
We	thank	the	reviewers	for	their	in-depth	review,	comments	and	suggestions	to	improve	
the	manuscript.	We	hope	that	in	the	following	we	alleviate	all	their	critical	questions;	
	
The	following	codes	are	use	through	our	reply:	
	Blue : authors’ response 
Blue-Italic:  text added to the MS	
	
	
B. Alexander (Referee) 
The manuscript is very well written. My only major thought when reading this manuscript is that 
a discrepancy between observed and calculated O-17xs also exists at the global scale (see Figure 
2d in Alexander et al., 2009). In other words, this discrepancy is not just limited to Dome C, and I 
think this should be mentioned in the text. The only way to alleviate this discrepancy in 
Alexander et al. [2009] was to assume a bulk O-17xs value for O3 of 35 permil. Since then the 
Savarino group has published observations that the O-17xs of O3 is closer to 25 permil, but there 
has since been no suggestion of how to account for this calculated versus observed discrepancy in 
nitrate O-17xs that would be of relatively similar magnitude on the global scale. 

As suggested by the reviewer, the revised version of the MS now mentions explicitly the 
discrepancy observed also during global modeling of Δ17O of nitrate. This is stated: 
 
- Line 1 P24057 by rewording the sentence as: 
The source of discrepancy between observed and modeled Δ17O(NO3

-) is presently unknown but 
we note that such underestimation of the modeled Δ17O(NO3

-) versus the observed Δ17O(NO3
-) 

was also pointed out in 3D modeling of the nitrate 17Oexcess (Alexander et al., 2009). 
 
-Line 21 P24061 we added the following paragraph 
Alternatively, we can question the accuracy of the Δ17O of ozone measured in the atmosphere and 
specifically the ones observed at Dome C (Figure 3). In a 3D global modeling exercise of 
Δ17O(NO3

-), (Alexander et al., 2009) could reconcile modeling and observation only by assuming 
a bulk composition of ozone at  Δ17O = 35 ‰ instead of the 25 ‰ generally assumed for the 
tropospheric ozone. While application of such high values will also solve our discrepancy, all 
observations and measurements published so far by different technique and groups are 
consistently closer to 25 ‰ than 35 ‰ (Vicars and Savarino, 2014; Johnston and Thiemens, 
1997; Krankowsky et al., 1995). Giving the stability of the measurements observed at Dome C 
(Figure 3) and at other places (Vicars and Savarino, 2014), if atmospheric measurements are 
underestimated, it should be by a systematic error common to technique as different as liquid 
helium condensation or coated filters. In absence of such demonstration, we think that either a 
missing chemistry or wrong 17Oexcess transfer balance is the cause of the discrepancy and not the 
ozone Δ17O observed in the troposphere. 
 
At the beginning of page 24062, it would be helpful if the authors would elaborate why the spring 
sees a maximum in snow photochemistry when one would expect this to occur closer to the 
middle of the summer when the solar zenith angle is highest. 



We are not sure to understand clearly this question. If the maximum concerns the Δ17O, then the 
answer is Δ17O is maximum in spring because OH concentration has not reached yet its optimal 
value, thus limiting its dilution effect. Now if the question refers to why the most depleted nitrate 
in 15N is seen in spring and not in summer when snow NOx emission and recycle are at 
maximum for the latter, the reason has to do with the relative size of snow and atmospheric 
reservoir. Note that this specific delay between isotope and chemistry has already been presented 
in Erbland et al. 2013 and modeled in Erbland et al. 2015. To summarize, in spring when the 
photochemistry restarts, the nitrate burden of the atmospheric reservoir is very low. Any emission 
of NOx from snow nitrate will quickly show up and imprint a very depleted 15N reservoir in the 
atmosphere. As the photolysis continues, snow pack nitrate starts to be photo-denitrified but get 
enriched in 15N at the same time to a point where the new emitted NOx are still 15N depleted 
relatively to snow nitrate but enriched with respect to spring NOx emissions.  This effect can be 
seen as a Rayleigh isotope distillation delayed in time by the relative size reservoir between snow 
and atmosphere. 
 
Erbland, J., Vicars, W. C., Savarino, J., Morin, S., Frey, M. M., Frosini, D., Vince, E., and Martins, J. M. 
F.: Air-snow transfer of nitrate on the East Antarctic Plateau - Part 1: Isotopic evidence for a 
photolytically driven dynamic equilibrium in summer, Atmos. Chem. Phys., 13, 6403-6419, 
10.5194/acp-13-6403-2013, 2013. 
Erbland, J., Savarino, J., Morin, S., France, J. L., Frey, M. M., and King, M. D.: Air–snow transfer of 
nitrate on the East Antarctic Plateau – Part 2: An isotopic model for the interpretation of deep ice-core 
records, Atmos. Chem. Phys., 15, 12079-12113, 10.5194/acp-15-12079-2015, 2015. 
 
 
Anonymous Referee 
 
1 Major Remarks 
The interpretation (see Table 2) seems unnecessarily limited to the December data of the OPALE 
campaign, which leads to the analysis of 4 data points only. This restriction on 4 out of 11 data 
points (see Figs. 2 and 3) includes the nitrate concentration peak (Fig. 2), but misses much of the 
observed variability of ∆17O(NO−3 ). It is unclear why so much observational information 
remains unusued and why the remaining data does not deserve the interpretation dedicated to the 
points of the intensive measurement campaign. It has to be expected that including the omitted 
data increases the discrepancy between modeled and observed data, as October ∆17O(NO−3 ) data 
are 1 to 3‰ higher than the highest December data (see Fig. 2).  

The reason is simple. OPALE campaign during which all ancillary data were available (NOx, 
HOx, NOy XO) was limited to Dec 2011 – Jan 2012. As shown in figure 1, only four collected 
nitrate samples overlap the OPALE campaign. Outside this period, there is simply no HOx, NOx, 
NOy XO concentration available. We found that even using known concentration of these family 
species, the isotope mass balance present enough uncertainties. Modeling  Δ17O of nitrate outside 
the OPALE period will require extrapolation of concentration for very reactive species leading to 
a very poor constrained chemistry and therefore isotope balance. Regarding ozone, the good 
implementation of the ozone collection was not established before 2012. Therefore we concluded 
that would have been too speculative to extrapolate the isotopic mass balance outside the OPALE 
campaign. 



 

Measurement and analysis of ∆17O(O3) and ∆17O(NO−3 ) follow complex experimental 
procedures (Vicars and Savarino (2014) for O3.  

No really, actually. Coating filters has been used for decades as passive or active samplings. Any 
chemical analyzer is much more complicated that our method in my view. This method is also 
radically simpler that the previous method (liquid helium condensation) used to monitor O3 
isotope in atmosphere. Procedure in isotope chemistry should not be compared to chemical 
procedures. They are looking completely different aspects of the matter. 

I wonder whether all steps in the analysis are understood well enough and have appropriate 
uncertainties �associated. It seems that a few permil of systematic bias cannot be ruled out. This 
could account for the discrepancy between model and measurement. So far, the manuscript lacks 
to show that the base model (without Antarctic chem- istry) provides results that are consistent 
with available measurements. Another systematic bias could be related to the fact that ozone data 
have been acquired only after the nitrate measurements had been completed. Since ∆17O(O3) 
varies as a function of time, some of the discrepancy might also be due to an inappropriate 
extrapolation of ozone data.  

We agree with the reviewer and have now taken into account this remark in the revised version of 
the MS as this comment overlaps one comment of reviewer1. Reviewer can refer to our reply to 
B. Alexander’s comment. In short, yes it is always possible that a systematic error (the most 
difficult to find) exists. However, our measurements using the coating filter match other methods 
that used a completely different approach. It is unlikely that these different methods will present 
the same systematic error. Therefore is no reason to believe that such error exists. In fact, the 
approach of using the O3 isotopic composition as the adjustment variable is no better justified. On 
the other hand, the past decades, research in atmospheric chemistry has revealed our poor 
knowledge of certain aspect of the atmospheric reactor, in particular the NOx chemistry (daytime 
production of HONO unexplained, strong impact of halogen chemistry on NOx, role of ClNO2, 
etc). Even during OPALE, the NO2/NO ratio is incompatible with the known NOx chemistry 
(extended Leighton cycle + NOx sink), with concentration of NO2 7 times higher than the 
photochemical steady state (Frey et al., 2015). Therefore we think it is legitimate to question the 
NOx chemistry more than the O3 isotope composition, which has been shown to vary little in the 
lower troposphere in agreement with its poor sensitivity to temperature and pressure.  
 
Frey, M. M., Roscoe, H. K., Kukui, A., Savarino, J., France, J. L., King, M. D., Legrand, M., and 
Preunkert, S.: Atmospheric nitrogen oxides (NO and NO2) at Dome C, East Antarctica, during 
the OPALE campaign, Atmos. Chem. Phys., 15, 7859-7875, 10.5194/acp-15-7859-2015, 2015. 
 
 
In proposing an unexpected process to occur, the authors suggest that the Arctic oxidation 
chemistry needs to be extended. The possibility that known chemistry shows an unexpected 
isotope fractionation is neglected, however. A possible candidate for such a scenario would be 
the CO + OH reaction, which is the dominant sink of OH (50 %, see Table 1). Any isotope 
fractionation in that reaction therefore impacts on steady state ∆17O(OH), possibly invalidating 



Eq. (5). While one would generally not expect a non-zero ∆17O fractionation in any of the loss 
processes, CO + OH induces a MIF signature in CO (Röckmann et al. (1998); Feilberg, Johnson, 
and Nielsen (2005a,b)) and therefore is a likely candidate for a non-zero value in ∆17O(OH). 
Usually fractionation effects are small, but associated ∆17O-signatures for CO are on the order of 
3 to 4 ‰ at 600 hPa according to Röckmann et al. (1998); the measurements of Feilberg, 
Johnson, and Nielsen (2005a,b) give a slightly higher value. If OH is similarly fractionated, a few 
per mil effect cannot be excluded, especially because temperatures are different in the Röckmann 
et al. (1998) experiment and in this study. This point must be included. 

