Atmos. Chem. Phys., 13, 3043062 2013 Atmospheric S

°
[©]

www.atmos-chem-phys.net/13/3045/2013/ Ch ist £
doi:10.5194/acp-13-3045-2013 emistry »
© Author(s) 2013. CC Attribution 3.0 License. and Physics &

The diurnal variability of atmospheric nitrogen oxides (NO and
NO,) above the Antarctic Plateau driven by atmospheric stability
and snow emissions

M. M. Frey 1, N. Brough?, J. L. France?, P. S. Andersort-3, O. Traulle, M. D. King?, A. E. Jones, E. W. Wolff1, and
J. Savarin@®

1British Antarctic Survey, Natural Environment Research Council, Cambridge, UK

2Department of Earth Sciences, Royal Holloway, University of London, Egham, UK

3Scottish Association for Marine Science, Oban, Argyll, Scotland, PA37 1QA, UK

4CNRM-GAME, URA 1357, Meteo France CNRS, Toulouse, France

SUniversig Joseph Fourier — Grenoble 1/CNRS-INSU, Laboratoire de Glaciologiéatlysique de I'Environnement,
St. Martin d’Heres, France

Correspondence tavl. M. Frey (maey@bas.ac.uk)

Received: 31 July 2012 — Published in Atmos. Chem. Phys. Discuss.: 29 August 2012
Revised: 1 February 2013 — Accepted: 28 February 2013 — Published: 15 March 2013

Abstract. Atmospheric nitrogen oxides (NO and MQOwvere  lustrates the need of an accurate description of the boundary
observed at Dome C, East Antarctica (7551 123.3E, layer above snow in atmospheric chemistry models. A sim-
3233 m), for a total of 50 days, from 10 December 2009 tople nitrate photolysis model matches the observed median
28 January 2010. Average:{o) mixing ratios at 1.0m of  diurnal NG flux during the day but has significant low bias
NO and NQ@, the latter measured for the first time on the during the night. The difference is significant taking into ac-
East Antarctic Plateau, were 11+89) and 98 £89) pptv,  count the total random error in flux observations and model
respectively. Atmospheric mixing ratios are on average com-uncertainties due to the variability of NGconcentrations in
parable to those observed previously at South Pole, but isnow and potential contributions from §@hotolysis. This
contrast show strong diurnal variability: a minimum around highlights uncertainties in the parameterization of the pho-
local noon and a maximum in the early evening coincidetolytic NOy source in natural snowpacks, such as the poorly
with the development and collapse of a convective bound-constrained quantum yield of nitrate photolysis. A steady-
ary layer. The asymmetric diurnal cycle of N@oncen-  state analysis of the NO NO ratios indicates that peroxy
trations and likely any other chemical tracer with a pho- (HO, 4+ RO,) or other radical concentrations in the boundary
tolytic surface source is driven by the turbulent diffusivity layer of Dome C are either higher than measured elsewhere
and height of the atmospheric boundary layer, with the for-in the polar regions or other processes leading to enhanced
mer controlling the magnitude of the vertical flux and the NO, have to be invoked. These results confirm the existence
latter the size of the volume into which snow emissions of a strongly oxidising canopy enveloping the East Antarctic
are transported. In particular, the averagéd ) NOy emis- Plateau in summer.
sion flux from 22 December 2009 to 28 January 2010, es-
timated from atmospheric concentration gradients, was 8.2
(£7.4)x 10 moleculent?s~1 belongs to the largest val-
ues measured so far in the polar regions and explains th@ Introduction
3-fold increase in mixing ratios in the early evening when
the boundary layer becomes very shallow. Dome C is likely The nitrogen oxides NO and NGNO + NGO, = NOy) play a
not representative for the entire East Antarctic Plateau but ilkey role in determining the oxidizing capacity of the atmo-
spheric boundary layer in the high latitudes. This influence
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is achieved via photolysis of NQthe only source for in situ
production of tropospheric ozone {Dthrough shifting HQ
radical partitioning towards the hydroxyl radical (OH) via
the reaction NG+ HO, — NO2 + OH, and finally through
reactions with peroxyradicals NOHO; (or RO,) also con-
trolling formation rates of peroxides @@, and ROOH).
Atmospheric NQ concentrations in coastal Antarctica are

small, with build up in part prevented by gas-phase forma- NO, +OH— NOz + OH™

tion of halogen nitrates (e.g. BINQINO3) followed by their
heterogeneous los&(annas et al.2007 Bauguitte et al.

2012, whereas mixing ratios reported from South Pole are

unusually high equaling those from the mid-IlatitudBsiis
et al, 2008. Large mixing ratios of NQ are, in part, due

to significant emissions from surface snow observed at var
ious polar sites, equal or exceeding in magnitude their ga

phase source@rannas et al.2007 Jones et a).2011, and

refs. therein), and are attributed to UV-photolysis of nitrate

in snow Grannas et al.2007 Frey et al, 2009h. Signifi-

cant changes of atmospheric oxidising capacity due to emis
sions of NQ from snow occur above snow covered areas.
For example, net ozone production was observed in the in

terior of Antarctica Crawford et al. 2001, Legrand et al.
2009 Slusher et a).2010 and unusually high levels of hy-
droxyl radical levels were detected at South Pdbavis

et al, 2008 and refs. therein). Furthermore, release of NO
from snow is associated with the inter-seasonal variability of

hydrogen peroxide (FD2) above polar snow, since the re-
action HQ + NO competes with the recombination reaction
HO, + HO2 — H20» (e.g.Frey et al, 2005 20093.

Here we recall the basic gas phase chemistry of [4©
described by the Leighton mechaniskeighton 1961):

NO, + hv — NO+ OCP) (R1)
OCP) + 0,4+ M — O3 (R2)
NO+ O3 — NO2 + O (R3)

The conversion of NO back to Nvia Reaction (R3) pro-

S
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surface of snow grainggrannas et al2007%):

NOj 4 hv — NO; + O~ (R10)
NO; +hv — NO;, +OCP) (R11)
NO, + hv — NO+0O~ (R12)
O™ +Ho0 — OH+ OH~ (R13)

(R14)

For example, photolysis rate constants of NQReac-
tion R10) were experimentally determined for the East
Antarctic snow pack as a function of solar zenith angle and
snow depth Erance et a).2011). Major atmospheric chem-
istry campaigns such as ISCAT and ANTCI at South Pole

and CHABLIS at Halley provided the first extensive obser-
vations of composition and oxidising capacity of the lower
troposphere above Antarctica, including observations of NO
(Davis et al, 2004h Eisele et al.2008 Jones et a).2008.
There is now consensus that N@missions are an essential
component of air-snow cycling of oxidised nitrogen species
above the polar ice sheets and snow-covered surfaces in the
mid-latitudes Honrath et al. 200Q Grannas et al.2007
Dauvis et al, 2008 Frey et al, 20098. However, the quanti-
tative understanding of NOemissions from snow is still in-
complete and parameterizations for use in global chemistry-
climate models are either non-existent or not reflecting recent
progress from lab and field studieBgrtels-Rausch et al.
2012.

The study presented here is motivated by the sparse data
base of N@Q observations above snow and a general lack
of comparable measurements of jNémissons from surface
snow across a wide range of environmental conditions. Re-
ported for the first time are observations of both nitrogen
oxides in air above the plateau region of the East Antarc-
tic Ice Sheet and their flux estimated from the measurement
of concentration gradients. The observed diurnal variabilities
of NOy concentrations are discussed with respect to mixing

ceeds through additional channels when other oxidants argroperties of the atmospheric boundary layer and strength of

present, such as hydroxyl (OH), peroxy (RQr halogen
(X0, with X=Cl, Br, |) radicals:

NO -+ HO, — NO, + OH (R4)
NO + OH — HONO (R5)
NO -+ RO, — NO; 4+ RO (R6)
NO+ XO — NOy + X (R7)

NO; reacts further with hydroxyl or halogen radicals to
form HNO3z or XNOs which is then deposited to the snow
surface:

NO,; + OH — HNO;3
NO7 + XO — XNOg3

(R8)
(R9)

the snow pack source. Measured Nflux is compared to
model predictions to diagnose uncertainties in the parame-
terization of the NQ source in surface snow. And finally, at-
mospheric N@: NO ratios are used to infer potential radical
concentrations.

