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Abstract. Snowpack nitrate photolysis is a major source of nitrogen oxides and nitrous acid that control atmospheric oxidants 

in polar environments. It remains unclear at what temperature nitrate salts crystalize in snow and how this impacts the 

photolysis product yields. Here we show, using near‑edge X‑ray absorption fine structure (NEXAFS) spectroscopy, that 

sodium nitrate does not precipitate at temperatures down to 23 K below the eutectic temperature at ice surfaces, but does so in 10 

absence of ice. This indicates that strong interfacial supercooling or liquid‑like solvation persists. Complementary snow 

photolysis experiments demonstrate that such liquid-like nitrate shows a higher HONO to NO2 emission ratio than precipitated 

nitrate, which is consistent with the enhanced role of secondary chemistry in the aqueous phase. These findings show that 

supercooled nitrate might be present over wide ranges of Arctic, Antarctic, and upper tropospheric temperatures with a 

significant impact on the HONO and NO2 fluxes and thus the composition and chemistry in the air above snow or in contact 15 

with ice clouds. 

1 Introduction 

Nitrate is one of the most abundant nitrogen species deposited from the atmosphere to snow and ice (Frey et al., 2009). In 

Polar regions, 75 % - 100 % of deposited nitrogen species are nitrates with typical snowpack concentrations on the order of 

5 µM - 10 µM (Blaszczak-Boxe and Saiz-Lopez, 2018). Photolysis of nitrate in snow and ice is a major source of reactive 20 

nitrogen oxides (NOx = NO and NO2) and nitrous acid (HONO), which affects the hydroxyl radical budget and ozone 

production in the upper troposphere and snow-covered remote and polar regions (Grannas et al., 2007). Recent field studies in 

Antarctica show that snowpack emissions from nitrate photolysis drive summertime HONO levels, exceeding gas-phase 

sources by an order of magnitude (Bond et al., 2023) and controlling HONO levels frequently on short time scales (Cheng et 

al., 2025). Improved understanding of the underlying multiphase chemistry remains a key topic in atmospheric research (Gen 25 

et al., 2022). Laboratory studies have systematically characterized nitrate photochemical reactivity in snow, ice, and water. 

HONO and NO2 are formed via two nitrate photolysis channels in aqueous solution and in brine (Eqs. 1 and 2). 

 

NO!" + hv	(UVB)(+H#) → 𝑁𝑂$ + OH (Channel 1)     (Eq. 1) 

NO!" + hv	(UVB) → NO$" + O0 P! 2 (Channel 2)     (Eq. 2) 30 
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In aqueous solution at room temperature, the quantum yields for Channel 1 and Channel 2 were recently found to be 

comparable at 313 nm, emphasizing that nitrite production can be a major pathway in nitrate photolysis (Benedict et al., 2017).  

In liquid-like regions (LLR) of ice, Benedict and Anastasio (2017) showed that these quantum yields follow a single Arrhenius 

relationship continuous from 25 °C to -30 °C, with Channel 2 becoming increasingly dominant at lower temperatures. 35 

Crucially, no discontinuity was observed in the quantum yields in those LLR experiments. Chan et al. (2025) recently provided 

an explanation for the temperature dependence through first-principles molecular dynamics simulations: after excitation to the 

triplet state, nitrate forms a metastable solvation cage with surrounding water molecules, and the branching between the two 

channels is controlled by hydrogen-bond rearrangement within that cage. Channel 1 requires a more extensive H-bond 

reorganization and therefore becomes thermally less accessible at lower temperatures. This framework identifies the local 40 

solvation environment as the determinant of photochemical channel branching. McFall et al. (2018a) showed a quantitative 

comparison across ice reservoirs: While LLR quantum yields match aqueous values at the same temperature, the air–ice 

interface shows a 3.7-fold enhancement, with this enhancement factor essentially temperature-independent over the -5 °C to -

25 °C range. Hullar et al. (2023) confirmed this surface enhancement using nature-identical snow with environmentally 

relevant nitrate coverages, finding a 6.4-fold enhancement relative to aqueous solution. Computational work has addressed 45 

how the nitrate solvation environment defines its photochemical reactivity: Berrens et al. (2023) showed through first-

principles calculations that the local hydrogen-bonding structure at the air–ice interface modifies the UV–visible absorption 

cross-section of nitrate. 

 

Here, we study the solvation environment of nitrate at the air-ice interface. Phase changes and precipitation of solutes have a 50 

direct impact on the photochemical reactivity in ice and snow (Bartels-Rausch et al., 2014; Grannas et al., 2007; Kahan et al., 

2014a). For nitrate in aerosol particles, changes in phase state have been shown to exert a strong impact on HONO release, as 

recently demonstrated in laboratory and field studies study (Andersen et al., 2023; Shi et al., 2021). Morenz and Donaldson 

(2017) have shown that at the eutectic temperature, 255 K for NaNO3 (Van der Ham et al., 1998), aqueous nitrate solution, 

and precipitated NaNO3 coexist and this raises questions regarding the phase state of nitrate at temperatures below this point. 55 

We have recently shown significant supercooling of NaCl solutions at ice surfaces (Bartels-Rausch et al., 2021), and the extent 

to which this happens to NaNO3 remains open.  

