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Atmospheric nitrate is preserved in Antarctic snow firn and ice. However, at low snow accumulation
sites, post-depositional processes induced by sunlight obscure its interpretation. The goal of these
studies (see also Paper I by Meusinger et al. [“Laboratory study of nitrate photolysis in Antarctic
snow. I. Observed quantum yield, domain of photolysis, and secondary chemistry,” J. Chem. Phys.
140, 244305 (2014)]) is to characterize nitrate photochemistry and improve the interpretation of the
nitrate ice core record. Naturally occurring stable isotopes in nitrate (15N, 17O, and 18O) provide ad-
ditional information concerning post-depositional processes. Here, we present results from studies
of the wavelength-dependent isotope effects from photolysis of nitrate in a matrix of natural snow.
Snow from Dome C, Antarctica was irradiated in selected wavelength regions using a Xe UV lamp
and filters. The irradiated snow was sampled and analyzed for nitrate concentration and isotopic
composition (δ15N, δ18O, and �17O). From these measurements an average photolytic isotopic frac-
tionation of 15ε = (−15 ± 1.2)‰ was found for broadband Xe lamp photolysis. These results are due
in part to excitation of the intense absorption band of nitrate around 200 nm in addition to the weaker
band centered at 305 nm followed by photodissociation. An experiment with a filter blocking wave-
lengths shorter than 320 nm, approximating the actinic flux spectrum at Dome C, yielded a photolytic
isotopic fractionation of 15ε = (−47.9 ± 6.8)‰, in good agreement with fractionations determined
by previous studies for the East Antarctic Plateau which range from −40 to −74.3‰. We describe
a new semi-empirical zero point energy shift model used to derive the absorption cross sections of
14NO3

− and 15NO3
− in snow at a chosen temperature. The nitrogen isotopic fractionations obtained

by applying this model under the experimental temperature as well as considering the shift in width
and center well reproduced the values obtained in the laboratory study. These cross sections can be
used in isotopic models to reproduce the stable isotopic composition of nitrate found in Antarctic
snow profiles. © 2014 Author(s). All article content, except where otherwise noted, is licensed under
a Creative Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4882899]

I. INTRODUCTION

Nitrate is the end product of atmospheric NOx (NO
+ NO2) oxidation and the NOx cycle is strongly coupled with
OH and O3 chemistry in the atmosphere. The oxygen isotope
ratios in nitrate provide information about the oxidation path-
ways of nitrate formation, and incorporate the anomalous iso-
topic composition of ozone.1, 2 In polar regions, nitrate is one
of the most abundant anions in snow,3 and has a significant
potential for documenting past climate change including the
oxidation capacity of the atmosphere.4 In addition, as nitro-
gen isotopes are conserved from source to sink during nitrate
formation, they are used as tracers to identify the sources of
NOx.5

The stable isotope ratios (n(18O)/n(16O), n(17O)/n(16O),
and n(15N)/n(14N), where n is the amount of each iso-
tope) of nitrate are expressed as δ-values (δ17O, δ18O, and
�17O) where δ = (Rspl/Rref)-1 is the ratio of R of the sam-

ple (Rspl) and reference (Rref) with references being atmo-
spheric nitrogen and Vienna Standard Mean Ocean Water
(VSMOW) for N and O respectively. The 17O-excess is ex-
pressed by the linear relation �17O = δ17O – 0.52×δ18O.
The stable isotope ratios of nitrate in snow have been
used to investigate the sources and formation pathways of
snow nitrate in polar regions.2, 6 However, the large loss of
snow nitrate7, 8 and simultaneous isotopic fractionation, es-
pecially at sites with low snow accumulation rates9, 10 in-
dicate that post-depositional processes including evapora-
tion/sublimation and UV photolysis significantly modify the
original nitrate mass and isotopic signal. This conclusion is
supported by the elevated atmospheric NOX levels above the
snowpack, and by the profiles of nitrate concentration and
stable isotope ratios in snow at these locations8–12 described
below.

Multiple field studies in both the Arctic and Antarctic
show elevated NOx levels in association with sunlight and the

0021-9606/2014/140(24)/244306/14 © Author(s) 2014140, 244306-1
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snowpack has been shown to be the source13–15 although the
production mechanism is not well understood.16

By analogy with reactions known to occur in the aqueous
phase, photolysis of nitrate in ice is believed to involve the
following elementary reactions:17–19

NO3
− + hv → NO2 + O−, (R1)

NO3
− + hv → NO2

− + O(3P), (R2)

NO2
− + hv → NO + O−, (R3)

NO2
− + OH → NO2 + OH−. (R4)

NO2 is the primary photoproduct of nitrate photolysis;20 (R1)
is 8–9 times faster than (R2).16 Nitrite produced via (R2) may
be photolyzed producing NO (R3) or it may react with a hy-
droxyl radical to produce NO2 (R4). It has also been sug-
gested that NOX photoproducts react with the remaining snow
nitrate, thus amplifying the denitrification of the snow with its
own isotopic fractionation.21 Ultimately, the products from
nitrate photolysis are emitted to the atmosphere where they
influence O3 and HOx chemistry and have a significant im-
pact on the composition of the boundary layer, further com-
plicating the interpretation of information archived in deep ice
cores.12, 16, 17, 22–26

A series of studies have used stable isotope distributions
to investigate nitrate and nitrate-related photochemistry in
snow. Blunier et al.10 investigated nitrate mass loss and ni-
trogen isotopic fractionation (15ε) in artificial snow that was
doped with NaNO3 and irradiated with a Xe UV lamp. As
the isotopic fractionations of this experimental study did not
agree with their field observations, the authors ruled out pho-
tolysis as the main post depositional loss mechanism for ni-
trate. However, in a later study by Frey et al.,9 it was shown
that the isotopic fractionation obtained by Blunier et al.10

was not a true representation of the field conditions and the
observed isotope effects were caused by the emission spec-
trum of the Xe lamp in the experiments and the lack of re-
moval of photoproducts. Based on field measurements, Frey
et al.9 determined an apparent isotopic fractionation (15εapp)
and proposed that photolysis is the main mechanism respon-
sible for the observed fractionation of stable isotopes of ni-
trate. In their theoretical analysis, the authors applied a sim-
ple zero point energy shift (�ZPE-shift) model27 and derived
an isotopic fractionation in the wavelength region of interest
(−48‰) which is close to the values observed in the field
((−60 ± 15)‰9 and (−54 ± 10)‰10). More recently Erbland
et al.28 derived an average apparent nitrogen isotopic fraction-
ation of (−59 ± 10)‰ for the East Antarctic Plateau. How-
ever, the variability of field conditions limited the accuracy
of the resulting isotopic fractionations associated with pro-
cesses within the snowpack, including the wavelength depen-
dency for the photolysis effect.9, 28 Additionally, the �ZPE-
shift approach9 used previously to obtain σ (15NO3

−) from
σ (14NO3

−) and determine the photolytic isotopic fractiona-
tion involves a number of approximations29 and should be re-
vised for two reasons: (a) because it assumes that the shape

and amplitude of the cross section are unchanged upon N
(or O) isotope substitution and (b) because the value of the
�ZPE-shift of −44.8 cm−1 does not account the contribu-
tions from vibrational anharmonicities or the ZPE shift in the
excited state. These two points are detailed in Appendix B.
The absorption cross section of 15NO3

− can be better esti-
mated using detailed knowledge of the different parameters
modified during isotopic substitution and such a theoretical
approach has recently been presented for simple molecules by
Jost and co-workers.30, 31 The model considers changes in four
fundamental parameters (amplitude, center, width, and sym-
metry) associated with isotopic substitution (Appendix B).
The aforementioned limitations of the existing studies demon-
strate the need for further laboratory studies with improved
experimental design and for a more thorough theoretical
treatment.

