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Abstract. NOx measurements were conducted at the Halley
Research Station, coastal Antarctica, during the austral sum-
mer period 1 January–10 February 2005. A clear NOx diur-
nal cycle was observed with minimum concentrations close
to instrumental detection limit (5 pptv) measured between
04:00–05:00 GMT. NOx concentrations peaked (24 pptv) be-
tween 19:00–20:00 GMT, approximately 5 h after local so-
lar noon. An optimised box model of NOx concentra-
tions based on production from in-snow nitrate photoly-
sis and chemical loss derives a mean noon emission rate
of 3.48× 108 molec cm−2 s−1, assuming a 100 m boundary
layer mixing height, and a relatively short NOx lifetime of
∼6.4 h. This emission rate compares to directly measured
values ranging from 2.1 to 12.6× 108 molec cm−2 s−1 made
on 3 days at the end of the study period. Calculations of
the maximum rate of NO2 loss via a variety of conventional
HOx and halogen oxidation processes show that the lifetime
of NOx is predominantly controlled by halogen processing,
namely BrNO3 and INO3 gas-phase formation and their sub-
sequent heterogeneous uptake. Furthermore the presence of
halogen oxides is shown to significantly perturb NOx con-

centrations by decreasing the NO/NO2 ratio. We conclude
that in coastal Antarctica, the potential ozone production ef-
ficiency of NOx emitted from the snowpack is mitigated by
the more rapid NOx loss due to halogen nitrate hydrolysis.

1 Introduction

For the past two decades, polar boundary layer composition
and photochemistry has been the focus of major field mea-
surement campaigns undertaken in Arctic and Antarctic re-
search stations.

At Alert (Nunavut, Canada), the pioneering Polar Sun-
rise Experiments (e.g. Barrie et al., 1994) initially prompted
our attention to boundary layer ozone depletion and Arctic
haze pollution events. This triggered further research, such
as the Tropospheric Ozone Production around the Spring
Equinox (TOPSE) airborne missions flown by the NCAR C-
130 research aircraft into the high Canadian Arctic during
Spring 2000 (Atlas et al., 2003). Beine and co-workers pro-
vided valuable long-term monitoring trends of a variety of
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pollutants at the NILU-operated Mount Zeppelin station in
Svalbard, Eastern Greenland Sea (e.g. Beine et al., 1997).
Similar long-term and summer intensive measurements cam-
paign were also conducted at the Summit station on the
Greenland icecap (e.g. Dibb et al., 1998, 2002; Honrath et
al., 2002).

In Antarctica, Jones et al. (1999) provided the first ev-
idence of snowpack photochemical reactivity when mea-
suring snow-emitted NOx at the Neumayer coastal station,
whereas Davis et al. (2001) provided further observations il-
lustrating the exceptional reactivity of the South Pole bound-
ary layer over the Eastern Antarctic Plateau.

Most of the above-mentioned studies carried out near and
over the sea-ice zone have commented on the need to in-
clude halogen chemistry in order to reconcile observations
and model outputs. The presence of bromine, iodine and
chlorine species and their impact on tropospheric ozone is
widely acknowledged (von Glasow et al., 2004; Yang et al.,
2005; Simpson et al, 2007; Read et al., 2008). Our confi-
dence in the ubiquitous impact of halogen chemistry, despite
the scarcity of halogens ground-based measurements, has
been greatly improved by satellite observations of BrO and
IO (Richter et al., 2002; Saiz-Lopez et al., 2007b; Schoen-
hardt et al., 2008), despite the recent results from the NASA
ARCTAS and NOAA ARCPAC airborne campaigns which
have highlighted some issues with BrO retrievals from satel-
lites (Jacob et al., 2010; Salawitch et al., 2010).

It is now accepted that the photolysis of organic and in-
organic precursors in the high (and to a lesser extent mid)
latitude snowpack contributes to the release and exchange
of gas-phase molecules that would hitherto not be expected
in the remote polar boundary layer (Dominé and Shepson,
2002; Grannas et al., 2007). This has two main implications:
(a) the polar boundary layer oxidative capacity is perturbed
through ozone and HOx photochemistry (Zhou et al., 2001;
Chen et al., 2004; Helmig et al., 2008; Bloss et al., 2010),
and (b) these post-depositional processes affect the burial
rate and chemical signature of deposited ions and trapped
trace gases, hence requiring a further degree of constraint for
the use of ice core proxies in paleo-atmospheric chemistry
modelling studies (Wolff, 1995; Wolff et al., 2008). More
recent studies of the stable isotope signature of aerosol (and
snow) nitrate have illustrated the complexity in identifying
NOx sources and sinks (Morin et al., 2008 and references
therein). They also confirmed that NOx emissions from snow
play a large role on the budget of NOx and nitrate in polar re-
gions at the regional scale, and that NOx oxidation by halo-
gen oxides is happening at a very large scale in the Antarctic
and in the Arctic. In addition, Morin et al. (2009) recently
showed that such NOx emissions not only occur from snow
on ice sheets but also from snow on sea ice, as inferred from
theδ15N of aerosol nitrate over the frozen Weddell Sea.

In this study, we describe a set of NOx measurements
conducted at the Clean Air Sector Laboratory (CASLab) at
the Halley Research Station, coastal Antarctica, during the

CHemistry of the Antarctic Boundary Layer and Interface
with Snow (CHABLIS) campaign (Jones et al., 2008). We
focus on the austral summer intensive campaign (1 January–
10 February 2005) when comprehensive ancillary HOx and
actinic flux measurements were available. The instrumenta-
tion and its performance are first described. We then interpret
the mean NO, NO2 and NOx diurnal cycles by analysing the
contribution of sources and sinks with a simple steady state
model. This approach contrasts with an earlier study (Ander-
son and Bauguitte, 2007) using a subset of the data presented
here. In that study, a simple boundary layer tracer diffusion
model was successfully used to reproduce the observed NOx
diurnal cycle, the timing being critically dependent onτ , a
tracer decay rate. We, further, present results from near snow
surface flux measurements of NOx, and put these in the con-
text of existing measured and model derived fluxes in the
Arctic and Antarctic. Our derived NOx lifetime is compared
to sink estimates employing the latest kinetic data of known
oxidation processes. We analyse the NOx partitioning and
assess the factors controlling the NO/NO2 ratio. We finally
discuss the implications of our findings for the photochem-
istry of the polar boundary layer, and their broader relevance
to the atmospheric oxidative capacity.

2 Methods

2.1 NOx instrumentation

NOx measurements were conducted using a 2-channel
chemiluminescence (CL) analyser, which evolved from the
single channel system described in Cotter et al. (2003). A
second CL channel was implemented to allow higher time
resolution and simultaneous detection of NO and NOx.

