and thus site characteristics and suitability for micrometeorological flux
measurements have been investigated and described extensively by Kotthaus and Grimmond
(2012; 2014a; 2014b). Although the site is not ideal for flux measurements, the cited studies
show that representative surface-atmosphere fluxes can be measured at the site without
significant bias from the local morphology as long as data are filtered to remove contributions
from local micro-sources, e.g. vents and windows, if present. Additionally, they show that
results from flux footprint models at the site can provide reasonable information. Some
considerations were highlighted such as instrument siting in complex urban areas requiring
careful interpretation of measured and modelled data. The relatively low measurement height
allows close coupling to the street canyon. The analyses presented here were based on
averaged data to reduce some of the uncertainties and used to describe overarching trends.
These trends agree with conclusions from previous urban VOC flux studies. This study is the
first of its kind to present long term continuous VOC flux measurements by PTR-MS over an
urban area and hence provides valuable information on VOC fluxes from central London,
despite some minor limitations imposed by the less-than-ideal site morphology. Section 2.1
was expanded to include:

“The sampling point (which we call KCL) is located 37 m west of a sampling point (KSS) that
has been used for long-term energy and CO2 flux measurements (Kotthaus and Grimmond,
2012). Although the site is not optimal for micrometeorological flux measurements due to the
heterogeneity of the urban canopy, its suitability has been assessed in detail by Kotthaus and
Grimmond (2014a; 2014b). This study describes in detail the measurement area and
investigates the influence of source area characteristics on long-term radiation and turbulent
heat fluxes for the KSS site. They conclude that the site can yield realistic data on surface to
atmosphere fluxes.”

Kotthaus, S., and Grimmond, C.S.B.: Identification of Micro-scale Anthropogenic CO2, heat
and moisture sources — Processing eddy covariance fluxes for a dense urban
environment, Atmospheric Environment, 57, 301-316,
http://dx.doi.org/10.1016/j.atmosenv.2012.04.024, 2012.

Kotthaus, S., and Grimmond, C.S.B.: Energy exchange in a dense urban environment — Part
I: Temporal variability of long-term observations in central London, Urban Climate, 10, 2,
261-280, http://dx.doi.org/10.1016/j.uclim.2013.10.002, 2014a.
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Kotthaus, S., and Grimmond, C.S.B.: Energy exchange in a dense urban environment — Part
II: Impact of spatial heterogeneity of the surface, Urban Climate, 10, 2, 281-307,
http://dx.doi.org/10.1016/j.uclim.2013.10.001, 2014b.

Major_comment 2: For eddy covariance flux measurements samples are usually
collected at 10 Hz (15,000 samples in a period of 25 min). The sampling rate when using
the disjunct eddy covariance method is slower. However, a sampling rate of 5.5 sec
(273 samples in a period of 25 min) as that used here seems to be extremely slow. The
statistical uncertainty of the fluxes caused by a longer time resolution needs to be
evaluated. The CO2 flux data discussed in section 3.2.2 may help to assess this issue.

Response 2: The disjunct sampling increases the random error of the flux but, provided the
sampling intervals are less than the integral timescale, this should not introduce a systematic
bias. We tested this assumption by simulating disjunct sampling on sensible heat flux data,
which were calculated from the continuous data and then compared with the sensible heat
fluxes calculated from a disjunct series with a sampling rate of 2 Hz and a sampling interval of
5.5 s. The overall difference between the EC and DEC sensible heat fluxes over the entire
measurement period was minimal (0.01 %), therefore no additional corrections have been
made to the VOC fluxes. This information was added to Section 2.3:

“The error due to the disjunct sampling was estimated by comparing the sensible heat fluxes
calculated from the continuous data series with those calculated from a disjunct data series
using a set sampling interval of 5.5 s. The continuous data were averaged to match the
sampling frequency of the disjunct data (i.e. 2 Hz). The difference between the eddy
covariance and DEC sensible heat fluxes was minimal (0.01 %) and thus no additional
corrections were applied.”

Specific comments:

Comment 1: P6602, L17. G95 algorithm?
Response 1: p. 6602 I. 17: expanded to “Guenther et al., (1995)”.

Comment 2: P6603, L12. ...use a “bottom-up” approach based on activity data and
emission factors....

Response 2: p. 6603 |. 12: changed to “... "bottom-up” approach based on activity data and
emission factors”.

Comment 3: P6603, L22. This reviewer has serious concerns on the methodology
used by Park et al., 2010 & 2011.

Response 3: p. 6603, I. 22: There are very few urban VOC flux measurements and even
fewer that use DEC based technigues. Therefore to expand the comparison of VOC fluxes in
this study with those in the literature, additional studies using relaxed eddy accumulation
(REA) were consulted. REA can be associated with large errors due to the loss of reactive
compounds on canister surfaces, but also the potential error from a bias in the vertical wind
velocity, as shown by the normalised bias (w/g,,). A sentence has been added for further
clarification:

“Unlike the other studies cited, Park et al. (2010) use relaxed eddy accumulation to measure
VOC fluxes and hence the data obtained are not directly comparable with measurements
made by EC-based methods.”
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Comment 4: P6603, L29. Define PTR-MS.
Response 4: p. 6603 I. 29: expanded to “proton transfer reaction-mass spectrometry”.

Comment 5: P6604, L11. Check symbols of seconds, minutes, inches, etc. throughout
the text.
Response 5: p. 6604 1. 11: changed to decimal degrees: “51.511667 N 0.116667 W”.

Comment 6: P6604, L16. Update classification based on Stewart & Oke (2012).
Response 6: p. 6604 I. 16: Updated site classification, added the reference and changed text
to:

“This site is classified as Local Climate Zone (LCZ) Class 2 Compact Midrise according to
Stewart and Oke (2012) (i.e. dense mix of midrise buildings (3—9 stories), few or no trees,
land cover mostly paved, stone, brick, tile, and concrete construction materials.”

Comment 7: P6604, Section. 2.1. Add fractions of the plan area cover (i.e., building,
roads, vegetation, water bodies, etc.).

Response 7: p. 6604, |. 18: Added:

“Land cover types (in %) were calculated based on the Ordinance Survey map for the 9 km
area (Figure 1) encompassing the site and are: roads (37 %), buildings (31 %), other paved
areas (14 %), unpaved/ vegetation (11 %), and water bodies (7 %).”

2

Comment 8: P6605, L13. Although in following paragraphs the averaging process is
described, in a few words mention why periods of 25 min were used instead of
periods of 30 min. Periods of 30 min are usually used when measuring fluxes over
urban surfaces.

Response 8: As mentioned in Section 2.2 p. 6606 |. 9-11, the hourly duty cycle of the PTR-
MS consisted of 5 min zero air measurements, followed by 25 min MID used to calculated
fluxes, then a further 5 min mass scan and finally another 25 min MID mode. We present 25
min fluxes as we have no measurements for the initial 5 min of each 30 min period.

Comment 9: P6605, L16-18. Note that emissions in cities respond strongly to human
activities, and the behaviour of these follows the local time and not the UTC.
Response 9: Section 2.2, p. 6605, I. 16-18: The time axes of figures all state that local time
was used, which has also been added in the text as:

“However, all analyses used local time.”

Comment 10: P6606, L-15-20. Why were data of m/z 33 and m/z 121 not included?
Response 10: m/z 33 is included, however m/z 42 and 121 were not included as the signal
was too low and during the measurements their places in the limited duty cycle were
subsequently used to investigate other less typically measured masses, none of which
showed any useful information.

Comment 11: P6607, L2. Check that all variables are written with italic fonts.
Response 11: p. 6607 |. 2: variables have been checked and are now written with italic font

throughout.

Comment 12: P6607, Eq. 1. Fix the fluctuations’ symbols.
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Response 12: p. 6607 Eq. 1: fluctuation symbols have been checked and are now correct
and consistent throughout.

Comment 13: P6609, Eq. 1. This equation is unreadable.
Response 13: p. 6609, Eq. 1: This equation is clearly presented. It may be that the reviewer
is using a hon-compatible PDF-viewer. We will check this at the proof-reading stage.

Comment 14: P6609, L20. Ergodicity is a rare/exotic term to indicate that the buildings
height and morphology in the monitored district were quite variable. From Wikipedia:
“The term ergodic is used to describe a dynamical system which has the same
behaviour averaged over time as averaged over the space of all the system’s states.
In physics the term is used to imply that a system satisfies the ergodic hypothesis of
thermodynamics.”

Response 14: p. 6609, |. 20-22: The sentence has been changed to:

“The high number of files rejected in the stationarity test is to be expected for eddy
covariance measurements over highly heterogeneous canopies, although horizontally
averaged canopy morphology recovers some surface homogeneity.”

Comment 15: P6610, L7. Do not begin sentences with numbers or acronyms.
Response 15: p. 6610, I. 7: added “Exactly”.

Comment 16: P6612, L5-10. If daily mean fluxes are presented, it would be better to
use units of kg km-2 day-1.

Response 16: p. 6610, I. 3-12: The figures 2a and b show the diurnal profiles of VOC fluxes
and mixing ratios, whereas the values represent hourly average fluxes, which are typically
given in units of mg m2 h'! (Karl et al., 2004; 2007; 2009; Langford et al., 2009; 2010a;
2010b; Misztal et al., 2011; Rinne et al., 2001; 2002). Both fluxes and concentrations include
data from the entire measurement period. For clarification purposes the words “average
diurnal cycles” are now used throughout to refer to diurnal profiles of VOC emissions and
mixing ratios. The units mg m? h are used in table 2 to show the overall average of diurnal
profiles, which are in hours of the day. However values are now cited in the main text body in
Section 3.1 in units of kg km? d* as suggested by the reviewer, as follows:

“Largest median (interquartile range in parenthesis) fluxes per day were from C,-benzenes
and toluene with 7.86 (0.92-21.8) kg km? d* and 7.26 (1.83-15.3) kg km™ d* respectively,
followed by oxygenated compounds, i.e. methanol with 6.37 (2.99-10.0) kg km2d™,
acetaldehyde 3.29 (1.52-5.62) kg km? d*, and acetone 5.24 (2.33-9.62) kg km™? d™.
Isoprene and benzene showed smallest median fluxes with 2.14 (0.56-4.85) kg km™? d* and
1.78 (0.06-4.34) kg km d* respectively.“

Comment 17: P6612, L14-15. ... lifetimes and widespread origin including
anthropogenic and biogenic sources and photochemistry ...

Response 17: p. 6612 I. 14/15: changed to “lifetimes and widespread origin including
anthropogenic and biogenic sources and photochemistry”.

Comment 18: P6613, L5-7. It may only be true for London and other UK cities.
Response 18: p. 6613, | 5-7: changed to “central urban areas in UK cities”.
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Comment 19: P6614, L23-24. Explain how advected air masses rich in methanol and
acetone might affect the local boundary layer meteorology.

Response 19: p. 6614, |. 23-24: This was poorly worded and has been changed to:

“De Gouw et al. (2005) reported that changes in boundary layer meteorology could result in
greater effects on observed concentrations of methanol and acetone due to their high
background values. The mixing ratios of these compounds are, therefore, dominated by
advected pollution rather than the local flux.”

Comment 20: P6615, L11-12. Is there an important potential emission source (e.g.
petrol station) at the west of the flux tower?

Response 20: p. 6615, I. 11-12: As the Congestion Charge Zone in London limits the
number of private vehicles in this area, there are only few petrol stations in the vicinity. The
nearest is 1 km to the north and the closest westerly station is 2.5 km away. These petrol
stations are outside of the 90 % flux contribution distance and are not likely to have
contributed to fluxes. No other significant point sources of this type were identified within the
footprint area.

Comment 21: P6617, L3-6. Was turfgrass considered?

Response 21: p. 6617, |. 3-6: added “total tree leaf area”. Turfgrass was not considered as
turf grass species used in the UK do not emit isoprene or emit it at undetectable levels (e.g.
Stewart et al., 2003).

Comment 22: P6617, L21. ... for fluxes indicated (What?) ...

Response 22: p. 6617 |. 21-22: This section was poorly phrased and has been changed to
improve clarification and consistency:

“Correlations of VOC/VOC fluxes (R2 = 0.40-0.62, p<0.001) indicated two groups of
compounds with good correlations within each group, i.e. compounds related to traffic
sources such as aromatics, and oxygenated and biogenic compounds, such as methanol,
acetone and isoprene. Correlations of VOC/VOC concentrations (R2 = 0.13-0.84, p<0.001)
showed highest correlations between traffic-related compounds (R2 = 0.45-0.84, p<0.001)
and good correlations between the oxygenated and biogenic compounds (R2 = 0.55-0.69,
p<0.001) (Figure 6).”

Comment 23: P6617, L22. Provide examples of such species.

Response 23: p. 6617, |. 22: See part of previous response:

“i.e. compounds related to traffic sources such as aromatics, and oxygenated and biogenic
compounds, such as methanol, acetone and isoprene.”

Comment 24: P6617, L21-25. This paragraph is difficult to read.
Response 24: p. 6617, |. 21-25: See responses 22 and 23.

Comment 25: P6618, Section 3.2.1. A figure showing scatter plots of benzene versus
toluene would be helpful.

Response 25: p. 6618, Section 3.2.1: Phrasing has been improved and two panels have
been added to figure 7 showing scatterplots of benzene versus toluene concentrations for
the 9" and 12" August respectively. The figure caption now reads:
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“Bottom: Scatterplots showing benzene to toluene concentration ratios during the 9th August
2012 (left) and 12th August 2012 (right) with linear regression with 95th confidence interval,
regression equation and coefficient (R2).”

Comment 26: P6618, L10. IQR?
Response 26: p. 6618, 1.10: added “and interquartile range”.

Comment 27: P6618, L14-24. Zavala et al. (2006), Rogers et al. (2006), Velasco et al.
(2007) and Karl et al. (2009) reported benzene to toluene ratios for Mexico City. The
vehicular fleet and industry from both cities are expected to be considerably different,
as well as the benzene to toluene ratio.