Paper I by Meusinger et al.32 focuses on the physical
chemistry of photolysis of nitrate in snow, and specifically on
the quantum yield for photodissociation of nitrate in its dif-
ferent domains in natural snow. The main goal of the present
paper is to understand the effect of photolysis and its pho-
toproducts on the stable isotope enrichments of nitrate in an
experimental setup that controls key parameters such as tem-
perature, excitation spectrum, isotopic exchange, and product
reactivity and removal.

In this paper, we investigate the fractionation of oxygen
and nitrogen stable isotopes in Dome C snow nitrate in re-
sponse to photolysis in different UV wavelength regions. We
also test if isotopic exchange and/or chemical reaction be-
tween NOx photoproducts and the snow nitrate is present. We
discuss these results using an improved version of the zero
point energy shift model developed by Frey et al.9 In addi-
tion, we re-evaluate previous studies in the light of our results
and model, and discuss directions for future work.

II. METHODS

A. Experimental setup and sample handling

The detailed experimental setup is described in Paper I32

and will only be summarized here. After a strong wind event,
wind-blown snow from the vicinity of the Concordia station,
Antarctica (75◦S 06′ and 124◦E 33′) was collected and ho-
mogenized on December 6th, 2011 and transported to France.
Nitrate concentrations in the snow sample at the time of col-
lection (29 nmol g−1) and before photolysis experiments (27
nmol g−1) agree to within the analytical uncertainty (<3%),9

demonstrating that temperature and environmental variations
had negligible effect on the snow nitrate and indicating that
the majority of nitrate is probably not physically adsorbed in
the form of HNO3 on the surface of the grain crystals.

For each experiment a sample of 110–120 g of snow was
homogenized by gentle crushing into loose grains and trans-
ferred into a cylindrical Pyrex glass cell of 30 cm length and
6 cm internal diameter (Figure 1). A Teflon sleeve was used to
line the snow column inside the cell. The sleeve helped to pre-
vent the snow sample from sticking to the glass cell and eased
sampling after the experiments. Two end caps with suprasil
UV windows (L.O.T. Oriel) are clamped to the main section
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FIG. 1. Schematic of the experimental setup used in this study. Natural snow was filled in the glass cell (total length of about 30 cm and internal diameter
of 6 cm) with temperature (T) and pressure (P) probes and irradiated with a Xe lamp. A flow of nitrogen (relative humidity 100%) was used to remove the
photoproducts. The water filter at the front of the lamp enabled removal of the infrared52 part of the incoming light.

of the cell. The main section has four ports on the upper side:
two of these were used as inlets and outlets for water saturated
N2 flow and two others to monitor temperature and pressure
inside the cell during the experiment.

For photolysis experiments, a Xe lamp (L.O.T. Oriel, 300
Watt) with the spectral range of 200–900 nm was used as
light source with a water filter at the front to minimize the IR
heat flux into the snow. UV filters with different cut-off wave-
lengths were attached at the front of the lamp (LOT Oriel,
Andover Corporation) as required.

The nitrate absorption cross section has two main peaks
in the UV region, at about 200 and 305 nm. The former is 3
orders of magnitude larger than the latter.33 In order to study
the wavelength dependence of nitrate photolysis in the UV re-
gion the Xe lamp output UV flux was modified with long-pass
UV filters with cut off (50% level reduction) wavelengths at
280 nm, 305 nm, and 320 nm.32 The experimental conditions
are detailed in Table I.

At the end of each experiment, the snow was slowly
pushed out of the Teflon sleeve and sampled in 1–2 cm slices
with a scalpel. Each sub sample (5–10 g) was homogenized
and divided into two parts, weighed, and sealed to mea-
sure the concentration and isotopic composition of the snow
nitrate.

TABLE I. Experimental conditions for the experiments. In each case a flow
rate of 2.2 l min−1 is used to flush away the NOx by-products. Experiments
are performed at −30 ◦C with natural snow from Dome C.

No. Case Duration, h

1 Dark experiment 139.5
2a Temperature cycle 160.5
3 NO2

15N-exchange in dark 120.0
4 NO 15N-exchange in dark 162.0
5 NO2 reactivity in UV-light/air-zero 161.0
6 No filter 20.3
7 No filter 162.8
8 280 nm filter 164.0
9 305 nm filter 187.2
10 320 nm filter 283.2

aExperiment conducted with a variable temperature, ranging from −28 ◦C to −38 ◦C
diurnally.

B. Control experiments

Two initial control experiments were conducted in the
dark to determine whether non-photolytic processes with the
potential to induce nitrate mass loss and/or isotopic fraction-
ation were active. In the first reference experiment (case 1:
baseline), the snow was exposed to a flow of N2 saturated
with water vapor (2 l min−1) for 7 days in the dark at a con-
stant temperature of −30 ◦C. In the second similar experiment
(case 2: temperature cycle), the temperature of the system was
varied between −28 ◦C and −38 ◦C during 7 days to simu-
late the summer time diurnal temperature variation observed
at Dome C. This experiment was designed to test nitrate mass
loss by physical release only.

Isotopic exchange and/or chemical reaction between NOx

photoproducts and snow nitrate has been debated recently as
a possible cause of isotopic fractionation.34 To test this hy-
pothesis, we conducted a series of separate experiments. In
experiment 3 (case 3: NO2

15N-exchange test in the dark),
15N-enriched NO2 (δ15N ≈ 180‰) generated from the ther-
mal decomposition of USGS-3235 (KNO3 salt) and diluted
in He flowed at a concentration of tens of nmol mol−1 (cor-
responding to recent NOx measurements in the snowpack at
Dome C36) through the snow in the dark for 7 days with
N2 carrier gas. A separate similar experiment was conducted
with NO mixed in He (mole fraction = 10 ppb and δ15N
= −40‰) (case 4: NO 15N-exchange test). A photoproduct
reaction test (case 5) was conducted where air-zero (made us-
ing ultra high purity N2 and O2 tanks) mixed with NO2 in He
(in identical ratios as in experiment #3) flows through a snow
column exposed to a Xe UV-lamp equipped with a 320 nm
UV-filter. The air-zero in this case was used as a bath gas
to remove any O-atoms produced by the photodissociation of
NO2.

C. Sample analysis

The nitrate concentration in the snow samples was ana-
lyzed using an Ion Chromatography system (850 Professional
IC, Metrohm). The stable isotope ratios of nitrate were mea-
sured on a Thermo FinniganTM MAT 253 Isotope Ratio Mass
Spectrometer equipped with a GasBench IITM and coupled to
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a specially designed nitrate interface.37 Briefly, denitrifying
bacteria Pseudomonas Aureofaciens convert NO3

− to N2O
in anaerobic conditions.38, 39 The N2O is thermally decom-
posed on a gold surface heated to 900 ◦C, producing O2 and
N2 which is separated by gas chromatography40 and injected
into the mass spectrometer for the dual O and N analysis.37

An algorithm was used to calibrate the results to account for
blank effects and isotopic exchange with the bacterial matrix
that could arise due to the small sample size. To correct for
isotope effects associated with sample analysis we have in-
cluded certified standards of USGS-32, USGS-34, and USGS-
3535, 41 which are treated in the exact same way as the sam-
ples and prepared in the same matrix as the samples (MQ
water),37 at a range of concentrations (20–100 nmol). This
enabled us to perform a nonlinear calibration for some of the
samples containing less than 50 nmol of material. Using this
algorithm the overall accuracy of the method is determined
from the standard deviations of the residuals of the linear re-
gression between the measured and expected isotopic values
of the references. For the samples analyzed in this study, the
associated average uncertainties are 2.25‰, 0.6‰, and 0.6‰
for δ18O, �17O, and δ15N, respectively. The larger uncertain-
ties observed in these measurements relative to typical val-
ues are due to samples smaller than the optimal 100 nmol
range.