The design of the NO2 photolytic converter (PLC) em-
ployed in this study was inspired by the narrow-band
(ca. 365 nm) photolysis system described in Ryerson et
al. (2000), and employs an Oriel PhotoMax lamp housing.
The ellipsoid-focussed UV source used during CHABLIS
was a more powerful 200 W Hg super high-pressure arc lamp
(USHIO 200DP) with water-cooled electrodes, compared
with the 75 W Xe-Hg lamp used in previous work (Cotter
et al., 2003). This yielded a threefold increase in the NO2
conversion efficiency. Spectral filtering of the UV output
was achieved by means of a Pyrex window (Oriel part num-
ber 60127) as a 320 nm UV cut-out, located between the fo-
cussed arc and lamp housing. A KBr infrared absorbing filter
(KG3, Oriel part number 51960) was also inserted to mini-
mize heat transfer to the photolysis cell.

Given the spectral filtering employed in our PLC, we be-
lieve that the main potential photolytic interferent is from
HONO (Beine et al., 2002; Ryerson et al., 2000). Using
the Oriel filters transmittance data, the USHIO lamp inten-
sity, and NO2 and HONO absorption cross sections from
JPL evaluation 14, we estimate for our system a HONO
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interference in the NO2 PLC of∼22 %. While an attempt to
measure HONO was made during CHABLIS (Clemitshaw,
2006), subsequent assessments showed that the derived val-
ues were not consistent with observed NOx or HOx (Bloss
et al., 2007, 2010). Indeed, data could only be reconciled
when HONO was less than 0.22 pptv, although we note that
this number relies on (i) all input data to the model being cor-
rect, and (ii) the model being complete in its representation of
all the major chemical and physical processes that ultimately
control the concentration of HONO. That said, even with a
potential interferent of 22 %, at such low mixing ratios, it
would seem that HONO is not likely to be a major interferent
to the NO2 measurements reported here. Conclusions drawn
in this paper are therefore based on the assumption that there
have been no significant contributions to the measured NO2
signal from ambient HONO.

Cold ambient air was fanned from outside the CASLab
and directed onto the NO2 photolysis quartz cell to maintain
its wall temperature below∼12◦C. Without this forced air
cooling, the cell heated up to temperatures in excess of 50◦C.
Although thermal decomposition of PAN and/or HNO4 are
potential sources of NO2, at 12◦C and below, the lifetimes
of both are long compared with the cell plug-flow residence
time of <2 s, and thus represent no significant source of in-
terferent to our data.

The NOx measurement duty cycle was optimised as fol-
lows. The CL detectors’ baseline count rates were deter-
mined by pre-chamber zeroing every 10 to 15 min for 60 s.
One minute averaged zero count rates were then linearly in-
terpolated, to produce a baseline ready for subtraction from
the raw signal count rate. All CL data acquired in 1 Hz
photon-counting mode was then reduced to one minute av-
erages after applying baseline, calibration and artefact cor-
rections.

The NO sensitivity of the CL detectors was determined
twice daily for 10 min, with a repeat time of 13 h, by stan-
dard addition to the ambient air matrix of a 1 ppmv NO/N2
mixture (UK National Physical Laboratory traceable BOC
certified), which is further diluted by mass flow controllers
to yield 2 ppbv NO. Using the same calibration schedule, the
NO2 channel photolytic conversion efficiency (CE) was de-
termined by addition of a known mole fraction of NO2. This
was achieved by gas-phase titration of the NO/N2 mixture to
NO2 by O3 generated from a pen-ray Hg lamp, and monitor-
ing the un-titrated NO mole fraction (typically 5 %).

Detector artefact determinations were also performed
twice daily with a 13 h repeat time staggered to that of the
NO sensitivity calibrations, thereby randomising in time of
day the calibration and artefact determination sequences. In-
strumental artefacts were determined by overflowing the in-
strument inlet with scrubbed ambient air supplied by an
Eco-Physics Pure Air Generator (model PAG003). Beside
a −15◦C dew point freeze-drying and ozonation/activated
charcoal NOx filtering stages, this generator type also in-
cludes a 350◦C heated Palladium catalyst scrubbing stage

Table 1. Summary of CL detector performance parameters, and
nominal precision and accuracy of one minute NOx mixing ratios
below 20 pptv based on known systematic errors. The NO2 system-
atic error includes the contribution due to the systematic error in
NO. The reported NO2 artefact is the combined CL (NOx) analyser
and PLC artefact.

NO NO2

NO sensitivity, Hz pptv−1 4.2 2.5

Background count rate, Hz 300–400 300–400

Reaction chamber vacuum, Torr 10 10

Detector flow-rate, std l min−1 1 1

Artefact, pptv −2 −6

NO2 photolytic CE, % N/a 55–60

Limit of detection, based on
precision/random noise,
2σ standard error, pptv

±2.0 ±6.0

Accuracy based on
systematic errors
(<20 pptv NOx), pptv

±1.3 ±3.3

for the removal of hydrocarbons. We found this method more
appropriate than using “NOx-free” synthetic compressed air;
when comparing our pure air generator output to that of a
cylinder of synthetic air (Air Products ZeroPlus grade Air),
we found that the measured NO2 artefact quadrupled (NO
artefact doubled) in synthetic air. For all summer data re-
ported here, we subtracted a 2 pptv artefact for NO, and
6 pptv artefact for NO2.

The instrumental limit of detection was estimated from
the two sigma standard error determined when averaging the
1Hz NO and NO2 data to one minute means. This standard
error therefore corresponds to the measurement precision,
and arises largely from Poisson distributed photon-counting
statistics, and will decrease with further data averaging.

Overall systematic errors were estimated as the root sum
of squares (rss) of all known systematic uncertainties affect-
ing the accuracy of the measurement, namely:±3 % NO cal-
ibration gas concentration (mass flow-rate controlled dilution
of 1 ppmv NO/N2 standard gas); error in linear interpolation
of the 1Hz baseline count rate (0.8 and 2.3 pptv for NO and
NO2, respectively);±0.4 % NO2 CE determination error; in-
strumental artefact determination error (±1 pptv for NO and
±3 pptv for NO2). Table 1 provides a summary of our instru-
mentation performance parameters and corresponding ran-
dom and overall systematic errors for NO and NO2 measure-
ments.

