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Response to Anonymous Referee #1

We thank the reviewer for their time in reviewing our paper and providing comments. Before
addressing the numbered points made by this reviewer individually, we would like to respond
to the reviewer’s overall question “does this manuscript offer a real advancement of the current
state of knowledge?” We believe our paper provides novelty and advancement for the
following reasons:

Firstly, there is currently a lack of data for simultaneous time-resolved fluxes of trace inorganic
gases and associated aerosol counterparts, particularly for the reactive nitrogen species
NHs/NH4s" and HNO3/NO3'. Our paper presents flux data for these species over agricultural
grassland at hourly resolution for one month at high precision and with appropriate
consideration of the uncertainties in the flux values. This dataset also includes fluxes for trace
gas and aerosol species during a period of flux divergence post-application of urea fertiliser.
By careful consideration of the issues present in analysing fluxes during periods of flux
divergence, we present a robust dataset which considers total nitrate and total ammonium
fluxes during this period and discusses the changes in flux behaviour post-fertiliser application.
Furthermore, it provides strong field evidence of a ground source of both HONO and HNO;
after fertilisation.

Secondly, this paper presents bulk deposition velocities for particulate CI, NOs and SO4%,
which are themselves important values for deposition modelling. From observation of these
deposition velocities, it was hypothesized there was a link between deposition velocity and the
proportion of fine to coarse aerosol. Using the ratio of PM2s/PMio, as measured by a nearby
instrument, we were able to demonstrate this association. While this proportion acts as a proxy
measurement for particle size measurements, we believe this is novel evidence for
demonstrating a link between enhancement of aerosol deposition velocity and proportion of
particles contained in the coarse fraction.

Thirdly, we believe we present the first intercomparison data for nitrous acid measurements
made by the Gradient of Aerosols and Gases Online Registration (GRAEGOR) and by the
Long Path Absorption Photometer (LOPAP), which not only compares concentrations, but also
gradients. We also present an intercomparison of ammonia measurements made by the
GRAEGOR and by a Quantum Cascade Laser (QCL).

We now respond to the individual points raised in the review, with the reviewer's comments
presented in blue, italicized font.

1) “As illustrated by many of the figures using gradients to determine fluxes is extremely
difficult (see the concentration plots in Fig 3 & 4). Indeed direct flux measurements are also
very difficult! Thus although the fluxes shown in Figure 7 and Figure 9 are presented without
error bars | suspect the error bars are in fact VERY large. This is not a new problem and is
certainly not unique to these authors or this study. BUT Figure 10 actually tells an important
part of the story as does in Figure 14...that the concentrations are themselves rather
uncertain.”

We agree that it would be helpful to include error bars on the time series for fluxes and will
add these to Figures 7, 9 and 13 in the revised manuscript. We have included in this response
a revised version of Figure 7 — the time series of trace gas fluxes - which includes error bars
as an example. We will also add a summary of median flux error values to Tables 4 and 5.
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Figure 7: Time series of hourly trace gas fluxes measured during the Easter Bush campaign. Results smoothed using a 5-point moving point average. The fertilisation period was
08:00 — 09:00 on 13th June, and is highlighted in green. Flux uncertainties for each trace gas are included as error bars.



Figure 10 (which compares measurements of NHs taken by the GRAEGOR to that by a QCL
system) and Figure 14 (similarly comparing measurements of HONO taken by the GRAEGOR
to that by a LOPAP) are intercomparison studies between instruments. These comparisons
do not reflect the uncertainty of GRAEGOR concentration measurements, only that there
exists a difference between measurement techniques that should be accounted for when
considering measurements of concentration. Crucially, the difference in measurements
between two different systems does not directly impact on the error in the concentration
gradient of the GRAEGOR, which is the critical part in calculating flux values. The two
GRAEGOR detector boxes share the same analytical system and therefore uncertainties in
the concentrations at the two heights are not independent, and the error on the gradient is
significantly smaller than the combined error between the two concentrations.