D. Data reduction

The photolysis rate constants for a given isotopic species
(e.g., 14NO3

−) is given by

J 14 =
∫

φ (λ, T ) σ (λ, T ) I (λ) dλ, (1)

where σ (λ) is the absorption cross section (in this example,
14NO3

−), φ(λ) is the quantum yield and I(λ) is the measured
actinic flux of the filtered UV Xe lamp in appropriate units
(Figure 2(a)). The photolysis rates J(14NO3

−) calculated us-
ing Eq. (1) as a function of wavelength for the different filters
are shown in Figure 2(b).

The isotopic fractionation (15ε) associated with the unidi-
rectional loss of nitrate during photolysis is determined using
the Rayleigh equation:9, 10

R

R0
= δ + 1

δ0 + 1
= f ε, (2)

where R0 and R are the isotope ratios n(15N)/n(14N) in nitrate
before and after photolysis. (f = C/C0) denotes the remain-
ing fraction of nitrate in snow at some reaction time, with the
initial and time-dependent concentrations given by C0 and C,
and enrichments δ0 and δ. From Eq. (2) the following rela-
tionship is obtained:

ln (δ + 1) = ε ln(f ) + ln (δ0 + 1) . (3)

Plotting ln(δ+1) versus ln(f) gives the isotopic fractionation ε

as the slope. (Note that ε is related to the fractionation factor
α by ε = α – 1.) The (1σ ) uncertainty in ε is based on the
propagation of the error in the isotope ratios, as in Frey et al.9

based on Taylor.42

FIG. 2. (a) The absorption cross-section of 14NO3
− measured in the liq-

uid phase43 and 15NO3
− taken from the ZPE-shift model by Frey et al.9

as a function of wavelength shown on the left y-axis as well as the ac-
tinic flux (right y-axis) of the filtered lamp spectra (using the 320 nm fil-
ter) at the front of the snow (depth = 0 cm) and at depths of 1 cm and
3 cm. Note that the ZPE-shift was made artificially large (≈2 nm) for vi-
sual purpose but the actual the absorption cross-sections of nitrate isotopo-
logues nearly overlap (≈0.5 nm). (b). Photolysis rates j(λ) of 14NO3

− de-
termined for each UV filter calculated from measured irradiance of the lamp
in the presence of the different filters32 and using the absorption cross sec-
tion of nitrate determined by Chu and Anastasio.43 The solar photolysis
rate of nitrate is determined using the solar actinic flux at Dome C de-
rived using TUV model 4.4 for January 15, 2004, with 297 DU ozone col-
umn and with an albedo of 0.9 (as used in Frey et al.9). Sun-DC is de-
rived from the solar irradiance measured at Dome C on January 8th, 2013
at 2 pm local time.57 The flat line at λ < 300 nm in the Sun-DC line from
an irradiance measurement at Dome C is associated with the instrumental
noise.
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The isotopic fractionation is also determined theoreti-
cally using the equation:

ε = J 15

J 14
− 1, (4)

where J15 and J14 are the photolytic rate constants for the
heavy (15NO3

−) and the light (14NO3
−) isotopologues, re-

spectively, determined using Eq. (1) from their corresponding
absorption cross sections of σ 15(λ) and σ 14(λ) (Fig. 2(a)) and
the spectral actinic flux I(λ). In this study, we have measured
the actinic flux of the Xe lamp and the lamp combined with
UV filters at different depths.32 The absorption cross section
of 14NO3

− was obtained from Chu et al.43 and the absorp-
tion cross section of 15NO3

− was taken from Frey et al.9 Note
that since we have assumed the quantum yield (φ(λ)) to be
independent of wavelength and to be similar for 14NO3

− and
15NO3

−, there is no need to know its exact value to determine
the isotopic fractionation. The calculated isotopic fractiona-
tions (15εpho) were then directly compared with the values ob-
tained from the snow experiments.

III. RESULTS

A. Control experiments

Figures 3, 7, and 8 clearly show that in the absence of UV
light the snow remains unchanged (no change in the specific
surface area of the snow was observed, see Paper I32), and the
nitrate concentration and its isotopic composition remain un-
altered. These observations (cases 1 and 2) confirm that the

FIG. 3. Nitrate concentration profile (fraction of nitrate remaining, f) versus
depth in the snow column plotted for the experiments conducted using differ-
ent filters.“0” represents the side of the snow column closest to the lamp.

physical losses (e.g., desorption) are negligible and do not in-
duce isotopic fractionation in the current experimental setup.
This is also an indication that nitrate is probably not located
on the surface of the snow crystal in the form of adsorbed
HNO3. Isotopic exchange between the photoproducts NO or
NO2 and the snow nitrate can also be discounted; it is not ob-
served in the dark (cases 3 and 4) or with light (case 5). The
same conclusion can be drawn for possible chemistry between
the NOx photoproducts and the snow nitrate. There is no in-
dication that NO or NO2 react with snow nitrate and induce
a significant modification of its concentration or isotopic pro-
files (see Figure 8). These observations clearly indicate that
the modifications observed in Figure 3 are only the result of
snow nitrate photolysis.

B. Nitrate concentration measurements

Results for the change in nitrate concentration due to UV-
irradiation of Antarctic snow by a Xe lamp with optical filters
is discussed in Paper I;32 here we will summarize the relevant
conclusions. The measured nitrate concentration and the cal-
culated nitrate fraction remaining (f) at the end of each exper-
iments are given in Figures 9 and 3, respectively. The exper-
iment conducted without an UV filter (case 7) shows about
70% nitrate loss for the front sample, with decreasing loss
with depth in the snow column. The experiments using the
280 nm and 305 nm filters also showed varying losses de-
pending on the duration of UV exposure and the fraction of
UV light around 305 nm that was attenuated by the filters.
The 320 nm filter experiment showed only a small loss after
12 days of irradiation.

C. Isotopic measurements

1. δ15N measurements

Figure 4 shows the δ15N profile for the experiments con-
ducted using different UV-filters. For each experiment the
δ15N increases in the first 4–5 cm from the initial value of
−3.8‰, concomitant with the nitrate mass loss. However, the
increase in δ15N corresponds to the type of UV filter used,
with higher δ15N for the no-filter experiment and lower val-
ues for the 320 nm filter.

2. δ18O and �17O measurements

The determination of the oxygen isotopes was affected
by the small sample sizes and the results are associated with
large error bars. In contrast to the observed clear trend in
the δ15N measurements, δ18O and �17O showed no system-
atic variations, as shown in Appendix A (Figures 10 and 11).
Hence, quantitative information could not be obtained from
these measurements but it should be noted that the general
trend observed in these measurements are not in contradiction
with the field observations.

3. Depth dependence of the isotopic fractionation

As observed in the concentration and isotope profile
plots, no measurement shows a significant change below
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FIG. 4. The δ15N profile with depth in the snow column for the experiments
conducted using different filters. The δ15N values for the top two samples
of the no filter experiment could not be measured due to the intense loss of
nitrate leading to a nitrate concentration (6 nmol ml−1) below the analysis
limit.