Response 27: p. 6618, |. 14-24: The detailed comparison with Mexico City has been
removed and only the b/t flux ratios from Karl et al. (2009) have been included to help
explain a possible reason for the low observed flux ratios in this study. The comparison with
other cities now focuses on European and UK cities. The section has also been rephrased to
improve the clarity as follows:

“The observed ratios compared well with those of other European cities, which showed b/t
concentration ratios of 0.35 in Zurich (Heeb et al., 2000), 0.57 in Manchester (Langford et
al., 2009), 0.57-0.63 in London (Valach et al., 2014), and 0.1 at 190 m above London
(Langford et al., 2010b). Traffic related emissions are considered to be an important source
of benzene and toluene in London. B/t exhaust emission ratios based on derived yearly
emissions in other megacities, such as Mexico City, were found to be 0.4 (Zavala et al.,
2006), which agreed well with observed b/t concentration ratios in this study. Airborne flux
measurements over Mexico City have shown average b/t flux ratios of 0.31 with lower ratios
of 0.07 to 0.1 over industrial areas due to increased toluene emissions from industrial
processes (Karl et al., 2009; Velasco et al., 2007). Evaporative emissions from gasoline or
direct industrial toluene emissions may have contributed to the lower b/t flux ratios in
London. Furthermore, low b/t concentration ratios of 0.26 from diesel emissions have been
reported (Corréa and Arbilla, 2006). The widespread use of diesel fuel in London (buses,
taxis and some cars and trains) and diesel emissions from roads which exclude passenger
cars, such as Oxford Street (approx. 1.3 km W from the measurement site) or central railway
nodes, such as Waterloo Railway Station (1 km to the S), may have affected b/t ratios.”

Comment 28: P6621, L20-22. If this was true, the reported fluxes would not be
representative of the monitored district. The measurement height together with the
data quality assurance suggests that the flux measurements were properly conducted
at the inertial sublayer, where the turbulence and fluxes are relatively homogenous.
Response 28: p. 6621, I. 20-22: The section was poorly worded and has been rewritten as:
“Due to the relatively low measurement height, flux measurements were always closely
coupled with the surface layer, unlike measurements by Langford et al. (2010b), which were
at times disconnected from the surface layer during stable night time conditions. The flux
footprint in this study was relatively small compared with that of measurements previously
made a 190 m height from the BT Tower in central London (Langford et al., 2010b).”

Comment 29: P6622, L7-27. This discussion is long and difficult to follow.
Response 29: p. 6622, |. 7-27: This section was poorly phrased. The structure and language
have been improved.
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“Green areas, as defined on the OS map, comprised 9 % of the total grid area and were
evenly distributed across the 9 km?. Only grid square 1 included a large green area of 23 ha
(St. James’ Park). The National Forest Inventory England only included 4.4 % green areas
within the grid selection (NFI, 2012).”

And:

“The River Thames to the S may have caused the low fluxes associated with S winds (i.e.
squares 1, 2 and 3). Contributions of traffic related compound fluxes were statistically
significant from the W (i.e. squares 4, 5, and 7), followed by the N (square 8) and E (squares
6 and 9) likely from the nearby heavily trafficked roads (Kingsway, Charing Cross, Strand
and Blackfriars areas, respectively). Biogenic compound fluxes were highest from the W and
E which coincides with significant nearby green areas within the flux footprint.”

Comment 30: P6623, L11. The London Atmospheric Emissions Inventory (LAEI) and
the Atmospheric Emissions Inventories (NAEI) ...

Response 30: p. 6623 I. 11: changed to “London Atmospheric Emissions Inventory (LAEI)
and National Atmospheric Emissions Inventories (NAEI)”.

Comment 31: P6623, Section 3.4. Do NAEI and LAEI provide data on the spatial and
temporal distribution of the estimated emissions?

Response 31: p. 6623, Section 3.4: Estimates are produced on an annual basis and over a 1
km? grid system which coincides with the Ordinance Survey grid. This information was
added to the first sentence:

“The London Atmospheric Emissions Inventory (LAEI) and National Atmospheric Emissions
Inventories (NAEI) produce yearly emission estimates over the 1 km? OS grid for a range of
pollutants and emission sources.”

Comment 32: P6624, L6. SNAP?
Response 32: p. 6624 |. 6: added “(Selected Nomenclature for sources of Air Pollution)”.

Comment 33: P6625, L15-17. The article does not discuss the suitability of the King
College for turbulent flux measurements. If its suitability has been previously
analysed, include the corresponding references.

Response 33: p. 6625, I. 15-17: This issue is addressed in the response to Major comment 1
by this reviewer and references have been added.

Comment 34: P6636, Fig. 1. The green marker is difficult to find. Make it larger.
Response 34: p. 6636, Fig. 1: The size of the green marker has been increased and a label
of the site name added.

Comment 35: P6636, Fig. 1. It would be helpful to see the estimated footprint overlaid
on the map.

Response 35: p. 6636, Fig. 1: Outlines for Xmax, 75 %, 90 %, and 99 % of the area
contributing to the flux footprint are shown with respective labels. Changes in the figure
caption have been made accordingly:

“Map of central London overlaid with the Ordinance Survey grid including the measurement
site (KCL) at King’s College (green point) with references to the geography of Greater
London and Great Britain. Outlines of the areas that contribute the maximum (Xmax), 75%,
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90%, and 99% to the flux footprint using overall median meteorological values are shown in
black with their respective labels laid out according to the median wind direction.”

Comment 36: P6637, Fig. 2. There is no need of mixing weekdays and weekend’s
fluxes in one profile. For some species, such as C2-benzenes and toluene, the
difference is considerable. Show only the variability (i.e. confidence interval) of
weekdays or weekends.

Response 36: p. 6637, Fig. 2: The format used in figure 2 has previously been widely used
to show diurnal profiles of pollutant concentrations and fluxes, including by Bigi and Harrison
(2010), Langford et al. (2010b), Park et al. (2010), Park et al. (2011), Velasco et al. (2005),
Velasco et al. (2009). However, to aid clarity weekend and weekday lines are now in colour
(blue and red respectively) to improve the readability and the figure caption has been
updated: “weekdays (red dashed line) and weekends (blue dotted line)”.

Comment 37: P6637, Fig. 2. For panels in section (b) select scales that help to
visualize the diurnal characteristics. For example, the scale for benzene should go
from 0.20 to 0.40 ppb, instead from 0.00 to 0.45 ppb.

Response 37: p. 6637, Fig. 2: It is conventionally accepted that it is good practice to plot
figures with both axes beginning at zero. We retain this format in order to aid comparison
with previously published data on VOC mixing ratios, e.g. Bon et al. (2011), Davison et al.
(2009), Fraser et al. (1998), Heeb et al. (2000), Karl et al. (2007), Kato et al. (2004), Kim et
al. (2001), Langford et al. (2010a), Liu et al. (2015), Misztal et al. (2011), Park et al. (2010),
Park et al. (2011), Velasco et al. (2007), von Schneidemesser et al. (2011), Wang et al.
(2014), Warneke et al. (2014).

The figure caption was updated to include:

“The mixing ratio axes start from zero apart from that of methanol, which begins at 6.4 ppb
due to the high atmospheric background.”

Comment 38: P6638, Fig. 3. Check the linear regression of panel (E).
Response 38: p. 6638, Fig. 3: The regression line in panel E has been corrected.

Comment 39: P6639, Fig. 4. What do the bar charts represent? Do they show the mean
daily flux/mixing ratio for each monitored month?

Response 39: p. 6639, Fig. 4: Bar charts show hourly fluxes averaged over each month in
mg m2 h. The figure caption has been expanded with:

“Diurnal profiles by month with confidence intervals and bar charts showing hourly averages
for the respective month and representative compound (top) fluxes (mg m? h™*) (m/z 45, 69
and 79) and (bottom) mixing ratios (ppb) (m/z 59, 69 and 79).”

Comment 40: P6640, Fig. 5. Too many dashed lines in the scatter plots. They are
confusing.
Response 40: p. 6640, Fig. 5b: 1:2 and 2:1 lines have been removed.

Comment 41: P6640, Fig. 5. OLS?
Response 41: p. 6640 Fig. 5: caption changed to “Ordinary Least Squares (OLS)”.

Comment 42: P6640, Fig. 5. Describe first the panels at the left and then the panels at
the right.
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Response 42: p. 6640, Fig. 5: The caption has been adjusted:

“Figure 5a. Time series of both measured (grey) and modelled (black) fluxes, as well as PAR
and temperature measurements for August and September 2012.

Figure 5b. Correlation between modelled and measured isoprene fluxes (mg m? h) by wind
direction using the G95 algorithm with temperature as a third variable, Ordinary Least
Squares (OLS) regression lines, 99" confidence intervals, formulae, and R*-value.”

Comment 43: P6641, Fig. 6. Scatter plots between fluxes would be more interesting.
Response 43: p. 6641, Fig. 6: Scatterplots between the fluxes show no clear trends, as
many fluxes were below the LoD and therefore individual flux points have high uncertainties,
hence averaged data have been used throughout in the analyses. However, flux correlations
between the same compound pairs as used in the concentration correlations have been
added and the figure caption updated:

“Figure 6. Selected scatter plots of representative correlations of VOC/VOC fluxes (top) and
mixing ratio (bottom) with temperature as a third variable showing an example of bimodal,
strong linear and medium linear correlations as commonly seen in the mixing ratio
correlations with R%-values, 1:1 line, 1:2 and 2:1 lines for the bimodal example in the bottom
left panel.”
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Abstract .

Concentrations and fluxes of seven volatile organic compounds (VOCs) were measured
between August and December 2012 at a roof-top site in central London as part of the ClearfLo
project (Clean Air for London). VOC concentrations were quantified using a proton transfer
reaction-mass spectrometer (PTR-MS) and fluxes were calculated using a virtual disjunct
eddy covariance technique_ (vDEC).- The median VOC fluxes, including aromatics,
oxygenated compounds and isoprene, ranged from 0.07 to 0.33 mg m-2 h*, Median-and mixing
ratios were 7.327 ppb for methanol (m/z-33)-and < 1 ppb for the otherremaining compounds.
Strong relationships were observed between themestVOC fluxes and concentrations of some

VOCs with traffic density, and between the fluxes and concentrations of isoprene and

oxygenated compounds but—alse—with photosynthetically active radiation (PAR) and

temperature.—forthe-oxygenated-compounds—and-iseprene: An estimated 50-90_% of the

fluxes% of aromatic VOCsfluxes were attributable to traffic activity, which showed little
seasonal variation, suggesting that boundary layer effects or possibly advected pollution may
be the primary causes of increased concentrations of aromatics in winter. |soprenePAR-and

, methanol and

acetaldehyde fluxes and concentrations in August and September_showed high correlations

with PAR and temperature, when fluxes and concentrations were largest_suggesting that

biogenic sources contributed to their fluxes.- Modelled biogenic isoprene fluxes from urban

vegetation using the Guenther et al., (1995)G95 algorithm agreed well with measured fluxes

in August and September.;—due—to—urban—vegetation- Comparisons of estimated annual

benzene emissions from the London and National Atmospheric Emissions

Inventoriestrventory agreed well with measured benzene fluxes. Flux footprint analysis
indicated emission sources were localized and that boundary layer dynamics and source
strengths were responsible for temporal and spatial VOC flux and concentration variability

during the measurement period.
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1 Introduction

Currently over 50 % of the global population livestve in urban areas and with increasing trends

in-urbanization-and-pepulation-migration to urban centres, air quality remains a high public

health priority. In the European Union, includingAttheugh in the UK, volatile organic compound

(VOC) emissions are subject to control under the European Commission Directive 2008/50/EC
and emission reducing technologies have been implemented, yet urban air pollution continues
to be a concern. VOCs from both anthropogenic and biogenic sources impact urban air quality
and climate through their contribution to tropospheric ozone and aerosol particle formation.
Some VOCs includingare—also—carcinegens—{e-g- benzene and 1,3- butadiene_are also
carcinogens,}; which can directly affect human health (Kim et al., 2001). Most VOCs in urban
areas are assumed to come from fuel combustion or evaporative emissions (Srivastava et al.,
2005; Kansal, 2009). However, in summer, urban vegetation may additienally—act as an
additionala source of VOCs such as methanol, isoprene and monoterpenes_even in cities with

a temperate climate and little green space, such as London or Manchester (Langford et al.,

2009; 2010b).

Emission inventories such as the London and National Atmospheric Emissions Inventories

(LAEI and NAEDaventery use a “bottom-up” approach based on activity data and emission

factors to estimate emission rates from pollutant sources. Micrometeorologically-based-which

ical eddy covariance techniques allow
a “top-down” approach to quantify fluxes and these measurements can be compared with

modelled emission inventory estimates. Such comparisons are essential as “bottom-up”

emissione

to-be-identified-and-added-to-emissions inventories may inadvertently not include specific

pollutant _sources, or _may use unrepresentative emission factors or activity profiles.

“Topmaking—top-down™flux-measurements-vital—Satellite “top-down” approaches using Earth

observation data from satellites are also available for aenly few chemicals (Lamsal et al.,

2011), but not for primary VOCs. There have been few studies on VOC fluxes in urban areas,
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fluxes-inurban-areas-which have been limited in spatial and temporal extentrepresentation

(Langford et al., 2009; 2010b; Velasco et al., 2005; 2009; Park et al., 2010; 2011). Due to the

high technical demandsdemand of VOC flux measurements, it is difficult to increase spatial

coverage_or to make measurements—Hewever-deploying-instrumentation for long_periods of

time. Making further-term measurements of this kind is therefore a high priority in studies of

air qualityprovides better understanding of seasonal-to-annual variability.

In this study we present YOC-flux and concentration measurements of seven selected volatile
organic compounds made over five months inabeve central London using the virtual disjunct

eddy covariance method. The aimsain of this study werewas to i) quantify:

——Quantify VOC fluxes above an urban canopy using proton transfer reaction-mass

spectrometryPTR-MS and disjunct eddy covariance;_ii)
i——Iinvestigate seasonal, diurnal and spatial differences in VOC fluxes and_concentrations;

i examine possible major source contributions of speciated VOCs_in central London;+

and iv) compare measured fluxes with those estimated by the London and National

Atmospheric Emissions Inventories.