It is our view that the flux uncertainties in this study are not “very large” in respect to previously
published studies using the GRAEGOR. The median flux error for NHs, for example, was 32%,
which is similar to values obtained for measurements made over grassland using the
GRAEGOR by Wolff et al. (2010) and Thomas et al. (2009). By inclusion of median flux error
values in Tables 4 and 5, we anticipate we can satisfy readers that our flux errors are in the
range expected for use of this instrument.

2) “Fundamentally is GRAEGOR fit for purpose’? Some basic statistics could be brought into
play to consider what fraction of flux periods (of each of the considered species) exceeded the
uncertainty bounds FOR each individual measurement.”

The reviewer raises an important point that was considered during flux calculations, but which
was not included in the manuscript. As outlined by Thomas et al. (2009), it is possible to
calculate the minimum flux that the GRAEGOR can measure for each species, effectively
providing a limit of detection for flux measurements. Fluxes presented have been filtered using
these values, but discussion of their development, beyond mentioning that fluxes were filtered
according to these values was not included, nor were they included in Tables 4 and 5. We will
include a brief discussion of calculating this value in the Methods section of the revised
manuscript, which, together with inclusion of minimum detectable flux values for each species
in Tables 4 and 5, should resolve this issue.

It is important to emphasize that the capability of the GRAEGOR to measure fluxes is
dependent upon its ability to measure concentration differences with sufficient precision. As
documented in the manuscript, a side-by-side comparison of the GRAEGOR sample boxes
was used to develop a linear regression profile, from which — after correction — the residuals
were used to determine the precision of the concentration measurements. As we state in our
manuscript: “From the results obtained, it was found that for the gases NHz, HCI, HONO, HNO3
and SO; that deviation from the 1:1 fit resulted in a precision of measurements <4% (30). For

the aerosol species CI', NOs™ and SO.%", precision was calculated as <8% (30), while for NH,"
was calculated as <9% (30).” These precision values are in line with those previously
calculated by those using the GRAEGOR to measure fluxes (Thomas et al., 2009; Wolff et al.,
2010; Twigg et al., 2011), and we maintain that these are sufficient precision values to resolve
the vertical concentration gradients necessary for flux calculations.

The GRAEGOR shares its principle of operation and many components with other
instrumentation that has routinely been used for gradient flux measurements, such as the
AMANDA/GRAHAM for NH3 (same denuder but based on selective membrane / conductivity;
Erisman and Wyers, 1993; Flechard and Fowler, 1998; Milford et al., 2001, 2009; Wichink
Kruit et al., 2007; Neirynck et al., 2008) and the MARGA-based gradient system of Rumsey et
al. (2016). Considering the similar architecture of the GRAEGOR to these instruments which
have been successfully used to measure gradient fluxes, the statement that the GRAEGOR
would not be fit for purpose is therefore surprising.



Finally, the good agreement between expected and measured deposition velocities for HNO3
and HCI may be taken as independent evidence (though not proof) of the high quality of the
measured fluxes.

“The authors describe some efforts at determining uncertainty in concentrations and fluxes
but they do not appear to be applied”

As described in responses above, we will resolve issues of clarity surrounding the uncertainty
measurements by revising quoted figures in the text so that they include their error values. We
will also include error bars in figures where appropriate, and revise Tables 4 and 5 to include
further details on error measurements.

“...the description is quiet[sic] vague and associated with statements | find it hard to
comprehend; ‘Uncertainties for the trace gases and water—soluble aerosols measured
calculated by error propagation ranged from 8% - 18% (30) throughout the campaign, varying
primarily due to fluctuations in the measured flow rate and analysed concentration of the
internal Br standard.” Does this really mean ALL species for ALL hours had an uncertainty of
8-18% of the measured concentration?”