7 cm. This is due to the scattering of light within the first few
centimeters of depth. In this sense the laboratory conditions
are different from the field conditions, as the boundary con-
ditions are not semi-infinite44 (see also Meusinger et al.32).
Hence, we have considered only the top 7 cm in evaluating
the depth dependence of the isotopic fractionations.

Based on the irradiance measurements at every 1 cm
depth starting from the front side (close to the lamp32), we
have observed a uniform attenuation of the incoming light flux
by the snow layers. The nitrogen isotopic fractionations were

TABLE II. Calculated isotopic fractionation constants at different depths in
the snow column for the 305 nm and 320 nm filter experiments.

Depth/cm 305 nm filter 15ε/‰ 320 nm filter 15ε/‰

0 −36.75 −42.80
1 −36.86 −42.95
2 −36.97 −43.10
3 −37.08 −43.25
4 −37.18 −43.39
5 −37.28 −43.53
6 −37.43 −43.74
7 −37.70 −44.12

(−38.6 ± 2.8)a (−47.9 ± 6.8)a

aExperimentally observed 15ε values for the two filters.

FIG. 5. A typical Rayleigh plot for the experiment conducted using 305
nm UV-filter for 187.2 h. An isotopic fractionation of (−38.6 ± 2.2)‰ was
obtained for this experiment.

calculated using these measured irradiances at every 1 cm and
applying Eq. (1). Results for experiments 4 and 5 (305 nm and
320 nm UV filters) are presented in Table II. Accordingly,
for the 305 nm filter, we have calculated a fractionation con-
stant of −33.5‰ at the top of the snow column, decreasing
to −34.5‰ at 7 cm depth. Similarly, for the 320 nm filter, a
fractionation constant ranging from −39.3‰ to −40.7‰ was
calculated. The obtained results are not significantly different
for a given filter at different depths which is expected based
on the uniformly attenuated light flux with depth.

4. Nitrogen isotopic fractionations (15ε)

The isotopic fractionation associated with photolysis for
each experiment (15εn, where n is the cut off wavelength or
“Xe” for no filter) was determined from the Rayleigh plots
generated using Eqs. (1) and (2). Most of the Rayleigh plots
display a good correlation (typically with R2 > 0.8). A typical
example of a Rayleigh plot is shown in Figure 5. For experi-
ments conducted for 7–12 days duration and with/without an
UV filter, we derived 15εXe, 15ε280, 15ε305, and 15ε320 values
of (−15 ± 1.2)‰, (−23.2 ± 1.0)‰, (−38.6 ± 2.8)‰, and
(−47.9 ± 6.8)‰, respectively (Table III).

TABLE III. 15ε values observed in this study and the values predicted by
the �ZPE-model of Frey et al.9

Filter type Expt. 15ε (±1σ )/‰ R2 Model (ZPE-shift)15ε/‰

Dark expt. −4.2 ± 5.9 0.05 . . .
No filter (20.3 h) −14.1 ± 1.0 0.95 . . .
No filter (162.8 h) −16.0 ± 1.4 0.95 . . .
280 nm −23.2 ± 1.0 0.98 −16.8
305 nm −38.6 ± 2.8 0.95 −36.8
320 nm −47.9 ± 6.8 0.83 −42.8
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IV. DISCUSSIONS AND IMPLICATIONS

A. Isotopic fractionation

The isotopic fractionations obtained from all photolysis
experiments are generally negative implying that the remain-
ing nitrate in the snow is enriched in 15N. However, the iso-
topic fractionations differ depending on the UV filter used
in the experiment. For the two unfiltered Xe lamp experi-
ments, the calculated average isotopic fractionation of 15εXe

= (−15.0 ± 1.2)‰ is close to the result obtained by Blunier
et al.10 ((−11.7 ± 1.4)‰). However, these laboratory results
do not agree with the values observed in the field.9, 10, 28 Our
experimental studies show that the 15εXe value observed in
the experimental study by Blunier et al.10 is mainly due to
significant excitation of the nitrate absorption band around
200 nm by the Xe lamp, in agreement with the explana-
tion of Frey et al.9 Surprisingly, the use of artificial snow
and product recycling (due to a closed system) in the lab-
oratory study from Blunier et al.10 seem to have a minor
impact on the isotopic fractionations. Since the mechanism
of photolysis in the 200 nm band is most likely isomeriza-
tion (with the possibility of decaying back to nitrate),45 the
isotope-dependent absorption cross section will be the ma-
jor factor driving the fractionations. The use of UV filters
was partly motivated by this observation and it has two im-
portant consequences. First, it avoids the excitation of the
short wavelength absorption band where dissociation mech-
anisms are radically different from those occurring during the
photoexcitation of the low energy band.45 Second, it better
replicates the solar UV at Dome C by shielding the 305 nm
band.

According to solar irradiance measurements at Dome C
on January 8, 2013 at 2 pm,57 shown in Figure 2(a), the pho-
tolysis experiment conducted using the 320 nm filter is the
best match to the field conditions of Dome C, in particular
because it blocks the entire UV region below 300 nm. This
experiment also gives the best agreement between laboratory
experiments (15ε = (−47.9 ± 6.8)‰) and previous field stud-
ies conducted at Dome C for isotopic fractionations9, 10 and in
the East part of the Antarctic Plateau (15ε range of −40.0 to
−74.3‰28) (see Table IV).

TABLE IV. 15ε values determined in different studies in comparison to
observations made using an identical light spectrum (Xe and sun).

15ε (±1σ )/‰ UV source Reference

−15.0 ± 1.2 Xe lamp (no filter) This studya

−11.7 ± 1.4 Xe lamp (no filter) Blunier et al.b

−47.9 ± 6.8 Xe lamp (320 nm filter) This studya

−40 to −74.3 Sun Erbland et al.c

aIsotopic fractionation constant derived for the unfiltered Xe lamp experiment.
bIsotopic fractionation constant derived by Blunier et al.10 for the unfiltered Xe lamp
used in their experiment.
cApparent isotopic fractionation constant observation range for the East Antarctic
Plateau by Erbland et al.34

dIsotopic fractionation constant derived for the Xe lamp using the 320 nm filter in this
laboratory study.

B. Theoretical approach

1. Comparison with the theoretical approach
of Frey et al.

Frey9 constructed a theoretical model to characterize the
wavelength dependence of the observed fractionations. In
this model, 15εpho was estimated from the ratio of 15NO3

−

and 14NO3
− photolysis rates; the absorption cross section

of 15NO3
− was deduced using the cross section of 14NO3

−

in water43 using the Zero Point Energy shift (�ZPE-shift)
approach.27, 46 The model is based on the observation that,
with substitution of a light isotope by a heavier one, the
ground state vibrational zero point energy of the heavier
15NO3

− isotopologue is reduced. This difference in ZPE re-
sults in a blue shift of the UV absorption cross-section for
the heavier isotopologue. Frey et al.9 determined a �ZPE of
−44.8 cm−1 for 15NO3

− corresponding to an average blue
shift of 0.5 nm of the absorption cross-section in the 280–
360 nm spectral range. Using the experimental 14NO3

− cross-
section of Chu et al.43 the calculated cross-section of 15NO3

−

(see above) and the solar actinic flux determined from the
TUV model (TUV 4.4)47 for Dome C conditions on Jan-
uary 15, 2004 at solar noon (03:45 UT),58 Frey et al.9 deter-
mined a photolytic 15N/14N isotopic fractionation of −48‰
which was close to the apparent isotopic fractionation ob-
served in the field (15εapp = (−60 ± 15)‰). These two values
are of distinct nature. One is calculated from a single TUV-
modeled spectrum and the other is an apparent value9, 28 ac-
counting for processes arising from UV-photolysis (e.g., ni-
trate physical release from snow, deposition and removal by
the wind) and for varying isotopic effects due to varying spec-
tral distribution of the actinic flux throughout the sunlit season
(varying solar zenith angle and thus UV-filtering through the
atmosphere).