These observations were made as part of the ClearfLo (Clean air for London) project, which
provided integrated short-term and long-term measurements of meteorology, gas phase and
particulate pollutants over London and surrounding areas during 2011 and 2012

(Bohnenstengel et al., 20152014).
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2 Methods

2.1 Measurement site

Micrometeorological flux measurements were made during the period from-7" August - 19t
December 2012 from a flux tower located on the roof of a building belonging to King’s College,
University of London (51.511667 230°42°N 0.11666726700 W, ground altitude 30 m_a.s.l.) on
the Strand in central London. Although the site is within the London Congestion Charge Zone

(an area encompassing central London requiring road tolls to be paid and hence an area with

reduced traffic densityregutarhy), surrounding roads supported a medium to high traffic volume

(annual average of 50000-80000 vehicles per day, (Department for Transport, 2014)) with the

Riverriver Thames situated 200 m to the south. This site is classified as Local Climate Zone

(LCZ) Class 2 Compact Midrise according to Stewart and an-Oke (2012) (i.e. dense mix of

or-very-close-set buildings (3-9 stories), few or no trees, land cover mostly paved,made-of

brick-or stone, brick, tile, and concrete construction materials). Land cover types (in %) were

calculated based on the Ordinance Survey map for the 9 km? area (Figure 1) encompassing

the site and are: roads (37 %), buildings (31 %), other paved areas (14 %), unpaved/

vegetation (11 %), and water bodies (7 %).

e-g—old-eity-ecore)—The_sampling inlet and sonic anemometer were mounted on a triangular

level (a.g.l.). The mean building height was around 25 m and the mast was located on an

elevated area in the centre of the roof. A street canyon was located to the NW and an enclosed

parking area to the SE, but generally surrounding buildings were of equal height. The sampling

point (which we call KCL) is located 37 m-)-several-meters west of a sampling point (the-KSS)
that has been-site{i-e—KSSW) used for long-term energy and CO; flux measurements

(Kotthaus and Grimmond, 2012)._Although the site is not optimal for micrometeorological flux

measurements due to the heterogeneity of the urban canopy, its suitability has been assessed
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in detail by Kotthaus and Grimmond (2014a; 2014b). This study describesFhe-mean-building

deseribe in detail the measurement area and investigatesivestigate the influence of source

area characteristics on long-term radiation and turbulent heat fluxes for the KSS site. They

conclude that the site can vield reasonable data on surface to atmosphere fluxes;-which-is-in

the-same-area.

The weather in 2012 was somewhat cooler than the {1981 to 2010} long-term mean for London
during summer and autumn, with several cold fronts bringing up to twice as much precipitation
and associated winds as average, suppressing pollution levels. However, duringBuring the

period of the OlympicOlympics and Paralympic GamesPRaralympics (27" July — 12 August

and 29" August — 9" September 2012) the weather was hot and dry causing sustained
pollution peaks. Winter 2012/2013 was generally warmer and drier in London than the 1981-

2010 mean (Met Office, 2013).

2.2 Instrumentation and data acquisition

The CSATS3 sonic anemometer (Campbell Scientific) and inlet were facedfaeing toward the
predominant wind direction (SW) to minimise flow distortion. Data from the sonic anemometer
were logged at a frequency of 10 Hz and flux measurements were calculated using 25

minmingte averaging periods. The rotation angle theta (6), used to correct measurements of

the vertical wind velocity for minor misalignment of the sonic anemometer, showed no
significant disturbance of the turbulence from interactions with the building when plotted
against wind direction. Data were recorded in UTC (Universal Time Coordinated),} which is
one hour earlier than local time in summer and coincident with Greenwich Mean Time in

winter. However, all analyses used local time.

[Formatted: Font: Italic




141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

VOC concentrations were measured using a high sensitivity proton transfer reaction-
(quadrupole) mass spectrometer (PTR-MS) (lonicon Analytik GmbH, Innsbruck, Austria) with
three Varian turbo-molecular pumps (see for example de Gouw and Warneke, 2007{see
Lindinger-etak—1998:de-Gouw-and-Warneke;2007; Hayward et al., 2002; Lindinger et al.
1998 for more detailed description of the instrument). Air was drawn through an inlet co-

located with the sonic anemometer.-en-the-flux-tower-approx—60-9-m-a-g-- Sample air was
purged through a ~ 30 m 2" OD (3/8” ID) PTFE tube at a flow rate of 81 L min! to the PTR-

MS, which was housed in a utility room below. The high flow rate ensured turbulent flow was
maintained and signal attenuation minimised (Reynolds number, Re = 11177). During the
campaign, PTR-MS operating parameters were maintained at 1.95 mbar, 510 V and 50 °C for
drift tube pressure, voltage and temperature respectively, to achieve an E/N (E: electric field
strength, N: buffer gas number density) ratio of 123 Td (1 Td = 1017 V cm?). This field strength
forms a compromise between reagent ion clustering and fragmentation suppression (Hewitt
et al., 2003). Further instrument parameters and meteorological conditions are summarized in

Table 1. The inlet flow rate into the instrument was held-at0.25-0.3 L min.

-The logging program was written in LabVIEW (National Instruments, Austin, Texas, USA) and
operated the PTR-MS in multiple ion detection (MID) and SCAN modes for VOC

concentrations of nine selected masses and a range of the protonated mass spectrum m/z

21-206 respectively. The sonic anemometer was not directly interfaced with the LabVIEW

logging program, requiring the measurements to be synchronised during post-processing

through the use of a cross-correlation function between the vertical wind velocity w and the

VOC ion counts c. A valve system controlled the measurement cycle, which consisted

consisting of 5 min zero air (ZA), 25 min MID followed by further 5 min SCAN of sample air
and 25 min MID mode. During the ZA cycle, air was pumped through a custom-made gas
calibration unit (GCU) fitted with a platinum catalyst heated to 200°C to provide instrument
background values at ambient humidity. In MID mode the quadrupole scanned nine

predetermined protonated masses with a dwell time of 0.5 s each to which the following
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compounds were ascribed: m/z 21 (indirectly quantified m/z 19 primary ion count via [H3'80O*]),
m/z 33 (methanol), m/z 39 (indirectly quantified m/z 37 first cluster [HsO* H.O%]), m/z 42
(acetonitrile, results not shown), m/z 45 (acetaldehyde), m/z 59 (acetone/propanal), m/z 69
(isopreneffuran), m/z 79 (benzene), m/z 93 (toluene), m/z 107 (C,-benzenes), and m/z 121
(Cs-benzenes, results not shown). The total cycle time was 5.5 s. Secondary electron multiplier
(SEM) voltage, as well as Oz* (m/z 32) and photon “dark counts” (m/z 25) signals were

monitored weekly.

The PTR-MS cannot distinguish between different compounds with the same integer mass,
therefore isobaric interference can occur. For example, m/z 107 may result fromis-considered
to-be-the-sum-of several contributing Cg-aromatics: ethyl benzene, (m+p)-xylene, o-xylene and
some benzaldehyde (Warneke et al., 2003). Further interferences at measured m/z from
additional compounds and fragmentation for this instrument in an urban environment are

discussed in Valach et al. (2014). Although the O»* and water cluster ions were kept <_2_% of

the primary ion, interferences from ’O*0* isotopes at m/z 33 were taken into account. Fhe

Single point calibrations were performed on-site once a month using a certified multiple
component VOC gas standard (lonimed, sinree-23*-May-2013-part of lonicon Analytik GmbH,
Austria), which was validated by cross-calibration with a second independent VOC standard
(Apel Riemer Environmental Inc., CO, USA). Before and after the campaign, multistep
calibrations were performed with both standards. Standards were diluted with catalytically
converted zero air, since cylinder concentrations were approx. 1 ppm *_5 % uncertainty
(lonimed Analytik) and 0.5 ppm *_10_% (Apel Riemer). Error propagation resulted in a total
calibration uncertainty of < 20 %. Measured normalised instrument sensitivities (Sn, Table 1)
based on Taipale et al. (2008) were used to convert normalised count rates (ncps) of

protonated masses (RH*) to volume mixing ratios (Langford et al., 2010a). Only the o-xylene
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isomer was present in the lonimed standard, which was used to determine instrument
sensitivities for m/z 107, but sensitivities agreed well when compared with sensitivities for p-
xylene present in the Apel Riemer standard. Any remaining humidity effects on calibrations
were previously investigated for this instrument and were found to be within the overall
calibration uncertainty (Valach et al., 2014). Detection limits of VOC concentrations (Table 2)

were calculated according to Taipale et al. (2008).

2.3 Flux calculations and quality assessment

Fluxes were calculated according to Karl et al. (2002) and Langford et al. (2009; 2010b) using:
1 1 (it rr:
F =3 w (2) « ), (Ea.1)

where w’and ¢’ are the instantaneous fluctuations around the mean vertical wind (w — w) and
mean VOC concentration (c — ¢), n is the number of VOC concentration measurements per
25 min averaging period (n = 273), tg is the lag time between the wind and PTR-MS
measurement due to the transit through the sampling line, and Aw is the sampling interval of
the vertical wind speed measurements of the sonic anemometer (10 Hz = 0.1 s). Langford et
al. (in review) recently demonstrated that the method used to determine the time lag becomes
important where the signal-to-noise ratio of the analyser is poor, showing that methods that
systematically search for a maximum in the cross-correlation function within a given window
(MAX method) can bias the calculated fluxes towards more extreme (positive or negative)
values. Their study recommends the use of a prescribed lag time determined either through
the use of a monitored sample flow rate or by using the typical lag time derived by searching
for a maximum. Here the prescribed lag times were determined by fitting a running mean to
the time series of daytime lag times calculated using the MAX method for acetone, which had
large fluxes and thus the clearest time-lags. Prescribed lag times for all other compounds were
set relative to that of acetone, accounting for the offset introduced by the sequential sampling

of the PTR-MS.
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—Flux losses due to the attenuation of high and low frequency eddies were estimated for our
measurement setup. High frequency flux attenuation was estimated to be on average 11_%
using the method of Horst (1997), and a correction was applied. Attenuation from low
frequency fluctuations for a 25 min flux period was investigated by re-analysing the sensible
heat fluxes for longer averaging periods of 60, 90, 120 and 150 min. The coordinate rotation
was applied to the joined files, which acted as a high pass filter to the three wind vectors,
confirming that fluctuations of eddies with a longer time period than the averaging time did not
contribute to the flux measurement (Moncrieff et al., 2004). The fluxes were compared back
to the 25 min average fluxes, which had the coordinate rotation applied before joining, again
to ensure only turbulent fluctuations of < 25 min contributed to the flux (Supplementary
information Figure Al). Flux losses due to low frequency attenuation were estimated to be <

1.5 % and, therefore, no corrections were deemed necessary._The error due to the disjunct

sampling was estimated by comparing the sensible heat fluxes calculated from the continuous

data series with those calculated from a disjunct data series using a set sampling interval of

5.5 s. The continuous data were averaged to match the sampling frequency of the disjunct

data (i.e. 2 Hz). The difference between the eddy covariance and DEC sensible heat fluxes

was minimal (0.01 %) and thus no additional corrections were applied.

Many of the 25 min resolved flux measurements were close to the limit of detection (LoD).}
based on 1 standard deviation using the method of Spirig et al. (2005), with an average fail
rate of 82_%. Various techniques to statistically analyse or replace values below the LoD have
been developed (Clarke, 1998). However-hewever, they often result in significant bias, either
high or low depending on the value substituted, because values tend to be below the LoD
when fluxes are indeed small (Helsel and Hirsch, 1992). In this study, our analysis focused on
diurnally averaged flux profilesfluxes and we decided not to filter out individual flux values on
the basis of being < LoD in order to avoid this bias. When averaging the 25 min flux data it is
appropriate to also average the LoD which, as shown by Langford et al. (in review), decreases

with the square root of the number of samples averaged (N). Therefore, although the majority
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of the individual 25 min flux measurements were below the LoD, their diurnal average
profilesaverages may exceed the LoD for the average and thus still yield important data on

the net exchange of VOCs above the city.

LoD = + [SN LoD2. (Eq.2)

The following describes the additionally applied filter criteria. 25 min flux values with a friction
velocity (u-) < 0.15 m s were rejected (3.4 % of total data) due to insufficient turbulence. The
stationarity test and data quality rating methods of Foken and Wichura (1996) and Velasco et
al. (2005) were used, and 47_% of the data files were rejected on this basis. The high number
of files rejected in the stationarity test is to be expected for eddy covariance measurements

over highly heterogeneous canopies—where—ergodicity—cannot—exist, although horizontally

averaged canopy morphology recovers some surfaceptarar homogeneity. Furthermore, the

low measurement height used can cause an increased sensitivity towards canopy roughness
features resulting in non-stationarity. Since urban environments are inherently not ideal for

micrometeorological flux measurements_due to their heterogeneity, integral turbulence

characteristics of this site were assessed by comparing the measured standard deviation of
the vertical wind velocity (ow) normalised by u- to the parameters of a modelled ideal
turbulence (Foken et al., 2004). Results showed that 99.6 % of all the data were rated category
six or better and 0.4 % were rejected using the criteria of Foken et al. (2004). This large pass
rate gives further confidence that the measurements were not unduly affected by wake
turbulence generated from the structure of the building. Erroneous meteorological data (2.6 %
of total) were removed around wind directions of 14-15°, due to minor turbulence interferences
from the presence of other sensors on the mast. Depending on compound between 40-—61
% of flux data (N = 1934——2949) passed all of the above quality controls. Exactly 2014 hheurs
of concentration data (N = 4834) were obtained. For consistency regression coefficients (R?)

were used throughout.
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The traffic densities used for the analysis were obtained from a nearby site at Marylebone
Road (approx. 3 km to the NW) and consisted of hourly vehicle counts covering the period 7t
-to 22" August 2012. The major roads of the Strand and the Embankment areas-surrounding
the measurement site support a comparable traffic volume with an annual average of 50000 -
80000 vehicles per day (Department for Transport, 2014) and diurnal patterns in traffic are

likely to be similar across central London.

Photosynthetically active radiation (PAR) and CO, measurements used in the analysis were
part of the KSS-long-term micrometeorological measurements at the same site and covered
the period from August to September for PAR and from August to December for CO;

respectively._Average diurnal profiles were calculated for the boundary layer mixing height,

which was measured using three LIDARS located on rooftops within central London during an

approx. two week period in summer and winter 2012 (Bohnenstengel et al., 2015).