We agree with the reviewer’s view on unexpected isotope fractionation during the chain 
oxidation of the NOx. This is now explicitly mentioned in the revised version (see reply to B. 
Alexander). Concerning the CO+OH, the fact that CO gets a positive Δ17O during this reaction 
doesn’t necessarily imply that OH will carry ones. O2+O is the only other chemical reaction 
producing non zero Δ17O and studies have shown that it is during the stabilization of activated 
complex O3* to O3 that non-zero Δ17O is generated. If same applied to CO+OH, then HCO2* à 
CO2 + H should be the step generating Δ17O. Unless there is a O-atom scrambling within the 
HCO2*, there is no reason to believe that OH will carry a non-zero Δ17O and if it was the case, 
mass balance will impose a negative value. Nevertheless, because many unknown remain about 
the Δ17O value of OH, the following sentence is now added in the revised version. 

-Line 21 P24061 “It is also possible that OH could display a strange Δ17O considering that the 
reaction CO + OH produces a positive Δ17O in the remaining CO {Feilberg at al., 
2005;Röckmann et al., 1998)” 

On page 24057 and 24058, the authors discuss the oxidation of NO by halogen monoxides (R7) 
as a scenario to bypass standard NOx chemistry and deduce only a very weak perturbation (2 %) 
of the Leighton ratio. However, it appears that the estimatation underestimates the impact of 
halogen chemistry or that numbers in the text are inconsistent.  
Table 1 states that the main NO2 source is the O3 + NO reaction (producing NO2 at a rate of 27.0 · 
105 molecules cm−3 s−1). It is also argued that the XO + NO reaction impacts α by 2% at most. 
With the oxidation power of XO being 4000 times the oxidation power of ozone, one must 
conclude that k(NO + BrO)[BrO]/k(NO + O3)[O3] ≃ 4000 [BrO]/[O3] ≃ 0.02/3 (assuming that 
NO + O3 contributes 30 % to NO2 formation). This implies an unrealistic ozone abundance of 
1200 nmol mol−1 if we take the max. BrO level of 2 pmol mol−1 given on page 24058, but even at 
10 times lower BrO values, ozone seems to be much higher than what can realistically be 
expected. We conclude that either the impact on α is larger than 2 % or that a much lower 
halogen abundance has been assumed in the calculation. 
 
When we write that 1 pptv of XO has the same oxidation power than 4 ppb of O3 it means that 
k(NO + BrO)[BrO]/k(NO + O3)[O3] ≃ 1 and not 4000. It can easily be seen in kinetic database 
that the ratio of the kinetic rate k(NO + BrO)/k(NO + O3) ≃ 4000. The oxidative power (or in 
other words oxidation potential) applies to kinetic rates,  not to production rates. It is a potential 
and thus should be independent of the concentration. So we confirm that at XO concentrations 
found at Dome C, XO has a very limited impact on alpha, especially as alpha includes also 
NO+HO2 reaction.  
 



The authors focus much on the discrepancy between obserevd and modeled values, but do not 
sufficiently discuss the observed variability in the data (see also item 1). Within December, 
observed ∆17O(NO−3 ) varies between 27.3 and 29.6 ‰ and the four model scenarios considered 
in Table 2 give changes in ∆17O(NO−3 ) of 0.9, 0.3, 0.9 and 2.1 ‰, respectively, over the same 
period of time. The last scenario seems to nicely explain the observed changes in ∆17O(NO−3 ) by 
isotope transfer from OH. It thus seems to be possible that the Antarctic oxidation chemistry is 
quite well understood, but that sytematic biases (which are independent of the Antarctic 
chemistry) are responsible for an offset between modeled and observed levels of ∆17O(NO−3 ). It 
might be that this interpretation is already somewhere between the lines of the current 
manuscript, but I could not find it. I thus recommend that Savarino and coworkers clearly point 
out this possibility in a revised version of their paper. 

We disagree that Antarctic oxidation chemistry is quite well understood. OPALE, ANTCI, 
ISCAT and other studies, on chemistry ground, have ample demonstrated that the chemistry over 
polar ice sheets is not completely understood. For instance, ClNO2 has never been measured. 
HONO concentration is not well constrained. The role HO2NO2 is not very clear and the ratio of 
NO2/NO is way too high. Therefore, our affirmation that the chemistry is not well understood is 
at first demonstrated by concentration measurements, not by the isotopic mass balance. The fact 
that 17Oexcess cannot be explained by the most basic NOx chemistry just reinforces this opinion. 
As explained above, there is always a possibility that a systematic error is the cause of the 
discrepancy between observation and model for the isotope but we think that it is the conjunction 
of the NOx chemistry and the isotopic mass balance that let us think that something unknown is 
at play. Turning the question in the other way, it will be very puzzling to claim that because the 
isotopic mass balance is closed, NOy chemistry is well understood when the basic of the basic, 
the NO2/NO ratio, is difficult to understand. Regarding the variability, this is indeed an 
interesting observation and thus we have added a specific sentence to mention this observation: 

Line 22, P24061 “On the other hand, Table 2 shows that the variability of Δ17O (but not the 
absolute values) is correctly caught by the model when α is constrained by the observations and 
Δ17O(OH) by the observed HONO concentrations. This observation would favor the view that the 
chemistry and associated Δ17O transfer are well understood and a systematic error is probably at 
the origin of the discrepancy of the absolute values. However, this conclusion will be in 
contradiction with NOx-HOx chemistry observations showing that in fact such chemistry is not 
very well understood (Frey et al., 2015;Legrand et al., 2014;Slusher et al., 2010).” 

As a general perspective, the following sentences were added in the conclusion. 

“Systematic errors and/or bad isotopic transfer functions for Δ17O are not completely excluded 
for explaining the discrepancy between observed and modeled data and we encourage laboratory 
experiments to reduce these uncertainties. However, given the fact that unexplained NOx 
chemistry has been revealed by other means, we are in favor of a missing chemistry to explain 
the mismatch observed.”     

Minor remarks 

• p. 24043, l. 25 – 27: "The search for ice core proxies related to past change of oxidative 



properties of the atmosphere is motivated by the need to model simulations of ozone and 
OH changes over preindustrial-industrial and glacial- interglacial timescales." Please 
provide a reference for the claim and reword the phrase, which does not make sense 
immediately. One might question that simulations need to be modeled, since a simulation 
involves modeling by nature. The authors likely want to model or simulate atmospheric 
concentrations . . .  

Now the sentence read as:  

“The search for ice core proxies to reconstruct past change of oxidative properties of the 
atmosphere is motivated by the need to simulate ozone and OH changes over preindustrial-
industrial and glacial-interglacial timescales (Thompson, 1992;Wang and Jacob, 1999; Murray 
et al., 2014).” 

• p.24044,l.23–29&p.24046,l.25–26&p. 24051,l.11: "Herewepresent ...between October 2011 
and January 2012." & "11 HVAS samples were ob- tained during the OPALE campaign 
(from October 2011 to January 2012)." & "OPALE campaign hold in November-
January". The exact period of the cam- paign and the useful data points are unclear. 
Please use consistent dates and explain which and why only a subset of available data has 
been interpreted by the model. Later in the text (Table 2) and in Fig. 2 only the data from 
the intensive measurement period (4 data points) seem to have been used for the 
interpretation.  

Period is now consistent through the MS. October was actually mentioned because one data what 
collected during end of October but it makes more sense to define the period as November 2011 
January 2012  

• p. 24045, l. 13 – 17: "This was done . . . ". This sentence on aerosols is not at all helpful as it 
distracts from the main flow. Since I could not find any reference to the mentioned sulfur 
cycle studies later in the paper, I doubt their relevance for this paper and recommend 
complete deletion of the sentence.  

Done 

• p. 24046, l. 12 – 17: "Observed and modeled NOx production rates are largely capable of 
explaining the high levels of photochemical activity ...". This claim seems to contradict 
the later mentioned discrepancy of up to a factor of 7 between modeled and observed NO2 
concentrations. 

The sentence refers to NOx emission; not NOx concentration. Previous studies have shown that 
snow photolysis of nitrate and emission fluxes are responsible for the high oxidative capacity 
over inland polar ice sheet (i.e. high OH concentration, O3 production, two observations that 
were impossible to imagine until NO was measured for the first time). This doesn’t mean that 
NO2/NO ratio, or NO2 or OH concentration are quantitatively understood and/or modeled.  

• p. 24049, l. 18 – 19: "...the O2 or N2 samples gases ..." sample gases or gas samples ?  

replace by gas samples 



• p. 24049, l. 19 – 24: "All analytical steps were simultaneously performed on nitrate . . . " 
simultaneously → identically, equally ?  

replace by identically 

• p. 24049, l. 16: What is cryo-focused ?  

It is a term very common in isotope geochemistry to describe the condensation and focusing of a 
gas sample on a small cold section of a line by the mean of liquid nitrogen or liquid helium, 
depending on the vapor pressure of the considered gas.   

p. 24050, l. 4 – 6: "Concurrent chemical measurements conducted at ..." → Concurrent chemical 
measurements were conducted at . . .  

done   

p. 24050, l. 6 – 7: ". . . also documented." → A more appropriate word (eg. registered) should be 
used here.  