2 Methods

Measurements of atmospheric N@r a total of 50 days,
from 10 December 2009 to 28 January 2010, took place at
Dome C, where the year-round operated French-Italian Con-
cordia Station is located (75.8, 123.3 E, 3233 m). The lo-
cal climate is dominated by temperature inversion or kata-

Reaction rate constants can be found for example inbatic winds that coincide with cold, clear and calm condi-

Sander and Bottenhei(2012. The following simplified re-
action scheme summarises the main channels of pIO-
duction from NG photolysis taking place inside and on the

Atmos. Chem. Phys., 13, 3048062 2013

tions. However, wind speeds are low in comparison to near-
coastal areas due to the location on top of a Dome, where sur-
face slopes do not exceed 1 %. Occasional synoptic coastal
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influence coincides with higher wind speeds and brings rela-
tively warmer and cloudier air to the site (e@enthon et a).
2010.

Atmospheric sampling was done out of an electrically
heated lab shelter (Weatherhaven tent) located in the desig-
nated clean-air sector 0.7 km upwind (South) of Concordia
station (Fig.1a). Apart from snow drift due to the shelter
structure the surrounding snow pack had not been subject to
any perturbations such as motorized vehicle or foot traffic for
the past 4-5yr.

Ancillary data collected were standard meteorology from
an automatic weather station (AWS) at 0.5km distance
(Fig. 1a), including air temperature (Vaisala PT100 DTS12
at 1.6 m), relative humidity at 1.6 m, wind speed and direc-
tion (Vaisala WAA 15A at 3.3m), as well d8 situ mea-
surements of temperature of air (PT100 class 1/10 mounted
in a passively ventilated radiation shield at 1 m) and of the
snow surface (Campbell Scientific infrared radiometer IRR-
P), and broadband UV-A irradiance (Kipp & Zonen UVA
CUV4 at 1 m). Measurements of the three-dimensional wind
componentsy, v, w) and temperature at 10 Hz by a sonic
anemometer (ATEC1-061101 at 7 m) mounted on a tower at
1.2 km distance were used to derive atmospheric turbulence
parameters (Figla). Observations of ozone mixing ratios
(Thermo Electron Corporation model 49I, Franklin, Mas-
sachusetts) at 15m from Concordia station were also avail-
able Legrand et a].2009. Note that all times are given as
local time (LT), equivalent to UTG- 8 h, and that during the
study period the sun never set below the horizon.

2.1 NO detection

For NO detection a 2-channel chemiluminescence detec-
tor (CLD) was used that was run previously year-round at
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Halley (75.6'S, 26.6 W, 37m) in coastal AntarcticaBau-  Fig. 1. (a) The wind rose for Dome C during December 2009 to
guitte et al, 2012. The detection technique is based on the january 2010 and location map of the atmospheric lab shelter, air
reaction of NO with excess £(Reaction R3) to produce strip, Concordia station, automatic weather station (AWS) and me-
electronically excited N@followed by the measurement of teorology tower with sonic anemometér) Schematic of the NQ
photons emitted by N@returning to the ground state. One sampling set up: sample air (SPL) is drawn continuously by vac-
channel of the CLD measured atmospheric NO whereas thgum pumps (P) from 3 inlet heights which are sampled by auto-
other determined the sum of NO and NO originating from Matic switching of two 3-way valves (V). Sample flow into the
the quantitative photolytic conversion of NQReaction R1) chemllu_mlnescence detecto_r (CLD) through two channels, one with
. . . photolytic converter (PLC), is regulated by mass flow controllers
(Fig. 1b). The signal difference betwe_en the two channels(MFC). For calibration NO gas standard (STD) and for artefact tests
was then used to .calculatle atmospher-lczNﬁncent-ranons.- zero air (ZA) are added upstream of the PLC. Triangles indicate
Three 20 m-long intake lines (Fluoroline 4200 high purity {4, direction (details in text).
PFA, I.D. 4.0 mm) were mounted on a mast about 15m up-
wind outside the snow drift zone surrounding the lab shelter
to sample air at 0.01, 1.00 and 4.00 m above the natural snow
pack. During selected time periods firn air (interstitial air) In order to achieve continuous flow and reduce sample res-
was sampled by inserting one inlet into pre-cored horizontalidence time in the tubing, ambient air was drawn through
holes at 5-10 cm snow depth. each one of the long intake lines at 5.0 STP-Lninusing
The sample intakes were shielded from solar radiationhigh-capacity vacuum diaphragm pumps (GAST, Part No.
with black heat-shrink tubing and connected inside the labDOA-P725-BN) (Fig.1b). The CLD inlet drawing sample
shelter to a valve box, which automatically switched the CLD air from the respective intake line was mass-flow controlled
between sampling heights on a 90s duty cycle (Hig). at 1.0 STP-Lmin? for each channel (Figlb). Spike tests

www.atmos-chem-phys.net/13/3045/2013/ Atmos. Chem. Phys., 13, 3BtB2 2013
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Table 1. Overview of parameters characterizing CLD instrument performance at Dome C.

Parameter NO N Number of samples

NO sensitivity?, Hz pptv-1 4.5 (4.4-4.7) 2.5(2.1-3.0) 23 (CLD1)/35 (CLD2)
artefact® 37Hz (8-9pptv) 8Hz (8-11)pptv 29

CE® - 0.30 (0.25-0.35) 64

random errdt, pptv 1.5(1.3) 11.1 (9.6) all data

precisiof¥, % 2.6 (1.6) 97.8 (15.2) all data

HONO interferencke - 0.22 -

2 mean (range);

b mean (range) during 11 December 2009-3 January 2010, after that about half that value, but not used for correction (see
text). The range is based on the observed variability in sensitivity;

¢ mean (range) of photolytic conversion efficiency CEXtdy;

d mean (median) - standard error of the 1-min averages;

€ mean (median) relative &-standard error from the 1-min averages;

f maximum theoretical interference of HONO in N®, signal (see text).

using the NO gas standard showed that air sample residenc2 NOy data processing and uncertainty
time between the tip of the sample intake and the reaction
vessel inside the CLD was 4 s, and therefar2s in the pho- ~ The averaged baseline intervals were linearly interpolated
tolytic cell. On three occasions ambient air was sampled forand then subtracted from the CLD count rates recorded at
up to 1.5 h through all three inlets mounted at 1.00 m abovel Hz. The baseline levels were typically the same in between
the snow. Parametric (two-sampléest) and non-parametric the three inlets, but showed large and systematic variations
tests (Wilcoxon signed rank test) performed on NO angNO When NQ concentrations between the three inlets were very
mixing ratios did not show any significant differences be- different, i.e. when either near-surface gradients were pro-
tween the inlets at the 95 % confidence level. nounced during certain times of the day or when firn air
Transforming CLD count rates into atmospheric mixing Was sampled. During these sampling periods the signals from
ratios required regular measurement of baseline, instrumerfach inlet were corrected individually by subtracting only the
sensitivity, detector artefacts and conversion efficiency (CE)oaseline interval corresponding to the specific inlet. The re-
of Reaction (R1) taking place in the photolytic converter (Ta- Peat period of baseline measurement for the individual inlet
ble 1). Baseline count rates were determined by adding exincreased therefore from 13.5 to 40.5min. An artefact cor-
cess ozone to sample air in a pre-chamber so that all electroriection was applied during the 11 December 2009 to 3 Jan-
ically excited NG has returned to ground state when reach-uary 2010 period, amounting to 8-9 pptv and 8-11 pptv for
ing the reaction chamber. The baseline was measured for 60O and NQ, respectively (Tabld). After 4 January 2010
every 13.5min alternating between all three inlets. The NOartefact levels dropped to about 50 % of the above values and
sensitivity of the CLDs was determined every 14 h by stan-Were not used.
dard addition to the sample air matrix of a 1 ppmv ND, CE was on average 0.30 (range 0.25-0.35) (Tapléhus
mixture (UK National Physical Laboratory traceable BOC considerably lower than a CE of 0.55-0.60 reported for the
certified), which is further diluted to 4 ppbv of NO. Some Same instrument operated at sea leBailguitte et a.2012).
of the automated calibrations were compromised by a smallVe explain this as follows: if one neglects oxidants in ambi-
leak and the respective CLD sensitivities were then replace@nt air CE depends solely on the photolysis agééd sample
by average values confirmed by pre- and post-season call€sidence time in the photolytic cell of the CLDRyerson
brations. CE was determined by addition of a known mole-€t al, 2000:
fraction of NG&. This was achieved by gas phase titration CE=1_eT 1)
of the NO/NO, mixture to NQ by Os generated from a
pen-ray Hg lamp, and monitoring the un-titrated NO mole The former is a function of the optical geometry of the in-
fraction. The instrument artefact originating from N@ro-  strument, which had remained unchanged, whereas the lat-
ducing surface reactions in inlets and reaction cells was deter decreases with altitude since the photolytic cell was not
termined by overflowing the instrument inlet with scrubbed pressure controlled. Mean ambient pressure (652 mbar) and
ambient air supplied by a pure air generator (Eco-Physic§emperature (242 K) at Dome C result in a volumetric flow
PAGO003) (Fig.1b). The artefact was measured every 14 h,rate about 0.72 that at Halley. Inserting into Eq. (1) the re-
offset by 7 h to the calibration runs. spective values for Dome C (DC) and Halley and taking the
ratio yields.