2.3.1 Flux footprint calculations

Although there are no operational footprint models for urban environments which take the
complex topography and spatial variability in building height and surface heat fluxes into
account, the analytical footprint model ofsuggested-by Kormann and Meixner (2001) has
previously been applied in non-homogeneous terrain (Helfter et al., 2011; Neftel et al., 2008).
The Kormann-Meixner (KM) model determines the 2D footprint density function explicitly from
micrometeorological parameters, which are provided by the eddy covariance measurements,

i.e., friction velocity (u-), Sbukhevlength—{L)—herizontal-wind-velocityat-the-measurement

height {d4(zm), Obukhov length (L), horizontal wind velocity at the measurement height (u(zm)),

and }-standard deviation of the lateral wind (0.).};anrd-measurement-height-{zx)- The flux

footprints were calculated for each 25 min flux period. Neftel et al. (2008) developed a
Microsoft Excel based tool, which allows the footprint contributions (%) of user-defined spatial
elements to be mapped. In—in this case we used a total of nine 1 km? grid squares to match

the Ordinance Survey (OS) grid (Figure 1), centred on the measurement site.}- This grid

resolution was validated using a simple parameterisation model (Kljun et al., 2004) with

11
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average diurnal cycleaverage parameters for g, u-, and boundary layer height (z;) during the

campaign, which calculated the distance of the maximum flux contribution (Xmax) and the

extent of the 90 % flux footprint (Xso).

The KM footprint calculation requires the Monin-Obukhov stability parameter (¢) to be within

the interval [-3, 3], where——
Zm—d
(=" (Eq. 3)

with d (d = %z = 16.7 m) being the displacement height estimated as a fraction of the canopy

height (Garrat, 1992). The footprint estimation for cases of extreme stability is of lower quality,
but still provides useful information. The vertical turbulent flux F¢(0,0,zn) measured at the
height zy, is related to the corresponding surface flux area Fc(x,y,0) which is upwind of the

measurement point, such that
F(00,2n —d) = [7 [ Fo(x,,2m — DP(x,, 2 — d)dxdy,  (Ed. 4)

where zn, is the measurement height and the x--axis is aligned with the mean horizontal wind
direction. @(x, y, z,, — d) is the footprint function and includes a weighting function to describe
the influence of a unit point source on the flux from any surface location (x,y). In order to
compare VOC fluxes with estimated emissions from the London Atmospheric Emissions

Inventory (LAEI), a 9the-1 km? section of the 1 km? resolution OS grid system was used, which

on average included 90_% of the footprint contribution to all measured fluxes. This area was
limited to central London and partially included the following Boroughs: Westminster (squares

1, 4,5 and 7), Southwark (2, 3 and 6), Camden (8) and the City of London (9) (Figure 1).
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3 Results and Discussion

3.1 Diurnal profiles of VOC fluxes and concentrations

Average diurnal cyclesBiurpal-averages of measured VOC fluxes and mixing ratios are shown

in FigureFigures 2a and 2b with descriptive statistics for all the data summarized in Table 2.
LargestTeluene-and-Co-benzenes-showed-the-largest median fiuxes—(interquartile range in
parenthesis) fluxes per day were from C,-benzenes and toluene with 7.86 (e£0.92-21.8) kg
km33—{0-04-0-91)-mg-—m?2 dh! and 7.26 (1.83-15.3) kg kmB-30{0-08-0-64)mg—m2 dh'
respectively, followed by oxygenated compounds, i.e. methanol with 6.37 ({8-27(0-12-0-42)
mg-m2.99-10.0) kg km? d*,-h%); acetaldehyde 3.29 (1.52-5.62) kg km2 d1,{6-14-{0.06-0-23)

mg-m2-h*); and acetone 5.24 (2.33-9.62) kg km? d.{6-22{0-10-0-40) mg-m=>-h™*). Isoprene

and benzene showed the-smallest median fluxes with 2.14 (0.56-4.85) kg km? do-09-(6-02-

0:20)-mg-m=2-ht and 1.78 (0.06-4.34) kg km07{0.002-0-18)-mg-m=2 dh! respectively. The

highest median mixing ratios were of the oxygenated compounds methanol (7.3 (6.8-7.9) ppb),

acetone (0.95 (<LoD-1.36) ppb) and acetaldehyde (0.82 (0.59-1.13) ppb), followed by

aromatics (Cz-benzenes, toluene and benzene), and isoprene.

-Oxygenated compounds commonly have relatively long atmospheric lifetimes and

widespread originsesrees including anthropogenic_and; biogenic ard—some—atmospheric

sources_and photochemistry, resulting in elevated concentrations and less pronounced diurnal

profiles (Atkinson, 2000). Most VOC fluxes and concentrations were comparable to or lower
than those previously observed in London (Langford et al., 2010b) and other UK cities
(Langford et al., 2009), although C:-benzene fluxes and concentrations, as well as isoprene
and benzene concentrations were slightly higher. The discrepancy in isoprene and benzene
concentrations is consistent with photochemical loss during transport to the higher

measurement height of the previous studiesstudy. Compared to other cities such as Houston

Texas (Park et al., 2010) and Mexico City (Velasco et al., 2005), VOC fluxes and

concentrations\VOC-fluxes were lower, apart from Cx-benzenes which were comparable or

13
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higher, although it must be noted that C,-benzenes in this study represent the sum of multiple

VOC species. Unlike the other studies cited, Park et al. (2010) use relaxed eddy accumulation

to _measure VOC fluxes and hence the data obtained are not directly comparable with

measurements made by EC-based methods.{\elasco-et-al—2005)-

Diurnal profiles of aromatic fluxes and concentrations presented clear double rush hour peaks

during the morning and evening (07:00-10:00 and 17:00-20:00 local time). Concentration

peaks are thought to be linked to additional advection of traffic-related pollution from larger

commuter roads outside of the city centre, as well as boundary layer effects and

photochemistry. VOC concentration measurements at canopy height can be affected by

boundary layer depth (Vila-Guerau de Arellano et al., 2009). The rush hour emission peaks

mostly coincide with the boundary layer expansion and collapse and therefore the effect of

each factor cannot be separated. The morning concentration peak was slightly higher than the

evening peak across traffic-related species even though fluxes tended to be larger during the

evening rush hour. Morning emissions enter a shallow nocturnal boundary layer leading to

relatively larger concentrations compared with higher afternoon emissions entering a

developed boundary layer, leading to relatively lower concentrations. This enhanced dilution

effect is found more often during summer when the boundary layer mixing height is higher

(Figure 2). Therefore, the regression analyses below only refer to data from August (cf Section

3.1.2 for comparisons with winter). Furthermore, increased photochemical degradation during

the day removes VOCs, further contributing to the midday minimum in mixing ratios. The

diurnal flux profiles of methanol, acetone, isoprene, and to a smaller extent acetaldehyde,

showed one large peak just after midday (approx. 13:00 local time), which was only reflected

in the concentration profiles of acetone and isoprene. Acetaldehyde concentrations presented

a_slight double peak similar to mixing ratios of aromatics. Methanol has a relatively long

atmospheric lifetime and therefore high background concentrations, hence mixing ratios

showed no distinct diurnal profile.
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3.1.1 Correlations with possible controlling variables of VOC fluxes and concentrations
Aromatic compound fluxes closely followed the diurnal profile of traffic density with good

correlations (R?= 0.51-0.92, p<0.05) and slightly lower fluxes observed on the weekends. In

central urban areas_in the UK traffic densities — and therefore traffic-related VOC fluxes —
increase steadily throughout the day, with discernible peaks during morning, midday and

evening (Nemitz et al., 2002), which was also observed in this study. Biurral-prefiles—of

contributors-to-fluxes-and-mixingratios-of-aromatic-compeounds—Previous studies have shown

that the Marylebone Rd traffic count point can be used as a proxy representative of traffic flows

throughout central London (Helfter et al., 2011).

The aforementioned concentration dilution due to boundary layer expansion resulted in

negative correlations between boundary layer height and aromatic mixing ratios during August

(R? = 0.33-0.56, p<0.01). As aromatic compound fluxes slightly dipped around midday, the
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mixing ratios were diluted by the deep boundary layer. The above evidence suggests that

traffic-related emissions were the main contributors to fluxes and mixing ratios of aromatic

compounds. Acetone and isoprene showed peak midday fluxes, which maintained daytime

mixing ratios and produced positive correlations with boundary layer height (R?> = 0.16 and

0.59 respectively, p<0.01).diurral-flux—profiles- De Gouw et al. (2005) reported that changes

[ Formatted: Font: Italic

in_boundary layer meteorology could result in greater effects on observed concentrations of

methanol_and; acetone_due to their high background values. The mixing ratios of these

compounds are, therefore, likely dominated by advected pollution rather than the local flux.

Possibly a combination of boundary layer and photochemical effects were seen with methanol

mixing ratios, wherein correlations with mixing height were negative (R?> = 0.70, p<0.01),

whereas acetone and isoprene fluxes seemed ;-and-iseprene;-and-to be sufficiently high during
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the day to maintaina-smaller-extent-acetaldehyde,showed-ene-large peak just-aftemidday
mixing ratios (Figure 3 example of isoprene{approx—13:00-lecattime). Vehicle emissions may

have contributed to acetaldehyde and isoprene theirlevels directly or indirectly_(Figure 3

example of isoprene),; since flux-correlations of acetaldehyde-and-iseprene-fluxes with traffic

density were fairly high (R> = 0.60 and 0.46 respectively, p<0.05). TheFheir diurnal

concentration profile of acetaldehyde to some degreeprefiles mimicked those of traffic-related

compoundsthe—fluxes—with—isoprene—and—acetaldehyde reflecting a slight double peak.

VOC fluxes and concentrations plotted as a function of photosynthetically active radiation
(PAR) showed strong daytime (defined as 06:00 to 18:00 local timeGMT) correlations for

methanol, acetaldehyde and isoprene fluxes (R? = 0.71-0.78, p<0.001) and concentrations (R?

= 0.71-0-78-and-0:66-0.83, p<0.001061respectively). Plotted as a function of temperature, high

correlations with methanol, acetaldehyde and isoprene fluxes were seen (R? = 0.75, 0.63, and

0.94, p<0.001 respectively),)-were-seen; whereas only methanol and acetone concentrations

showed higher correlations with temperature (R> = 0.64 and 0.81, p<0.001 respectively).

Methanol fluxes correlated linearly with temperature (R?> = 0.75, p<0.001), but acetaldehyde

and isoprene fluxes had-exponential-relationships-(R? = 0.64 and 0.94, p<0.01) forfluxes-and

mixing ratios (R?> = 0.45 and 0.55, p<0.01) had exponential relationships with temperature

(Figure 3 example of isoprene). The relationships of mixing ratios with PAR and temperature
for these compounds improved greatly when execluding—night time values were excluded
(defined as PAR <100 pmol m* s*) and when timespeints of low temperature (<_5 °C) were

excluded. This indicates)—indicating either separate source contributions or effects of

boundary layer meteorology in these instances, whereby increased—tereased mixing ratios

of these compounds with low PAR and temperature are-likely result fromeffeets-of reduced
dilution within a shallow boundary layer, e.g., at night or in winter, but also possible

contributions of anthropogenic sources such as exhaust emissions, which are largely
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independent of light and temperature. Increases in concentrations due to high PAR and
temperature suggest biogenic sources, increased evaporative emissions, and/or secondary
atmospheric formation driven by oxidation of precursor hydrocarbons (Singh et al., 1994).
Oxygenated compounds have a variety of different source contributions such as tailpipetait
pipe emissions, evaporative emissions from fuel and solvents, direct emissions from plants,
leaf decomposition, and secondary atmospheric production (Langford et al., 2009 and

references therein).

-Modelling studies have indicated that the contribution of secondary atmospheric formation to

VOC concentrations could be more significant, especially in urban areas, during summer, i.e.

with high PAR and temperatures (Harley and Cass, 1994; de Gouw et al., 2005)-.reperted-that

seurees{ef-Seetion-3-1-3)- Acetone fluxes reached a maximum when PAR and temperature
were around 1000 pmol m2 st and 15-20 °C respectively, before declining, whereas mixing
ratios increased exponentially with light and temperature. These observations resemblemimie

measurements over forest canopies (e.q. Schade and Goldstein, 2001).{Schade—and

Goldstein;20014): Aromatic compound concentrations and fluxes showed no correlations with
PAR. Weak negative correlations were seen betweenwith aromatic concentrations and
temperature and weakly positive correlations betweenwith fluxes and temperature, likely due

to increased thermal mixing._The observed light and temperature responses associated with

isoprene fluxes and mixing ratios in August and September can be explained by biogenic

sources (cf Section 3.1.3).
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3.1.2 Seasonal variability of VOC sources and meteorology
Most compounds showed larger fluxes in August and September than in October, November

and December, with the exception of acetaldehyde which also showed increased fluxes in

December (Figure 4 topA). Increased acetaldehyde fluxes in December may have resulted

from an additional source, such as domestic biomass burning (Andreae and Merlet, 2001;

Lipari et al., 1984-Andreae and Merlet, 2001), although there are only few residential buildings
in this area of London. Only toluene fluxes in September were significantly higher than in other
months and benzene fluxes showed no significant seasonal differences. Seasonal variability
in fluxes was likely due to increased emissions in summer, especially for compounds with
biogenic and secondary atmospheric sources. Average monthly meteorological parameters

are summarized in Table 3.

Mixing ratios of aromatics were generally lower in summer and highest in December (Figure
4 bottomB). This is likely due to less dilution effects in winter when the boundary layer is
shallow or from advection of additional sources such as heating, since there was no increase

in fluxes. Generally, in summer the boundary layer mixing height is higher and collapses later

in_the evening which maintains the dilution effect for VOC concentrations. In winter the

average boundary layer mixing height is lower. It develops later in the morning and collapses

earlier in the afternoon, which could increase overall VOC mixing ratios, but also individual

maxima, e.g. during rush hours. Comparing average diurnal profiles of compound mixing ratios

with _boundary layer height during summer_and winter showed that aromatic compound

concentrations were associated with negative correlations in summer (cf Section 3.1.1) which

became positive during winter (R?> = 0.10-0.33, p<0.01), while fluxes maintained positive

correlations with boundary layer height regardless of season. This suggests boundary layer

effects may be an important driver of increased concentrations in winter. Furthermore,-and

traffic counts for the Congestion Charge Zone in central London indicate lower monthly

average vehicle counts in December (Department for TransportBfF, 2014). Oxygenated

compounds and isoprene mixing ratios were highest in summer with the exception of acetone,
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which increased in December likely either from boundary layer effects, reduced photochemical
degradation, or advection. CorrelationsMean—daytime—maxima of mixing ratios and fluxes
withdivrnatprefilesforthe boundary layer mixing-height measured-using-three LiDARs located
enrooftops-within-central--ondon-were positive for acetone and isoprene duringbetween-17060

m-ir summer and 900-m-in-winter, whereas methanol and acetaldehyde presented negative

correlations during summer indicating stronger dilution effects (cf Section 3.1.1).