Replace by recorded.   

p. 24050, l. 22 – 25: ". . . show similar amplitude and phase than . . . " similar than → similar to  

done  

• p. 24051, l. 1 – 2: "A time series showing the year-round record of ∆17(O3)bulk at Dome C in 
2012 is presented in Fig. 3. ∆17(O3)bulk averaged 24.9 ± 1.9 ‰ over 2012, corresponding . 
. . " Delete over 2012.  

done 

• p. 24051, l. 2: ". . . , corresponding to" Since the bulk values were derived from the term 
values, replace corresponding to by derived from, or similar.  

done 

• p. 24051/24052, l. 26 – 1: "As Dome C in summer is permanently under sunlight, 
photochemical inter-conversion of NOx is permanent:" Repetitive use of permanent.  

Replace permanent by continue 

• p. 24053, l. 12 – 15: correspond → corresponds  

done 

• p. 24053, l. 22: "The diurnally mass averaged trend is shown ...No trend is �observed . . . ". This 
is somewhat inconsistent. Please correct wording.  



Replace by “The diurnally mass average of Δ17O(NO2) calculated…” 

• p. 24054, l. 13 – 16: "The degree of isotopic equilibration between OH and H2O . . . ”.If there 
is no equilibration, one expects the degree of equilibration β = 0 and if equilibration is 
complete (degree = 100 %), one expects β = 1. Eq. (4) defines the complement of what is 
written in the text.  

As it is set (EQ4), if there is no equilibration, k[H2O] << L and beta = 1 as stated in the paper.   

• p. 24055, l. 20 – 21: ". . . because of the interplay of HOx family and the different sources 
involved in OH formation." Phrase not clear. Usually one writes interplay between, but it 
is not clear how there is an interplay between a family of species (HOx) and reactions 
(sources).  

Replace by “The value of Δ17O(OH)prod. is more difficult to assess because of the interplay 
between HO and HO2, and the different sources involved in OH formation.” 

• p. 24057, l. 5 – 6: "A possible explanation for the underestimation of ∆17O(NO−3 ) involves the 
potential role of halogen chemistry in the troposphere over the Antarctic plateau ..." → "A 
possible explanation for the underestimation of ∆17O(NO−3 ) involves halogen chemistry 
in the troposphere over the Antarctic plateau . . . "  

done 

• p. 24057, l. 18 – 20: "For conditions typical of the Antarctic boundary layer . . . ". I doubt that 
the word "oxidizing power" is mentioned in Atkinson et al., 2007. The oxidizing power of 
a substance will depend on the chemical mechanism which would need to be detailed. 
Since it seems that the authors have just calculated a ratio of rate coefficients in order to 
determine relative oxidation powers, it is probably more appropriate to indicate that by 
taking rate coefficients from Atkinson et al., 2007, the factor of 4000 has been obtained.  

Replace oxidizing capacity by chemical activity. We think the concentration of the species is 
more expressive than the kinetic rates as what is measured in the atmosphere is concentrations. 
This avoids piling numbers up with different meanings and units.  

• p. 24058, l. 3: "The interaction of XO in the NOx cycle . . . " Revise phrase. The word 
interaction commonly signifies a reciprocal influence. The interaction of XO thus is 
incomplete.  

Replace interaction by involvement 

• p. 24058, l. 14: "...specific form of α ≡ 1/(1 + x)) of which is to low to ..." of which is to low → 
which is too low  

done 

• p. 24074, Table 1: "Rate of production and sink of OH and mass balance calculation of ∆17O" 



Data points cover the interval from November 2011 to January 2012.  

Table 1 is given as a example of how isotopic mass balances are calculated. Since the caption 
seems to be confusing we change it for «Example of mass balance calculation of Δ17O for 
Dec.19th, 2011 3:45 pm conditions »  

• p. 24074, Table 1: The concentration of OH misses a factor of 105 (or 106).  

done 

• p. 24076, Fig. 1: ". . . nitrate concentrations observed between October 2011 and January 
2012." Data points cover the interval from November 2011 to January 2012.  

done 

• p.24076,Fig.1:"...of the OPALE campaign..."Redundant information. Delete �of the OPALE 
campaign  

done 

• p. 24077, Fig. 2: ". . . nitrate collected between October 2011 and January 2012." Data points 
cover the interval from November 2011 to January 2012.  

done 

• p.24077,Fig.2:"...of the OPALE campaign..."Redundant information. Delete �of the OPALE 
campaign  

done 

• p. 24078, Fig. 3: sampling → samplings  

done 

Again we thank the reviewers for their interesting comments. 
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Abstract 

 Variations in the stable oxygen isotope composition of atmospheric nitrate act as 

novel tools for studying oxidative processes taking place in the troposphere. They 

provide both qualitative and quantitative constraints on the pathways determining the fate 

of atmospheric nitrogen oxides (NO + NO2 = NOx). The unique and distinctive 17O-

excess (Δ17O = δ17O - 0.52 × δ18O) of ozone, which is transferred to NOx via oxidation, is 5	

a particularly useful isotopic fingerprint in studies of NOx transformations. Constraining 

the propagation of 17O-excess within the NOx cycle is critical in polar areas where there 

exists the possibility of extending atmospheric investigations to the glacial/interglacial 

time scale using deep ice core records of nitrate. Here we present measurements of the 

comprehensive isotopic composition of atmospheric nitrate collected at Dome C (East 10	

Antarctic plateau) during the austral summer of 2011/2012. Nitrate isotope analysis has 

been here combined for the first time with key precursors involved in nitrate production 

(NOx, O3, OH, HO2, RO2, etc.) and direct observations of the transferrable Δ17O of 

surface ozone, which was measured at Dome C throughout 2012 using our recently 

developed analytical approach. Assuming that nitrate is mainly produced in Antarctica in 15	

summer through the OH + NO2 pathway and using concurrent measurements of OH and 

NO2, we calculated a Δ17O signature for nitrate in the order of (21-22 ± 3) ‰.  These 

values are lower than the measured values that ranged between 27 and 31 ‰. This 

discrepancy between expected and observed Δ17O(NO3
-) values suggests the existence of 

an unknown process that contributes significantly to the atmospheric nitrate budget over 20	

this east Antarctic region. However, systematic errors or wrong isotopic balance transfer 

functions are not totally excluded. 



 

1. Introduction 

 25	

 The search for ice core proxies to reconstruct past change of oxidative properties of 

the atmosphere is motivated by the need to simulate ozone and OH changes over 

preindustrial-industrial and glacial-interglacial timescales (Thompson, 1992;Wang and 

Jacob, 1998;Murray et al., 2014). Early ice core reconstructions of oxidants based on 

H2O2 (Sigg and Neftel, 1991) and HCHO (Staffelbach et al., 1991) measurements were 30	

hampered by the occurrence of post-depositional alteration of H2O2 and HCHO 

concentrations in the upper snowpack prior to preservation in the ice (Hutterli et al., 

2003). More recently, the 17O-excess (Δ17O = δ17O - 0.52 × δ18O) of nitrate, a unique 

isotopic signature inherited from ozone via bimolecular chemical reactions in the 

atmosphere, has shown promise as a conserved proxy for past oxidant concentrations 35	

(McCabe et al., 2005;Alexander et al., 2004). The Δ17O signal of nitrate reflects the 

relative importance of NOx transformation mechanisms and recent studies suggest that 

the measurement of this isotopic signal in ice cores and ancient sediments may provide 

relevant information regarding the role of ozone in the overall oxidative capacity of the 

paleo-atmosphere (McCabe et al., 2007;Michalski et al., 2004;Michalski et al., 40	

2003;Savarino et al., 2007;Thiemens, 2006). Parallel studies of the nitrogen isotope ratios 

(δ15N) of nitrate in polar ice and snow suggest that this isotopic tracer may serve as a 

proxy for past variations in natural sources of atmospheric NOx (Hastings et al., 

2009;Hastings et al., 2005;Jarvis et al., 2008). However, the chemical and physical 

factors governing the oxygen and nitrogen isotopic composition of atmospheric nitrate 45	
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and its nitrogen oxide precursors are not fully understood (Alexander et al., 2009;Morin 

et al., 2009). This is particularly true in the polar troposphere, where the UV-photolysis 

of trace species present in the snowpack or marine aerosols initiates complex boundary 50	

layer oxidation processes involving reactive halogen species (Bloss et al., 2010;Grannas 

et al., 2007;Wang et al., 2007) and results in distinctive Δ17O and δ15N signatures in 

atmospheric nitrate (Morin et al., 2012;Morin et al., 2007;Morin et al., 2008).  

 Here we present measurements of δ15N and δ17O and δ18O isotopic composition of 

atmospheric nitrate collected at Dome C between November 2011 and January 2012. 55	

These measurements were conducted within the framework of the OPALE project 

(Oxidant Production over Antarctic Land and its Export, (Preunkert et al., 2012)), which 

has provided an opportunity to combine nitrate isotopic observations with a wealth of 

meteorological and chemical observations, including measurements of species involved 

in nitrate production (NOx, O3, OH, HO2, RO2, etc.). The primary objective of this study 60	

was to reconcile observations of Δ17O for atmospheric nitrate at Dome C with 

quantitative predictions based on nitrate isotope mass balance and atmospheric chemistry 

parameters, a unique opportunity offered by the OPALE campaign. 