In this study, we first use the Frey et al.9 model to pre-
dict the expected photolytic isotopic fractionations from our
experiments performed with varying spectral distributions of
the actinic flux irradiating the snow. For σ (14NO3

−, aque-
ous), we use the absorption cross section measured by Chu
et al.43 at 278 K. We use a variety of filters to provide specific
spectral distributions which partially overlap the absorption
cross sections of 14NO3

− and 15NO3
−. The calculated frac-

tionation constants are then compared to the corresponding
experimental measurements in order to test the applied ZPE
shift.

The nitrate absorption band centered at 200 nm is a fac-
tor of 1000 more intense than the 305 nm band (see Paper
I).32 Therefore, full interpretation of the experiments using
the pure Xe lamp and the 280 nm long-pass filter, which allow
significant photon fluxes at wavelengths shorter than 280 nm
(Figure 2(b)), requires a model describing the cross sections
of both transitions. Such a model is not developed in this pa-
per for two reasons. First, the natural actinic flux in the polar
region does not reach such short wavelengths and second, the
solvation effect discussed below is likely very different for
the bands centered at 200 nm and 305 nm. The first point is
verified by considering the extreme case of the actinic flux re-
ceived at an elevation of 4000 m, for a solar zenith angle of
35◦ (i.e., at its maximum for a latitude around 60◦ N or S) and
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TABLE V. Comparison of the experimental 15N/14N fractionations with the
modeled values (the approach of Frey et al.9) but with two different �ZPE
values for the 305 nm and 320 nm filters.

Filter type 15εmod/‰, Frey et al., 15εmod/‰, Frey et al.,
(nm) (15εexp±1σ )/‰ �ZPE = −44.8 cm−1 �ZPE = −51 cm−1

305 −38.6 ± 2.6 −34.6 −39.3
320 −47.9 ± 6.8 −41.2 −46.8

for an ozone column of 85 DU (i.e., slightly lower than the
lowest column observed at South Pole in October 1993, 89
DU). To verify this, we used version 4.2 of the TUV model
with a surface albedo of 0.9 (spectrum not shown).

Table V shows the comparison of the calculated pho-
tolytic 15N/14N isotopic fractionations and the corresponding
laboratory observation for the 305 nm and the 320 nm fil-
ters. We observe that a �ZPE-shift of −44.8 cm−1 underes-
timates the absolute value of the observed isotopic fraction-
ations. To reconcile the experimental observations with this
simple model, a �ZPE-shift value of −51 cm−1 must be used,
which is clearly too large when compared to our best estimate
of (−47.5 ± 1.0) cm−1 (see Appendix B).

We conclude that the �ZPE-shift model combined with
the above mentioned actinic flux cannot explain the nitrogen
isotopic fractionations observed at Dome C or in the present
lab experiments using the 305 nm and 320 nm filters. For
these reasons, an improved description of the absorption cross
section of 15NO3

− derived from the one of 14NO3
− is pre-

sented below.

2. Additional constraints for the absorption
cross-sections for 14NO3

− and 15NO3
−

A more accurate description of the effect of isotopic sub-
stitution on the amplitude and shape of the NO3

− absorption
cross section at 303 nm was obtained using a four parameter
analytical model.31 The model is introduced here and detailed
in Appendix B. The model calculates σ (E)/E, the low resolu-
tion absorption cross-section σ (E) divided by the photon en-
ergy E, and represents it using a modified Gaussian function
that depends on four parameters, A, C, W, and S. The ana-
lytical model was used to fit the 5 cross sections of aqueous
14NO3

− measured by Chu et al.43 at different temperatures,
for wavelengths above 285 nm (E < 35 000 cm−1). For each
temperature, the set of 4 parameters are given in Table VI.

TABLE VI. Four parameters derived from the analytical model (using
Eq. (B1)) applied to the 5 cross sections of aqueous 14NO3

− measured in
Chu et al.43 at different temperatures. The asymmetry parameter is set to 0.9.

Parameters of σ (E)/E

T/K A/(10−25 cm2 cm−1) C/cm−1 W/cm−1

278 7.360 34 052.0 3573.0
283 7.318 34 035.5 3575.0
288 7.284 34 019.7 3578.9
293 7.215 34 007.2 3581.1
298 7.192 34 001.1 3592.0

The analytical cross section of aqueous 15NO3
− at the

same temperature is obtained based on the 14NO3
− cross

section using a series of physical arguments detailed in
Appendix B: uniformly increase the amplitude by 1.0%, shift
the center towards high energies by 32.5 cm−1 and reduce
the width via an energy scale factor of 1.0%, starting from
the new center. The factor 1.0% is varied in the [0.9, 1.1]%
range to account for the uncertainty in the determination of
this parameter. The �C shift parameter is varied in the range
[−28.5, −36.5] cm−1 to account for uncertainties among
which the �ZPEexcited is dominant (cf. Appendix B). As in
Sec. IV B 1, we only consider the laboratory experiments us-
ing the 305 and 320 nm filters, for which only the 305 nm
absorption band contributes to the photolysis.

Table VII shows that the �C value of −32.5 cm−1 and
a width reduction factor of 1.0% lead to a good match with
the observation experimental 15ε values for both the 305 nm
and 320 nm filters. �C drives most of the isotope fractiona-
tion, an effect which is about twice that of the width reduction
of 1.0%. �C and the width reduction effects appear to be al-
most cumulative when comparing the three cases where only
the �C contribution, only the width reduction contribution, or
both contributions together.

3. Solvation and temperature effects: NO3
− dissolved

in water at 5 ◦C (278 K) versus NO3
− in snow at −30 ◦C

The model approach conducted above uses the cross
section of aqueous nitrate at 278 K (5 ◦C). Therefore, the
cross section derived for the least abundant isotopologue is
σ (15NO3

−, aq., +5 ◦C). To extend this result to nitrate in
snow at −30 ◦C, it is necessary to investigate the differen-
tial effects on the cross sections of 15NO3

− and 14NO3
− due

to the change in temperature from +5 ◦C to −30 ◦C, as well

TABLE VII. Modelled 15N/14N fractionations obtained when �C and the width reduction factor are varied (305 nm and 320 nm filters at the top and bottom
of each cell, respectively). The experimentally observed 15ε values are given as a comparison.

15εmod/‰ for T = 278 K

Filter type �C = 0 cm−1 �C = (−32.5 ± 4) cm−1 �C = (−32.5 ± 4) cm−1

(nm) (15εexp±1σ )/‰ W reduction = (1.0 ± 0.1)% W reduction = 0% W reduction = 1.0%

305 −38.6 ± 2.6 −12.3 ± 1.4 −23.9 ± 3.1 −38.0 ± 3.2
320 −47.9 ± 6.8 −17.4 ± 2.0 −28.0 ± 3.8 −47.8 ± 3.7
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TABLE VIII. The dependence of the modeled nitrogen isotopic fractionations on water temperature and com-
parison with values obtained for the 305 nm and the 320 nm filter experiments.