-(Behnenstengeletal—2014)-Increased summer mixing ratios of oxygenated compounds and

isoprene indicated a temperature dependent, possibly biogenic source contribution. While
biogenic emissions may be advected from outside of the city, the concurrent increase in
isoprene fluxes suggests the source to be largely local to the flux footprint. The temperature
dependent fraction of observed isoprene mixing ratios, which may include advected pollution,

was estimated using the isoprene temperature response functioneguation from Figure 9 in

Langford et al. (2010b), which estimated a 30_% and 20_% contribution in August and
September respectively. These values were significantly higher than for iso-pentane, a non-

biogenic compound_available from the Automatic Hydrocarbon Network, to which the same

analysis was applied. The temperature dependent component of isoprene in October,
November and December showed no significant difference to that of iso-pentane, suggesting
the biogenic component was reduced or absent at lower temperatures. High correlations of
m/z 69 with light and temperature during August and September indicate that isoprene was
the likely major component during these months, however the rest of the period the
contribution of additionalether compounds such as furan and other alkenes at that mass may

have increased, thereby overestimating the isoprene signal (Yuan et al., 2014).

3.1.3 Modelling the biogenic isoprene contribution in London
An attempt was made to model the biogenic isoprene component during August and
September using the light and temperature algorithms of Guenther et al. (1995), hereafter

termed G95. The foliar emissions based model calculates VOC fluxes as follows;
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F=Dxexy, (Eq. 5)

where D is the foliar density (kg dry matter m-?), ¢ is an ecosystem dependent base emission
rate (ug C m2 st normalised to a PAR flux of 1000 umol m-2 s'* and leaf temperature of 303.15
K), and y is a dimensionless activity adjustment factor accounting for the effects of PAR and
leaf temperature. Ambient air temperature and PAR measurements were used to calculate

the light and temperature controlled parameters C. and Cr for y, where;

y =C, X Cr, (Eq. 6)

The slope of the linear regression of the measured total isoprene flux and y provided an
emission factor in mg m2 h't, which was converted to ug g* h* by dividing by the foliar density
{D = 0.£129 kgg m). The foliar density was estimated using the total tree leaf area as seen
from visible satellite imagery within the flux footprint (apprex—9%)-and_tree leaf dry weight for
representative species commonly planted in the area such as Platanus x acerifolia (City of
Westminster, 2009), which are also high isoprene emitters (Geron et al., 1994). The resulting
base emission rate € from the measured fluxes was 6.5 pug g* h'* which compares well with
the figure given in the literature (5 pug g* h't) for cities in a cool climate (Guenther et al., 1995).
For detailsFhese—estimates—are—representative of this calculation, see the Supplementary
Information B. These estimates are representative of biogenic-iseprene-fluxesfrom-a-highly
heterogeneous—canopy—within—the biogenic isoprene fluxes from a highly heterogeneous
canopy within
low—averagefoliardensity-due—to the flux footprint, including both high and low isoprene

emitting species as well as low average foliar density due to the sparse distribution of urban

roadside and park trees. Green areas, as defined on the OS map, comprised 9 % of the total

grid area and were evenly distributed across the 9 km?.sparse-distribution-of-urban-readside
andparktrees: Only grid square 1 included a large green area of 23 ha (St. James’ Park). The

National Forest Inventory (NFI) England only included 4.4 % green areas within the grid

selection (NFI, 2012). The NFI excluded individual trees in parks and avenues, which can
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encompass up to 50 % of trees maintained by the local authority in central London (City of

Westminster, 2009).

Figure 5a and b5 shows that the modelled isoprene fluxes using the calculated base emission
rate by-wind-direction-compared well with the measured fluxes_by wind direction.- Linear
regressions from wind directions that have a strong anthropogenic component are lower, e.g.

W (R?=0.13, p<0.001), than from those areas dominated by biogenic sources, e.g. SE (R% =

0.81, p<0.001) due towith the nearby Temple Gardens. Modelled emissionsfluxes seemingly

underestimated observed isoprene fluxes since these included the traffic component, however

it appears that biogenic isoprene represents a detectable source contribution in summer.

3.2 VOC/VOC correlations and ratios

Correlations of VOC/VOC eerrelations—ferfluxes indicated-(R? = 0.40--and-0.62, p<0.001)

indicated two groups of compounds with good correlations within each group, i.e. compounds

related to nen-traffic sources such as aromatics, and oxygenated and biogenic compounds,

such as methanol, acetone and isoprene (Figure 6 top). Correlations ofhad-highercorrelations:

VOC/VOC correlations-fer-concentrations (R? =between 0.13-0.84, p<0.001) showed highest

correlations between traffic--related compounds (R? =between 0.45-0.84, p<0.001) and good

0.55-0.69, p<0.001) (Figure 6 bottom). High}—Higher correlations between oxygenated VOCs

could indicate source commonality or formation mechanisms that depend on similar
environmental factors. Scatterplots between aromatic compounds and isoprene/oxygenated
compounds tendtended to show bimodal distributions indicating separate source
contributions.(Figure-6-leftpanel): Using temperature or, to a smaller extent, PAR as a third
variable highlights a temperature or light dependency of the second source supporting the
existence of additional biogenic and/or atmospheric sources. In the example of isoprene

against benzene the relationship changes with temperature from 2:1 to 1:2.

21

(D D D

[Formatted: Font: Italic
[Formatted: Font: Italic
[Formatted: Font: Italic
[Formatted: Font: Italic
[Formatted: Font: Italic
[Formatted: Font: Italic
[Formatted: Font: Ttalic
[Formatted: Font: Italic
[Formatted: Font: Italic
[Formatted: Font: Italic
[Formatted: Font: Italic
[Formatted: Font: Italic

o JU )




554  3.2.1 Benzene to toluene ratios « '[Formatted: Line spacing: Double

555 Benzene to toluene (b/t) ratios can help identify source types and changes in ratios can
556 indicate the photochemical age of an air mass as toluene reacts at a faster rate with OH in the

557  atmosphere, assuming sufficient OH concentrations to drive the reaction (Warneke et al.,

558  2007). Median (and interguartile range, IQR) b/t flux ratios were 0.21 (0.02-0.43) and median

559  (IOR) b/t concentration ratios were forfluxes—and—0.45 (0.39-0.48).)for—concentrations

560

561  etak—2009-—Valach—et-al—2014). Individual maxima and minima were seen in the b/t

562  concentration ratios, examples of which are discussed below.

563 The observed ratios compared well with those of other European cities, which showed b/t

564  concentration ratios of 0.35 in Zurich (Heeb et al., 2000), 0.57 in Manchester (Langford et al.,

565 2009), 0.57-0.63 in London (Valach et al., 2014), and 0.1 at 190 m above London (Langford

566 et al., 2010b). Traffic related emissions are considered to be an important source of benzene

567  and toluene in London. B-with-a-b/t exhaust emission ratiosratio-6£0-4 based on derived yearly

568  emissions in other megacities, such as Mexico City, were found to be 0.4 (Zavala et al., 2006),

569  which agreed well with observed b/t concentration ratios in this study.(Zavata-etal2006)-and

570  measdrementsranging-from-0-32t6-0-65-(Rogers-etak—2006). Airborne flux measurements
571  over Mexico City have shown average b/t flux ratios of 0.31 with lower ratios of 0.07 to 0.1
572  over industrial areas due to increased toluene emissions from industrial processes (Karl et al.

573  2009; Velasco et al., 2007).(kar-et-al—2009;:Velasco-et-al—2007)—Average-observed-b/t

574

575

576
577  Evaporative emissions from gasoline or direct industrial toluene emissions may have
578  contributed to the lower b/t flux ratios_in London. Furthermore, low b/t concentration ratios of

579  0.26 from diesel emissions ef-0-26-have been reported (Corréa and Arbilla, 2006).{Ceréa-and

580  Arbilla;2006): The widespread use of diesel fuel in London (buses, taxis and some cars and
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trains) and diesel emissions from roads which exclude passenger carsexelusivelypermitting

buses-and-taxis, such as Oxford Street (approx. 1.3 km W from the measurement site) or
central railway nodes, such as Waterloo RailwayFrain Station (1 km to the S), may have

affected b/t ratios.

-Wind speed and direction can play a role for b/t concentration ratios by transporting pollution
over longer distances allowing more time to react with or exposure to higher OH
concentrations, thus increasing the ratio. An example of this_(Figure 7) was seen on the 12t
August when median (IQR) b/t concentration ratios reached 0.5 (0.45-0.56) with stronger SE
winds (mean 3.67 m s) possibly advecting pollution from Benelux/Northern Europe, whereas
on the 91" August median b/t ratios were 0.34 (0.30-0.38) with low wind speeds (mean 1.28 m
s1) indicating higher contributions of local sources (i.e. 60_% London influence)
(Bohnenstengel et al., 2014). On both days OH concentrations above London were around
1.25 x 108 molecules cm and b/t flux ratios were not significantly different making pollution
advection a likely cause of the observed difference (L. Whalley, personalprivate
communication_2014). Calculated back trajectories using the HYSPLIT trajectory model
(Hybrid Single Particle Lagrangian Integrated Trajectory Model (Draxler and Rolph, 2014))
were run at 3 h-heur intervals starting at ground-level (10 m16#s) from London and propagated
24 h24h backwards in time. These agreed with the changes in measured b/t ratios (Figure 7)
and during episodes of high b/t ratios indicated that air masses passed over continental

Europe within the past day which could have entrained pollution.

-The median monthly b/t flux ratio during the measurement period stayed between 0.18 and

0.26, which is to be expected since only local fluxes were detected, however the median (IQR)

monthly b/t ratio for concentrations steadily increased from 0.41 (0.36-0.47) to 0.62 (0.55-

0.70) from August to December. AdvectedAssuminglesstocalphotochemical-remevalduring

winter{Behnenstengeletal2014) thisimplies-advected pollution from mainland Europe may

be common in winter or biomass burning may play a greater role in colder months, as this is
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associated with higher b/t ratios, e.g. 1.67 (Lemieux et al., 2004), due to the different fuel

combustion emission profile._Furthermore, OH concentrations in London are often below the

detection limit during winter (Bohnenstengel et al., 2015) resulting in less local photochemical

removal during the winter months.

Median (IQR) concentration ratios for benzene to C,-benzenes were 0.31 (0.28-0.33) and
toluene to Cz-benenes were 0.72 (0.63-0.81), which both agree with previous values and
suggest that these masses are indeed the ascribed traffic--related compounds (Heeb et al.,

2000; Warneke et al, 2001).

3.2.2VOC to CO2 correlations and ratios «

Good correlations were found between averaged VOC fluxes plotted as a function of averaged

[ Formatted:

Line spacing: Double

CO._fluxes, which were measured concurrently at the site (R?> = 0.03-0.81,
[ Formatted: Font: Italic
[Formatted: Font: Italic
P<6-001) Traffic-related compounds were initially }-but-mesthy-comparable-with-valuesfrom [Formatted: Font: Italic
among the lowest correlations with
CO: fluxes_(R? = 0.03-0.48, p<0.01). However, when points of peak CO» fluxes were removed ( Formatted: Font: Italic
—which-is-oppesite-te-the correlations with traffic-related VOC fluxesHarrison-et-al—study—Fhis
may-indicate-in-the-case-of acetaldehyde increased significantly to R = 0.65-0.91 (p<0.001). [Formatted: Font: Italic

Presumably, the initial poor correlations resulted from an additional strong CO; source, such

as vents from gas-fired boilers in nearby buildings, thatwhich is-reta-shared-seurce-ofhave a

lower source commonality with aromatic VOCs, i.e. a lower VOC/CO; emission ratio than that

of traffic emissions for aromatic compounds. The London Atmospheric Emissions Inventory

indicates that VOC/CO. flux ratios for benzene are higher for traffic emission sources (i.e. 2 x

10%) than gas sources (i.e. 0.6 x 10®) within the flux footprint (LAEI, 2013). The improved

correlations isare greater ané-for traffic-related compounds due to the limited range of source

types contributingiens to this group compared with oxygenated/biogenic compounds. The
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regression coefficient (R?) of benzene iseprenereduced-source-commenality-with CO- fluxes
increaseds from 0.48 to 0.91, whereasduring—the—respective—measurement—periods:
Concentration-correlations—were-highest for isoprene fluxes the increase was small, i.e. 0.68

to 0.70 (Figure 8), as isoprene has a range of different sources shares-of which only few are

commonly shared seudrees-with CO,.

The presence of a strong separate CO, source within the flux footprint is supported by the

high averaged VOC to CO, concentration correlations for traffic-related compounds (R? =

0.92-0.96, p<0.001). This differs from the fluxes, which are influenced only by sources in the [Formatted: Font: Italic

flux footprint, where one strong point source with a different emission ratio may have a larger

effect on emission rates of one compound but not the other. Concentrations are influenced by

advected pollution from outside the flux footprint for both CO, and VOCs, where shared ( Formatted: Subscript

emission sources with relatively higher VOC/CO; ratios are more widespread. Averaged VOC

to CO, concentration correlations werewere -highestfor traffic-related-compeounds{R*=0.92-

C06radhe—elnted—compeounds (P = 0 0E 044 o-0000 ond Jower [oreith the ether [ Formatted: Font: Italic

oxygenated/biogenic_compounds (R? = <0.71-0.9011, p<0.05). }-with-acetone-shewing-ne [Formatted: Font: Italic
[Formatted: Font: Italic

Median VOC/CO:; flux ratios ranged from 1.7 x 10°6:05 to 7.7 x 10 (mg m h*¥/ mg m? h-

1)6-26 with isoprene and benzene showing low ratios due to their low fluxes, and toluene and

C,-benzenes high ratios. Highest flux ratios for all compounds were with W winds, whereas
lowest for biogenic compounds with N and for traffic--related compounds S wind directions.
Flux ratios declined towards December as CO: fluxes increased and VOC fluxes decreased.
Similarly, VOC/CO, concentration ratios were between 0.45 x 106 and 14.6 x 106 (ppb/ppb)

with isoprene and benzene representing the lowest and methanol and acetone the highest
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ratios. Highest concentration ratios were seen in August for oxygenated compounds/isoprene

and December for traffic-related species.