c _ In(1 - CEpc)
THalley  IN(1— CExalley)

)

Atmos. Chem. Phys., 13, 3048062 2013 www.atmos-chem-phys.net/13/3045/2013/
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With CEnajiey 0f 0.55 and a ratio ofpc/tHaley Of 0.72 one Ny ——— T 0
obtains a Clgc of 0.44. Contrary to Halley long sample in- osk 7-05
take lines were used continuously at Dome C causing a prest | &
sure drop inside the photolytic cell of 110 mb estimated < L e ey i —
from flow rates, temperature and inlet diameter. This further .} —— 4HONOH
reduces the theoretical GE to 0.38. Thus most of the dif- 0 : . : : : : — 80

ference in CE can be attributed to lower pressure and thus
shorter residence time of sample air in the photolytic cell.
Shielding an air sample from solar radiation once en-
tering the sample line can potentially alter the ratio of
NO, and NO as the Leighton photostationary state (R1-R3) VA R
shifts to a new equilibrium. Formation of NGrom Reac- 20002300 3003500400 450500 550600650
tion R3 at Dome C during this study was estimated to be  '[c. ' ' ' '
4 x 10° moleculecnt3s~L. With a sample residence time in  —*°[
the inlets of<4s one obtains median changes in NO and ="
NO, of < 1.6 % and therefore no correction was applied. =%
The mean wind direction during the field campaign was  °*[ J‘L

7.(NOy)
7, (HONO

=
=]

:
[S)
(=1

. N
a[moaow ,wd O] X0

3
So
1

from SSW (208) with an average speed of 2.6mis 800 320 340 360 380 200 20
(Fig. 1a). During less than 1 % of measurement time the wind A, nm

came from Concordia station carrying polluted air from the Fig. 2. The potential interference of HONO in the detection of NO

station power generator to the measurement site (BY. a5 estimated usin@) the scaled intensityy, of the photolytic con-
To remove pollution spikes a moving 1-min standard devi-yerter (200-W high pressure arc mercury lamp, USHIO-200DP), the
ation filter was applied rejecting data wherr1lef NO and  respective quantum yielg, total transmittanc of the optical fil-
NO2 mixing ratios within the 1-min window exceeded 24 ters, including a Pyrex window (Oriel, Part No. 60127) and a KBr
and 90 pptv, respectively. Comparison to logged contaminafilter (KG3, Oriel Part No. 51960)(b) the respective absorption
tion events and the above wind rose analysis confirmed theross sectionsa (Sander et a 200§ and(c) scaled ¢oaly) in or-
efficiency of the statistical filter in suppressing any pollution der to calculate respective photolysis rate constgrts/ ¢oalydi
episode either from power generators at Concordia station of’fmd their ratio is wavelength and note different scale of x-axis
occasional vehicle traffic (air planes, snowmobiles). in (c)

Filtered data were then aggregated to 1min averages.

About 6.3 % of the N@Q mixing ratios, equivalentto 65h, are 44 o 37 estimated for a similar instrumeRyerson et aJ.
negative due to uncertainties in baseline and artefact determbooq_ Median HONO mixing ratios from laser-induced flu-
nations, but are included in the final dataset to avoid statisti—Orescence at South Pole in Summer were 5.8 pptv (maximum
cal bias. The uncertainty in the 1-min averages due to random g » pptv) Liao et al, 200§ and would imply that the sea-
errors was estimated as therlstandard erros = o/ VN, sonal average N©at 1 m was overestimated by 1.3 % (max-
with standard deviatiom and number of sample¥. The j,m 4. 39). Mean HONO mixing ratios measured with a
averages was 1.5 and 11.1pptv for NO and NOréspec- et chemical method at Dome C during December 2010 and
tively (Table1). Average precision calculated as the meanJanuary 2011 were 28 pptv and showed diurnal variability

relative 1o standard error from the 1-min averages was 2.6, ;i1, morning (06:00 LT) and evening (21:00 LT) maxima
and 97.8% for NO and N§) respectively (Tabld). Taking  (kerprat et al, 2012. A potential interference from HND

the median precision yields 1.6 and 15.2% for NO andNO 55 stated to be smakérbrat et al, 2012). If HONO mix-
respectively (Tabld). Errors in NQ measurements are thus ing ratios were similar at Dome C in summer 2009-10, then

larger than seen at Hall_eﬁ(lugu_itte etal.2019 mostly due 1o seasonal mean of Nt 1.0 m of 98 pptv (Tablg) would
to the reduced conversion efficiency at Dome C. _ be overestimated by 6.7 %. The overestimate could be up to
Quantification of NQ as NO after photolytic conversion _ 13 o, from morning to noon if the median diurnal cycles of

can be compromised by the presence of other chemical 9880, and HONO are taken into account. As no HONO mea-
phase species, which produce NO in the photolytic converter,

f . s e surements were available, we did not apply any correction to
i.e. whose absorption cross sections have significant OVelthe NO, data.

lap with that of NQ (Fig. 2b). During polar day these are

bromine nitrate (BrON®) and nitrous acid (HONO)Ryer- 2.3 NO flux estimates

son et al.2000, of which only the latter its expected to play

a role on the East Antarctic Plateau. We therefore calculatedNOx flux was derived based on the integrated flux gradient
a potential interference as the ratio of the respective photolmethod (e.gLenschow 1995 and using N@ mixing ratios
ysis rate constantgHono/jno,, in the photolytic converter measured at 0.01 and 1.0 m. Fick's Law describes how con-
(Fig. 2) and obtained a value of 0.22, somewhat smaller tharcentration gradienéc/dz and diffusion coefficieniK. of a

www.atmos-chem-phys.net/13/3045/2013/ Atmos. Chem. Phys., 13, 3BtB2 2013
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Table 2. NOx mixing ratios and flux at Dome C during 22 December 2009—28 January 2010.

Parameter z,m meantlo median maximum tyg), day$
NO, pptv 1.6 111+89 84 565 23.2
firn 226+217 150 3043 37
0.01 117693 90 774 12.6
1.0 102479 82 565 13.6
4.0 85+ 48 77 298 7.7
NO,, pptv 1.0 98+ 89 71 616 21.8
firn 345+277 243 3051 37
0.01 96+ 76 73 477 12.4
1.0 74470 53 616 13.2
4.0 59+ 56 46 463 7.6
NOx, pptv 1.0 206+155 157 942 21.7
firn 572+470 386 5247 37
0.01 210+£153 165 1001 12.3
1.0 175£135 137 860 13.2
4.0 144492 124 630 7.6
NO, : NO 1.0° 1.1+1.7 0.8 87 21.7
firn 1.9+11 15 18.5 3.7
0.01 1.0£09 08 17.4 12.3
1.0 09+12 06 83 13.2
4.0 0.8£2.0 0.6 40 7.6
F—NOy x102moleculent?s™1 0.01-1.0 8274 68 73.6 7.1
F—NOy x102moleculent?s~1, local noon 0.01-1.0 9#9.0 9.1 32.2 0.4
F—NOy x102moleculent?s~1, local midnight 0.01-1.0 7%7.1 4.8 27.1 0.2

@ Total sample time estimated as the sum of all 1-min intervals;
b 10 December 2009 to 28 January 2010.

chemical tracer relate to its diffusive flux. wherex (set to 0.40) is the von Karman constam},is the
9c friction velocity, z is height, and®p(;) an empirically de-
F==Ke- (3)  termined stability function for heat witlh as the Monin-