 

2 Methods 65	

 

2.1 Site description and scientific context 

 Dome C is situated 3233 m above sea level on the East Antarctic Plateau (75°06’ S, 

123°23’ E), approximately 1100 km from the coastal research station Dumont d’Urville 

and 560 km from the Vostok station. Deep ice cores were extracted at Dome C in the 70	
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framework of the European Project for Ice Coring in Antarctica (EPICA) covering 

approximately 800,000 yr (EPICA-community-members, 2004) and Vostok covering the 

last 420,000 years (Petit et al., 1999). In parallel, studies aiming to understand the 

meteorological, chemical, and physical factors governing the variability of trace 75	

constituents preserved in the ice were initiated. (Jourdain et al., 2008;Preunkert et al., 

2008) 

 Although the Antarctic plateau is extraordinarily dry, cold, and far removed from 

sources of anthropogenic emissions, first atmospheric measurements of oxidants 

conducted in 1998 - 1999 during the ISCAT (Investigation of Sulfur Chemistry in the 80	

Antarctic Troposphere) field campaign revealed a high level of photochemical activity. 

For example, the average summertime OH concentration (2 × 106 cm-3) over the South 

Pole was found to be similar to that of the tropical marine boundary layer (MBL) 

(Mauldin et al., 2001). Unexpectedly high levels of nitric oxide (NO) were also detected, 

with concentrations one to two orders of magnitude higher than that typically observed in 85	

other remote regions (Davis et al., 2001). Model simulations revealed that the large OH 

concentrations observed at South Pole were a result of the elevated NO level, which 

catalyzes a rapid cycling of HO2 to OH (Chen et al., 2004;Chen et al., 2001). The high 

concentrations of NOx were also inferred to drive in situ photochemical production of 

ozone during the ISCAT campaign (Crawford et al., 2001). Surface ozone and NOx 90	

measurements at Dome C suggest a similar level of enhanced oxidant production during 

November - January (Frey et al., 2013;Frey et al., 2015;Legrand et al., 2009). 

 The high levels of photochemical activity observed at South Pole and Dome C are 

now understood in terms of NOx release from the snowpack (Honrath et al., 

Joel Savarino� 22/1/y 14:11
Supprimé: This was done for aerosol in the 95	
framework of the French environmental 
observation service CESOA (Etude du cycle 
atmosphérique du Soufre en relation avec le 
climat aux moyennes et hautes latitudes Sud, 
http://cesoa.ore.fr) dedicated to the study of 100	
the sulfur cycle 
Joel Savarino� 22/1/y 14:11
Supprimé: . 



2000;Honrath et al., 1999;Jones et al., 2001;Jones et al., 2000;Zhou et al., 2001). This 

process is initiated by the photolysis of nitrate, which can lead to large fluxes of NO2, 

NO, and HONO from permanently sunlit snow (Anastasio and Chu, 2009;Grannas et al., 105	

2007;Jacobi and Hilker, 2007;Legrand et al., 2014;Frey et al., 2013). Observed and 

modeled NOx production rates are largely capable of explaining the high levels of 

photochemical activity observed on the Antarctic plateau during spring (France et al., 

2011;Liao and Tan, 2008;Wang et al., 2007) although detailed and speciation of nitrogen 

oxides chemistry remain largely unknown in this rich NOx/poor VOCs environment 110	

(Kukui et al., 2014;Frey et al., 2015;Legrand et al., 2014;Davis et al., 2008).  

 

2.2 High-volume sampling 

 Bulk atmospheric samples were collected at Dome C on glass fiber filters using a 

high-volume air sampler (HVAS), which was installed on a platform 1 m above the 115	

ground. The HVAS was run by applying an average STP flow rate of 0.7 m3 min-1 that 

ensures the collection of a sufficient amount of nitrate for isotopic analysis. The atmo- 

spheric NO3
- collected on glass fiber filters represents the sum of atmospheric particulate 

NO3
- (pNO3

-) and gaseous nitric acid (HNO3) (Frey et al., 2009). 11 HVAS samples were 

obtained during the OPALE campaign (from November 2011 to January 2012). After 120	

each collection period, filters were removed from the HVAS and placed in clean 50 mL 

centrifuge tubes, which were sealed in plastic bags and stored at -20 ˚C. Upon arrival at 

our laboratory in Grenoble, atmospheric filter samples were extracted in 40 mL of ultra-

pure water via centrifugation using Millipore Centricon™ filter units. Nitrate 
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concentration was then determined for each filter extract solution using a colorimetric 

technique (Frey et al., 2009).  

 

2.2 Ozone collection 

 The nitrite-coated filter technique for ozone isotope analysis has been described in 130	

detail in (Vicars et al., 2012;Vicars and Savarino, 2014). The principle of ozone 

collection underlying this technique is the filter-based chemical trapping of ozone via 

aqueous phase reaction with nitrite (Adon et al., 2010;Geyh et al., 1997;Koutrakis et al., 

1993;Krzyzanowski, 2004): 

 135	

    NO2
- +O3 → NO3

- + O2      (R1) 

 

 By coupling this routine ozone measurement technique with recent analytical 

developments in the Δ17O analysis of nanomole quantities of nitrate (Kaiser et al., 2007), 

the 17O-excess transferred by one of the two O3 terminal atoms through bimolecular 140	

chemical reactions, denoted Δ17O(O3)term, as well as ozone’s bulk Δ17O value, denoted 

Δ17O(O3)bulk (= 2/3 Δ17O(O3)term since all 17O-excess is located at the two O3 terminal 

atoms, (Bhattacharya et al., 2008;Janssen and Tuzson, 2006)), can be inferred from the 

oxygen isotopic composition of the nitrate produced via R1 within the coated filter 

matrix. 145	

 Ambient ozone collections were performed using an active air sampler consisting of 

1/4" Teflon™ (PFA) tubing connecting three main sampler components: (i) a standard 

low-volume vacuum pump (Welch™, Model 2522C-02) equipped with a volume counter 



and needle valve (or flow meter) for flow rate regulation; (ii) a closed PFA filter holder 

assembly (Savillex™) containing a pre-coated 47 mm glass fiber sampling substrate 150	

(Whatman™, GF/A type); and (iii) an open-faced PFA filter holder assembly containing 

a 47 mm PTFE membrane filter (Zylon™, 5 µm pore size) for the removal of particulate 

species upstream of the coated filter. Glass fiber sampling substrates were coated prior to 

sample collection with 1 mL of a nitrite-based ozone sampling solution (0.1 M NaNO2, 

0.05 M K2CO3, 0.1 M glycerol) (Koutrakis et al., 1993), allowed to dry at 75°C for 155	

approximately 10 min, and then stored frozen in the dark in individual plastic 

PetriSlide™ containers (Millipore™). Samples were collected by loading pre-coated 

filters into the sampling filter holder, which was then connected to the prefilter 

(upstream) and needle valve/pump (downstream) and covered in aluminum foil to limit 

light exposure, a step that is necessary to limit the blank production rate during sample 160	

collection (Vicars et al., 2012). Air was then pumped through the sampling system at a 

target flow rate of 3.0 L min-1.  

 Sampling was conducted during the OPALE campaign (December 2011 – January 

2012) from a climate-controlled shelter, and a total of 28 samples were collected. 

However, due to difficulties in the application of our analytical technique to the unique 165	

environmental conditions encountered in Antarctica, the results obtained from these 

samples were inconclusive (i.e. unrealistic variability) due to the lack of light protection 

of the filter holder (Vicars et al., 2012;Vicars et al., 2013). Sampling and isotopic 

analysis of ozone was therefore repeated in 2012, and a complete annual record of 

Δ17O(O3) was obtained (n = 60). Procedural filter blanks were also collected at regular 170	

intervals and were subjected to all of the same preparation, storage, handling, and 



analytical procedures as field samples.  After sample collection, filter samples and 

procedural blanks were returned to their containers, which were covered in aluminum foil 

and stored at -20°C before processing and analysis. 

 Filter samples were extracted in 18 mL of deionized water (18.2 MΩ, hereafter 175	

referred to as “MQ water”). In order to remove the excess (i.e., unreacted) nitrite reagent 

from the sample extracts, the solutions were treated with 1 mL of a 1 M sulfamic acid 

solution and then neutralized with a corresponding addition of high-purity sodium 

hydroxide (Granger and Sigman, 2009;Vicars et al., 2012). Extract solutions were then 

filtered via centrifugation using Millipore Centricon™ assemblies. The nitrate extracted 180	

from the coated filter samples was then subjected to isotopic analysis, as described in the 

following section. 

 

2.3 Isotopic analysis 

 The comprehensive isotopic composition of nitrate (15N/14N, 17O/16O, 18O/16O) was 185	

measured on a Finnigan™ MAT253 isotope ratio mass spectrometer (IRMS), equipped 

with a GasBench II™ and coupled to an in-house built nitrate interface (Morin et al., 

2009). Nitrate in both the nitrite-coated filter and aerosol sample extracts was prepared 

for isotopic analysis by conversion to N2O via the bacterial denitrifier method (Casciotti 

et al., 2002;Kaiser et al., 2007;Michalski et al., 2002;Sigman et al., 2001). The detailed 190	

analytical procedure has been described elsewhere (see (Morin et al., 2009) and is here 

briefly presented. 

 Denitrifying bacteria (Pseudomonas aureofaciens) were cultured in nitrate-amended 

soy broth and incubated for 5 days in stoppered glass bottles. Bacterial cultures, after 



concentration by centrifugation and re-suspension, were dispensed as 2 mL aliquots into 195	

20 mL glass vials, which were then crimped and purged with helium for 3 hours. 