We agree with the reviewer that the wording of this section lacks clarity. The inclusion of the
determination of instrument error was part of a development to determine flux error. However,
as detailed in Section 2.3.4 “Alternatively, the full random error can be characterised
experimentally...”, the full random error was found through side by side measurements of the
GRAEGOR sample boxes. This vagueness is compounded by an error in stating that
concentration errors were developed from the calculation of instrument error, rather than from
the side-by-side measurements. We will clarify this issue in the revised manuscript.

‘ou* was estimated at 12% median, which, in combination with ¢ »c, was used to calculated
oF — | can’t see uncertainties are presented... ‘While most exceedances fall within the
uncertainty range of the measurement’ How many do not? And why?

3) Addressing point 2) and doing so in a manner that actually uses uncertainties for EACH
measurement not for the sample as a whole would be useful in contextualizing the flux
estimates and allowing the authors to determine if the ‘good enough’ threshold is achieved.”

As discussed above, we shall resolve this issue through the inclusion of the necessary values
in the text.

4) “I think Figure 12 is partly a response to particle size but since no data on particle size were
provided is it also a story of large measurement uncertainty?”

In our discussion of the investigation into the dependence of measured deposition velocity (Vq)
on particle size, we repeatedly emphasize that our value for particle size is a proxy (the ratio
PM2s/PMig as measured by an instrument nearby). As stated in the text — “Although
measurements of particle size were not made during this campaign, measurements of aerosol
species (including Cl and SO.%) in the PM.s and PMy, size fractions were taken by a two-
channel Monitor for Aerosols and Gases in Ambient Air (MARGA, Applikon B.V, The
Netherlands) instrument located at Auchencorth Moss, 12 km south west of Easter Bush...As
proxy for a particle size measurement, the proportion of PM2.5 to PM1o was used, with a lower
proportion of PM; s indicating a greater proportion of coarse aerosol, and a corresponding
larger deposition velocity based on process-orientated modelling”. Particle size
measurements were not available. As summarised at the start of this response document, the
proxy measurement was used to investigate a hypothesis that was developed from
observations of aerosol Vqy values. Our use of such a proxy measurement is not related to
measurement uncertainty. Figure 12 shows strong and statistically significant relationships.



The scatter indicated may reflect measurement uncertainty, but could equally reflect
limitations in a concentration ratio from a nearby site to describe the full size-distribution at our
measurement site, the additional effect of atmospheric stability on Vd/u- (e.g. Wesely et al.,
1985) or a number of additional processes (e.g. surface wetness). We anticipate that the
reviewer’s concern will be resolved by further clarifying the proxy nature of the aerosol size
measurement in our manuscript.

5) “The manuscript title implies a focus on fluxes (“Surface—atmosphere exchange of water-
soluble gases and aerosols above agricultural grassland pre- and post-fertilisation”) why are
so many of the figures and so much of the text about concentrations and/or the ion balance

in the aerosols?”

We believe it is necessary to include figures and text discussing concentrations as a precursor
to discussion of fluxes. It is also important to present these findings for the discussions relating
to (i) the deposition velocities (which makes references to elevated periods of CI
concentrations that are visually apparent in Figure 3), (ii) the HONO fluxes (the presence of
HONO concentrations above the detection limit suggests a day time source for HONO; this is
then linked to discussion of HONO fluxes), and (iii) the instrument intercomparison studies
(which compare concentrations).

The inclusion of a brief discussion of ionic balance, with an accompanying figure, was
necessary to discuss the development of the hypothesis of aerosol bulk deposition velocities
being enhanced by particles in the coarse fraction. As mentioned in the text — “[the ionic
balance study]...suggests a deficit of NH4*, suggesting that some of the NO3;™ and/or SO4*
was balanced by ions other than NH4*. A likely candidate is Na*: some of the SO, is likely to
have represented sea-salt SO+* and some NaNOj; is formed by reaction of NaCl with HNO3.”
This is then followed by discussion of atmospheric chemical processes that would give rise to
the formation of these coarse particles, providing the framework for the eventual discussion of
aerosol Vq and patrticle size proxy. Without the inclusion of this section, we believe that it would
harm the coherence of a novel discussion point in the paper.