Within th heric boundary | ical Obukhov length. Assuming constant flux across the layer be-
. It !nt e atmospheric boundary layer, vertica "?‘”SPO”tween the two measurement heighisandz, allows to inte-
is dominated by turbulence, rather than molecular dlffu5|on,grate and yields:

and K can be estimated by direct measurements of the tur-

bulent diffusivity for momentumkK, and heatKy. In this 2 u. dc . _

; . ep Kl kuxlc(z2) —c(z1)]
study, sonic anemometer measurements of atmospheric tuf = —— WY % o (1) 2 5)
bulence were used from a tower at 1.2 km distance, since o P T fu ()%

in situ observations were compromised due to instrument

malfunctiqning (Fig 1a). Tyrbulence measurements not €o- ;e previously for stable conditions above snéing and
located with NQ observations are expected to be less prOb'Andersom1994) anddy, = Pr(1—11.6z/L)~°5 for unstable

lematic at Dome C as the fetch is highly homogeneous, bqunditions Hoegstroem 1988, where the Prandtl number
estimated uncertainties are included in the total flux UNCerpy is set to 0.95. Integrated f(,)rms @, can be found irJa-

tainty described belowk values are calculated according to -

) o cobson(1999. Note that in the neutral boundary layép =
the_Monm-Obukhoy S|mllar|ty th.eory (MOST) whose P'®" by and the denominator in Eq. (5) simplifies tqIR(z2/z1).
dictions of flux-profile relationships at Halley, an Antarctic Friction velocity u, and L were computed from the three-
coastal site of the same latitude as DC, agree well with Obseraimensional wind components:,(v, w) and temperature

vations @nderson and Neff2008 and references therein). measured by the sonic anemometer. The instrument alter-

For the chemical flux estimate we make the assumption thaﬁated between 10 min of measurements and 10 min of heat-
K¢~ Kh. The NG flux Fis then given by ing to prevent frost build up on the sensors. Processing in
Kuyxz 0cC 10-min blocks included despiking, temperature cross-wind

F=- Pn($) 3z (4) correction and a double coordinate rotation to force mean

Stability functions used weréy, = Pr + 4.62z/L estab-

Atmos. Chem. Phys., 13, 3048062 2013 www.atmos-chem-phys.net/13/3045/2013/
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to zero Kaimal and Finnigan1994 Van Dijk et al, 2006). ¢ has curvature due to the gradient being to a first approxi-
Eq. (5) implies that a positive flux is in upward direction, mation proportional to Az. Hence the concentration changes
equivalent to snow pack emissions and a negative flux is irproportionally to In(z). The relative difference between a
downward direction, equivalent to deposition. sample at exactly 10 mm and an average of 9 and 11 mm is
The application of MOST requires that (a) flux is constant therefore the difference betwegim(0.011) 4 In(0.009))/2
between measurement heighisandzz, (b) the lower inlet  and In(0.01) or< 0.2 %.
heightz, is well above the aerodynamic roughness length of For (c) the upper inlet height of 1 m is compared to esti-
the surface, (c) the upper inlet height is within the sur-  mates of mixing height, using parameterizations aftepl-
face layer, i.e. below 10 % of the boundary layer height lard et al.(1973 and Zilitinkevitch et al. (2002 described
(Stull, 1988, and (d)z1 andz2 are far enough apart to al- previously for analysis of boundary layer behaviour at South
low for detection of a significant concentration difference Pole (Neff et al, 2008. Since diurnal cycles are present at
[c(z2) — ¢(z1)]. Calculated flux values are filtered based on Dome C the use of these simple scaling laws warrants cau-
these criteria as described below. tion as they apply to the stable or weakly unstable boundary
For (a) the chemical lifetimer{nen) Needs to be much layer and assume that an equilibrium boundary layer depth
longer than the turbulent transport time scalgaf9 of the s reached. Nevertheless, the parameterization Bidard
chemical tracer. A typicatyansis calculated as the product et al. (1973 compared well with observed profiles at Sum-
of layer thickness, i.e. distance between the surface roughmit, Greenland Cohen et al.2007), a site of similar diur-
ness length for heatd ) and reference height (here the nal radiative forcing at the top of the atmosphere, and at

upper inlet height of 1 m), and aerodynamic resistaRge South Pole during very stable conditions with <50 m
(Neff et al, 2008. Therefore at Dome G, was calculated
Trans= (Zr — 20,0 Ra (6) only for the stable boundary layer, i.e. in the casePof-

Ra of a gas is estimated from similarity theory as the inverse!2d €t al.(1973 only when the vertical gradient of potential

of the turbulent diffusivity for heak, = q,;u*é (Eq. 4) inte- temperature was positive and failitinkevitch et al. (2002
ated over the laver thicknestatobso 1'5@) _ only when Monin-Obukhov lengtti > 0. NOy flux values

9 v Y ! sk niL999: were filtered when at least one parameterisation predicted

2 [5 ()i h; <10m resulting in the removal of 23.0% (369 values)
Trans= (zr — ZO,h)/ 9z = (zr — Z()’h)z<)vf‘—LZ (7) of all available _10-min flux averages. o
o Kn KU For (d) 10-min averages ¢f(z2) —c(z1)] not significantly

different from zero, i.e. smaller than their respective 1-
During the study periodyanswas on average on the order standard error, were not included in the Nflux estimates.
of ~ 10 min assumingo r is similar to the surface roughness The 1o standard error ific(z2) — c(z1)] was determined by
length of momentumag m measured at Halley<jng and An-  error propagation of the &-standard error of N@mixing
derson 1999. tchem 0f NO and NG is short due to rapid ratios. A total of 13.1 % (210 values) of all available 10-min
interconversion on the order of seconds. However, previouslux averages were removed. It should be noted that choos-
estimates otchemfor NOy range between 6.4 h (daily mean) ing to sample close to the surface does significantly enhance
at Halley Bauguitte et a].2012 and 8 h (median) at South the signal inc, e.g. the signal between 1.00 m and 0.01 m is
Pole Pavis et al, 2004g. With tchem0f NOy exceedingirans double that between 1.00 m and 0.10 m, whilst between 4 m
by a factor~ 40 it can be assumed that the flux of nitrogen and 1 m the difference is approximately 30 % of that between
oxidesFno, between measurement heights is approximatelyl.00 m and 0.01 m.
constant. In summary, the restrictions imposed by MOST andyNO
For (b) it is assumed that snow properties at Dome C aremeasurement uncertainty justify placing inlets at 0.01 and
similar to those at Halley, being compacted, sintered firn with1.0 m and lead to the removal of 36.1% (579 values) of all
some sastrugi andz m value of (5.6+ 0.6)x 10~°>m (King available flux estimates.
and Anderson1994. A lower inlet at 0.01 m is therefore The total uncertainty of the 10-min N@lux values due to
many scale lengths above this length. There is an unknowmandom error iffc(z2) —c(z1)] (31 %), u. (3 % afterBaugui-
element of inlet capture, in that in perfectly calm wind condi- tte et al.(2012) and measurement height (error irgdiz1 of
tions, air is drawn in from both above and below this height. ~ 7 %) amounts to 32 %. This reduces to 13 % when consid-
This may have a biased effect due to the theoretical curvaering 1-h flux averages. Note that the uncertainty jnvas
ture of the concentration and indeed such bias may even existetermined previously at Halley based on the relative differ-
during turbulence (assumed to be ubiquitous at this height aénce of 10 min averages af. measured at 4 m over a dis-
Dome C). Such bias is small, however: typical 2mhainds  tance of 100 mBauguitte et a].2012). This might be at the
at 4m imply a 1ms! wind at 0.01 m. Sample flow rate of lower end of the true variability im, over 1.2 km distance,
5.0 STP-Lmirr® at this speed gives a radius scale of 0.9 mm: however given the very homogeneous and flat snow surface
that is, the air sample is an average of a disc of radius 0.9 mnat Dome C it is considered a realistic estimate.
around the sample level of 10 mm. The mean concentration
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2.4 Atmospheric stability of 0.5 ppbw. These findings were used to model an upper
limit of NO production from nitrite (NQ') photolysis (Re-

Atmospheric stability is analysed using the Monin-Obukhov action R12). Photolysis ratgigo- Were obtained by replac-

length ratioz/L based on turbulence measurements, Withing oaandé in Eq. (9) with reséective values aft€hu and

sonic anemometer heightand the bulk Richardson number Anastasio(2007) and Fio then calculated usingy- and
Rip based on temperature and wind profiles and therefore not 2

subject to the assumptions of MOSJagobson1999: [NO, Tin Eq. (10) with 0.5 ppbw as an upper limit.