Approximately 100 nmol of sample nitrate was then injected into the purged vials and 

conversion of the sample nitrate to nitrous oxide (N2O) via bacterial denitrification was 

allowed to proceed overnight. The N2O sample was then cryo-focused in a liquid nitrogen 

trap and introduced into a gold furnace where it was thermally decomposed at 900°C into 200	

O2 and N2. Following separation via gas chromatography, the O2 and N2 gas samples 

were directed into the ionization chamber of the IRMS. All analytical steps were 

identically performed on nitrate isotopic standards and their equimolar mixtures 

(International Atomic Energy Agency USGS 32, USGS 34, and USGS 35), which were 

prepared in an identical background matrix as the samples. Individual analyses were 205	

normalized through comparison with these three nitrate reference materials (Coplen, 

2011;Werner and Brand, 2001). All isotopic enrichment values for nitrate are reported 

relative to VSMOW and air N2 for oxygen and nitrogen, respectively. The overall 

accuracy of the method is estimated as the standard deviation of the residuals from the 

linear regression between the measured reference materials and their expected values. For 210	

the results reported here, the average uncertainty obtained for δ18O, Δ17O, and δ15N were 

1.6 ‰, 0.5 ‰, and 1.0 ‰, respectively. 

 

2.4 Complementary measurements 

 Concurrent chemical measurements were conducted at Dome C during the campaign 215	

include HONO (Legrand et al., 2014), HOx (= OH + HO2 + RO2) radicals (Kukui et al., 
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2014), O3 (Legrand et al., in preparation) and NO and NO2 (Frey et al., 2015). Photolysis 220	

rate coefficients and meteorological parameters were also recorded.  

 

3. Results and discussion 

 

3.1 Isotope ratios of ozone and atmospheric nitrate 225	

 Atmospheric nitrate concentrations observed at Dome C during the campaign are 

presented in Fig. 1, the corresponding nitrate Δ17O and δ15N values in Fig. 2. 

Atmospheric nitrate concentrations ranged between 20 and 90 ng m-3, with the maximum 

values occurring in mid December 2011, concurrent with the period of intensive of 

atmospheric sampling of the OPALE field campaign. These values are in good agreement 230	

with those observed during the 2007 – 2008 and 2009 – 2010 field studies conducted at 

Dome C by (Frey et al., 2009) and (Erbland et al., 2013), respectively.  

 Δ17O values for atmospheric nitrate ranged between 27.3 ‰ and 32.4 ‰, δ15N 

between - 42.8 ‰ and 1.7 ‰. The observed strongly depleted δ15N(NO3
-) values are in 

good agreement with those previously reported and having unambiguously attributed to 235	

the transformation of local snowpack NOx emissions via photochemistry in the boundary 

layer, which led to peaks in atmospheric nitrate concentration during the period from 

October to December (Erbland et al., 2013). As seen in Fig. 2, variations in Δ17O and 

δ15N were negatively correlated (r value of -0.86) and again show similar amplitude and 

phase to those reported in previous studies (Erbland et al., 2013;Frey et al., 2009).  240	

 A time series showing the year-round record of Δ17O(O3)bulk at Dome C in 2012 is 

presented in Fig. 3. Δ17O(O3)bulk averaged 24.9 ± 1.9 ‰, derived from to Δ17O(O3)term 
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values of 37.4 ± 1.9 ‰. As shown in Fig. 4, these Δ17O(O3)bulk values are consistent with 

those observed in Grenoble (France), as well as with measurements conducted along a 

latitudinal transect from 50°S to 50°N in the Atlantic Ocean (Vicars and Savarino, 2014). 

Although the Δ17O(O3)bulk seasonal cycle reveals some interesting features, like the winter 250	

maximum, probably in response of the permanent winter darkness and stratospheric air 

mass intrusions, a complete description is beyond the scope of the present paper. What 

should be kept in mind here is the pretty stable Δ17O(O3)bulk value close to 26 ‰ that can 

be considered as representative for the OPALE campaign hold in November-January.  

 255	

3.2 Nitrate isotope mass balance 

 The availability of a large database of trace chemical species measurements at Dome 

C during a portion of the OPALE field campaign (December 2011) offers a unique 

opportunity to compare observed Δ17O(NO3
-) values in the atmosphere to estimated ones 

calculated from concurrent observations. As discussed at length in recent studies (for 260	

example, by (Morin et al., 2011) and (Vicars et al., 2013)), the 17O-excess transfer 

functions associated with the various nitrate production pathways (i.e., Δ17O(NO3
-)i 

values) can be estimated as a function of the Δ17O of nitrate precursor gases (i.e., NOx, 

O3, OH, etc.) using mass balance calculations that trace the origin of oxygen atoms 

transferred during the chemical transformation of NOx in the atmosphere. All 265	

atmospheric nitrate production channels involve either NO2 or a NOx reservoir species 

derived from NO2 (e.g., N2O5). The first step in determining the Δ17O signature of each 

pathway is therefore a quantitative assessment of the steady state Δ17O value of NO2, 

which is typically calculated as a function of the Δ17O value of O3 and the reaction 



dynamics involved in the conversion of NO to NO2. As Dome C in summer is 270	

permanently under sunlight, photochemical inter-conversion of NOx is continue: 

 

NO2 + hv à NO + O         (R2) 

NO + O3 à NO2         (R3) 

NO + HO2/RO2 à NO2        (R4) 275	

 

At photochemical steady state (i.e. R2-R4 being faster than NO2 net sink reactions), an 

assumption that can be reasonably applied throughout the day at Dome C during summer, 

we have (Morin et al., 2011): 

 280	

∆!"𝑂 𝑁𝑂! = 𝛼 × 1.18 × ∆!"(𝑂!)!"#$ + 6.6                  (EQ1)  

 

where the term in bracket represents the laboratory deduced anomaly transfer function of 

the NO+O3 reaction (Savarino et al., 2008), Δ17O(O3)bulk the 17O-excess of the bulk O3 

and α represents the fraction of the atmospheric NO2 reservoir that has been produced 285	

through oxidation by O3 rather than HO2/RO2 at photochemical equilibrium (Alexander 

et al., 2009;Michalski et al., 2003;Morin et al., 2011;Röckmann et al., 2001): 

 

𝛼 =
!!"!!! !" !!

!!"!!! !" !! !!!"!!!! !" !!! ∗              (EQ2) 

 290	

with [HO2]* = [HO2] + [RO2].  
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 It is important to note here that EQ1 and EQ2 although established under the NOx 

steady-state approximation, are independent of NO2 concentration for which a bias in 295	

measurement cannot be ruled out. Indeed, as discussed by (Frey et al., 2013;Frey et al., 

2015), bias in NO2 measurements is suspected partly because it remains difficult to 

explain the observed ratio of NO2/NO which is systematically higher (up to a factor of 7) 

than predicted by calculations made by assuming photochemical steady state considering 

the NO2 photolysis and reaction of NO with O3, HO2/RO2 and BrO.  EQ2 also assumes 300	

that [HO2]* is predominantly formed by the reaction H + O2 and R + O2 during the 

OPALE campaign (Kukui et al., 2014), resulting in the formation of [HO2]* devoid of 

any significant 17O-excess (Morin et al., 2011). Using OPALE measurements of NO, O3, 

OH and HO2/RO2 (Frey et al., 2015;Kukui et al., 2014), along with temperature 

dependent reaction kinetics data obtained from (Atkinson et al., 2004), we have 305	

calculated the diurnally mass averaged trend in α for the month of December 2011 at 

Dome C. Measurements of Δ17O(O3)bulk at Dome C during the OPALE campaign 

averaged 25 ± 2 ‰, corresponding to Δ17O(O3)term values of 37 ± 2 ‰ (Fig. 4). Samples 

collected in December indicate Δ17O(O3)bulk values close to 26 ‰ (Δ17O(O3)term = 3/2 

Δ17O(O3)bulk = 39 – 40 ‰, Fig. 3), and we have therefore adopted a Δ17O(O3)term value of 310	

40 ‰ in the subsequent mass balance calculations, in good agreement with the predicted 

value from a 1-D atmospheric model (Zahn et al., 2006). The diurnally mass average of 

Δ17O(NO2) calculated using a Δ17O(O3)bulk value of 26 ‰ and EQ2 is shown in Fig. 5. No 

trend is observed during the OPALE campaign and on average the predicted value is 

Δ17O(NO2) = 31 ± 2 ‰ throughout December, corresponding to average α value of 0.83. 315	
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In other words, at steady state, the concentrations of O3 and HO2
* measured during 

OPALE predicts that around 83 % of NO2 is formed via reaction R3 (see also Table 1). In 

the absence of the α dilution effect introduced by the HO2* reaction, Δ17O(NO2) would 

equal 37 ‰, a value 8 ‰ lower than an estimation obtained from modeling only NOx-O3 320	

chemistry at standard temperature and pressure (Michalski et al., 2014). This difference is 

essentially explained by the use of different Δ17O(O3)bulk (32 ‰ Michalski’s simulation, 

26 ‰ for our observations), which possibly corresponds to different conditions of the two 

studies. 

 By accounting for the origin of the oxygen atom transferred during the conversion of 325	

NO2 to nitrate, the Δ17O signature of the nitrate produced through different reaction 

mechanisms can be calculated. For summer conditions at Dome C, it is reasonable to 

assume that the dominant atmospheric nitrate formation pathway is the gas-phase 

association of NO2 and the OH radical (Alexander et al., 2009): 

 330	

NO2 + OH + M → HNO3 + M            (R5)  

 

leading to the following 17O-excess mass balance (Michalski et al., 2003 ;Morin et al., 

2011): 

 335	

∆!"𝑂 𝑁𝑂!! = !
!
∆!"𝑂 𝑁𝑂! + !