15εmod/‰, �C = −32.5 cm−1, 1.0% factor

Filter type (nm) (15εexp±1σ )/‰ 278 K 283 K 288 K 293 K 298 K

305 −38.6 ± 2.6 −38.0 −37.7 −37.3 −37.1 −36.8
320 −47.9 ± 6.8 −47.8 −47.4 −47.0 −46.7 −46.4

as the difference between the solvation effects of nitrate de-
posed in/on snow with those in water solution. The solvation
effect is assumed here to be very similar for both 14NO3

− and
15NO3

−. Ideally, the absorption cross section of the (unsol-
vated) gas phase NO3

− anion should be taken as a reference
to characterize various degrees of water solvation expected in
snow but this gas phase NO3

− cross section has never been
measured.

To account for the temperature effect, we compare
the fractionations obtained with modeled cross sections of
14NO3

− and 15NO3
−, at five temperatures from 278 K to 298

K. Table VIII shows that the temperature dependence of the
modeled nitrogen fractionation constants is weak and linear
with a sensitivity of 0.06 ‰/K and 0.07 ‰/K for the 305 nm
and 320 nm filters, respectively. Considering “aqueous ni-
trate” at −30 ◦C, we anticipate that the modeled 15ε values
will be 2.1 and 2.4‰ lower than the values at 5 ◦C for the two
filters. This effect is small with respect to both our experimen-
tal and modeled cross section uncertainties.

The role of nitrate solvation is analyzed in terms of de-
pendence of the 14NO3

− absorption cross sections on the de-
gree of solvation. The absorption cross section of NO3

− is
only well known for bulk water. Considering nitrate in snow,
this species can reside in various microphysical locations such
as at the air/snow grain interface, in a disordered interface or
within the grain. The different microscopic environments of
nitrate can impact its photolability (see Paper I32) but they
will also impact its solvation interactions. The solvent shift of
absorption cross section of NO3

− deposited at the water/air
or at the ice/air interfaces is not well known and it is more
complicated for the case where NO3

− resides in/on a snow
grain. If we assume that each grain of ice is surrounded by a
thin layer of water,48 we may approximate that the solvation
shift is half that of bulk water. Moreover, studies of the solva-
tion effect on the NO3

− absorption cross sections consider the
strong π* ← π electronic transition49 located around 200 nm
and not the much weaker π* ← n transition located around
305 nm.50, 51 To investigate the potential effect of the solva-
tion shift on the modeled nitrogen isotope fractionation, we

consider solvation shifts of −100 and +100 cm−1 (for both
14NO3

− and 15NO3
−) and compare the modeled 15ε values

to the simple case where there is no solvation shift. We keep
the other parameters as in the above paragraph, i.e., using �C
= −32.5 cm−1, the 1.0% width reduction factor as well as
σ (14NO3

−, aq. T = 278 K). Table IX shows that the depen-
dence on the solvation effect is small if the solvation shift
in snow is limited to ±100 cm−1 (i.e., approx. ±0.9 nm)
from the one of bulk water: the modeled changes are ±1.9
and ±2.2‰ for the 305 and 320 nm filters respectively. The
changes in 15εmod are smaller than the uncertainty in the ex-
perimental 15ε values and of the same order of magnitude as
the changes resulting from the uncertainty in �C (Table VII).
The weak sensitivity of 15ε to solvation shifts (i.e., due to the
different phase of nitrate but also potentially due to different
nitrate locations in snow) simplifies the interpretation of ni-
trate nitrogen isotope profiles in Antarctic snow since we can
assume to first order that nitrate solvation (e.g., due to dif-
ferent nitrate microscopic chemical domains as discussed in
Paper I32) has no significant impact of the global N isotope
fractionation.

Figure 6 shows the modeled spectral nitrogen isotope
fractionation (15ε(λ)) for �C = −32.5 cm−1 and a 1.0% width
reduction factor, as well as for the extreme cases when �C
and the width reduction factor are varied to the extremity of
their segments. Overall, we observe that the changes in 15ε(λ)
are moderate. Using the 14NO3

− and 15NO3
− absorption cross

sections computed in this study as well as the TUV modeled
actinic flux from Frey et al.9 for January 15, 2004, we de-
termine a photolytic isotopic fractionation of −55.1‰ which
was close to the apparent fractionation constant observed in
the field (15εapp = (−60 ± 15)‰).

A comparison of the recommended spectral nitrogen iso-
tope fractionation (15ε(λ)) derived in this study and the distri-
bution obtained from the experimental measurement of the
absorption cross sections of aqueous 15NO3

− and 14NO3
−

is shown in Figure 6. The variations of both the modeled
and experimental curves agree with positive 15ε values below
308 nm.

TABLE IX. Impact of the solvation shift on the modeled nitrogen isotope fractionation for the 305 nm and the
320 nm filters.

15εmod/‰, �C = −32.5 cm−1, 1.0% factor,
T = 278 K, various solvation shifts

Filter type (nm) (15εexp±1σ )/‰ −100 cm−1 0 cm−1 +100 cm−1

305 −38.6 ± 2.6 −36.2 −38.0 −39.9
320 −47.9 ± 6.8 −45.7 −47.8 −50.0
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FIG. 6. Spectral nitrogen isotope fractionation (15ε(λ)) determined from the
ratio of the recommended absorption cross sections of 14NO3

− and 15NO3
−

in snow (�C = −32.5 cm−1 and 1.0% width reduction). The dotted lines
represent the extreme cases (�C = −28.5 cm−1/1.0% and �C = −36.5
cm−1/1.1%). An experimental determination of 15ε(λ) from aqueous nitrate
is shown for comparison (dashed line. Caveats in this measurement are dis-
cussed in the text).

Finally, we recall that the 280 nm filter was not used to
constrain our model. In order to test our computed 15NO3

−

cross section, filters cutting at wavelengths above 280 nm
(and above 320 nm) can be used in future studies. However,
in order to obtain sufficient nitrate loss, very long experi-
ments (with durations of several weeks) would have to be
conducted.

V. SUMMARY AND CONCLUSION

Photolytic fractionation of nitrate isotopologues in natu-
ral snow was studied in a series of experiments. Analysis of
the nitrogen isotope ratios in nitrate as a function of depth in
the snow column resulted in 15εXe, 15ε280, 15ε305, and 15ε320

values of (−15 ± 1.2)‰, (−23.2 ± 1.0)‰, (−38.6 ± 2.8)‰,
and (−47.9 ± 6.8)‰ for unfiltered Xe lamp and 280, 305,
and 320 nm filters, respectively. The isotopic fractionation
constant determined for the unfiltered Xe lamp is in good
agreement with the previously determined value of (−11.7
± 1.4)‰ by Blunier et al.10 This result is attributed to ex-
citation of the strong transition of nitrate around 200 nm,
this excitation is strongly attenuated in nature by atmospheric
O2 and O3. The observed in situ photolysis is thus only due
to the photoexcitation around 305 nm and results in signif-
icant nitrogen isotopic fractionation that is strongly depen-
dent on the wavelength spectrum of irradiation, with more
negative values as the actinic flux spectrum is red shifted,
in agreement with the prediction by Frey et al.9 Our study
has shown that isotopic exchange and chemical reaction be-
tween NOx photoproducts and the snow nitrate is insignifi-
cant. A model of the depth resolved photolytic isotopic frac-
tionation shows 15εphoto is insensitive to depth in the snow
column, even when a significant decrease in the actinic flux

is observed with depth. This is in agreement with the near
wavelength independent e-folding depths reported by Paper
I.32 We have also presented a new model for determining the
absorption cross-section of 15NO3