Rip = glov(z2) —bOv(z1)](z2 — 21) () _ .
0y (z)[1(22)2 + v(z2)?] 3 Results and discussion

with gravitational acceleratiop, potential virtual tempera-  Thijs study reports first observations of N@ the interior
turety, measurement heights andz>, and horizontal wind  of Antarctica and the longest NGlux measurements above
speed components and v. Wind speed measurements at Antarctic snow. Mixing ratios of atmospheric NO and NO
3.3m were scaled te, = 1 m assuming a logarithmic wind  were measured at up to three levels above the snow sur-
profile and by definition wind speed at = 0 m is zero. face from 10 December 2009 to 28 January 2010 (F3gs.
4) and show at 1.0m for the entire season a median of 84
and 71 pptv, respectively (Tab®. The highest mixing ratios
are detected in firn interstitial air and systematically decrease
with sampling height above the snow surface (F&)4). For
example, median levels of NQvere 165, 137 and 124 pptv
at 0.01, 1.0 and 4.0m, respectively, whereas the median of
available samples in firn air was 386 pptv (TaB)e

Comparison to other sites shows that N@ixing ratios
at Dome C are enhanced. For example, from 10 December
2009 to 28 January 2010 the range of median NO mixing ra-

2.5 Modelling nitrate photolysis in snow

Potential NQ production rates from the main NOphotol-
ysis channel in snow (Reaction R10) for Dome C conditions
are modelled as described in detailknance et al(2011).
Briefly, the radiation transfer model TUV-snowee-Taylor
and Madronich 2002 is used to calculate photolysis rate
constants of nitrate in SNoyo; asa function of solar zenith
angled and snow deptbh:

Ao tios between 4.0 and 0.01 m is with 77—90 pptv (Taé)lan
L AT SOLT) I(h.0.7) di 9 order of magnitude higher than at other polar sites (Halley,
Ino; /Ua( ) o ) I 2) © Neumayer, Alert, Barrow or Summit, as revieweddrannas

A2 et al, 2007, but similar to those observed on an airborne

wherea, is the absorption cross section of agueous nitratec@mpaign across East Antarctica and at South Pole during
after Chu and Anastasi¢2003, 1 is the wavelength7 is ~ SOMe summer seasons (TaBJe On a seasonal time scale
the temperaturep is the quantum yield for nitrate photoly- the two-week medians of atmospheric mixing ratios of NO at
sis on ice aftelChu and Anastasi2003 and ! is the ac- 1 m are with 120 pptv highest before the summer solstice (1—
tinic flux. / was modelled using observed; ©@olumns and 15 December) and decrease in the second half of December
assuming a standard atmosphere under clear-sky conditiongnd January to lower values ranging between 75 and 81 pptv
Clouds were accounted for by scaling modeletb broad ~ (Table3). At South Pole maximum atmospheric mixing ra-
band UV measurements. The snow depth dependandy of tios of NO were also observed before 21 December, except
was measured at Dome C during this stuiyapice et aJ.  in 1998 (Table3).

20117). The depth integrated lux Fno, IS computed with
) P J NOluxX Fivo, P 3.1 Diurnal variability of NO x and boundary layer

. stability

z=1lm

Fno, = / [NO31 jno- dr (10)  The major difference to South Pole is the presence of a pro-
.~om s nounced diurnal cycle of NO and NOut of phase with

solar radiation, with a daily minimum occurring around lo-
where [NG;] is the amount of nitrate per unit volume of cal noon and a maximum in the evening/night time hours
snow. During this study several snow profiles of density and(Figs. 4, 5a—b). Build up and decay of the daily maximum
NOj; concentration were measured within the clean-air secimixing ratios follow on calm days a repeatable pattern, with
tor, with details on snow sample collection and chemicalchanges always starting at the lowest intake level followed
analysis reported iRrance et al(2011). by those aloft (Figdb—c). On a number of days in December
During the 2010-2011 field season surface snow at Domend more frequently in January N@ixing ratios decreased
C was also analysed repeatedly for nitrite (NOThe effect ~ and the diurnal cycle was suppressed concurrent with wind
of chemical loss was minimised by placing the sampled snowspeeds above 5m$ (Fig. 3). If the photolytic snow source
into bottles already containing the reagents used for analef NOy was the main driver of atmospheric concentrations
ysis, but concentrations were consistently below the LODone might expect N@mixing ratios to follow more closely
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Table 3. Median NO mixing ratios (pptv) on the Antarctic Plateau.

Site z, m 16-30Nov 1-15Dec 16-31Dec 1-15Jan 16-31Jan

Dome C

NITEDC 2008 0.01 - - 123 (3.0) 86 (5.5) 84 (4.1)
1.0 - 120(3.8) 81(8.6) 78 (5.9) 75 (4.9)
4.0 - - 100 (2.5) 77 (3.0) 63 (2.2)

South Pole

ISCAT 1998 10.0 - 209 237 - -

ISCAT 2000 10.0 93 82 88 - -

ANTCI 2002 529 164 76 - -

ANTCI 2005° 0-50 - 95 - - -
51-150 - 90 - - -
151-500 - 30 - - -

2 This study. Values in parenthesis are total sample time in days estimated as the sum of all 1-min intervals;
b values from Table 3 iiEisele et al(2008;
¢ values from Plateau flights of the airborne campaign (TableSusher et a).2010).

Wi

I |

213 12720 1227 91}03 01/10 0117 0124
Date in 2009-10 Fig. 4. Diurnal variability during 1-4 January 201(x) wind speed
(wspd) at 3m (black line), temperatureg)(of air at 1 m (blue

Local Time

Fig. 3. Atmospheric mixing ratios of NO and Ntat three heights

above the snow and meteorological conditions (wind speed (wspd in(_e) and the snow'surface (red ”n@”). NO mixir_wg ratios at three
at 3.3m and air temperatufg at 1.6m) at Dome C in summer €ights and bulk Richardson numbéig) (grey line) andc) NO2
2009-2010 mixing ratios at three heights and turbulent diffusion coefficient of

heat K1) at 1 m (grey symbols). Mixing ratios at 0.01, 1.0 and 4.0 m
are shown as red, blue and black symbols, respectively.

solar irradiance. However, the peculiar asymmetry of the
daily NOy maximum with respect to solar noon (Figk—c, The wind speed peaks around noon, decreases sharply in the
5a—b) indicates a dominant role of the boundary layer in con-early evening - 18:00 LT), but picks up again during night
trolling concentrations of chemical gas phase species emittime (18:00-06:00 LT), with a rather small diurnal ampli-
ted from surface snow as suggested previousing et al, tude of~ 1.5 ms! (Fig. 4a). Diurnal variations of both vari-
2006 Anderson and Neff2008. Therefore physical bound- ables are typical for locations where a convective boundary
ary layer variables at Dome C are evaluated in more detail. layer develops as a response to daytime heakig(et al,

At Dome C, air temperature and wind speed exhibit a2006. Wind direction also shows a small but significant diur-
clear diurnal cycle (Figs8a,4a) as reported previousliKing nal cycle (data not shown). Winds were from 190-260Qr-
et al, 2009. The air temperature shows a daily maximum ing 10:00-14:00 LT and then shift te 220° during 18:00—
in the early afternoon, lagging that of solar radiation by 24:00 LT. Both increase in wind speed and change of wind di-
about 2 h, and has a diurnal amplitude~ofi2 K (Fig. 4a). rection later in the evening suggest development of an Ekman
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tent with previous micrometeorological measuremeAs (
gentini et al, 2005 King et al, 2006. Ri}, values are posi-
tive throughout most of the day, indicating stable conditions
(Figs. 4b, 5¢). Small and negativ®ij, values around solar

——00lm ——10m

02 noon indicate that the atmosphere has become unstable with
3'15 Nlo most turbulence from wind shear, but some contributions also
0:05 % from buoyancy (Figs4b, 5¢). On the one handiy values

2 significantly underestimate the daily duration of convective

Q - o .
0.05 behaviour when compared tg'L or existing observations

003 = (Argentini et al, 2005. This can be attributed to systematic
go1 = errors in the calculation aRip due to uncertainty in the tem-
perature gradients. This is the case during near neutral and
unstable conditions when gradients are small compared to the
temperature measurement error-90.1°C. During stable
conditions this should be less important. On the other hand,
Rip tracks NQ mixing ratios very well: in the early evening
Riyp rises sharply to a maximum around 18:30 LT, coinciding
with a drastic increase in NOmixing ratios (Figs4b—c,5a—

—_— S Y 0 ¢). The increase illustrates the drop in wind shear concurrent
2 4 6 8 10 12 14 16 18 20 22 with a strong temperature inversion at the surface. Turbulent
Local Time flow is very reduced, possibly even to laminar flow. Later,