!
∆!"𝑂 𝑂𝐻       (EQ3) 

 

 In order to predict the Δ17O value of the nitrate produced through R5 by mass 

balance, the isotopic composition of tropospheric OH must be known. The OH radical 



participates in a rapid isotopic exchange with atmospheric water vapor, which represents 340	

a very large oxygen reservoir relative to OH, with a Δ17O that is negligible compared to 

ozone or nitrate (Luz and Barkan, 2010). This exchange tends to erase the 17O-excess of 

OH under humidity and temperature conditions typical of the mid-latitudes (Dubey et al., 

1997); therefore, the Δ17O of OH is normally assumed to be zero in modeling studies 

applied to these regions. As discussed by (Morin et al., 2007), this assumption of 345	

Δ17O(OH) = 0 is not valid under the low humidity conditions encountered in the polar 

atmosphere. The degree of isotopic equilibration between OH and H2O can be 

determined as a function of the relative rates of the isotope exchange reaction and the 

main OH sink reactions: 

 350	

β = L
L + kH2O+OH H2O[ ]            (EQ4) 

 

where L represents the total chemical loss rate of OH. β is the factor relating the initial 

Δ17O transferred to OH upon its formation, denoted Δ17O(OH)prod., to its steady state Δ17O 

value (Morin et al., 2007): 355	

 

Δ17O(OH ) = β × Δ17O(OH )prod .           (EQ5) 

 

In plain words, EQ4 - 5 predict that when the isotopic exchange reaction dominates over 

OH chemical losses (i.e., β << 1), the steady state Δ17O value of OH will be equal to that 360	

of water (i.e., Δ17O ≈ 0 ‰). Conversely, when water vapor concentrations are low and the 



rate of chemical loss is large relative to the rate of the isotopic exchange, then Δ17O(OH) 

= Δ17O(OH)prod.. (Kukui et al., 2014), using a Master Chemical Mechanism box model, 

constrained by the OPALE meteorological conditions and concurrent chemical 

observations, give the rate of the OH chemical sources and sinks. NO2 as measured by 365	

(Frey et al., 2015) represents at most only ca. 10 % (equivalent of ca. 1 ‰) of the total 

sink of OH, which is predominantly dominated by reactions with CO, CH4, aldehydes 

and to a lesser extent by reactions with O3, H2, and NO. Thus, the possible overestimation 

of NO2 concentration has only a minor effect on β calculation and is well embedded 

within the total uncertainty of such calculation. To assess the value of Δ17O(OH), we 370	

have computed β for the conditions found during the OPALE campaign using the same 0-

D box model that is used to evaluate the budget of OH and RO2 during the OPALE 

campaign (see (Kukui et al., 2014) and Table 1) and used the exchange kinetic rates 

given in (Dubey et al., 1997). The absolute water vapor concentration is deduced from 

relative humidity and temperature measurements using (Bolton, 1980) (i.e. 𝑃!"#$% =375	

6.112 × 𝑒
(!".!"×(!!!"#)

!!!".! , with Pwater in hPa and T in K). The results of this calculation (Fig. 

6), indicate that β varies between 0.70 ± 0.10 (1 σ) and 0.30 ± 0.10 from midnight to 

noon for conditions prevailing during the OPALE campaign, suggesting that on daily 

average basis approximately 43 % of the Δ17O value originally present in OH is preserved 

from exchange with H2O, consistent with estimates for an Arctic site described by (Morin 380	

et al., 2007).  

 The value of Δ17O(OH)prod. is more difficult to assess because of the interplay 

between HO and HO2, and the different sources involved in OH formation. In the rich 

NOx atmosphere at Dome C in summer, the O(1D) + H2O reaction forming OH is a minor 



reaction pathway. When multiple pathways are involved in the production of OH, 385	

Δ17O(OH)prod. can be estimated by a simple isotope mass balance equation where 

∆!"𝑂 𝑂𝐻 !"#$ = 𝑃!×∆!"𝑂!!  with Pi the relative production rate of the ith reaction 

pathway with respect to the total production rate and Δ17Oi its associated 17O-excess 

(Morin et al., 2011). Observations at Dome C during the OPALE campaign indicate that 

the photolysis of HONO and the HO2 + NO reaction may represent the most significant 390	

sources of OH at Dome C during the period of seasonal snowpack emissions (Kukui et 

al., 2014). However, the measurement of HONO (around pmol mol-1) during OPALE, 

probably biased by HO2NO2 interference (Legrand et al., 2014) is incompatible with the 

HOx (= OH + HO2/RO2) radical budget. Best agreement is achieved when HONO at 

Dome C is assumed to originate from snow emissions with the emission strength 395	

evaluated by (Legrand et al., 2014). Using a 1-D model, (Kukui et al., 2014) show that 

the concentrations of HONO corresponding to about 20–30 % of measured HONO are 

consistent with those calculated from the budget analysis of OH radicals with the 

concentrations of NO2 either calculated from NO measurements assuming PSS or 

observed by (Frey et al., 2015). Therefore, the production of OH by HONO photolysis is 400	

adjusted consequently and the 0-D box model (Kukui et al., 2014) is used to calculate all 

other production rates of OH. Note that even lowering HONO to 20-30 % of the 

measured values, this species remains the major primary source of radicals at Dome C. 

Applying the isotope 17O-excess transfer (Morin et al., 2011) and the OHprod. isotope mass 

balance, Δ17O(OH)prod. on average equals 5 ± 2 ‰ (1 σ).  Because the major process 405	

leading to the emission of HONO from the snowpack is the photolysis of nitrate, which 

possesses a Δ17O value of approximately 32 ‰, both in the snow “skin layer” (Erbland et 



al., 2013) and in the top 10 cm of snow (Frey et al., 2009), we have assumed that 

Δ17O(HONO)atm = Δ17O(NO3
-)snow as both oxygen atoms of HONO can be tracked back to 

the nitrate. An example of the isotope mass balance calculation is given in Table 1. Fig. 7 410	

shows the diurnally-integrated average of the Δ17O(OH). Δ17O(OH) varies in a narrow 

range, between 1 and 3 ‰. An estimation of the Δ17O signature for the NO2 + OH 

channel, Δ17O(NO3
-)R2, that accounts for the 17O-excess carried by the OH radical results 

in values ranging between 20 and 23 ‰. Averaging over the same time period as the 

nitrate atmospheric sampling, diurnally-integrated average Δ17O(NO3
-) values of 21 - 22 415	

‰ ± 3 ‰ can be estimated for December (Table 2). These values are 6 - 8 ‰ lower than 

the observed atmospheric values for Δ17O(NO3
-) (27-30 ‰ during OPALE, Figure 2 and 

Table 2). The source of discrepancy between observed and modeled Δ17O(NO3
-) during 

OPALE is presently unknown but we note that such underestimation of the modeled 

Δ17O(NO3
-) versus the observed Δ17O(NO3

-) was also pointed out in 3D modeling of the 420	

nitrate 17Oexcess(Alexander et al., 2009). A critical evaluation may offer nevertheless some 

clues.  

 

4. Discussion 

4.1 Alternative sources of NO2  425	

 A possible explanation for the underestimation of Δ17O(NO3
-) involves halogen 

chemistry in the troposphere over the Antarctic plateau (Bloss et al., 2010;Morin et al., 

2008). Reactive halogen oxides (XO = BrO, ClO, IO, etc.) are produced through the 

reaction of halogen radicals (X) with ozone, a pathway that plays an important role in the 
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catalytic process responsible for ozone depletion events (ODEs) observed in the Arctic 

boundary layer since the 1980s (Fan and Jacob, 1992;Simpson et al., 2007): 

 

X + O3 → XO + O2              (R6)  

 435	

In terms of the chemical budget of NOx, the impact of XO can occur via two chemical 

mechanisms (see Sect. 4.2 for the second mechanism involving the formation of halogen 

nitrate, XONO2). First, XO can oxidize NO to NO2, a pathway that competes with the 

NO + O3 and NO + HO2/RO2 reactions in terms of NO oxidation: 

 440	

XO + NO → X + NO2             (R7)  

 

For conditions typical of the Antarctic boundary layer, 1 pmol mol-1 of XO has roughly 

the same chemical activity as 4 nmol mol-1 of ozone in terms of NO oxidation (Atkinson 

et al., 2007). Therefore, when halogen oxides are present at relevant levels, the R7 445	

reaction can result in concentrations of NO2 that are higher than that predicted from the 

balance between NO2 destruction via photolysis and production through the reaction of 

NO with O3 or HO2/RO2 (i.e., the extended Leighton mechanism): 

 

[𝑁𝑂!]
[𝑁𝑂] =

𝑘!"!!! 𝑂! + 𝑘!"!!!! 𝐻𝑂! + 𝑘!"!!"![𝑅𝑂!]+𝑘!"!!"[𝑋𝑂]
𝑗!!!