The final NOx data was filtered for infrequent pollution
from the exhaust of the Halley Research Station genera-
tors, using the combination of a two-pass wind sector filter

www.atmos-chem-phys.net/12/989/2012/ Atmos. Chem. Phys., 12, 989–1002, 2012
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Fig. 1. Schematic of location of inlets and turbulence sensors used for NOx flux measurements during CHABLIS. The lower NOx sampling
inlet, situated 25 m South of the CASLab, is 1.5 m high. The inset shows the mean wind rose at Halley.

method, station observers’ logs, and NOx data itself. The
first pass filter was based on the wind sector exclusion zone
(293 to 335◦) for all wind speeds, to identify potential “dis-
crete plumes” from the station. The second pass filter was
based on the North sector exclusion zone (90 to 270◦) for
wind speeds<2 m s−1, to identify “dispersed plume”. NOx
data was then scanned for possible signs of contamination.

2.2 Flux measurements from snow pack

During three days at the end of the 2004/5 austral summer
(1–4 February 2005), we measured coincident near snow sur-
face NOx gradients,∂NOx

∂z
(units of pptv m−1) and turbulent

diffusivity K (units of m2 s−1), which give estimates of ver-
tical NOx flux, FNOx , according to:

FNOx = K
∂NOx

∂z
(1)

FNOx is therefore in units of pptv m s−1, a concentration ve-
locity. The NOx analyser sampled sequentially from two in-
lets mounted on a mast∼25 m South of the CASLab (see
Fig. 1). The upper and lower NOx inlets were 6.0 and 1.5 m
above the snow surface. Ambient air was drawn back to
the CASLab via two∼25 m blacked-out 1/4′′ od PFA Teflon
tubes. The residence time of the ambient air matrix in the
PFA transfer lines was measured to be∼14 s, by spiking high
NO/N2 concentrations at the inlet tips. The flow rate through
the transfer lines was maintained at∼5 l min−1 with a throt-
tled air pump (GAST model DOA-P725-BN).

For NOx flux measurements, the instrument duty cycle
was modified as follows: 10 min sampling for a particular
inlet height, consisting of 9 min measure, and 1 min zeroing,
then inlet height swap. The synchronisation of the analyser
duty cycle and inlet height switching valves was achieved
within 1 to 2 s.

A 30 m turbulence profiling mast was a further 25 m
South of the NOx sampling mast (Fig. 1) with turbulence

and mean micro-meteorological sensors mounted in a ver-
tical array. The instrument set included a sonic anemome-
ter/thermometer at 4 m height above snow. See Anderson
and Neff (2008) for a detailed description of the 30 m mast.

Similar sonic anemometry was located 10 m South and
100 m North of the 30 m mast, in order to estimate spatial
variability of turbulence measurements at the 4 m level and
hence give confidence limits for the diffusivity estimates at
the NOx inlets.

2.3 Photolysis rates

The 2π spectro radiometer used for measuring actinic fluxes
is described in Jones et al. (2008). Here we focus on the
data processing employed to derive the photolysis rates of
atmospheric NO2 and in-snow nitrate ions, needed for our
model study.

2.3.1 JNOtotal
2

In order to derive the 4π integratedJNOtotal
2 , we used the

2π downwellingJNO↓

2 (measured routinely), and the 2π up-

welling JNO↑

2 (measured very occasionally). The latter was

used to adjustJNO↓

2 according to the actinic flux ratio (see
Jones et al., 2008). For cloudy sky conditions (okta> 6.5;
cloud cover being estimated as how many eighths of the
sky, known by meteorologists as oktas, are obscured by
cloud; ranging from completely clear, 0 oktas, through to
completely overcast, 8 oktas), we used the actinic flux ra-
tio JNO↓

2 /JNO↑

2 equal to 0.98. For less diffuse light con-
ditions (okta< 6.5), the ratio was calculated using the so-
lar zenith angle (SZA) parameterisation described in Jones
et al. (2008). The correction of the ratio calculated as a func-
tion of SZA, to a constant 0.98 actinic flux ratio, was found to
be between±3 % and±14 %. The lowest correction figures
occurred at low zenith angles and hence high actinic fluxes,
while the largest corrections were obtained at high zenith

Atmos. Chem. Phys., 12, 989–1002, 2012 www.atmos-chem-phys.net/12/989/2012/
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angles. The mean solar noonJNO2 value for the CHABLIS
summer campaign was∼1.93× 10−2 s−1.

2.3.2 In-snowJ (Nitrate)↓

Estimating and measuring the photolysis rate of nitrate ions
in snow is a difficult task (Wolff et al., 2002; Qiu et al.,
2002; Fisher et al., 2005). In Wolff et al. (2002) and Jones
et al. (2011), NOx emission rates from snow were esti-
mated using in-snow nitrate ion actinic flux as a function of
depth, using a snow pack radiative transfer model (Grenfell,
1991), with the spectral irradiance input,E↓(λ), calculated
using the NCAR/ACD radiative transfer model TUV. In their
trace gas diffusion modelling study, Anderson and Baugui-
tte (2007) used global shortwave irradiance measurements,
G, for approximating the column integrated in-snow actinic
flux for nitrate, defined as∫J (Nitrate)↓ dz. They argue the
case for the approximate linearity of the transfer function
G → ∫J (Nitrate)↓ dz.

The above methodologies suffer from a variety of short-
falls. In the two former studies, inherent uncertainties are
introduced by employing the TUV radiative transfer model
outputE↓(λ) for the flux computation. In the latter study,G

is poorly spectrally resolved for the nitrate ion, and the linear
relationship of the proxy is dependent upon zenith angle.

In this study, we approximate in-snow nitrate ion actinic
fluxes using 2π downwelling, spectrally resolved, atmo-
spheric actinic flux measurementsF(λ)↓, which we believe
provide a more robust proxy. The methodology has nonethe-
less its own sources of uncertainties which we discuss here.

J (Nitrate)↓ photolysis rates were computed using nitrate
ion cross sections, in liquid phase at room temperature, taken
from Burley and Johnston (1992), and quantum efficiencies
in ice from the formula of Chu and Anastasio (2003), calcu-
lated at 5 K intervals from 258 to 278 K.

A further correction of the in-snow photolysis rate is
needed, to account for the fact that we only measure down-
welling flux F(λ)↓, whereas the in-snow flux is the sum
of downwelling and upwelling terms. By analogy with the
fluxes inside the top of dense cloud (Madronich, 1987), up-
welling and downwelling fluxes are everywhere equal in
snow, and in the case of diffuse light when one expects equal
downwelling fluxes just below and just above the snow sur-
face, the total in-snow flux is 2× F↓.

Because the relationship between flux and irradiance for
diffuse illumination is given byF↓

= 2×E↓, the total in-
snow flux is 4× E↓. In the case of direct light (clear sky and
no Rayleigh scattering), Lee-Taylor and Madronich (2002)
show that the same relationship holds a few cm down in-
side the snow pack, irrespective of SZA. Above the snow,
E↓

= F↓
× cos(SZA), and between 1 January and 10 Febru-

ary 2005, the solar noon SZA varied from 52.6 to 61.4◦. The
resulting proportionality factor in clear sky conditions and
low solar noon SZA will therefore be in the range 0.48 to
0.61, so that the total in-snow flux is 1.91 to 2.44× F↓.