In conclusion, we believe that the discussion of concentration data is a necessary part of
further discussion surrounding surface-atmosphere exchange. We could alternatively have
called the manuscript “Concentrations and surface/atmosphere exchange fluxes of water-
soluble ...”, but we feel that beyond making the title even more cumbersome than it is already,
this would not add any more information.

6) “With only a single fertilization event | wonder how generalizable this is? If a data set could
be developed that comprises many fertilization events it may be possible to extract a signal,
but at the moment the S2N ratio is very low.”

Our paper provides rare field evidence of a ground source of both HONO and HNOs following
fertilisation, corroborating previous evidence of Sutton et al. (1998) and Twigg et al. (2011).
These results are quite remarkable because it is certainly not clear why the application of
fertiliser, characterised by a high pH, should result in HNOs release. We do not suggest in the
paper that our results should be generalized to fit all grassland fertilization events. However,
the observations may well trigger follow-on laboratory process studies of these fertiliser
emissions of HONO and HNO:s.

Here, we aimed only to observe the fluxes of trace gases and aerosols, particularly reactive
nitrogen species, pre- and post- fertilisation of a grassland site with urea fertiliser, and to
discuss any observed changes. We believe that through our use of the chemical conservative
tracers total-nitrate and total-ammonium, we have accounted for the period of flux divergence
while drawing relevant conclusions about the behaviour of reactive nitrogen species post-



fertilisation. These results add to the literature on fluxes of reactive nitrogen above fertilised
grassland, much of which has also described study of only one fertilisation event.

7) “1 think IF a numerical model (that accounts for flux divergence) could be brought into the
research it would be very useful in trying to extract more information and provide greater
insights. As it stands | did not find it compelling and thus the conclusions seem to really over-
state what is shown in the manuscript.”

The senior author of this publication is indeed a global leader in the 1D modelling of the NHs-
HNOs-NHsNO:s interaction (e.g. Nemitz et al., 1998; Nemitz et al., 2000; Nemitz et al., 2009;
Ryder et al., 2016). A general thread running through these model studies has been that the
models are able to explore the observations qualitatively, but that it is difficult to constrain the
model sufficiently to provide fully quantitative results. For example, a fully quantitative model
run would require treatment and measurement information of the aerosol composition as a
function of size, including any potential external mixing. Such model application is, however,
well beyond the scope of this paper or the comprehensiveness of the dataset.

We do not believe that we have overstated our conclusions, as all conclusions cited in the
abstract and conclusion sections are argued through the results and discussion section
appropriately. We maintain that the data is robust, but we shall emphasize in the revised
manuscript why we believe that to be the case, providing more information on flux errors and
minimum detectable fluxes, as well as clarifying the issue of concentration measurement
errors. We will also reword one conclusion in the abstract, which currently reads “providing
direct evidence of a size-dependence of aerosol deposition velocity for aerosol chemical
compounds” to remove the phrase “direct evidence”, which we hope in combination with
emphasizing the proxy nature of aerosol size measurements should clarify our hypothesis
regarding aerosol V4 and aerosol size. In conclusion, we belief that the work presented in the
paper remains suitable for publication by ACP, with the above-discussed amendments to
highlight the robustness of our dataset.

“It's a minor point given the above but although the manuscript is quite lengthy, I did not find
all the details of the measurements.”

We think the reviewer may be referring here to some lack of information on the source of the
NO: concentrations and on the MARGA instrument measurements, to which Reviewer #2 also
referred. The NO; concentrations were determined by chemiluminescence analyser operated
to standard UK national network protocols. Details will be added to the revised paper. A full
description of the MARGA set-up and operation at the Auchencorth site is available in Twigg
et al. (2015). The processed and ratified MARGA data are publicly available online at
https://uk-air.defra.gov.uk/data/data_selector from which concentrations of any of the species
measured by the MARGA can be selected. We will add the references and online resources
to the paper.
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