                   (𝐸𝑄6)
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The involvement of XO in the NOx cycle at Dome C would have important implications 

for the Δ17O of atmospheric nitrate. The production of halogen oxide radicals proceeds 

through a direct transfer of a terminal oxygen atom from ozone to the XO product (Zhang 455	

et al., 1997). Therefore, it is expected that the Δ17O of XO is equal to Δ17O(O3)term., which 

means that the reaction of NO with XO is roughly equivalent to the NO + O3 reaction in 

terms of Δ17O transfer to NO2 (note that the NO + XO transfer is greater than NO + O3 as 

in the later case, part of the central O3 atom participates in the reaction). The participation 

of XO species in the oxidation of NO thus leads to a greater Δ17O transfer to NO2 by 460	

effectively increasing the value of α. However, on the Antarctic plateau, BrO did not 

exceed 2-3 pmol mol-1 at most during OPALE campaign (Frey et al., 2015). Including 

BrO chemistry would only increase α by 2 % (due to the specific form of α  ≡ 1/(1+x)) of 

which is too low to significantly influence Δ17O(NO2) and ultimately Δ17O(NO3
-). In the 

absence of measurements of other halogens we cannot completely rule out a role of the 465	

halogen chemistry there. However, even with α  = 1, its maximum but unrealistic value 

due to the high concentration of HO2, Δ17O(NO3
-) would reach the range of 23-25 ‰, in 

better agreement with the observations but still significantly lower. Similarly, in the event 

of a non isotopic steady state of NO2 (Michalski et al., 2014), it is very unlikely that 

Δ17O(NO2) could reach values greater than its primary snow nitrate source (i.e. 470	

Δ17O(NO2) > Δ17O(NO3
-)snow = 30-35 ‰ in summer at Dome C, (Erbland et al., 

2013;Frey et al., 2009)), still leaving the predicted Δ17O(NO3
-) underestimated with 

respect to atmospheric observations.  

 

4.2 Alternative oxidation pathways of NO2 475	
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 Considering R5 as the main source of HNO3, an alternative approach is to consider 

that OH bears a higher Δ17O than the estimate calculated previously. Assuming a β of 

one, which seems again unrealistic, will increase Δ17O(NO3
-) by 1 ‰ at most (Table 2), 480	

still insufficient to explained atmospheric observations as NO + HO2 remain a major 

source of OH, independently of the assumed β.  

 Alternatively, if measured HONO concentrations are considered instead of those 

assumed to constrain by the HOx budget (i.e. 4 times lower than measured), average 

Δ17O(NO3
-) values of 23 - 24 ‰ are calculated (Table 2), again systematically lower than 485	

the observed range of 27 - 30 ‰. However, given the significant uncertainty surrounding 

the isotopic composition of HONO and its relative contribution to total OH production at 

Dome C, it is not possible to make a firm conclusion in this regard.  

 Therefore, neither the common sources of NO2 nor the daytime formation of HNO3 

seems to be able to explain the high Δ17O(NO3
-) values of atmospheric nitrate observed at 490	

Dome C in summer. When this observation is taken together with the high NO2/NO ratio 

observed by Frey et al. during two summer seasons at Dome C (Frey et al., 2013;Frey et 

al., 2015), clearly our current understanding of the NOx chemistry on the Antarctic 

plateau seems to be incomplete. 

 There are several other processes that possibly account for the disagreement between 495	

the measurements and mass balance calculations. Indeed, in addition to its impact on NOx 

cycling through the R7 pathway, an increasing body of evidence points towards reactive 

halogen chemistry as a major NOx sink and source of nitrate via the production and 

subsequent hydrolysis of XNO3 species (Sander et al., 1999;Savarino et al., 2013;Vogt et 

al., 1996): 500	



 

XO + NO2 + M → XNO3 + M                       (R8) 

XNO3 + H2O(liquid) → HNO3(aq) + HOX                     (R9) 

 

A critical analysis of the CHABLIS data led (Bauguitte et al., 2012) to conclude that the 505	

R8-R9 pathway exerted predominant control over the chemical loss rate of NOx during 

the campaign, despite the significant uncertainties involved in the parameterization of the 

uptake processes (Finlayson-Pitts, 2009). This implies that XNO3 uptake may also 

represent a significant source of nitrate at Dome C should halogen oxide radicals (XO) be 

present at the required concentration. Experimental (Gane et al., 2001) and theoretical 510	

(McNamara and Hillier, 2001) studies suggest that the oxygen atom initially associated 

with XO combines with the N atom of NO2 to form nitrate, thus transferring the isotopic 

signature of both XO and NO2. The specific Δ17O value induced by XNO3 hydrolysis can 

thus be expressed as follows (Morin et al., 2007): 

 515	

∆!"𝑂 𝑁𝑂!! !! =
!
!
∆!"𝑂 𝑁𝑂! + !

!
∆!"𝑂 𝑂! !"#$                 (EQ7)  

 

efficiently bypassing the OH 17O-excess budget. Through consideration of the increased 

Δ17O transfer associated with R8, the observations of Δ17O(NO3
-) during December can 

be reconciled with the values calculated by mass-balance if approximately 10 - 20 % of 520	

total nitrate production is assumed to occur via XNO3 hydrolysis. However, no sufficient 

halogen concentration has been observed on the Antarctic plateau to sustain such 



chemical pathway but we note that chlorine chemistry has never been probed on the 

Antarctic plateau. 

 There is increasing body of evidence that heterogeneous hydrolysis of NO2 can be a 525	

possible source of HONO and HNO3 in acidic conditions (Finlayson-Pitts, 2009), with 

the potential to explain the difference between the calculated and measured atmospheric 

Δ17O(NO3
-) values. This mechanism would represent a source of nitrate with a Δ17O value 

roughly equivalent to the nitrate originally present in the surface snow (i.e., 30 - 35 ‰), a 

signature significantly higher than that induced by R5. If this production mechanism is 530	

active at the air-snow interface at Dome C and results in the slow emission of nitrate to 

the atmosphere via physical release after its formation, it would act to increase the Δ17O 

value of nitrate in the boundary layer relative to the local Δ17O(NO3
-)R5 oxidation 

signature. However, considering the propensity of nitric acid to stick on snow (Crowley 

et al., 2010), the snowpack to act as a sink rather than a source of nitric acid (Dibb, 535	

2004;Erbland et al., 2013) and the fast NOx recycling that should take place within the 

snowpack, it is very unlikely that Δ17O(NO3
-) could be explained by a direct nitric acid 

emissions from snow, which has been ultimately shown to be limited (Slusher et al., 

2010;Erbland et al., 2013;Berhanu et al., 2014). 

 A critical analysis of Δ17O(NO3
-) shows in fact that such high values correspond 540	

mainly to the nighttime chemistry of NOx (Michalski et al., 2003;Morin et al., 2008). 

Nighttime chemistry involves species like N2O5 and NO3 in the process of forming HNO3 

and again efficiently by-pass the OH pathway. It is conceivable that below the photic 

zone, within the snowpack, N2O5 and NO3 could be produced when O3 and NO2 are 

transported at depth but there is no reason to think that such dark NOx chemistry could in 545	



a way or in another survive the photic zone transition and thus influences the overlying 

atmosphere. 

 Stratospheric nitrate deposited to the surface snow during winter, which has been 

observed to possess Δ17O(NO3
-) values in the range of 35 - 41 ‰ (Erbland et al., 2013) 

and possibly more, may act to buffer the Δ17O of the atmospheric nitrate reservoir via 550	

evaporation late into the spring and summer. However, this seems again unlikely given 

the rapidity of NOx cycling and oxidative loss at Dome C during this time (Frey et al., 

2013;Legrand et al., 2009).  

 Alternatively, we can question the accuracy of the Δ17O of ozone measured in the 

atmosphere and specifically the ones observed at Dome C (Figure 3). In a 3D global 555	

modeling exercise of Δ17O(NO3
-), (Alexander et al., 2009) could reconcile modeling and 

observation only by assuming a bulk composition of ozone at  Δ17O = 35 ‰ instead of 

the 25 ‰ generally assumed for the tropospheric ozone. While application of such high 

values will also solve our discrepancy, all observations and measurements published so 

far by different technique and teams are consistently closer to 25 ‰ than 35 ‰ (Vicars 560	

and Savarino, 2014;Johnston and Thiemens, 1997;Krankowsky et al., 1995). Giving the 

low variability of the measurements observed at Dome C (Figure 3) and other places 

(Vicars and Savarino, 2014), if atmospheric measurements are underestimated, it should 

be by a systematic error common to technique as different as liquid helium condensation 

or coated filters. In absence of such demonstration, we think that either a missing 565	

chemistry or wrong 17Oexcess transfer is the cause of the discrepancy and not the ozone 

Δ17O observed in the troposphere. Equally, it is also possible that OH could display a 

strange Δ17O considering that the reaction CO + OH produces a positive Δ17O in the 
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remaining CO (Röckmann et al., 1998;Feilberg et al., 2005).  On the other hand, Table 2 

shows that the variability of Δ17O (but not the absolute values) is correctly caught by the 570	

model when α is constrained by the observations and Δ17O(OH) by the observed HONO 

concentrations. This observation would favor the view that the chemistry and associated 

Δ17O transfer are well understood and that a systematic error is probably at the origin of 

the discrepancy of the absolute values. However, this conclusion will be in contradiction 

with NOx-HOx chemistry observations showing that in fact such chemistry is not very 575	

well understood (Frey et al., 2015;Legrand et al., 2014;Slusher et al., 2010). 

 While it is presently difficult to determine the precise nature of the process(es) 

leading to the relatively large 17O-excess values observed for atmospheric nitrate at Dome 

C, the correlation observed between the δ15N and Δ17O values of atmospheric nitrate (see 

Sect. 3.1) provides at least one direct line of evidence that the high Δ17O(NO3
-) values 580	

observed during spring and early summer could be associated with snowpack emissions 

of NOx. Considering only samples collected at Dome C between October and December, 

both those reported here and those collected in 2009 and described by Erbland et al. 