However we argue that theF↓
= 2×E↓ relationship still

holds to some extent in more direct light conditions, due to
Rayleigh scattering of the atmosphere at a sea-level site, es-
pecially in the near-UV part of the spectrum where nitrate
ions photolyse (280–320 nm). During the CHABLIS sum-
mer intensive campaign, the cloud cover was greater than
6.5 okta for∼60 % of the time. Hence we choose total in-
snow flux to be 2× F↓, whereF↓ is ourjNitrate↓ calculated
from our measuredF(λ)↓, and accept a potential for error of
perhaps 20 % near noon on a few days with fully clear skies.

For the CHABLIS austral summer campaign, we com-
puted a mean solar noonjNitrate↓ photolysis rate of
∼1.19× 10−7 s−1, so that our in-snow flux would be
∼2.38× 10−7 s−1. This is approximately a factor 5 smaller
than the∼12.5× 10−7 s−1 values measured by actinometry
tubes deployed at Summit Greenland on surface snow on 8
June by Qiu et al. (2002), although the authors do not report
absolute measurements uncertainty.

2.4 Ancillary data sets

For model calculations, we employed various data sets ac-
quired for the period 1 January to 10 February 2005 at the
Halley Research Station. For surface ozone and meteorol-
ogy parameters, we used the data sets highlighted in Jones et
al. (2008). OH and HO2 data from Bloss et al. (2007) were
used for NOx lifetime calculations. Mean diurnally vary-
ing IO and BrO concentrations from LP-DOAS observations
(Saiz-Lopez et al., 2007a) were used for NO/NO2 ratio calcu-
lations. The mean noon-time IO and BrO mixing ratios were,
respectively, 4.3 and 3.8 pptv (A. Saiz-Lopez and A. Maha-
jan, personal communication, 2006). As the sun remained
above the horizon (SZA< 90◦) throughout the CHABLIS
summertime study (24 h daylight), “night-time” IO and BrO
were always above the DOAS instrument detection limit.

Unless otherwise stated in the text, all kinetic data used for
model calculations in this study were taken from JPL Evalu-
ation Number 15 (Sander et al., 2006).

3 NOx observations

3.1 Timeseries

The hourly mean NO and NO2 mixing ratios (pptv) between
1 January and 10 February 2005, calculated from one minute
pollution-filtered data, are plotted in Fig. 2.

NO mixing ratios, plotted in red, rarely go above 20 pptv
and display a diurnal cycle, anti-correlating with SZA, plot-
ted in grey. This concentration range (0 to 40 pptv) is in con-
trast to the high concentrations (up to 500 pptv) reported at
South Pole over continental Antarctica (Davis et al., 2001,
2004), but in agreement with other coastal Antarctic NO
observations (up to 15 pptv) made at the Neumayer Station
(Jones et al., 2000; Weller et al., 2002).

www.atmos-chem-phys.net/12/989/2012/ Atmos. Chem. Phys., 12, 989–1002, 2012
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Fig. 2. Mixing ratios (pptv) of NO (red, left-hand scale), NO2 (blue,
right-hand scale) and solar zenith angle (grey, left-hand scale) from
1 January to 10 February 2005. These NO and NO2 values are one
hourly means of the one minute pollution-filtered data. The black
arrow indicates the four-day blizzard conditions, when wind speeds
in excess of 15 m s−1 and blowing snow were experienced.

NO2 mixing ratios, plotted in blue against the right-hand
axis with a positive offset for clarity, also show a diurnal cy-
cle, although it is not as distinct as that of NO. At times, par-
ticularly at the beginning and end of the 40 day measurement
period, NO2 hourly means appear negative. This is due to
the incorporation in our analysis of all NO2 data, regardless
of values below detection limit resulting from poor artefact
correction, and hence increased systematic uncertainty when
atmospheric NO2 approaches the detection limit of the in-
strument (∼6 pptv, see Table 1).

3.2 Mean diurnal cycle

Using the observations of Fig. 2, the hourly mean diurnal cy-
cles of NO, NO2 and NOx, averaged over the whole dataset,
were derived and plotted in Fig. 3. Error bars for each hourly
mean are systematic errors: 1.3 and 3.3 pptv for NO and
NO2 respectively, and their rss for NOx. Both NO and NO2,
and hence NOx, exhibit clear diurnal cycles, a phenomenon
which has been widely reported in previous polar studies
(Jones et al., 1999; Jacobi et al., 2000; Ridley et al., 2000;
Beine et al., 2002; Honrath et al., 2002; Weller et al., 2002).
In our study, the NOx mean diurnal cycle is very pronounced.
Maximum concentrations of∼24 pptv are observed between
19:00 and 20:00 GMT, and minimum concentrations close to
instrumental detection limit are observed in the early hours
between 05:00 and 06:00 GMT. It is worth noting that max-
imum NOx values occur∼5 h after the local solar noon at
13:45 GMT. This diurnal variation is in line with that re-
ported for summertime NOx measurements at Neumayer, an-
other coastal Antarctic site, with NOx maxima of∼25 pptv at
around 19:00 GMT (Jones et al., 1999; Weller et al., 1999).
Similarly, Honrath et al. (2002) report NOx diurnal cycles at

 50

30 30

25 25

20 20

15 15

10 10

5 5

0 0

m
ix

in
g

 r
at

io
, 

p
p

tv

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 00:00

GMT

NO
NO2

NOx

Model NOx

 1077 
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Fig. 3. Hourly mean diurnal cycle of NO (red), NO2 (blue) and NOx
(black) for 1 January to 10 February 2005, compiled from the one
minute pollution-filtered master dataset. Error bars are systematic
errors (uncertainties from Table 1). The dotted black line (Model
NOx) corresponds to the Steady State NOx calculations (see text).
The vertical dashed line indicates local noon, 13:45 h.

Summit for summer 1999 and 2000, with maximum median
values of∼40 and∼60 pptv, respectively.

4 Steady State NOx calculations

4.1 Model description

To understand the factors driving the shape and timing of
the observed NOx diurnal cycle, we consider a simple model
based on our current understanding of the photochemistry of
polar tropospheric NOx (Honrath et al., 1999; Cotter et al.,
2003; Jones et al., 2011). NOx is emitted from the snow pack
at a rate proportional to the photolysis of nitrate ions in the
snowF (Nitrate), equal to 2× our measuredjNitrate↓ (see
Sect. 2.3), with proportionality constantα. We balance this
term with a constant loss rate defined by a daily mean NOx
lifetime τ which represents all unspecified losses of NOx.
Our simple model parameterisation is expressed in Eq. (2)
below:

∂ [NOx]

∂t
=

(
αE(Nitrate)↓

)
−

(
[NOx]

τ

)
(2)

The production term scaling factorα has the same dimension
as [NOx], while E(Nitrate)↓ is in s−1.