3.3 Wind direction and flux footprint analysis

Polar Annulus and Polar plots were constructed for VOC fluxes and mixing ratios respectively
and representative compounds are shown (Figure 98). Polar plots use a generalized additive
model (GAM) to interpolate between wind direction and wind speed averaged data points
within the OpenAir package in R (see Carslaw and Ropkins, 2012Weed.—2006; Hastie and

Tibshirani, 1990; Wood, 2006).Carstaw—and—Repkins;—20612). Polar Annulus plots
averagedaverage by time of day instead of wind speed and-show diurnal variability with wind

direction. The majority of the time (83_%) unstable and near neutral conditions prevailed (¢ <
0.2), although the frequency varied between months with 87_%, 89 %, 82 %, 84 % and 69 %
during August, September, October, November and December, respectively. Wind
directionsédirection with mostly unstable conditions were with W and S winds and near neutral
with N or E winds. Mixing ratios were on average highest with low wind speeds (showing a
negative correlation) when pollutants accumulate due to reduced mixing, indicating local

emissions (Figure 98, bottom).

-Largest fluxes for all compounds were from the NW with either one daytime peak (e.g.
isoprene) or two distinct rush hour peaks (e.g. benzene) (Figure 98, top). On average fluxes

were largest from the W>E=N>S (F-statistic =between 60.37--anrd-227.06, p<0.001),} because

of increased emission rates of specific compound sources. Separated by month, fluxes were
largest from W>N>E=>S in August and September, whereas during October, November and

December fluxes followed the pattern W>E=N>S. The flux footprint in this study was relatively

small compared with that of measurements previously made at 190 m height from the BT

Tower in central London (Langford et al., 2010b). Due to the relatively low measurement height

in this study, flux measurements were always closely coupledthe-fluxfootprint-was-limited-to
the—immediate—surrounding—area—allowing—close—coupling with the surface layer, unlike
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measurements by Langford et al. (2010b), which were at times disconnected from the-and

similar surface layer during stable night time conditions.

reughness—The average length of the maximum flux footprint contribution (Xmax) was around
330 m and 90 % of all the fluxes (Xq0) originated from within 900 m. The median footprint area
was 1.8 km2. This established that the majority of emission sources contributing to the
measured fluxes must have been local. Additionally, the selected emission grid (cf Section
2.3.1 above) encompassed 97_% of the footprint with S and W wind directions, but only 80 %
and 84 % during E and N winds. Grid square 5 represented the maximum contribution area
since it encompassed the measurement point. Average footprint contributions (mean + SD)
comprised of grid squares 1 (2.% + 4 %), 2 (5% + 7_%), 4 (4% + 5.%) and 5 (52_% + 31 %)
during S and W wind conditions, squares 6 (4% + 9 %) and 9 (4_% * 10 %) indicated E wind
conditions, and square 8 (18_% * 27_%) N wind conditions. During October contributions from
square 9 increased to 10 % and were more frequent at 30_% in December. Squares 3 (0.6 %

+ 2 %) and 7 (0.9 % * 2_%) provided minimal average contributions.

Londen—{City—o\Westminster—2009)-The River Sincefosiprnats—were—relativehsmall-iis
possible-that-the-Thames River-to the S may have caused the low fluxes associated with S

winds (i.e. squares 1, 2 and 3). Contributions of Fer-traffic--related compound fluxes there
were statistically significant eentributions-from the W (i.e. squares 4, 5, and 7), followed by the
N (square 8) and E (squares 6 and 9) likely from the nearby heavily trafficked roads (Kingsway,
Charing Cross, Strand and Blackfriars areas, respectively). Biogenic compoundFer-iseprene;
and-to-seme-degree-methaneoland-acetaldehyde; fluxes were highest from the W and E which
coincides with significant nearby green areas beirg—within the fluxmaximum—contributing
distanee-mag-of-the footprint.
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714  {300-m)—Correlations of fluxes with grid square contributions in the footprint with-fluxes-can

715  also give information on emission source strengths within the respective grid square (Figure

716  1).emission-rates: Generally positive correlations with fluxes across most compounds were
717  seen from the W (squares 4, 5 and 7) confirming that high emission ratesinereased-emissions
718  from sources within these grid squares wereare driving the largehigh fluxes. Strongest

719  correlations of fluxes with contributions from squares 4, 5, and 7 were seen;-afthough-these

720  werelargest (R—=-0.40-0.46,p<0.001) during October and November_(R? = 0.40-0.46, [Formatted: Font: Italic

721  p<0.001),; especially for masses associated with biogenic sources (m/z 33, 45, 59 and 69). [Formatted: Font: Italic

722  Square 8 showed positive correlations for benzene and only in August for all compounds.

723 Correlations of fluxes with contributions from squares 1, 2, 3, 6 and 9 were negative indicating

724  weaker emission sources in these squares or increased VOC deposition.

725  Highest mixing ratios with wind direction were from E>N=W>S for traffic--related compounds,

726  whereas oxygenated compounds/isoprene followed a similar pattern as the fluxes of

727  W=2E>N=2S (F-statistic_=: 47.49-86.95, p<0.001). Easterly winds in London are often [Formatted: Font: Italic

728  associated with synoptic conditions that bring European Continental air masses to the UK,
729  resulting in higher background concentrations. Furthermore, since the boundary layer was on

730 average more stably stratified and mixing heights were lowest (640 + 80 m) with E wind

731  conditions, it is likely that pollutant concentrations were allowed to build up resulting in the
732 observed higher concentrations to the E for the more ubiquitous compounds, whereas
733  concentrations of compounds with biogenic contributions additionally had strong
734  sourcesseudrce-areas to the W, such as several green areasparks (St. James’ Park, Hyde Park

735  and Regents Park, total 331 ha).

736 3.4 Comparisons with London and National Atmospheric Emissions - ( Formatted: Line spacing: Double

737 Inventories

738  The London Atmospheric Emissions Inventory (LAEI) and National Atmospheric Emissions

739  Inventorytrventeries (NAEI) produce yearlybiannual emission estimates over the 1 km? OS
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grid for a range of pollutants and emission sources. Total VOC emission estimates are
provided, but only benzene and 1,3-butadiene are estimatedlisted separately. Measured
emissions were compared with annual estimated emissions for the above OS grid area
selection from 2012 for benzene using the LAEI and indirectly speciated VOCs of the NAEI.
Using the average flux footprint, the grid square estimates were compared with the scaled flux

measurements from the equivalent area_(Figure 10).-

LAEI emission estimates included contributions from major (69 %) and minor roads (4_%), as
well as evaporative emissions (27_%) (LAEI, 2012). No data were available on cold start
emissions for benzene. The calculated standard errors provided some uncertainty
approximation. Measured fluxes compared well with emission estimates, although the LAEI
predicted slightly smaller benzene fluxes.—{Figure—9). Comparisons of fluxes with wind
directions (Section 3.3) agreed well with the LAEI emission estimates for the respective grid
squares with highest emissions from squares 4, 5, 7 and 8 (i.e. W and N directions). This
comparison assumes that the benzene fluxes during the measurement period were
representative of annual emissions with any significant seasonal variation in benzene
emission rates captured in this five month period. Section 3.1.2 confirmed that there was little

month-to-month variability in the benzene flux.

Using speciated VOC emission contributions (% of total VOC emissions) for 2006 (Bush et al.
2006){NAEIReference-45321001H0/A06069/NP) and emission maps from 2012 for total non-
methane VOC emissions, speciated estimates could be compared with observations (Figure
10). The9)- NAEI includes a widewider range of emission sources divided into 11 SNAP

(Selected Nomenclature for sources of Air Pollution) sectors including industrial, commercial

and residential processes, transport, waste treatment, solvent use, point sources, agriculture
and nature, although the latter two were unavailable for the London urban area. NAEI
estimates for benzene exceed the LAEI due to the inclusion of a wider range of sources
beyond traffic--related emissions. TotalSum Cz-benzene emission estimates consisted of ethyl

benzene, (m+p)-xylene and o-xylene. Benzene and methanol emissions agreed very well,
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however for all the other compounds estimated emissions were significantly lower than the
measured fluxes. Uncertainties related to the measurements, such as isobaric interferences
within the PTR-MS could have contributed to measurement overestimation, whereas
uncertainties within the modelled emissions-estimates and the use of older speciation values
may have impacted the estimates. In the case of isoprene, only minimal emissions are
assumed,estimated which do not include the biogenic sources that contributed to the
measured fluxes. It is also likely that some of the m/z 69 signal could be attributed to cyclic

alkenesalkanes, but Section 3.1.3 showed that biogenic isoprene provided a significant

contribution during August and September in central London.
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776 4 Conclusion -« '[Formatted: Line spacing: Double

777  Our_measurements show that vehicleMehicle emissions are have-been-shown-to-be-the

778  dominant source of theMOEC fluxes and concentrations of VOCs in central London, although
779  biogenic sources and secondary atmospheric formation may makehaveprovided a significant

780  contribution, particularly in summer for some compounds.August-and-September: There were

781  observable spatial variations in flux rates, which result from the varying spatial distribution of

782 emission types and strengths of emission sources, such as vegetation and traffic. Temporal

783  temperal-variations in relative source strengths can be seen in the diurnal and seasonal

784  profiles, reflecting the diurnality and seasonality of some of the driving factors.impacts—at

785  differentreselutions-such-as-hourto-menth- The measured VOC fluxes mostly originated from
786  an area within a 1 km radius around the measurement site butard some instances of pollution

787  advection were seen to affect concentrations_at the site. However—but many of the spatio-

788  temporal differences in the observed mixing ratios were attributable to changes in emission

789  sources and strengths combined with effects of meteorological conditions. The diurnal and

790  seasonal dynamics of the emissiors-anrd-boundary layer mixing height are a significant driver

791  of changes in observed VOC concentrations at the site.dynarmies-

792  The biogenic component of isoprene emissions was modelled using the G95 algorithm and
793  the calculated base emission rate closely matched previous_published values for urban areas.
794  EvenQuantifying-the-biegenie-sighalofVOCs in this central urban areaareas with a temperate

795 climate there is a detectable biogenic component to isoprene emissions. Because of the

796  relative importancehigh—percentage of isopreneparklands—can—greatly—aid in atmospheric
797  chemistry, its inclusion inunderstanding photochemical pollution models is essentialprecdrser

798

799  Close agreement between the flux footprint contributions and the LAEI for benzene emissions,
800 acompound which is thought to be accurately estimated in the inventory but associated with

801 high measurement uncertainty, gives confidence in the PTR-MS measurements. Good
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804

805

806

807

808

809

agreement was also seen with methanol estimated from the NAEI, buthewever other

compounds were all greatly underestimated in the emissions inventory.

-This study provides further evidence for the successful implementation of VOC flux
measurements in heterogeneous urban landscapes when measurement sites fulfil basic eddy
covariance criteria. Further VOC flux observations are essential to-help-identify-majorsource

compeonents-for the validationa-range of “bottom-up” emission\VOCs-which-can-be-includedin

emissions inventories, especially as the latter are widely used for regulatory and compliance

purposes.-

32



810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828
829

830
831

832

834
835
836
837
838
839

5 Author contributions “

E. Nemitz and B. Langford planned the measurement campaign, A. Valach with the help of B.
Langford and E. Nemitz made the measurements, A. Valach with the help of B. Langford

processed the data and completed the analyses. C. N. Hewitt designed the study, obtained

funding and supervised the work. A. Valach prepared the manuscript with support from all the

co-authors.

6 Acknowledgements «

This work was funded by the UK Natural Environment Research Council (NERC) through the
ClearfLo project (Clean Air for London; NERC grant NE/H003169/1) and the National
Capability function of the Centre for Ecology & Hydrology. Amy Valach thanks NERC for a
PhD studentship. Furtherthankste-David Carslaw (King’'s College London) andferthe-back
trajectory-data; the NOAA Air Resources Laboratory (ARL) provided fortheprevision-of-the
HYSPLIT back trajectories.transpert-and-dispersion-medel; Lisa Whalley (University of Leeds)
provided thefer OH data.; Sue Grimmond (University of Reading), Simone Kotthaus
(University of Reading), and the urban meteorology research group at King’s College London

providedfer site access, meteorology and CO, data. E. House, M. Shaw, W. J. Acton and B.

Davison provided technical assistance.

7 References

Andreae, M. O., and Merlet, P.: Emission of trace gases and aerosols from biomass burning, Global
Biogeochem. Cycles, 15(4), 955-966, doi:10.1029/2000GB001382, 2001.

Atkinson, R.: Atmospheric chemistry of VOCs and NOx. Atmospheric Environment, 34(12-14), 2063—
2101, doi:10.1016/S1352-2310(99)00460-4, 2000.

Bohnenstengel, S.1., Belcher, S.E., Allan, J.D., Allen, G., Bacak, A., Bannan, T.J., Barlow, J.F.,
Beddows, D.C.S., Bloss, W.J., Booth, A.M., Chemel, C., Coceal O., Di Marco, C.F., Faloon,
K.H., Fleming, Z.L., Furger, M., Geitl, J.K., Graves, R.R., Green, D.C., Grimmond, C.S.B.,
Halios, C., Hamilton, J.F., Harrison, R.M., Heal, M.R., Heard, D.E., Helfter, C., Herndon, S.C.,
Holmes, R.E., Hopkins, J.R., Jones, A.M., Kelly, F.J.,Kotthaus, S., Langford, B., Lee, J.D.,
Leigh, R.J., Lewis, A.C., Lidster, R.T., Lopez-Hilfiker, F.D., McQuaid, J.B., Mohr, C., Monks,
P.S., Nemitz, E., Ng, N.L., Percival, C.J., Prévét, A.S.H., Ricketts, H.M.A., Sokhi, R., Stone, D.,
Thornton, J.A., Tremper, A.H., Valach, A.C., Visser, S., Whalley, L.K., Williams, L.R., Xu, L.,

33

[ Formatted: Line spacing: Double

[ Formatted: Line spacing: Double




840

842

843
844

845
846

847
848

849
850

851
852

853
854
855
856
857

|ss8

860

861

863

864
865
866

867
868
869

870
871
872

873

874
875
876

877
878
879
880

Young, D.E., Zotter, P.: Meteorology, air quality, and health in London: The ClearfLo project.
Bulletin of the American Meteorological Society, doi:10.1175/BAMS-D-12-00245.1,-20%4 in
press, 2015.