Fig. 5. The asymmetry in diurnal cycles of mixing ratios and physi- Rz_b_decreases again as wind shear grows, Iead'ng_to_ upward
cal boundary layer variables with respect to local noon (vertical redMiXing of NGOy accumulated near the ground. NO mixing ra-
line): (a) NO mixing ratios,(b) NO, mixing ratios,(c) atmospheric ~ ti0S decrease sooner and at a quicker rate than mixing ratios
stability as expressed by the Monin-Obukhov length ratib, with ~ 0f NO2 (Figs.4, 5) leading to maximum N©: NO ratios dur-
sonic anemometer height and bulk Richardson numbeiy, (d) ing night time. The difference in dynamics between the two
turbulent diffusion coefficient of hedty at 1 m and(d) boundary ~ chemical species likely reflects that NONO ratios shift to
layer heightr, estimated aftePollard et al (1973 (blue line) and g new equilibrium during night time, i.e. NQiilution from
Zilitinkevitch et al. (2002 (black line); note different y-axis scales. mixing is in part offset by a reduction in its photolytic sink

Lines represent median values and shaded areas the range betwe@?baction R1), whereas NO dilution is further enhanced by a
the 0.25 and 0.75 percentiles of 1-hourly bins during 22 Decemberreduction in its: photolytic source (Reaction R1)

2009-28 January 2010. For air chemistry modelling the most significant physi-
cal variables of the boundary layer are the diffusivityand
heighti, (Anderson and Nef2008. The turbulent diffusion

spiral similar to previous observations on the East Antarcticcoefficient for heak, (Eq. 4) was calculated at 1 m (Figk,

Ice sheetKuhn et al, 1977). Gradients of temperature and 5d). Its hoon maximum suggests that mixing is strongest

wind speed show an asymmetric diurnal cycle similar to thataround solar noon and has contributions from turbulence due

of NOx mixing ratios (Fig.4). For example, during the rel- to buoyancy (free convection) sing¢L < 0, whereas during
atively calm period 1-4 January 2010 near-surface gradienttate afternoon to morning (16:00-07:00LT) the atmosphere
of temperature, i.e. between 1 m and the snow surface, aris stably stratified {/L > 0) and any turbulence present is
consistently larger in the evening than in the morning with due to wind shear (forced convection) as the sole driver of
warming and cooling of air always initiating at the surface mixing (Fig. 5c, d). Calculated estimates af also show

(Fig. 4a). Similarly, the wind speed increase in the morning significant diurnal variability and daily ranges of median

is more gradual than its drop in the early evening (B&). were 5-55m aftePollard et al. (1973, and 17-165m after

Parameters of atmospheric stability, the Monin-ObukhovZilitinkevitch et al. (2002 (Fig. 5e). No direct observations
length ratioz/L and the bulk Richardson numbg¥y, were  of i, are available to validate the estimates. However, so-

derived to investigate this furthek. is a height proportional  dar records from summer 1999 showed that starting from a

to the height above the surface at which buoyancy first domshallow nocturnal boundary layer ef 50 m at 07:00LT a

inates wind shear, whered&, describes the ratio of tur- capping inversion reached heights of 200300 m at 13:00—

bulence due to buoyancy (free convection) relative to thatl4:00LT in late December to early January and disappeared

due to shear (forced convection) (Eq. 8). The median diur-by 18:00LT leaving behind the nocturnal boundary layer
nal cycle ofz/L during the study period suggests that be- (Argentini et al, 2005 King et al, 2006. The predicted:,
tween 07:00 and 16:00 LT the boundary layer becomes unstaralues appear biased low during daytime, but suggest during
ble and convectivez( L < 0), whereas during the rest of the the night the existence of a very shallow nocturnal boundary
day stable stratification prevails/L > 0) (Fig. 5c), consis-  layer withz, < 20 m (Fig.5¢). This is consistent with visual
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observations of a defined layer of haze forming at the grounc 08
at Dome C, which indicate that the atmospheric boundary
layer does not exceed building height of 20 m during night
time.

A previous analysis of the surface energy budget at Dome ¥
C in summer provides further detail on the daytime con- _ os =
vection. The diurnal sensible heat flux was found to be in ’é ]
upward direction during 06:00-17:00 LT resulting in vigor- . 04§,
ous convectionKing et al, 2006. At its origin is greater %
partitioning of available energy into the sensible heat flux 5, :
rather than latent heat because air temperatures and ther  , S
fore water vapour pressures are low at this locatidimg ! :
et al, 2009. The sensible heat flux is responsible for the 0.1F
large day-night temperature amplitude and drives the devel :
opment of a convective boundary layer throughout the day 0 05 01y _ 0I5
giving rise to efficient vertical mixingKing et al, 2006. S
The dominant role of mixing for NQ mixing ratios is il-
lustrated by the inverse relationship wik, (R2 — 0.54 for Fig. 6. (a)Atmc_)spheric _m_ixing ratios of NQas a function of the
binned data) (Fig6a). A similar relationship has been ob- turbu!entdn‘fusmn coefficient of hedty, (bgth at _1 m). Plotteq are
served previously at South Pole between NO and friction ve-lo-m!n means (grey symbols) and data binned Into 50 pptv intervals
locity u,, (Neff et al, 2008. Conversely, NQ mixing ratios (medlaq values as bIa(_:k symbols apc_i error _bars |nd|cat|ng the 5-95

) ) percentile range)(b) Binned NQ; mixing ratios as a function of

are enhanced when the boundary layer is shallow 8b.  oundary layer height, estimated aftePollard et al(1973 (blue

as seen also at South Poleff et al, 2008. It should be  sympols) andilitinkevitch et al.(2002) (black symbols).
noted that:, and K}, are not independent since turbulent dif-

fusivity of the atmosphere controls, with contributions from

sensible heat flux, the magnitude/of Comparison of diurnal cycles of NOmixing ratios with
The diurnal cycles of all physical atmospheric variables Symmit, Greenland, and Halley in coastal Antarctica is infor-

discussed abover(L, Rib, Kn, h;) are asymmetrical with  mative as both sites are located at similar latitudes to Dome C

respect to local noon (Fig). They increase gradually in the and therefore subject to the same diurnal radiative forcing at

morning, whereas they decrease more quickly in the earlythe top of the atmosphere. However, at Summit,Naxing

evening, reflecting the development and collapse of the conratios are not only lower, but show two daily maxima, morn-

vective boundary layer. This pattern is similar to the asym-ing and evening, about equal in siZEhpmas et a).2011),

metry in the diurnal NQ cycle, which shows large increases consistent with a diurnal cycle @fip, symmetric with respect

in the evening but lacks a discernible peak in the morningto solar noonlelmig et al, 2002. At Halley, the diurnal cy-

(Fig. 5a, b) and can be explained as follows: since the diurnakje of NO, mixing ratios follows with some delay solar irra-

cycle of sensible heat flux was observed to be fairly symmetiance. In contrast to Dome C, no convection occurs and dur-

rical around noon (Fig. 10a iKing et al, 2009, the asym-  ing calm periods the boundary layer height remains almost

metry in the temperature gradients (Fg) must be then due  constant throughout the daliag et al, 2006). Mixing in the

to differences in diffusivity of heak, between the morning  houndary layer is exclusively driven by wind shear and de-

and evening. Small temperature gradients in the morning ar@ends therefore more on synoptic eveting et al, 2006.

consistent with largek’, values when compared to the same The diurnal cycle of N@ mixing ratios is controlled by the

hour of day in the evening (Figda, 5d) and illustrate that  snow source and atmospheric halogen mediated chemistry,

convection is a very efficient process for the upward mix-j.e. formation and uptake of BrN$and INO;, which pre-

ing of heat. In the evening the downward heat flux is smalleryents build up of NQ (Bauguitte et al.2012). Atmospheric

due to comparatively lower diffusivities indicating that heat halogens in coastal Antarctica are thought to originate from

is more effectively moved away from the snow surface thanthe sea ice zone and are therefore expected to play a much

towards it. At Dome C this is confirmed by the asymmetry in less important role further inland.

the average diurnal cycle of snowpack heat flux, i.e. the en-

ergy flux across the air-snow boundary, which shows a min-3.2 The NGO, snow source

imum of —30 Wm2 at 08:00 LT (outgoing flux) compared

to a maximum of 20 Wm? at 18:00-23:00LT (incoming) The average of all available mixing ratio differencefiNOy]