To model NOx concentrations, we can integrate Eq. (2)
forwards until a diurnal steady state is reached in typically
2 days. We optimize the value ofα andτ by minimising a
cost function between the hourly model values and the hourly
observed values to provide the best possible fit to the diurnal
hourly observations in Fig. 3, as described in Eq. (3):

Cost=
∑

hours 0−24

|[Model] − [Obs]| (3)
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This minimisation is achieved using the Powell method de-
scribed in section 10.5 of Press et al. (1993). Figure 3 shows
the comparison between the observed diurnal variation of
NOx (solid black line) and the best fit values of the model
(dashed black line). After optimization the model simula-
tion reproduces many of the features observed, including the
early morning NOx minimum, and the NOx peak after solar
noon.

Uncertainties for modelled NOx, α andτ , arise from the
combined uncertainties of the input parameters of Eq. (2),
namely observed NOx andE(Nitrate)↓, and to a lesser ex-
tent errors propagated from the mathematical fitting method
employed in Eq. (3). The minimum uncertainty for ob-
served NOx is ∼15 %, as showed by the systematic error
bars for the highest mixing ratios in Fig. 3. Uncertainties
for E(Nitrate)↓ could be as high as 20 % near noon on a few
days with fully clear skies as discussed in Sect. 2.3.2 (in-
snowJ (Nitrate)↓). Observed and modelled NOx therefore
agree within the above combined uncertainties.

4.2 Results: NOx production term

Snowpack NOx fluxes can be derived from both indirect and
direct methods. Using the indirect method described above,
we compute a value of 5516 pptv forα, and a value of 6.38 h
for τ . Assuming a 100 m summertime boundary layer mixing
height (annual mean height for Halley is∼70 m, Jones et al.,
2008), the productαE(Nitrate)↓ corresponds to a mean noon
emission rate of 3.48× 108 molec cm−2 s−1 for the 1 January
to 10 February 2005. This emission rate would scale linearly
with a changing boundary layer height, which we note is is
both difficult to define and highly variable during Antarctic
summer (Anderson and Neff, 2008).

In their indirect-method study using a snow pack radiative
transfer model methodology, Jones et al. (2011) estimated
a daily average emission rate of 2.42× 108 molec cm−2 s−1

for 18 January 2005 during CHABLIS, with a noon-time rate
of 5.5× 108 molec cm−2 s−1 (unpublished data).

Evans et al. (2003) modelled the High Canadian Arc-
tic (>55◦ N) observations made during the TOPSE airborne
campaign in March–May 2000. Their daily averaged model-
derived NOx flux was equivalent to 3.6× 108 cm2 s−1 for a
200 m boundary layer height.

For a direct assessment, we conducted NOx flux measure-
ments for several days at the end of the CHABLIS summer
campaign (see Methods). The 20 min averaged NOx gradi-
ents, defined as∂NOx

∂z
, where∂z = 4.5 m (NOx sampling in-

lets height differential) are presented in panel a of Fig. 4. Co-
incident averaged surface diffusivityK (m2 s−1) is plotted in
panel b, as well as the 10 min averaged wind speedv (m s−1)

to illustrate the local meteorology during the flux measure-
ment period.K was defined as the productk×z×U∗, where
k = 0.4 is the dimensionless von Karman constant,U∗ is the
friction velocity (m s−1) defined as the cross product of sonic
anemometer data, andz = 4 m is the height of the turbulence
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Figure 4: a) 20 minute averaged NOx gradients (
z

 xNO
) estimated from the 1085 

1.5 and 6 m high inlets NOx measurements; the horizontal dashed line (2.5 pptv m-1) 1086 

corresponds to the 2 precision of the gradient measurements;  b) 20  minute 1087 

averaged surface diffusivities (K) estimated from the friction velocities U* at 4 m 1088 

height (solid line, left-hand axis), and 10 minute averaged wind speeds (dotted line, 1089 

Fig. 4. (a) 20 min averaged NOx gradients (∂NOx
∂z

) estimated
from the 1.5 and 6 m high inlets NOx measurements; the horizontal
dashed line (2.5 pptv m−1) corresponds to the 2σ precision of the
gradient measurements;(b) 20 min averaged surface diffusivities
(K) estimated from the friction velocitiesU∗ at 4 m height (solid
line, left-hand axis), and 10 min averaged wind speeds (dotted line,
right-hand axis);(c) 20 min averaged NOx fluxes expressed as the
product∂NOx

∂z
×K , filtered for gradients less than 2.5 pptv m−1 de-

tection threshold. NOx gradient were not measured during 3 Febru-
ary 2005 due to instrument downtime/maintenance.

sensor (see Fig. 1). The NOx flux is defined by the product
of the gradient and surface diffusivity (Anderson and Neff,
2008). The uncertainty ofU∗, and thereforeK, was esti-
mated using 10 min averaged sonic anemometry data during
a day with near neutral boundary layer conditions (similar to
2 February 2005). We computed the relative difference be-
tween theU∗ measurement at the 30 m mast, to its measure-
ment 10 m South and 100 m North (see Fig. 1 and Sect. 2.2).
The above assessment yielded a measurement uncertainty for
U∗ at 4 m of±3 %.

We evaluate the∂NOx
∂z

precision from the 2σ precision of
our NOx data around solar noon on 4 February 2005, when
low NOx gradients (<1.6 pptv m−1) and high diffusivities
were experienced.∂NOx

∂z
is a differential measurement and

therefore does not suffer from the instrumental artefacts dis-
cussed in Sect. 2.1. The 2σ precision of 1 Hz measurements
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Table 2. Summary of NOx fluxes derived through direct measurements in Arctic and Antarctic studies.

Location Date NOx flux,
molec cm−2 s−1

Reference

Antarctic measurements

Neumayer
70◦39′ S, 8◦15′ W, 42 m

5–7 Feb 1999 ∼ 3 (+0.3/−0.9)× 108

(noon maxima)
Jones et al. (2001)

South Pole
2835 m

26–30 Nov 2000 3.9± 0.4× 108

(average over period)
Oncley et al. (2004)

Halley V
75◦35′ S, 26◦40′ W, 37 m

2 Feb 2005 12.6× 108 (noon maxima)
7.3× 108

(07:05–15:05 GMT mean)

This Study (Fig. 4)

Arctic measurements

Summit, Greenland
72◦36′ N, 38◦30′ W, 3200 m

5 Jun–3 Jul 2001 2.5× 108

(daily average)
Honrath et al. (2002)

Alert, Nunavut, Canada,
82◦30′ N, 62◦18′ W, 220 m

9–25 April 2000 ≥ 6.7×108

(noon maxima)
Beine et al. (2002)

over a 9 min sampling period at one sampling height (see
Sect. 2.2) for NO and NO2 is ±11.6 and±38.8 pptv re-
spectively, decreasing to±0.5 and±1.7 pptv for a 9 min
average. The rss of the precisions of two 9 min NOx mea-
surements (two heights) yields a 2σ precision for ∂NOx

∂z
of

±2.5 pptv m−1. This detection threshold is represented by
the horizontal dashed line in panel a of Fig. 4.