(2013), a strong anticorrelation (r = -0.90) is observed between the δ15N and Δ17O values 

of atmospheric nitrate (Fig. 8). In other words, the atmospheric nitrate sampled in early 585	

spring, which is heavily depleted in 15N due its formation from snowpack NOx emissions, 

possessed consistently higher Δ17O values than the nitrate sampled directly after this 

period of maximum snow photochemistry. This finding suggests that the mechanism 

producing enhanced Δ17O(NO3
-) values observed during this time is tightly coupled in 

time and space with the intensity of NOx emissions from the snowpack, an observation 590	

very similar to that of (Morin et al., 2012), who detected a similar relationship between 



δ15N and Δ17O for atmospheric nitrate in the springtime boundary layer over Barrow, 

Alaska (71°N). The authors of this study attributed the observed correlation to the 

coupling of snowpack NOx emissions and reactive halogen chemistry, suggesting that 

these two processes were interrelated and mutually strengthening. In the case of the 595	

OPALE 2011 - 2012 data, the correlation between δ15N and Δ17O could arise from any of 

the potential pathways previously discussed. For example, as proposed by (Morin et al., 

2012), the R8 and R9 pathways may be enhanced under periods of intense snowpack 

emissions. Alternatively, a correlation could result from an increased contribution to total 

OH production from the photolysis of HONO, which is co-emitted with NOx via nitrate 600	

photochemistry (Grannas et al., 2007) and may induce a larger 17O-excess in OH as 

compared to the conventional O(1D) + H2O pathway. Furthermore, the hydrolysis of NO2 

in snow, should it contribute significantly to nitrate production at Dome C, is likely 

amplified during periods when concentrations NO2 are high in the snowpack interstitial 

air due to nitrate/nitrite photochemistry. Therefore, while the processes responsible for 605	

driving the formation of atmospheric nitrate at Dome C during summer cannot be 

unambiguously identified, the isotopic results presented here clearly indicate that 

snowpack emissions result in enhanced Δ17O transfer to nitrate. Our understanding of 

NOx chemistry above the snow surface at Dome C is therefore incomplete. 

 610	

5. Conclusions 

 

 Constraining the propagation of ozone’s 17O-excess signature within the NOx cycle is 

critical in polar areas where the opportunity is offered to extend atmospheric 



investigations based on Δ17O measurements to the glacial/interglacial time scale using 615	

deep ice core records of nitrate. However, the factors governing the present-day isotopic 

composition of atmospheric nitrate over the Antarctic plateau remain poorly understood, 

primarily due to the complex nature of the boundary layer photochemistry initiated 

during spring by NOx emissions from the snowpack. 

 An isotopic mass balance performed for atmospheric nitrate during December 2011, 620	

informed by in-situ oxidant concentration measurements conducted within the framework 

of the OPALE field study, suggests the existence of an unexpected process by-passing the 

commonly accepted daytime chemistry of NO2 (i.e. NO2+OH) that contributes 

significantly to the atmospheric nitrate budget over Dome C. The strong negative 

correlation observed between the δ15N and Δ17O values of nitrate between October and 625	

December suggests that this unknown process is enhanced during periods of intense 

emissions from the snowpack. Potential explanations for this observation include: (i) an 

increased Δ17O transfer from OH due to its formation from the photolysis of HONO 

released from the snowpack; (ii) heterogeneous hydrolysis of NO2 due to the high 

concentrations of NO2 in the snowpack interstitial air; and (iii) the co-emission of 630	

reactive halogen species that act as an intermediate in the transfer of Δ17O from ozone to 

nitrate. Further research is needed to solve the many inconsistencies (e.g. high NO2/NO 

ratio, high concentration of NO2, unresolved HONO atmospheric concentration, 

interference such as HO2NO2, isotope mass balance) observed during the OPALE 

experiments. Systematic error and/or bad isotopic transfer functions for Δ17O are not 635	

completely excluded for explaining the discrepancy between observed and modeled data 

and we encourage laboratory experiments to reduce these uncertainties. However, given 



the fact that unexplained NOx chemistry has been revealed by other means, we are in 

favor of a missing chemistry to explain the mismatch observed.     

 640	
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Table 1:  Example of mass balance calculation of Δ17O for Dec.19th, 2011 3:45 pm 1010	
conditions  
Conditions for Dec.19th, 2011 3:45 pm OH = 
3.96 106 molecules cm-3 

aMedian rate in 105 
molecules cm-3 s-1 Δ17Oi

c in ‰ 

Net sources of OH  
P1         HONO+hv à OH+NO 5.1b 32 
P2         H2O2+hv à 2 OH 1.7 2 
P3         O3+hv+H2O à 2 OH 0.6 20 
P4         CH3OOH+hv à HO2+OH 0.3 0 
Recycling RO2 à  OH  
P5         NO+HO2 à NO2+OH 7.7 0 
P6         HO2+O3 à OH+2O2 0.4 0 
Net sink of OH  
L1         CO+OH à HO2+CO2 6.3  
L2         CH4+OH à CH3O2+H2O 2.6  
L2         HCHO+OH à HO2+CO 0.8  
L4         CH3CHO+OH à CH3CO3 0.9  
L5         O3+OH à HO2+O2 0.6  
L6         H2+OH+O2 à HO2+H2O  0.60  
L7         CH3OOH+OH à CH3O2+H2O 0.5  
L8         H2O2+OH à HO2+H2O 0.3  
Net OH losses  
L9         NO2+OH à HNO3 3.9  
L10       NO+OH à HONO 0.6  
L11       OH+RO2 à products 0.5  
L12       OH+RO2NO2 à products 0.6  
L13       OH+HONO à NO2+H2O 0.2  
L14       OH+HNO3 à H2O+NO3 0.0  
Isotope exchange  
E1         HQ+H2O ⟺ HO+H2Q 24.3  
NO2 main source  
N1         NO+O3 à NO2+O2 27.0 37 
   
17O-excess NO2  

α = (N1/N1+P5) 0.78  

Δ17O(NO2)   29 
17O-excess OH  

Δ17O(OH)prod = (∑ Pi * Δ17Oi)/ ∑ Pi  5.8 

β = ∑ Li/( ∑ Li + E1) 0.43  

Δ17O(OH)  2.5 
a: Production rates obtained from a 0-D box model (see (Kukui et al., 2014) for details) 

Joel Savarino� 22/1/y 15:49
Supprimé: Rate of production and sink of 
OH and mass balance calculation of Δ17O
Joel Savarino� 22/1/y 15:51
Mis en forme: Exposant



b: HONO production rate divided by a factor 4 to balance the HOx radical budget (see 1015	

(Kukui et al., 2014;Legrand et al., 2014) for justification) 

c: HONO is assumed to be formed by the photodissociation of nitrate in snow. Δ17O(NO3
-

)snow is therefore assigned to HONO. The rest of the 17O-excess transfer (i.e. P2 to P6 and 

N1) follows the rules established in (Morin et al., 2011) and a Δ17O(O3)bulk = 26 ‰.  
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Table 2 - Comparison of Measured and Calculated Δ17O(NO3

-) Values. 

 

 

Sampling 
Period 

 

 

Measured 

Calculated 

α constrained by 
observations 
 
Δ17O(OH)a based on 
HOx budget 
 

α = 1 
 
 
Δ17O(OH)a based 
HOx budget 
 

α  constrained by 
observations 
 
β = 1 
 
 

α  constrained by 
observations 
 
Δ17O(OH) based 
on observed 
HONO 
 
 

10 Dec - 
16 Dec 

29.6 21.9 25.6 22.6 27.0 

16 Dec - 
23 Dec 

29.0 21.0 25.6 21.7 26.3 

23 Dec - 
30 Dec 

27.8 21.6 25.4 22.0 25.7 

30 Dec - 
02 Jan 

27.3 21.5 25.3 22.4 24.9 

a: HONO production rate divided by a factor 4 to balance the HOx radical budget (see 

(Kukui et al., 2014;Legrand et al., 2014) for justification) 
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Figure 1. Atmospheric nitrate concentrations observed between November 2011 and 

January 2012. The samples collected during the intensive measurement period 

(December 2011 – January 2012) are indicated with open circles. 1030	
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Figure 2. Δ17O (primary y-axis) and δ15N (secondary y-axis) of atmospheric nitrate 1035	

collected between November 2011 and January 2012. The samples collected during the 

intensive measurement period (December 2011 – January 2012) are indicated with open 

symbols. 
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Figure 3. Δ17O(O3)bulk values for the 60 ambient air samplings done at Dome C 

throughout 2012. Vertical error bars refer to the total uncertainty estimated for the 1045	

technique (±1.7 ‰). 
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Figure 4. Comparison of Δ17O(O3)bulk values obtained at Dome C with those previously 

reported by Vicars and Savarino (2014) at other sites. The box plot indicates the 1050	

interquartile range (box) and the median (line), maximum, and minimum values. The 

mean value is denoted by a circle. 
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Figure 5. Quantitative assessment of the daily averaged trend in the Δ17O of NO2 at 

Dome C during December 2011 – January 2012 derived from concurrent measurements 

of ozone, NO, and HO2/RO2. 
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Figure 6. December 2011 time-series for β, the fraction of the 17O-excess originally 

associated with the OH radical that is preserved against isotopic exchange with water. 
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Figure 7. Same as Figure 5 but for Δ17O of OH. 
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Figure 8. Relationship observed between the δ15N and Δ17O values of atmospheric nitrate 

present at Dome C between October and December during both the 2009 and 2011 

summer campaigns. Error bars indicate the typical analytical uncertainties associated 

with the measurements. 
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