(Fig. 9 inKing et al, 2009. By assuming similarity between between 1 and 0.01 m wast3 pptv with an average standard

Kn and K¢ the arguments for heat transport apply also to theerror of 9 pptv (Fig.7a). A[NOy] not significantly different

vertical mixing of NQ, emitted at the surface. from zero and excluded from the flux estimate were observed

typically around local noon, a time of strong atmospheric

0.7F "

0.6f 1+

0.3
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Fig. 7. 10-min averages of NOflux at Dome C in summer 2009—
2010 between 1.0 and 0.01 (&) difference in NQ mixing ratios
(ANOx) between 1.0 and 0.01 m (blue symbols); values within

o standard error were excluded from the flux calculation (red sym-
bols), (b) turbulent diffusion coefficient of heatk{,) at 1 m and
wind speed (wspd) at 3 m, atid) NOy flux (F-NO).

mixing (Fig. 7a). From a total of 1023 10-min average flux
values (7 days), 52 % were during stable and the remain-
der during unstable conditions. Corrections frdm (Eg. 5)
were < 10 % when compared to the case of a neutral bound
ary layer decreasing flux during stable conditions and in-
creasing flux during unstable conditiori§, values were on
average+10) 0.054 ¢-0.043) ms! and correlate with hor-
izontal wind speedK = 0.56, p < 0.001) (Figs4, 7b). The
NOy fluxes between 0.01 and 1.0 m were almost exclusivel
emissions from the snow surface with an averafjgo) of
8.2 (7.4)x 10 moleculent?s~1 (Table2, Fig. 7c).

The 10 min averages of observed N@ux show some
scatter due to noise iIN[NOx] and Ky, values, but exhibit a
close relationship with UV-A irradiance (Fif), as also seen
in the median diurnal cycle for the entire period (F3—c).
Mixing ratios of NQ in firn air also correlate with surface
UV-A irradiance, albeit on some days with a time lag of a
few hours (Figs.8a, 9c). This confirms the existence of a
photolytic source of NQ in the upper snowpack, i.e. pho-
tolysis of NG; in snow. However, the fate of NCfrom ni-
trate photolysis in snow is strongly controlled by boundary
layer diffusivity once released from the snowpack. The me-
dian NQ flux at noon is~ 2-3 times larger than that during
night time (Fig.9b, Table?2), a diurnal pattern that is dis-
rupted by occasional increaseski leading to larger NQ
fluxes (Fig.8). Generally, maximum N@Qflux coincides with
minimum atmospheric mixing ratios, consistent with the no-
tion that as the boundary layer develops emissions are mixe
by turbulence into an increasingly larger volume (F3y.
Interestingly, the median diurnal cycle of N@ux reveals
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Fig. 8. Atmospheric mixing ratios of NQand snow emissions dur-
ing 18-21 January 2010. Shown @ mixing ratios above the
snow and in firn air along with UV-A irradiancéb) the turbulent
diffusion coefficient of heakK}, at 1 m and(c) observed N@ flux
compared to modelled potential NGlux from nitrate photolysis
(Reaction R10).

a small secondary maximum during the night (23:00-03:00
LT) (Fig. 9b). A likely mechanism is that wind shear gen-
erated turbulence during night time drives snow pack venti-
lation of NO, which had accumulated beforehand when the
boundary layer was very stable.

Assuming that N@ snow emissions are uniformly mixed
throughout the boundary layer and that in continental Antarc-
tica, away from potential halogen sources the mair Nk
is the reaction with hydroxyl radicals (Reaction R8), one can
calculate NQ production rates based on the estimated sur-

Ytace flux Fuo, with

dINOx] _ Fno,
dr h;

— krg[NO2][OH] (11)

We assume boundary layer heightsof 250 m during the
day based on previous sodar recordiggentini et al, 2009
and 10 m during night time following the estimate affRai-
lard et al.(1973. The reaction rate constakgks is calcu-
lated for Dome C conditions according to recommendations
listed inSander et al2006. Measured N@is used, whereas
OH is set to a constant value of02< 10° molecule cn3,
which equals the 16-31 December mean at South Pole in
1998 and 2000Kisele et al.2008. With Eq. (11) average
NOy production rates of 4 and 98 pptvhare obtained at lo-
cal noon (11:30-12:30LT) and midnight (23:30-00:30LT),
respectively. Lower NQ production at noon than midnight
indicates that the increase in boundary layer depth during the
day offsets by far the concurrent increase in emission. Night
time NGO production is of the order of magnitude needed to
explain the steep evening rise of N@oncentrations from
110 to 300pptv in about 2h (Figa). These results are
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earizing the logarithmic concentration profile, which can in-
duce significant error depending on the inlet heights. Re-
= calculation of the Halley data with Eq. (5) for neutral con-
5 ditions yields ~20% smaller values, i.e..$x 10 and
10.2 x 102 moleculent?s™1, respectively. At South Pole
(2835 m) average NEflux during 26—-30 November 2000
was 39 x 10?moleculent?s™1 (Oncley et al. 2004. It
should be borne in mind that this study measured only NO
gradients and inferred NOflux based on atmospheric pho-
tochemical consideration©fcley et al. 2004). Thus, it ap-

NOprbv
oo oo
— N W B W

n

—_

F-NO_x10'"3, molec. m™™!

0.5
’ pears that the seasonal and noon averagg fN®@ at Dome
o —50 C of 8.2 x 102 and 94 x 102 moleculenm?s~1 (Table 2)
2 ok B ‘I<: belong to the largest values reported so far from Antarctica
g 130 > and even the Arctic (see overviewBauguitte et al.2012).
ot 08 ({20 £ Observed N@Qflux was compared with model calculations
“ 04 110 5;, of potential NQ production from nitrate photolysis in snow.
ob—u S S S e SR S Using only the main N@ photolysis channel (Reaction R10)
0 2 4 6 8 10 12 14 16 18 20 22 24

yielded a median model: observation ratio of 0.66. When
NO production from NQ photolysis (Reaction R12) was in-
Fig. 9. The diurnal cycle of NQ atmospheric mixing ratios and flux  cluded, assuming a maximum g@oncentraﬂon in snow of
during 22 December 2009-28 January 2Q&8)NOx mixing ratios (5 ppbw, the median model:observation ratio increased to
at 1 m with boundary layer heiglt; estimated aftePollard etal. g1 Comparison of the median diurnal cycles of modeled
(1979, (b) observed NQ flux (F-NOy) between 0.01and Imand observedyo, including respective uncertainties reveals
() NOx mixing ratios in firn air from OccaS'On.al sampling (Taale hat the model underpredicts observations significantly from
and UV-A irradiance at 1 m. Lines are median values and shade . . . .
areas the 25-75 percentile range of 1-hourly bins; except KO early evening to morning (18:00_03:,0Q LT) (FikO). This .
firn air is average-1o-. holds also true when model uncertainties due to the spatial
variability in NO3 snow profiles ot-24 % are taken into ac-
count (Fig.10). However, during the remainder of the day
the model matches observations within the rather large un-
sensitive to the assumed values/gf and OH mixing ra-  certainties (Fig10).
tios. For example, chemical loss rates from the right hand The night time discrepancy between model and observa-
term in Eq. (11) were 3 pptvi at noon and 13pptvit at  tions highlights uncertainties and processes neglected in this
midnight. These change to 5 pptvhat noon and 6 pptvht simple parameterisation of the N@&now source. First, in-
at midnight, if one assumes the same daily average OHcluding chemical sink reactions of N@e.g. Reactions R8—
but the presence of a diurnal cycle with a noontime maxi-R9) and deposition within the snowpack will further decrease
mum of 30x 10° molecule cn® and a midnight minimum of modeledFno,, but requires observational constraints on per-
1.0 x 10° molecule cnt®. Concurrent measurements of O oxy and halogen radical levels in firn air. Second, adding ver-
radicals are needed to further evaluate the,N@Kk includ- tical transport of photolysis products within and above the
ing reaction with peroxy radicals NGO~ HO2 (RO,). Never-  snow pack in the absence of secondary chemical reactions
theless, the above suggests that the photolytic snow souragill change the shape of the median diurnal cyclerab,
has a significant impact on atmospheric N&@ncentrations,  but not its daily mean value. Observations discussed above
especially during times of the day when the boundary layerunderline the importance of this process as the night time in-
becomes very shallow (Fi@). This is also consistent with  crease in wind shear likely causes enhanced upward ventila-
independent measurements of the stable isotopic compostion of NO, which had been temporarily accumulated in the
tion of atmospheric particulate nitrate at Dome C, which upper snow pack during very stable conditions. And third,
show on a seasonal time scale a clear signature of snow emishe quantum yield of NQ photolysis in natural snow still
sions from nitrate photolysid-(ey et al, 20098. presents a major uncertainty. It characterises the so-called
Instrumentation and methods to estimate flux vary con-cage effect, i.e. the tendency of the ice matrix to trap reaction
siderably between sites (e.@auguitte et al. 2012 and  products. A recent lab study found that the quantum yield for
therefore the use of inter-site comparisons to test the curphotolysis of HNQ adsorbed to the surface of ice films is
rent model of the NQ snow source remains difficult. close to unity Zhu et al, 2010, whereas that of ND mea-
For example, average and noon N@ux estimated at sured byChu and Anastasi¢2003 on artificial ice pellets
Halley on 2 February 2005 were.37x 102 and 126 x and used in the model calculation is three orders of magni-
10?2 molecule nt?s~1, respectively Bauguitte et a.2012.  tude smaller. Thus, the efficiency of nitrate photolysis and
However, the latter study simplified flux estimates by lin-