The largest uncertainty in our NOx flux is arising from the
NOx gradient term. Most of the NOx gradient measurements
for 1 and 4 February 2005 fall below the 2.5 pptv m−1 thresh-
old, and were filtered out in the 20 min averaged NOx fluxes
(in molec cm−2 s−1) plotted in panel c of Fig. 4.

The mean NOx flux measured during 2 February 2005 be-
tween 07:05 and 15:05 GMT was 7.3× 108 molec cm−2 s−1,
with a noon maximum of 12.6× 108 molec cm−2 s−1. For
the broader context, Table 2 shows NOx fluxes derived from
direct measurements in other polar studies. Simple quantita-
tive comparisons are not reliable due to the varying param-
eters that may affect the NOx fluxes in the different studies
(time of year/day, latitude, altitude, cloudiness, nitrate ion
snow content). The most similar site to Halley of those listed
in Table 2, is Neumayer, where, nonetheless, considerably
smaller fluxes were measured.

Accurate flux derivations become extremely important for
modelling calculations aiming to scale processes up for re-
gional assesements. A long-duration flux study at a single
location that can properly assess flux variability with time,
as well as compare direct and indirect assessment methods,
would therefore seem extremely timely.

5 NOx lifetime calculations

5.1 Model description

Our estimated NOx emission flux is consistent with previous
studies. However our estimated daily mean NOx lifetime of
6.38 h appears relatively short given known NOx losses. Ri-
dley et al. (2000) and Beine et al. (2002) did not derive NOx
lifetimes from their respective measurements at Alert. How-
ever, the pronounced diurnal cycle of NOx concentrations re-
ported by Ridley et al. (2000), with noon-maximum, may
suggest NOx lifetimes shorter than 4 h (Evans et al., 2003).
Davis et al. (2004) report enhanced NOx lifetimes at South
Pole. Although NOx concentrations at South Pole are much
more elevated than at Halley (up to 800 pptv), Davis et al. re-
port box modelled NOx lifetimes (loss to HOx and HNO4) as
function of NOx concentration and found that for concentra-
tions below∼170 pptv, their estimated NOx lifetimes remain
constant at∼8 h.

Using available observations, we consider the maximum
rate of NO2 loss via a variety of conventional HOx and halo-
gen oxidation processes:

NO2+OH+M → HNO3+M (R1)

NO2+O3 → NO3+O2(+NO2 → N2O5) (R2)

NO2+HO2+M ↔ HNO4+M (R3)

NO2+ IO+M → INO3+M (R4)

NO2+BrO+M → BrNO3+M (R5)

Atmos. Chem. Phys., 12, 989–1002, 2012 www.atmos-chem-phys.net/12/989/2012/
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Figure 5 : Diurnal NOx lifetimes, derived from calculations of known NO2 1095 
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Fig. 5. Diurnal NOx lifetimes, derived from calculations of known
NO2 oxidation-loss pathways.

All of these reactions represent NO2 losses. To convert the
NO2 losses to a NOx lifetime we use Eq. (4) (Seinfeld and
Pandis, 1998):

τNOx = (ki [Oxidant])−1
(

1+
[NO]

[NO2]

)
(4)

whereki is the oxidation rate constant for reactionRi . HOx
observations reported in Bloss et al. (2007) were used for
Reactions (1) and (3). For Reactions (4) and (5), we as-
sumed a constant 3 pptv IO and 3 pptv BrO mixing ratio, con-
sistent with the DOAS summertime observations conducted
by Saiz-Lopez et al. (2007a) during CHABLIS.

5.2 Results

Equation (4) now allows us to calculate the NOx lifetimes
for each reaction and how they vary around the day. This
is shown in Fig. 5. The conventional NOx loss pathways,
HNO3 and NO3 formation represented by the red and blue
lines, are much too slow to be significant. They suggest NOx
lifetimes of the order of at least 100 h whereas the observa-
tions suggest a lifetime of∼6 h.

HNO4 formation (green line) offers a potentially more ef-
ficient loss process with a mean NOx lifetime of the order
of 20 h, still significantly longer than that derived from the
observations. Once sequestrated in the HNO4 reservoir, fur-
ther aerosol uptake and hydrolysis is required to ultimately
remove NOx. However, HNO4 can undergo both photoly-
sis and thermal decomposition prior to aerosol uptake. Us-
ing the radiative transfer model described in Saiz-Lopez et
al. (2008), we estimate a maximum noon-timeJHNO4 value
of 5.05× 10−6 s−1, corresponding to a photolysis lifetime
greater than 2 days, which is therefore negligible. Using
the termolecular reaction and equilibrium constants for Re-
action (3) from the JPL Evaluation Number 15 (Sander et
al., 2006), and the mean diurnal temperatures and pressures

for summertime CHABLIS, we compute HNO4 lifetimes
to thermal decomposition ranging from 8 to 15 min. This
proves that during our study, the HNO4 reservoir was too
thermally labile to play a significant role in NOx sequestra-
tion and further loss.

Even with the low concentrations of IO and BrO observed
during summertime CHABLIS, the production of halogen
nitrates appears to be the most significant sink for NOx, as
indicated by the black and grey lines in Fig. 5. The NOx
lifetime to these reactions is very short, with a combined di-
urnal mean lifetime approaching half an hour, fast enough
to explain the steady state derived diurnal mean lifetime of
∼6 h. However, for the production of halogen nitrates to act
as a net NOx sink, the halogen nitrates must hydrolyse on the
surface of aerosol. This process competes with their photol-
ysis. These two processes are considered next.

5.3 XNO3 heterogeneous loss lifetime calculations

We estimate the lifetime of halogen nitrates to their hetero-
geneous uptake in the aerosol phase. This treatment is sim-
ilar to that used in the 1-D box modelling study of Saiz-
Lopez et al. (2008) and zero-D box modelling study of Bloss
et al. (2010), whereby the uptake to aerosol represents irre-
versible loss from the gas phase, and subsequent condensed-
phase (hydrolysis) reactions are not specified. We use the
free molecular transfer theory and estimate the heteroge-
neous uptake rate constantkhet using Eq. (5):

khet=
cγ SA

4
(5)

wherec is the mean gas velocity,γ is the reaction probability,
and SA is the aerosol surface area.