Bush, T., Tsagatakis, I., King, K., and Passant, N.: NAEI UK Emission, Mapping Methodology, NAEI
Reference: 45321001/0/A06069/NP, 2006.

Carslaw, D.C. and Ropkins, K.: Openair — an R package for air quality data analysis. Environmental
Modelling & Software, 27-28, 52-61, 2012.

City of Westminster: Trees and the Public Realm (Draft). London: City of Westminster, City Planning
Delivery Unit, 2009.

Clarke, J.U.: Evaluation of censored data methods to allow statistical comparisons among very small
samples with below detection limit observations. Environ. Sci. Technol. (32), 177-183, 1998.

Corréa, S.M. and Arbilla, G.: Aromatic hydrocarbons emissions in diesel and biodiesel exhaust.
Atmospheric Environment, 40(35), 6821-6826, 2006.

de Gouw, J.A., Middlebrook, A.M., Warneke, C., Goldan P.D., Kuster, W.C., Roberts, J.M.,
Fehsenfeld, F.C., Worsnop, D.R., Canagaratna, M.R., Pszenny, A.A.P., Keene, W.C.,
Marchewka, M., Bertman, S.B., and Bates, T.S.: Budget of organic carbon in a polluted
atmosphere: Results from the New England Air Quality Study in 2002. Journal of Geophysical
Research, 110(D16), D16305, doi:10.1029/2004JD005623, 2005.

de Gouw, J.A., and Warneke, C.: Measurements of volatile organic compounds in the Earth’earth- s
atmosphere using proton-transfer-reaction mass spectrometry. Mass Spectrometry Reviews, 26,
223- 257, 2007.

Department for Transport: Traffic count data for the City of London, available at:
http://www.dft.gov.uk/traffic-counts/area.php?region=London, (last access: 5 August 2014),
2014.

Draxler, R.R. and Rolph, G.D.: HYSPLIT (HYbrid Single-Particle Lagrangian Integrated Trajectory)
Model, available at: http://www.arl.noaa.gov/HYSPLIT_info.php, (last access: 13 August 2014),
retrieved 12 September 2014, from NOAA ARL READY, 2008.

Foken, T., and Wichura, B.: Tools for quality assessment of surface-based flux measurements,
Agricultural and Forest Meteorology, 78 (1-2), 83-105, doi:10.1016/0168-1923(95)02248-1,
1996.

Foken, T., Géckede, M., Mauder, M., Mahrt, L., Amiro, B. and Munger, W.: Post-field data quality
control. In: Handbook of micrometeorology, Lee, X. M., Kluwer Academic Publishers, Dordrecht,
The Netherlands, 181-208, 2004.

Garrat, J.: The Atmospheric Boundary Layer. Cambridge University Press, Cambridge, UK, 1992.

Geron, C.D., Guenther, A.B., and Pierce, T.E.: An improved model for estimating emissions of volatile
organic compounds from forests in the eastern United States, J. Geophys. Res.-Atmos., 99(D6),
12773-12791, 1994.

Guenther, A., Hewitt, C.N., Erickson, D., Fall, R., Geron, C., Graedel, T., Harley, P., Klinger, L.,
Lerdau, M., McKay, W.A., Pierce, T., Scholes, B., Steinbrecher, R., Tallamra, R., Taylor, J.,
Zimmerman, P.: A global model of natural volatile organic compound emissions. Journal of
Geophysical Research, 100(D5), 8873—-8892, doi:10.1029/94JD02950, 1995.

34



902

903
904
905

906
907

908
909

910
911
912
913

914
915
916

917
918

919
920

921
922

Harley, R. A., and Cass, G. R.: Modeling the Concentrations of Gas-Phase Toxic Organic Air
Pollutants : Direct Emissions and Atmospheric Formation, Environmental science & technology,
28, 88-98, 1994.

Hastie, T. J. and Tibshirani, R.: Generalized additive models, Chapman and Hall, London, 1990.

Hayward, S., Hewitt, C. N., Sartin, J. H., and Owen, S. M.: Performance characteristics and
applications of a proton transfer reaction-mass spectrometer for measuring volatile organic
compounds in ambient air. Environmental Science & Technology, 36(7), 1554—60, 2002.

Heeb, N. V, Forss, A., Bach, C., Reimann, S., Herzog, A., and Ja, H. W.: A comparison of benzene,
toluene and C -benzenes mixing ratios in automotive exhaust and in the suburban atmosphere
during the introduction of catalytic converter technology to the Swiss Car Fleet. Atmospheric
Environment, 34, 3103—-3116, 2000.

Helfter, C., Famulari, D., Phillips, G. J., Barlow, J. F., Wood, C. R., Grimmond, C. S. B., and Nemitz,
E.: Controls of carbon dioxide concentrations and fluxes above central London. Atmospheric
Chemistry and Physics, 11(5), 1913-1928, doi:10.5194/acp-11-1913-2011, 2011.

Helsel, D. R. and Hirsch, R. M.: Statistical methods in water resources. Elsevier, New York, 1992.

Hewitt, C. N., Hayward, S., and Tani, A.: The application of proton transfer reaction-mass
spectrometry (PTR-MS) to the monitoring and analysis of volatile organic compounds in the
atmosphere. Journal of Environmental Monitoring, 5(1), 1-7, doi:10.1039/b204712h, 2003.

Horst, T.W.: A simple formula for attenuation of eddy fluxes measured with first-order-response scalar
sensors, Boundary-Layer Meteorology, 82 (2), 219-233, 1997.

Kansal, A.: Sources and reactivity of NMHCs and VOCs in the atmosphere: a review. Journal of
Hazardous Materials, 166(1), 17—26. doi:10.1016/j.jhazmat.2008.11.048, 2009.

Karl, T. G., Spirig, C., Prevost, P., Stroud, C., Rinne, J., and Greenberg, J.: Virtual disjunct eddy
covariance measurements of organic compound fluxes from a subalpine forest using proton
transfer reaction mass spectrometry. Atmospheric Chemistry and Physics Discussions, 2, 279-
291, doi:10.5194/acp-2-279-2002 , 2002.

Karl,T., Apel, E., Hodzic, A., Riemer, D. D., Blake, D. R., and Wiedinmyer, C.: Emissions of volatile
organic compounds inferred from airborne flux measurements over a megacity. Atmos. Chem.
Phys., (9), 271-285, 2009.

Kim, Y. M., Harrad, S., and Harrison, R. M.: Concentrations and sources of VOCs in urban domestic
and public microenvironments. Environmental Science & Technology, 35(6), 997-1004, 2001.

Kljun, N., Calanca, P., Rotachhi, M.W., and Schmid, H. P.: A simple parameterisation for flux footprint
predictions. Bound.-Lay. Meteorol.(112), 503-523, 2004.

Kormann, R., and Meixner, F. X.: An analytical footprint model for non-neutral stratification, Bound.-
Lay. Meteorol., 99 (2), 207-224, 2001.

35



923

925

926

928

929

931

945

948

949

951

952

954

955
956

957
958
959
960

961
962

963
964

Kotthaus, S., and Grimmond, C. S. B.: Identification of Micro-scale Anthropogenic CO2, heat and
moisture sources — Processing eddy covariance fluxes for a dense urban environment.
Atmospheric Environment, 57, 301-316. doi:10.1016/j.atmosenv.2012.04.024, 2012.

Kotthaus, S., and Grimmond, C. S. B.: Energy exchange in a dense urban environment — Part |:
Temporal variability of long-term observations in central London. Urban Climate, 10(2), 261—
280. doi:doi:10.1016/j.uclim.2013.10.002, 2014a.

Kotthaus, S., and Grimmond, C. S. B.: Energy exchange in a dense urban environment — Part Il
Impact of spatial heterogeneity of the surface. Urban Climate, 10(2), 281-307.1—27;
doi:doi:10.1016/j.uclim.2013.10.001, 2014b20643.

LAEI, London Atmospheric Emission Inventory, LAEI database 2010:
http://data.london.gov.uk/dataset/london-atmospheric-emissions-inventory-2010, (last access:

26 June 2015), 2013.

LAEI, London Atmospheric Emission Inventory, LAEI database 2012:
http://www.cleanerairforlondon.org.uk/londons-air/air-quality-data/london-emissions-laei/road-
traffic-emissions, (last access: 19 September 2014), 2013.

Lamsal, L. N., Martin, R. V., Padmanabhan, A., van Donkelaar, A., Zhang, Q., Sioris, C. E., Chance,
K., Kurosu, T.P., and Newchurch, M. J.: Application of satellite observations for timely updates
to global anthropogenic NO x emission inventories. Geophysical Research Letters, 38, L05810,
doi:10.1029/2010GL046476, 2011.

Langford, B., Davison, B., Nemitz, E., and Hewitt, C. N.: Mixing ratios and eddy covariance flux
measurements of volatile organic compounds from an urban canopy (Manchester, UK).
Atmospheric Chemistry and Physics, 9, 1971-1987, 2009.

Langford, B., Misztal, P. K., Nemitz, E., Davison, B., Helfter, C., Pugh, T. A. M., MacKenzie, A.R., Lim,
S.F., and Hewitt, C. N.: Fluxes and concentrations of volatile organic compounds from a South-
East Asian tropical rainforest. Atmospheric Chemistry and Physics, 10(17), 8391-8412,
doi:10.5194/acp-10-8391-2010, 2010a.

Langford, B., Nemitz, E., House, E., Phillips, G. J., Famulari, D., Davison, B., Hopkins, J.R., Lewis,
A.C., and Hewitt, C.N.: Fluxes and concentrations of volatile organic compounds above central
London, UK. Atmospheric Chemistry and Physics, 10, 627-645, 2010b.

Langford, B., Acton, W., Ammann, C., Valach, A. C., and Nemitz, E.: Eddy-covariance data with low
signal-to-noise ratio: time-lag determination, uncertainties and limit of detection, Atmospheric
Measurement Techniques, in review.

Lemieux, P. M., Lutes, C. C., and Santoianni, D. A.: Emissions of organic air toxics from open
burning: a comprehensive review. Prog. Energ. Combust., (30), 1-32, 2004.

Lindinger, W., Hansel, A., and Jordan, A.: On-line monitoring of VOCs at pptv levels by means of
PTR-MS. Medical applications, food control and environmental research. International Journal of
Mass Spectrometry and lon Processes, 173(7), 191-241, doi:10.1016/0015-1882(95)90197-3,
1998.

Lipari, F., Dasch, J. M., and Scruggs, W. F.: Aldehyde emissions from wood-burning fireplace.
Environ. Sci. Technol. (18), 326-330, 1984.

Met Office UK: UK Climate summaries. http://www.metoffice.gov.uk/climate/uk/summaries/2012, (last
access: 9 October 2013), 2013.

36


http://data.london.gov.uk/dataset/london-atmospheric-emissions-inventory-2010

965

967

968
969

970
971

979

983

984
985
986
987
989

990

Moncrieff, J., Finnigan, R. C. J., and Meyers, T.: Averaging, detrending, and filtering of eddy
covariance time series. In: Handbook of Micrometeorology, Lee, W. M., Kluwer Academic
Publishers, Dordrecht, 7-30, 2004.

NAEI, National Atmospheric Emission Inventory: http://naei.defra.gov.uk/data/, (last access: 10
October 2014), 2006.

National Forest Inventory England: http://www.forestry.gov.uk/forestry/hcou-54pg9u, (last access: 21
September 2014), 2012.

Neftel, A., Spirig, C., and Ammann, C.: Application and test of a simple tool for operational footprint
evaluations, Environmental Pollution, 152, 644-652, doi:10.1016/j.envpol.2007.06.062, 2008.

Nemitz, E., Hargreaves, K. J., McDonald, A. G., Dorsey, J. R., and Fowler, D.: Meteorological
measurements of the urban heat budget and CO2 emissions on a city scale. Environ. Sci.
Technol.(36), 3139-3146, 2002.

Park, C., Schade, G. W., and Boedeker, I.: Flux measurements of volatile organic compounds by the
relaxed eddy accumulation method combined with a GC-FID system in urban Houston, Texas.
Atmospheric Environment, 44(21-22), 2605-2614, doi:10.1016/j.atmosenv.2010.04.016, 2010.

Park, C., Schade, G. W., and Boedeker, |.: Characteristics of the flux of isoprene and its oxidation
products in an urban area. Journal of Geophysical Research, 116(D21), D21303,
doi:10.1029/2011JD015856, 2011.

Rogers, T. M., Grimsrud, E. R., Herndon, S. C., Jayne, J. T., Kolb,C. E., Allwine, E., Westberg, H.,
Lamb, B. K., Zavala, M.,Molina, L. T., Molina, M. J., and Knighton, W. B.: On-road
measurements of volatile organic compounds in the Mexico City metropolitan area using proton
transfer reaction mass spectrometry . Int. J. Mass Spectrom., 252, 26-37, 2006.

Schade, G..W. and Goldstein, A._H.: Fluxes of oxygenated volatile organic compounds from a
ponderosa pine plantation. Journal of Geophysical Research, 106, 3111-3123, 2001.

Singh, H._B., O'Hara, D., Herlth, D., Sachsse, W., Blake, D._R., Bradshaw, J._D., Kanakidou, M. and
Crutzen, P._J.: Acetone in the atmosphere: Distribution, source, and sinks. Journal of
Geophysical Research, 99, 1805-1819, 1994.

Spirig, C., Neftel, A.,, Ammann, C., Dommen, J., Grabmer, W., Thielmann, A., Schaub, A.,
Beauchamp, J., Wisthaler, A. and Hansel, A.: Eddy covariance flux measurements of biogenic
VOCs during ECHO 2003 using proton transfer reaction mass spectrometry. Atmospheric
Chemistry and Physics, 5, 465481, 2005.