Local Time
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Fig. 10.The median diurnal variation of N(lux (F-NOx) at Dome
C compared to model calculations: F-N@uring 22 December S e il il i R
2009-28 January 2010 observed between 0.01 and 1 m (red line 0 2 4 6 8 10 12 14 16 18 20 22 24
and its uncertainty (error bars indicating ther Istandard error of Local Time
the median calculated as 1.263+/N, whereo is the random er-
ror of 10-min flux values an@ is the number of samples per 1-h
bin, e.g.Maindonald and Braur2003. Modeled F-NQ during 22
December 2009-21 January 2010 from N@hotolysis only (Re-
action R10, black line) and including also contributions fromJNO
photolysis (Reaction R12) assuming a maximum,N&ncentra-
tion in snow of 0.5 ppbw (blue line). The shaded area and dashediiffer, especially during daytime when the N@ux reaches
lines show the range of F-NGlue to the spatial variability inND  jts maximum (Fig.11). The ratios are therefore suggested
snow profiles at Dome C reportedHinance et al(2011). to be perturbed by photolytic NOrelease in firn air and at
the snow surface, but likely reach a pseudo steady-state after
transport of some distance away from the snow source, i.e.
therefore modelled NQflux are highly sensitive to the loca- here to the 1.0 m level.
tion of nitrate in the snow grain and experimental constraints Atmospheric NQ : NO ratios can be calculated using an

Fig. 11. The median diurnal cycle of the NQ NO ratio during

22 December 2009 to 28 January 2010 shows significant deviations
from Leigthon steady-state at Dome C. Halley observations (black
line) are shown for comparisoBéuguitte et al.2012).

are crucial to model improvement. extended Leighton mechanism as derivedRiley et al.
(2000. For small carbon number peroxy radicals (RO
3.3 The NG : NO ratio and potential radical kra ~ kre and for XO=BrQ CIO kr4 ~ 0.5kr7. The ratios
concentrations can then be written as:
_ _ [NO2]  kr3[Og] + kra[OX]
Atmospheric NQ : NO ratios observed at Dome C axel = (12)

during daytime and- 1 during nighttime, similar to obser- (NOJ NG
vations at Halley (Figl1). Interestingly, NQ : NO ratios  where the total radical concentratip@X]=[HO2]+[ROx] +
show a strong height dependency (Fid), i.e. their me-  2[XO]. NO, photolysis rate constanio, were calculated
dian values decrease from 1.5 in firn air to 0.6—0.8 in airwith TUV-snow (Lee-Taylor and Madronici2002. Simple
above the snow surface (Talde A comparison to predicted Leighton steady-state ratiofQx]=0) deviate significantly
steady-state ratios can provide an estimate of concentratiorfsom observations, and they do so more strongly than at Hal-
for oxidants other than ©such as peroxy and halogen radi- ley (Fig. 11). Inserting the observed average NONO ra-
cals. The steady-state assumption might not apply since sigio into Eq. (12) yields a season mean {@X] at 1 m of
nificant snow emissions predominantly in the form of NO 6.3 x 108 molecule m3 (33 pptv), a value about 9 times the
can shift the N@ : NO ratio, i.e. converting the average ob- [HO>] + [RO;] observed at South Pol&igele et al.2008
served NQ flux to a volumetric production rate yields values and 3 times ofHO,]+[RO»] seen at SummitSjostedt et a).

of the same order of magnitude as Nformation via Reac- 2007). Including observed levels of halogen radicals BrO and
tion (R3), especially when the air is stably stratified. How- 10 into Eq. (12) explained the shift in NO-N@atrtitioning
ever, a closer examination of the median N®IO ratios re-  in coastal AntarcticaRauguitte et a].2012. However, even
veals that they are very similar at the 1.0 m and 4.0 m levelif BrO and 10 were occasionally present at Dome C, coastal
throughout the day, whereas at 0.01m and in firn air theylevels of ~ 5 pptv would be too low to explain a significant
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part of the inferred total radical concentratif@X]. Thus,  convective boundary layer observed at Dome C is not typ-
the NG : NO ratios suggest that peroxy and other radicalical for East Antarctica, as daytime convection will always
levels in the boundary layer of Dome C are either signifi- grow weaker both North and South of /S (King et al,
cantly higher than measured elsewhere in the polar region2006. This implies that the diurnal cycle in boundary layer
or other processes leading to enhanced; M@ve to be in-  height is dampened leading to a less extreme diurnal ampli-
voked. tude in NG mixing ratios when moving away from Dome
C. While Dome C might be an extreme case, this work con-
firms that air chemistry modelling of chemical species with
4 Conclusions a photochemical or physical surface source requires an ac-
curate description of atmospheric boundary layer dynamics.
NOx measurements at Dome C, including first observationsAccurate modelling of the boundary layer above the polar ice
of NO> on the Antarctic Plateau, confirm previous findings sheets will not only benefit 1-D atmosphere—snow models to
from South Pole that in summer N@nixing ratios in the re-  match boundary layer structure, chemical composition and
gional lower troposphere are enhanced compared to coastfilix above snow (e.grthomas et a).201% Brun et al, 2011),
Antarctica, and therefore are very likely typical for the larger but also global climate models (e @enthon et a).2010.
East Antarctic Ice Sheet (Tab®. Meaningful site inter- Currently known factors leading to enhanced,Nfoncen-
comparisons of atmospheric N@nd other chemical species trations above the East Antarctic Plateau region in summer
with a snow source need to take into account not only seasoare 24 h of continuous sunlight, a shallow boundary layer,
or latitude but also measurement height, since vertical gralocation at the bottom of a large air drainage basin and low
dients of mixing ratios can be significant, especially during temperatures reducing primary production rates of tigal-
times when the air is stably stratified. A steady-state analicals Davis et al, 2008. In addition, NQ emissions from
ysis of NG : NO ratios suggests that mixing ratios of per- snow at Dome C were found to be among the highest ob-
oxy radicals are possibly higher than any previous observaserved in Antarctica and the Arctic, and thus contribute to
tions in air above polar snow and is consistent with the notionhigh NGO, mixing ratios in the boundary layer above the East
of a highly oxidising canopy enshrouding the East Antarctic Antarctic Plateau.

Plateau in summer. A simple nitrate photolysis model matches the observed
The characteristic diurnal cycle of NOnixing ratios at  median diurnal NG flux during the day but has significant
Dome C is strongly asymmetric with respect to solar noon,low bias during the night. The difference is significant taking
i.e. a maximum in the early evening but lack thereof in theinto account the total random error in flux observations and

morning. This can be explained by the daily developmentmodel uncertainties due to the variability of N@oncentra-

of a convective boundary layer starting in the early morn-tions in snow and potential contributions from BN@hotol-

ing hours and reaching maximum heights in the early after-ysis. The quantum yield of nitrate photolysis in natural snow,

noon. Efficient convective upward mixing of NGemitted  which reflects the location of the nitrate ion in snow grains,

by the surface snow and the concurrent increase in boundaremains a large model uncertainty and needs to be better con-

layer height cause dilution of atmospheric concentrationsstrained by observations. This will benefit model parameter-

which by far exceeds the daytime increase inf\@duction  isations of the NQ snow source above Antarctica and other

from nitrate photolysis in snow. Therefore N@ixing ratios  snow covered areas.

show a minimum around solar noon and no morning peak. In

the early evening strong radiative cooling and a temporary
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