Physical properties of aerosol particles were not measured
during CHABLIS. However aerosol surface area measure-
ments were reported by Davison et al. (1996) on board the
Royal Research Ship Bransfield moored along the Brunt
Ice Shelf near Halley, between 21 and 31 December 1992.
The mean geometric aerosol surface area for measurements
made south of 58◦ S with an ASASP-X volatility analyser
was∼0.32± 0.01× 10−7 cm2 cm−3. The authors argue that
the ASASP-X technique only measures the “dry” geomet-
ric aerosol SA for the accumulation mode size range 0.1 to
0.4 µm diameter, and therefore does not represent the full
aerosol size range (0.1 to 3 µm). The actual SA is likely to
be higher and varying with relative humidity, up to 4 times
for 75–80 % RH. The studies of Saiz-Lopez et al. (2008) and
Bloss et al. (2010) used an SA of 10−7 cm2 cm−3, and we
used the same value, in line with the above findings.

We assume the same dimensionlessγ reaction probability
for both BrNO3 and INO3 of 0.8 (Sander et al., 2006). Using
Eq. (5), we compute daily mean lifetimes to heterogeneous
uptake of 0.7 and 0.8 h for BrNO3 and INO3, respectively.
Given the lifetimes derived from the gas-phase formation of
XNO3 (black and grey lines in Fig. 5), the rate limiting step

www.atmos-chem-phys.net/12/989/2012/ Atmos. Chem. Phys., 12, 989–1002, 2012



998 S. J.-B. Bauguitte et al.: Summertime NOx measurements during the CHABLIS campaign

 54

7

6

5

4

3

2

1

0

N
O

/N
O

2

03:00 06:00 09:00 12:00 15:00 18:00 21:00

GMT  1098 

Figure 6 : Solid black line: hourly mean diurnal cycle of observed NO/NO2 1099 

ratios.  Solid red line: NO/NO2 ratios calculated using ‘classic’ Leighton relationship 1100 

(ozone as sole oxidant).  Dotted red line: NO/NO2 ratios calculated using ‘extended’ 1101 

Leighton relationship (ozone plus diurnally varying IO and BrO oxidants). The 1102 

vertical dashed line indicates local noon, 13:45 hrs. 1103 

 1104 

 1105 

 1106 

 1107 

Fig. 6. Solid black line: hourly mean diurnal cycle of observed
NO/NO2 ratios. Solid red line: NO/NO2 ratios calculated using
“classic” Leighton relationship (ozone as sole oxidant). Dotted red
line: NO/NO2 ratios calculated using “extended” Leighton relation-
ship (ozone plus diurnally varying IO and BrO oxidants). The ver-
tical dashed line indicates local noon, 13:45 h.

for NOx loss is the gas-phase formation. These lifetimes now
need to be compared to the loss due to photolysis.

5.4 XNO3 photolysis effects

We use the parameterisation of Bloss et al. (2010) for es-
timating the photolysis rates of halogen species, based on
the TUV radiative transfer model and ourJNOtotal

2 measure-
ments. At solar noon, we find that INO3 and BrNO3 photol-
yse rapidly (lifetimes∼2–5 min), whereas during low insola-
tion hours the BrNO3 and INO3 photolysis lifetimes increase
to ∼1 h and∼20 min respectively, thus approaching the time
scales for XNO3 hydrolysis. Although the photolysis of the
halogen nitrates dominates over their heterogeneous loss dur-
ing high insolation hours, at greater solar zenith angles the
two processes are able to compete efficiently, allowing the
heterogeneous uptake of halogen nitrates to occur rapidly,
precisely at the time when one expects NOx net loss path-
ways to dominate, as indicated by the sharp drop in NOx
mixing ratios in the mean diurnal cycle in Fig. 3.

6 NO/NO2 ratios

6.1 Observed NO to NO2 ratios

We now turn our attention from the evolution of the NOx con-
centration to that of the NO to NO2 partitioning. We derive
observed hourly NO/NO2 ratios from 1 min data, as shown
by the solid black line in Fig. 6. The highest ratios (2.2± 0.2,
2σ standard error) are measured between 10:00 and 11:00,
whereas the lowest ratios (0.32± 0.04) occur between 02:00
and 03:00. We expect our observed NO/NO2 diurnal cycle

to be centred about solar noon (i.e. maximumJNO2). How-
ever the inclusion of all NO2 data (i.e. also close to/below
detection limit), is affecting the shape of our diurnal cycle
(see Sect. 3). Here we focus chiefly on the magnitude of the
ratios.

6.2 “Classic” Leighton relationship

Classically the NO to NO2 ratio is defined solely by the
steady state reaction between NO and O3, and NO2 pho-
tolysis; this relationship is known as the Leighton relation-
ship (Leighton, 1961). The reaction rates of NO + HO2 and
NO + RO2 are negligible compared to the reaction with O3
(<2 % contribution to NO→NO2 cycling). Hence:

[NO]

[NO2]
=

JNOtotal
2

kO3 [O3]
(6)

The NO/NO2 ratios calculated by this method are shown in
Fig. 6 as the solid red line. This reveals a large discrepancy
between observed and calculated NO/NO2, with calculated
ratios being almost three times higher at local noon.

6.3 “Extended” Leighton relationship – halogen effects

The reaction between halogen oxide radicals (XO) and NO
is rapid and has been shown in previous studies to impact
NO/NO2 ratios (e.g. Ridley et al., 2000; Evans et al., 2003;
Ridley and Orlando, 2003; Morin et al., 2007; Saiz-Lopez et
al., 2008). The discrepancy between observed and the “clas-
sic” Leighton relationship ratios reflects the halogen oxides
reacting with NO to create NO2. Equation (6) can be al-
tered to reflect this extra chemistry given by the “extended”
Leighton relationship:

[NO]

[NO2]
=

JNOtotal
2

kO3 [O3] +kBrO[BrO] +kIO [IO]
(7)

Using diurnally varying BrO and IO (see Methods) and
Eq. (7), we calculate NO/NO2 ratios as shown in Fig. 6 by
the dotted red line. The inclusion of halogen oxides in our
calculations markedly decreases the ratio and brings it into
agreement with our observations. Thus halogen oxides play
a highly significant role in decreasing the NO/NO2 ratio.

Noon-time NO/NO2 ratios measured at Neumayer in
February 1999 (Jones et al., 2000) were even lower (∼0.75)
than our observed ratios, suggesting that the impact of
XO chemistry in controlling NOx partitioning at Neumayer
might be even more pronounced than at Halley.