− from 14NO3
− that im-

proves the ZPE-shift model9 and described the parameters
to be considered to interpret nitrogen isotopic fractionations.
First, changes in shape (width and amplitude) of the absorp-
tion cross-section due to 14N to 15N isotope substitution must
be taken into account through a 1.0% width reduction factor
and 1.0% amplitude increase. Second, the center shift of the
cross section center is expected to be in the range [−28.5,
−36.5] cm−1; the large uncertainty in this parameter mainly
arises from insufficient knowledge of �ZPEexcited. The �ZPE
of NO3

− in its excited electronic state has been ignored up
to now. The solvation and temperature effects on the absorp-
tion cross-section of nitrate are probably weak relative to un-
certainties in the parameters used to derive the cross section
of 15NO3

− (�C and width reduction factor). Therefore, for
the analysis of N isotope fractionation associated with nitrate
photolysis in snow in polar regions (actinic fluxes cut above
280 nm), we recommend the absorption cross section of ni-
trate in liquid water at 278 K (Chu et al.43) for σ (14NO3

−,
in snow) and to model the 14N to 15N isotope substitution
by using a global �C = −32.5 cm−1 and a 1.0% width re-
duction factor. The �C = −32.5 cm−1 value may be seen as
an apparent shift in the center since it integrates the poorly
known but weak temperature and solvation effects described
above.
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APPENDIX A: THE NITRATE MASS AND STABLE
ISOTOPE RATIOS MEASURED AT THE END OF THE
DIFFERENT EXPERIMENTS

Figures 7 and 8 show the nitrate mass fraction left in the
snow and the δ15N values at the end of the control experi-
ments. Figures 9–11 show the variation in the actual concen-
tration of nitrate as well as the δ18O and �17O at the end of
each photolysis experiment with the different filters.
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FIG. 7. The nitrate concentration profile for control experiments with depth
for Experiment 2 (case 2: Temperature cycle), Experiment 3 (case 3: NO2
15N-exchange in dark), Experiment 4 (case 4: NO2 reactivity in UV-light/air-
zero), and Experiment 5 (case 5: NO 15N-exchange in dark).

FIG. 8. The δ15N profile for control experiments with depth for Experiment
2 (case 2: Temperature cycle), Experiment 3 (case 3: NO2

15N-exchange in
dark), Experiment 4 (case 4: NO2 reactivity in UV-light/air-zero), and Exper-
iment 5 (case 5: NO 15N-exchange in dark).

FIG. 9. Plot of nitrate concentration for each experiment versus depth in the
snow column.

FIG. 10. Plot of δ18O versus depth in the snow column.
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FIG. 11. Plot of the �17O values versus depth in the snow column.

APPENDIX B: DERIVATION OF THE 15NO3
− CROSS

SECTION FROM THE 14NO3
− CROSS SECTION

The �ZPE-shift model9 is approximate and a more accu-
rate description of the effect of isotopic substitution on the ab-
sorption cross section of a molecular electronic transition has
been made. A four-parameter analytic model31 derived from
the reflection principle53 has been used to obtain the 15NO3

−

cross section from that measured for 14NO3
−. This approach

has been previously used to compare the cross sections of the
Hartley band of 18 isotopologues of ozone.30 In this model,
σ (E)/E, the low resolution absorption cross-section σ (E) di-
vided by the photon energy E, is approximated by a modified,
asymmetric Gaussian function31 depending on four parame-
ters, A, C, W, and S:

σ (E)/E=A(1 − SX)exp[ − X2(1 − SX + 0.5(SX)2)],
(B1)

where X = (E-C)/W and S are dimensionless quantities.
The amplitude A depends mostly on the transition dipole

moment which is unknown, but we can use the experimen-
tal cross section to determine A. The center C is the vertical
excitation energy minus the ZPE corrections detailed below;
the ZPE corrections vary from one isotopologues to the other.
The width W depends on the six ratios of the six widths of
the ground state wave function divided by the corresponding
slopes of the upper Potential Energy Surface (PES) (here a
6D PES for NO3

−) at the ground state equilibrium geometry.
The asymmetry S depends on the curvatures (or the Hessian
components) of the upper PES.31, 53 The dependence of the
four parameters (A, C, W, and S) on isotopic substitution can
be estimated from spectroscopic data such as the ZPE or the
vibrational frequencies and/or from analogy with the parame-
ters of other molecules. Note that the �ZPE-shift model used
above corresponds to the simple case where only the center C
is modified and then the A, W, and S parameters are assumed
to be constant under isotope substitution.

In order to derive the 15NO3
− absorption cross section

we have fitted the four parameters of the analytic model to the
experimental 14NO3

− cross sections of Chu et al.43 measured
at 278 K, 283 K, 288 K, 293 K, and 298 K. Due to the overlap
between the two electronic bands centered at 305 nm and 200
nm, we have only fitted the range from 285 nm to 360 nm
where the contribution from the 200 nm band is negligible.
The sets of four fitted parameters corresponding to the four
cross sections from 278 K to 293 K vary smoothly, allowing
extrapolation down to 243 K, from which the cross section of
14NO3

− (243 K) has been calculated using Eq. (B1).
A corresponding set of four parameters will determine

the cross section of 15NO3
− at 243 K. The approach is to

predict the isotopologue shift of these four parameters us-
ing: (a) information derived from the reflection principle, (b)
experimental vibrational frequencies, and (c) information de-
rived from absorption cross sections of a set isotopologues of
ozone.

The absorption band center parameter, Cabc, which de-
fines the center of σ abc(E)/E where σ is the absorption cross
section of a given electronic transition, E is the photon energy
(usually in cm−1), and abc designs a specific isotopologues,
is given by

Cabc=Te − �Cabc, (B2)

where Te, the vertical excitation energy, is a constant indepen-
dent of the considered isotopologue and �Cabc, the shift of C
specific to abc, is given by

�Cabc = �ZPEground-abc − �ZPEexcited-abc, (B3)

where “ground” and “excited” mean the ground and excited
electronic states.

A dominant isotopologue is taken the reference (noted
ref.) and shift (s) are determined for the other abc isotopo-
logue (s):

�ZPEground-abc= ZPEground-ref − ZPEground-abc, (B4)

�ZPEexcited-abc= ZPEexcited-ref − ZPEexcited-abc. (B5)

The ZPEground are usually approximated either by half
the sum of the experimental vibrational frequencies (in which
case ZPEground is underestimated) or by the half sum of the
harmonic frequencies (in which case ZPEground is overesti-
mated) because the anharmonic corrections are unknown and
therefore neglected in both cases.

By analogy with diatomic molecules, ZPEexcited has been
omitted until now as the excited PES of polyatomic molecules
is dissociative. In fact, the excited PES has 3N-6 dimensions,
among which some coordinate(s), are bound at (or near) the
equilibrium geometry of the ground state. The Hartley band
of ozone is used below as an example. The Hartley absorption
cross sections of 18 ozone isotopologues were obtained nu-
merically using the Multi Channel Time Dependent Hartree
(MCTDH) method.30 For each of these isotopologues, we
have determined by a fit the sets of four parameters, A, C,
W, and S, of the analytic model of Eq. (B1). The values of A,
C, W, S, and ZPE are given in Table II of Ref. 32.