Srivastava, A., Sengupta, B., and Dutta, S. A.: Source apportionment of ambient VOCs in Delhi City,
Science of The Total Environment, 343 (1-3), 207-220, 2005.

Stewart, I. D. and Oke, T. R.: Local Climate Zones for Urban Temperature Studies. Bull. Amer.
Meteor. Soc., 93, 1879-1900, doi:10.1175/BAMS-D-11-00019.1, 2012.

37



1029
1030
1031
1032

1033
1034
1035
1036

1037
1038
1039
1040
1041

1042
1043

1044
1045
1046
1047

1048
1049
1050
1051
1052

Taipale, R., Ruuskanen, T. M., Rinne, J., Kajos, M. K., Hakola, H., Pohja, T., and Kulmala, M.:
Technical Note: Quantitative long-term measurements of VOC concentrations by PTR-MS —
measurement, calibration, and volume mixing ratio calculation methods. Atmospheric Chemistry
and Physics Discussions, 8(3), 9435-9475, doi:10.5194/acpd-8-9435-2008, 2008.

Valach, A. C., Langford, B., Nemitz, E., MacKenzie, A. R., and Hewitt, C. N.: Concentrations of
selected volatile organic compounds at kerbside and background sites in central London.
Atmospheric Environment, 95, 456-467, doi:10.1016/j.atmosenv.2014.06.052, 2014.

Velasco, E., Lamb, B., Pressley, S., Allwine, E., Westberg, H., and Jobson, B. T.: Flux measurements
of volatile organic compounds from an urban landscape. Geophysical Research Letters, 32(20),
2-5, doi:10.1029/2005GL023356, 2005.

Velasco, E., Lamb, B.,Westberg, H., Allwine, E., Sosa, G., Arriaga-Colina, J. L., Jobson, B. T.,
Alexander, M. L., Prazeller, P.,Knighton, W. B., Rogers, T. M., Grutter, M., Herndon, S. C.,Kolb,
C. E., Zavala, M., de Foy, B., Volkamer, R., Molina, L. T., and Molina, M. J.: Distribution,
magnitudes, reactivities, ratios and diurnal patterns of volatile organic compounds in the Valley
of Mexico during the MCMA 2002 & 2003 field campaigns. Atmos. Chem. Phys.(7), 329-353,
2007.

Velasco, E., Pressley, S., Grivicke, R., Allwine, E., Coons, T., Foster, W., Jobson, B.T., Westberg, H.,
Ramos, R., Hernandez, F., Molina, L.T., and Lamb, B.: Eddy covariance flux measurements of
pollutant gases in urban Mexico City, Atmos. Chem. Phys., (9), 7325-7342, 2009.

Vila-Guerau de Arellano, J., van den Dries, K., and Pino, D.: On inferring isoprene emission surface
flux from atmospheric boundary layer concentration measurements. Atmos. Chem. Phys., (9)
3629-3640, 2009.

Warneke, C., van der Veen, C., de Gouw, J. A., and Kok, A.: Measurements of benzene and toluene
in ambient air using proton-transfer-reaction mass spectrometry : calibration, humidity
dependence, and field intercomparison. International Journal of Mass Spectrometry, 207, 167—
182, 2001.

Warneke, C., de Gouw, J. A., Kuster, W. C., Goldan, P. D., and Fall, R.: Validation of atmospheric
VOC measurements by proton-transfer-reaction mass spectrometry using a gas-
chromatographic pre-separation method. Environmental Science & Technology, 37(11), 2494—
501, 2003.

Warneke, C., McKeen, S. A., de Gouw, J. A, Goldan, P. D., Kuster, W. C., Holloway, J. S., Williams,
E.J., Lerner, B.M., Parrish, D.D., Trainer, M., Fehsenfeld, C., Kato, S., Atlas, E.L., Baker, A., and
Blake, D. R.: Determination of urban volatile organic compound emission ratios and comparison
with an emissions database. Journal of Geophysical Research, 112(D10), D10S47,
doi:10.1029/2006JD007930, 2007.

Wood, S.: Generalized Additive Models: An introduction with R. Chapman and Hall/CRC, Boca Raton,
FL, USA, 2006.

Yuan, B., Warneke, C., Shao, M., and de Gouw, J. A.: Interpretation of volatile organic compound
measurements by proton-transfer-reaction mass spectrometry over the deepwater horizon oil
spill. International Journal of Mass Spectrometry, 358, 43—-48, doi:10.1016/j.ijms.2013.11.006,
2014.

Zavala, M., Herndon, S. C., Slott, R. S., Dunlea, E. J., Marr, L.C., Shorter, J. H., Zahniser, M.,
Knighton, W. B., Rogers, T. M., Kolb, C. E., Molina, L. T., and Molina, M. J.: Characterization of
on-road vehicle emissions in the Mexico City Metropolitan Area using a mobile laboratory in
chase and fleet average measurement modes during the MCMA-2003 field campaign. Atmos.
Chem. Phys. (6), 5129-5142, 2006.

38



1053 Tables

1054 Table 1. Summary of instrument operating parameters and average meteorological conditions during the
]1055 measurements in central London, August — December 2012-December2012.

Parameter Unit

Mean (range)

| NormalisedNermalized  ncps ppb™?
sensitivity (Sn)?

Primary ion (m/z 19) Cps
Water cluster (m/z 37)  Cps

% of m/z 19

O2* % of m/z 19
Temperature® °C

Relative humidity %

Pressure mbar

wind speed® ms?t
Friction velocity (us)° ms?

SD of vertical wind ms?

speed (Ow)°

11.5 (m/z 33), 13.3 (m/z 45),10 (m/z 59), 4 (m/z 69), 3.6
(m/z 79), 2.5 (m/z 93), 1.5 (m/z 107)

8.31x10° (6.14 x10° — 1.15x107)
1.92x105 (9.15 x10* — 3.86x105)
2.3 (1.5-3.4)

<1.45 (1.11-2.01)

14.0 (-1.81-30.39)

76 (50-97)

1004.27 (968.71-1023.27)

3.35 (0.12-14.96)

0.5 (0.01-1.50)

0.65 (0.15-1.62)

056 asn: NormalisedNermalized sensitivity as calculated using Taipale et al. (2008).

1057  °Derived from measurements from the CSAT3 sonic anemometer (Campbell Scientific).
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Table 2. Summary of 25 min VOC fluxes and mixing ratios above central London during August-December 2012.

Compound (m/z) Methanol  Acetaldehyde Acetone Isoprene Benzene  Toluene Cz-benzenes
(m/z 33) (m/z 45) (m/z59) (m/z69) (m/z79) (m/z93) (m/z 107)
Fluxes (mg m=2 h1)
Lifetime (OH?) 12d 8.8h 53d 1.4h 9.4d 1.9d 5.9h
N 2920 2811 2945 2119 1908 2315 2053
Min. -2.91 -0.28 -1.74 -0.35 -0.64 231 -3.27
1. quartile 0.12 0.06 0.10 0.02 0.002 0.08 0.04
Median 0.27 0.14 0.22 0.09 0.07 0.30 0.33
Mean 0.29 0.16 0.31 0.13 0.09 0.41 0.54
3. quartile 0.42 0.23 0.40 0.20 0.18 0.64 0.91
Max. 3.36 1.09 2.85 1.16 0.59 4.86 8.63
SD 0.25 0.15 0.34 0.16 0.15 0.53 0.86
Skew 0.86 1.27 2.08 1.18 0.32 1.75 2.33
Kurtosis 20.37 2.85 7.57 2.81 0.76 8.04 14.48
Mixing ratios (ppb)
N 4834 4834 4834 4834 4834 4834 4834
Min. 573 <LoD <LoD  <LoD <LoD <LoD <LoD
(0.14) (0.02)  (0.03) (0.04) (0.05) (0.14)
1. quartile <LoD
! 6.82 0.59 (<0|Tgfl>3) (<0|-$€|‘>3) (<0|ff'33) (<0|-§g) (0.57)
Median 7.27 0.82 0.95 (T)ngD) (<0|T(2)E) (f)"‘gg 0.75
Mean 7.53 0.94 1.10 0.25 0.29 (<0|._85D) 0.87
3. quartile 7.90 1.13 1.36 0.30 0.34 0.77 1.03
Max. 17.06 5.17 6.07 1.86 1.71 5.30 4.96
SD 1.12 0.53 0.66 0.14 0.19 0.45 0.50
Skew 2.21 2.14 1.65 1.97 2.80 3.07 2.79
Kurtosis 7.22 7.83 4.06 7.27 12.37 15.89 12.99
LoD® 0.96 0.45 0.66 0.25 0.28 0.66 “0.71 { Formatted Table

aAtmospheric lifetimes with regard to OH for a 12_-h daytime average OH concentration of 2.0 x 106 molecules

cm3 (Atkinson, 2000).

bLoD: Limit of detection calculated using Taipale et al. (2008).
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1063 Table 3. Summary of site meteorology by month in central London during 2012.

Data coverage Median Wind speed Dominant wind Footprint? Footprint
Parameter (%) stability ()  (ms?) direction (%) length (m) width (r{ Formatted: Font: Italic
Aug 67 -0.0086 3.3 S (54) 2417 1355
Sep 83 -0.0154 3.2 W (48) 1285 880
Oct 89 -0.0006 3.5 S (29) 2624 1327
Nov 51 -0.0037 3.4 S (53) 2329 1156
Dec 40 0.0047 3.4 N (32) 1804 990

1064  2Calculated two-dimensional description of the oval footprint according to the KM model. Length
1065 parameter is the length between the point nearest to the sensor where the crosswind-integrated
11066 footprint function reaches 1_% of its maximum value to the point where it drops below 1_% of the
1067 maximum value.
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Figure captions

Figure 1. Map of central London overlaid with the Ordinance Survey grid including the
measurement site (KCL)leeation at King’s College (green point) with references to the
geography of Greater London and Great Britain._Outlines of the areas that contribute the
maximum (Xmax), as well as 75 %, 90 %, and 99 % to the flux footprint using overall median
meteorological values are shown as black contour lines with their respective labels laid out
according to the median wind direction.

Figure 2a. Average diurnal profiles in local time for selected VOC fluxes (mg m2h-1)
separated into all days, weekdays (red dashed line) and weekends (blue dotted line) with
traffic density (vehicles h't), detection limit (patterned area), and upper and lower confidence
intervals (shaded area). Traffic density (with weekday and weekend) and boundary layer
mixing height (for summer and winter) are shown in separate panels. Compounds are: m/z
33 (methanol), m/z 45 (acetaldehyde), m/z 59 (acetone/propanal), m/z 69 (isoprene/furan),
m/z 79 (benzene), m/z 93 (toluene), and m/z 107 (C>-benzenes).

Figure 2b. Average diurnal profiles in local time for selected VOC mixing ratios (ppb)
separated into all days, weekdays (red dashed line) and weekends (blue dotted line) with
detection limit (dotted line), and upper and lower confidence intervals (shaded area). Traffic
density (with weekday and weekend) and boundary layer mixing height (for summer and
winter) are shown in separate panels. Compounds are: m/z 33 (methanol), m/z 45
(acetaldehyde), m/z 59 (acetone/propanal), m/z 69 (isoprene/furan), m/z 79 (benzene), m/z
93 (toluene), and m/z 107 (C.-benzenes). The mixing ratio axes start from zero apart from
that of methanol, which begins at 6.4 ppb due to the high atmospheric background.

Figure 3. Examples, using isoprene, of averaged VOC fluxes (left) and mixing ratios (right)
as a function of photosynthetically active radiation (PAR) (umol m2 s1), temperature (°C)
and traffic density (vehicles ht) based on 25 min VOC means with linear or exponential

regressions, formulae, R2-values and detection limit (shaded area for fluxes and dashed line [Formatted: Font: Italic

for mixing ratios).

Figure 4. Diurnal profiles by month with confidence intervals and bar charts showing hourly
averages for the respective month andfer representative compound (topA) fluxes (mg m=2 h-
1) (m/z 45, 69 and 79) and (bottomB) mixing ratios (ppb) (m/z 59, 69 and 79). Letters (a-d)
indicate statistically significant subgroups using Tukey’s HSD (Honest Significant
Differencehenest-significant-differenee) post hoc test.

Figure 5a. Time series of both measured (grey) and modelled (black) fluxes, as well as PAR
and temperature measurements for August and September 2012.

Figure 5b.5-Fep: Correlation between modelled and measured isoprene fluxes (mg m2 h'?t)
by wind direction using the G95 algorithm with temperature as a third variable, Ordinary

Least Squares (OLS) regression lines, 99" confidence intervals, formulae, and R?-value. [Formatted: Font: Italic

Figure 6. Selected scatterplotsseatterplots of representative correlations of VOC/VOC
fluxes (top) and mixing ratio (bottom)eerrelations with temperature as a third variable
showing an example of bimodal, strong linear and medium linear correlations as commonly
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seen in the mixing ratio correlations with R>-values, 1:1 line, 1:2 and 2:1 lines for the bimodal

example in the bottom left panel.

Figure 7._Top: 24h back trajectories from the NOAA HYSPLIT trajectory model during
selected days in August 2012 corresponding to periods of low (left) and high (right)
benzene/toluene concentration ratios. Daily release in 3 h3h intervals (10 m height) for 24 h
prior. Bottom: Scatterplots showing benzene to toluene concentration ratios during the 9"
August 2012 (left) and 12" August 2012 (right) with linear regression with 95" confidence
interval, regression equation and coefficient (R?).

Figure 8. Scatterplots showing averaged flux and concentration regressions of isoprene and
benzene as a function of CO, fluxes and concentrations based on 25 min VOC means with
linear regressions, formulae, R?-values and detection limit (shaded area for fluxes and
dashed line for mixing ratios).

Figure 9.Figu+e-8: Polar Annulus and Polar plots for isoprene (m/z 69) and benzene (m/z
79) VOC fluxes (top) and mixing ratios (bottom) (colour scale) by time of day (top), wind
speed (bottom) and wind direction.

Figure 109. Bar chart showing u#p-scaled comparisons of LAEI and NAEI estimates against
measured fluxes in t km2 a* for speciated VOCs with error bars.
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