At Alert in the high Canadian Arctic, Ridley et al. (2000)
observed diurnally varying NO/NO2 in March–April 1998,
with ratios reaching up to∼0.5 at low SZA (75◦).
The authors calculated a≤10 pptv burden for radicals
(HO2 + RO2 + BrO + ClO) in order to sustain their observed
low ratios. It is worth remembering that these observations
were carried out in springtime, at a time when BrO is ex-
pected to be at its peak.
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Our results also corroborate those of the Saiz-Lopez et
al. (2008) halogen chemical and transport modelling study,
in which their model was constrained with a NOx summer-
time flux of 2× 108 molec cm−2 s−1, assumed to be pro-
duced by photochemistry of snow pack nitrate. Without halo-
gen chemistry, they estimate a solar noon NO/NO2 ratio of
∼3.3, which then drops to∼1.8 after implementation of the
halogen chemistry scheme.

7 Discussion

We showed that our observed mean NOx diurnal cycle can be
reproduced using a simple chemical steady state NOx anal-
ysis. A credible estimate for the mean NOx emission rate
from snow was derived. Employing up-to-date kinetics data
and known NO2 oxidation mechanisms, we identified and
verified viable NOx chemical loss pathways leading to short
NOx lifetimes. Both our methodology in the present pa-
per and that of Anderson and Bauguitte (2007) (discussed
earlier) use simplified models with inherent caveats. While
assuming a fixed 100 m boundary layer depth for deriv-
ing our model NOx flux (see Sect. 4.2), with “near-instant”
vertical mixing, we clearly ignore the atmospheric bound-
ary layer physics highlighted in the Anderson and Baugui-
tte (2007) study. Conversely, the latter physics-based study
acknowledges under-representing the highly complex under-
lying NOx-HOx and halogen chemistry. It is most proba-
ble that a truer representation of our observations requires a
combined approach from the chemistry and physics point-of-
view.

Our NOx lifetime study identified apparent NO2 oxidation
loss pathways involving halogen nitrates, and their aerosol
uptake. Although the parameterisation of these processes
entails uncertainties (aerosol surface area, reaction probabil-
ity), we show that the kinetics are sufficiently fast to explain
the relatively short NOx lifetimes initially derived from our
steady state calculations.

Our assessment did not include chlorine chemistry, which
may play a role, but which we are unable to examine in a
constrained way due to lack of observations. For known
chemistry, we note that gamma for chlorine nitrate hydroly-
sis is small∼0.002 compared to the 0.3 value for bromine
nitrate. It would therefore be a less significant NOx sink
event if ClNO3 was at the same concentration as BrNO3.
The rate constant for ClO+NO is half that of BrO + NO so
is less likely to impact the NO/NO2 ratio. The possibility
clearly remains, however, that other chemical channels exist
for moving chlorine into its active forms, and if so, there is
a high chance that they would be active under the conditions
experienced during CHABLIS, i.e. in coastal Antarctica dur-
ing summer.

It is noteworthy that the NOx diurnal cycle does not appear
to be affected by extreme changes in the local atmosphere
and snow surface, such as during the 7–10 January 2005 pe-

riod, when the blizzard wind speeds in excess of 15 m s−1

and blowing snow were experienced (see Fig. 2). Even under
such extreme conditions, neither the amplitude nor the tim-
ing of the diurnal maximum are outside the range of more
quiescent conditions. In these very turbulent atmospheric
conditions, we expect well-diffused light photolysis of wind-
blown snow particles, and therefore NOx production would
be occurring. Snow pack wind pumping would presumably
maintain an efficient NOx diffusion and mixing in the over-
lying boundary layer. Equally the process of NOx loss by
heterogeneous uptake to the aerosol phase of halide nitrates
would still be ongoing with enhanced aerosol scavenging.

The impact of the source of NOx from snow photolysis on
the Antarctic boundary layer composition might be expected
to lead to O3 production; however in coastal regions the halo-
gens tend to mitigate this effect leading to a reduced NOx
lifetime and a reduction in the NO/NO2 ratio. Away from
marine influences, the impact of photolysis of snow phase
nitrate is significantly different as can be seen at the South
Pole (Crawford et al., 2001; Jones and Wolff, 2003; Helmig
et al., 2008; Oltmans et al., 2008; Legrand et al., 2009). The
geographical extent to which halogens mitigate the impact is
as yet unknown.

The link between NOx emissions from snow and local ox-
idation by halogens and heterogeneous loss to BrNO3 was
also clearly demonstrated using a very different approach,
namely isotopic measurements of nitrate both in the Arctic
and Antarctic (Morin et al., 2008; Morin et al., 2009).

The impact of halogens on HOx and Ox chemistry in
coastal Antarctica, the Arctic and mid-latitudes is well doc-
umented (e.g. Sjostedt et al., 2007; Grannas et al., 2007;
Simpson et al., 2007; Saiz-Lopez et al., 2008; Read et al.,
2008). However, the impact on NOx is less well charac-
terised. It seems clear from this study that, in coastal Antarc-
tica, the impact on NOx lifetime and partitioning is also sig-
nificant, although this impact is highly dependent on atmo-
spheric dynamics. For instance, Legrand et al. (2009) found
no evidence of active halogen chemistry at the French Du-
mont d’Urville Research Station in coastal Antarctica, where
air masses are mostly brought from the Antarctic Plateau
through katabatic flow. Our results may however signal an in-
fluence that is active beyond the Antarctic coastal region and
into the global marine boundary layer on climate-relevant pa-
rameters such O3 and OH.

8 Conclusions

At Halley, the source of NOx is mainly a local photochem-
ically driven emission from the snow pack. However, ob-
served concentrations peak relatively close to solar noon
(∼5 h) suggesting a much shorter lifetime than is possible
through simple HOx-NOx photochemistry alone. The shorter
lifetime (∼6 h) is consistent with halogen photochemistry,
notably conversion into halogen nitrate. Given the lack of
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an observational constraint, the fate of these halogen nitrates
is uncertain, though heterogeneous uptake onto aerosol and
subsequent deposition seems a viable mechanism in this re-
gion to return nitrate to the snow surface. This is a domi-
nant uncertainty in evaluating the NOx budget. We found the
HNO4 heterogeneous loss channel for NOx to be negligible
in the relatively warm summertime, although it may play a
more significant competing role in the colder springtime.

The halogen chemistry also significantly perturbs the NO
to NO2 ratio resulting in much lower NO concentrations than
would be otherwise observed, for instance in inland Antarc-
tica. The presence of halogens in the coastal Antarctic re-
gion, and presumably in the Arctic, therefore mitigates the
atmospheric response of the photochemical NOx emissions
from snow.
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