The dependencies of these four parameters on the oxy-
gen isotopic composition have been analyzed. The effect of
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central oxygen substitution on the A, C, and W parameters
is about 1.7 to 1.8 times larger than the effect of a terminal
substitution. A similar (and larger) effect is expected for a
14N to 15N substitution in NO3

− because the central N atom
is involved in three bonds and therefore has a larger relative
effect on the vibrational frequencies and on therefore on the
ZPE. For example, consider the 16O to 17O central oxygen
substitution, from 16O3 to 16O17O16O, for which the four pa-
rameters, A, C, W, and S, vary as follows: (a) the amplitude,
A, increases by the factor of +0.8%; (b) the width parameter,
W, decreases by the opposite factor of −0.8%; (c) the center
C is blue shifted to higher energy by �C = 15.3 cm−1 (this
value, equal to 0.78 times the �ZPEground of 19.7 cm−1, is
discussed below); (d) the asymmetry parameter S decreases
by about 0.5%. The opposite variations of A and W occurs be-
cause the area of σ (E)/E, which is proportional to the product
of A and W, should be conserved when the transition dipole
moment is constant (this approximation is almost valid case
for the Hartley band).

The 0.78 reduction in �C, compared with �ZPEground

which is expected with the �ZPE-shift model, is attributed
to the contribution of �ZPEexcited (see Eq. (B3)) which is
usually neglected when the upper PES is only dissociative.53

This �ZPEexcited should be taken into account because the
upper PES of the Hartley band of ozone is only dissocia-
tive along the two O–O coordinates, but is bound along the
O–O–O angular coordinate54 with a force constant similar to
that of the ground state, and with a bending frequency simi-
lar to that in the ground state. Consequently, ZPEground (16O3)
= 1

2 (ν1+ν2+ν3) and ZPEexcited(16O3) ≈ 1
2 (ν 2ex) and ZPEground

(16O17O16O) = 1
2 (ν ′

1 + ν ′
2 + ν ′

3) and ZPEexcited(16O17O16O)
≈ 1

2 (ν ′
2ex) where the prime refers to the 16O17O16O substi-

tuted species. The �ZPEground between 16O3 and 16O17O16O
is 19.7 cm−1 and the corresponding value of �C is 15.3 cm−1,
leading to �ZPEexcited = �ZPEground – �C = 19.7 – 15.3
= 4.4 cm−1.

The shifts of the A, C, W, S parameters due to the 16O
to 17O substitution in ozone have been transposed to the case
of the 14N to 15N substitution for NO3

− using some assump-
tions and approximations described below. We used the six
observed vibrational frequencies9 of 14NO3

− and 15NO3
− to

estimate both the corresponding �ZPEground and �ZPEexcited.
The �ZPEground = 44.8 cm−1 used by Frey et al.9 is derived
from these experimental vibrational frequencies without cor-
rection of the 21 xij vibrational anharmonicities. An estimate
of this anharmonic contribution from the six xij of NO2

55

and/or those of O3
56 gives a correction of +2.7 ± 1 cm−1,

leading to a new value of �ZPEground = 47.5 ± 1 cm−1. The
determination of �ZPEexcited is much more difficult because
we do not have the 6D PES of the excited state. For the ground
state equilibrium geometry, the 6D excited PES is expected
to be dissociative along the three equivalent N–O stretch co-
ordinates and bound along the three angles. Consequently,
there is no contribution from the three stretching coordinates
to ZPEexcited and the three (non-dissociative) angular coordi-
nates are associated with the three unknown bending frequen-
cies of the excited PES. We have assumed that the sum of
these three frequencies is at most equal to those of the ground
state.

Therefore, using the six vibrational frequencies of
14NO3

− and those of 15NO3
−, �ZPEexcited is at most

17.5 cm−1 corresponding to 37% of the �ZPEground, and
�ZPEexcited is therefore expected to be 15 ± 3 cm−1 because
the bond strengths in the excited state are lower than those of
the ground state. The resulting �C is then �C = 47.5 – 15
= (32.5 ± 4) cm−1. Note that �ZPEground = 44.8 cm−1

between 14NO3
− and 15NO3

− is about two times larger than
the value of 19.7 cm−1 between 16O3 to 16O17O16O, mainly
because NO3

− has six modes of vibration instead of three for
O3.

The vibrational frequencies of NO3
−, O3, and NO2 are

rather similar implying that the force constants are also sim-
ilar. Moreover, the bending frequencies are always smaller
than the stretch frequencies by a factor of 0.6–0.8 for these
three molecules. These observations justify the use of results
obtained for O3 and NO2 for the NO3

− molecule even if the
number of vibrational degrees of freedom is two times larger
for NO3

−.
The shifts between the A, W, and S parameters of 14NO3

−

and 15NO3
− have been obtained from those derived for the

16O3 to 16O17O16O substitution discussed above: (a) the width
has been reduced by 1.0% as explained below; (b) the am-
plitude has been increased by 1.0% to maintain the same
area of σ (E)/E for the two isotopologues; (c) the center has
been shifted (a blue shift) by �C = 32.5 (±4) cm−1, as ex-
plained above; (d) the asymmetry parameter has been reduced
by about 0.5%, from 0.9 to 0.895, deduced from the ozone
results. This shift of 0.005 for S has a minor impact com-
pared with the shifts of C and W, and its uncertainty will
not be discussed. The 1.0% reduction of the width parame-
ter from 14NO3

− to 15NO3
− (instead of 0.8% in the case of

16O3 to 16O17O16O ozone substitution) arises from three fac-
tors: (a) the variation of the mass is 13% higher for the 14N
to 15N substitution than for 16O to 17O substitution; (b) the
relative variation of mass from 14NO3

− to 15NO3
− is smaller

by 20% compared to that from 16O3 to 16O17O16O; (c) the ni-
trogen atom is more “central” because it has three chemical
bonds of instead of two for the central oxygen atom of ozone.
The “number of bonds” scaling factor has been checked in
ozone by comparing the effect of a central substitution (from
16O3 to 16O17O16O) with a terminal substitution (from 16O3

to 17O16O16O) in which the width is reduced only by 0.44%
instead of 0.8% as for the central substitution. A crude scal-
ing of these two factors gives a reduction of 1.07% for the
case of three bonds. This reduction factor should be corrected
by +13% and −20% to take into account the mass effects
described above in (a) and (b), leading to the global width
reduction factor of 1% from 14NO3

− to 15NO3
− given above.

The modeled cross sections of 14NO3
− and 15NO3

− have
been derived from the analytic model of Eq. (B1) using the
two set of four parameters which are given in Table X, as
a function of energy and wavelength to calculate the cor-
responding excitation rates due to the actinic flux and the
related enrichments. The central information for the
isotopologues enrichments is the ratio of the 14NO3

− and
15NO3

− cross sections which is shown in Figure 6. This ratio
is smooth only because it is the ratio of two smooth analytic
functions obtained with Eq. (B1). The ratio of the true cross
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TABLE X. Model parameters defining the absorption cross sections of 14NO3
− and 15NO3

− at 243 K.

Parameters of σ (E)/E at 243 K

Isotopologue A/(10−25 cm2/cm−1) C/cm−1 W/cm−1 S

14NO3
− 7.360 34 052.0 3573.0 0.9

15NO3
− 7.433 34 084.5 3537.3 0.895

sections may have oscillations due to isotopologue-dependent
vibronic structure. The resulting oscillations of the cross sec-
tion ratio are only important when a narrow excitation source
is used. The actinic flux is a broad spectral source which is ex-
pected to average the possible oscillations of the cross section
ratio due to vibronic structures.
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