 

To study changes to the local hydrogen-bonding of NaNO3 at the ice surface, we use near edge X-ray absorption fine structure 

(NEXAFS) spectroscopy. NEXAFS spectroscopy provides element specificity, allowing the characterization of the local 60 

solvation environment of selected solutes (Bartels-Rausch et al., 2021; Kong et al., 2020; Křepelová et al., 2010a). When 

detecting electrons, as in this work, probing depths as low as a few nanometers can be achieved, making this method inherently 

sensitive to interfacial environments (Ammann et al., 2018). Previous NEXAFS studies of salt-ice mixtures have revealed 

details on phase changes and distribution of brine or salt on ice. Křepelová et al. (2010a) probed oxygen in NaCl ice mixtures 
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(O K-edge NEXAFS). While these spectra were dominated by the ice signal, they allowed estimates of the liquid fraction and 65 

the solvation environment of NaCl. Subsequent Cl K‑edge NEXAFS measurements provided direct evidence for interfacial 

supercooling of sodium chloride (Bartels-Rausch et al., 2021). Building on these works, we combine Na K‑edge NEXAFS and 

N K-edge NEXAFS spectroscopy with controlled cooling and warming trajectories to probe the phase state and local solvation 

environment of NaNO3 at the air–ice interface. N K-edge NEXAFS is particularly sensitive to the solvation environment of 

nitrate, showing systematic differences between crystalline NO3- (Preobrajenski et al., 2002) and aqueous NO3- (Smith et al., 70 

2015). For sodium, changes in the local environment induced by water adsorption were revealed by means of Na K-edge 

NEXAFS spectra (Kong et al., 2020).  

 

Solutes can also substantially modify the interfacial hydrogen bonding network in absence of phase changes (Ammann et al., 

2018) and NEXAFS spectra probing the O K-edge of water molecules at the interface in presence of nitric acid (HNO3) have 75 

demonstrated such adsorbate induced liquid-like environments (Křepelová et al., 2010b). Molecular dynamics simulations 

(Chan et al., 2025; Yasuda et al., 2024) predict that ions at the ice interface disrupt the local hydrogen-bonding network. 

Computational work further shows that these disordered interfacial environments can persist well below the eutectic 

temperature. Recent simulations of ice growth from saline solutions show ion rejection to the interface (Armstrong et al., 

2025). The finding of Benedict and Anastasio (2017) that LLR quantum yields show no change at the NaNO3 eutectic is 80 

consistent with nitrate remaining solvated below that temperature. Yet, it leaves unanswered if supercooled nitrate solutions 

persist at the ice surface and what happens to the reactivity when nitrate actually crystallizes, a condition that can arise in the 

absence of ice or when the supercooling limit is exceeded. Consistent with earlier experimental observations of liquid‑like 

features induced by adsorbed acidic trace gases (Bartels-Rausch et al., 2014; Kong et al., 2017; Křepelová et al., 2010b), our 

measurements do not aim to distinguish between a quasi-liquid layer and interfacial brine. Rather, we focus on the local 85 

solvation environment of nitrate at the ice interface, as both processes provide aqueous‑like hydration environments that are 

relevant for interfacial reactivity (Bartels-Rausch et al., 2025; Ruiz-Lopez et al., 2020). In addition, complementary snow 

photolysis experiments are used to assess how nitrate phase state influences the relative photolysis emissions of NO2 and 

HONO. 

 90 

The solvation state of NaNO3 at ice surfaces below the eutectic temperature, and its consequences for photolysis product 

branching, remain open questions that prior bulk-sensitive and ice-interface studies have not directly resolved. In this work we 

address them by combining the Na K-edge and N K-edge NEXAFS measurements with the snow photolysis experiments 

described above, comparing samples in the presence and absence of ice across a range of temperatures spanning the eutectic. 

https://doi.org/10.5194/egusphere-2026-3716
Preprint. Discussion started: 27 July 2026
c© Author(s) 2026. CC BY 4.0 License.



4 
 

2 Experimental Section 95 

The near ambient pressure X-ray photoelectron spectroscopy (XPS) experiments were carried out at the In-Situ Spectroscopy 

(ISS) beamline of the Swiss Light Source (SLS) at the Paul Scherrer Institute (PSI) using the solid-gas interface endstation 

(Orlando et al., 2016). The starting point of each experiment was the anhydrous sodium nitrate salt on a gold-coated sample 

holder. Sodium nitrate powder (Sigma Aldrich, ≥ 99.9%) was ground in a mortar and mixed with a water-alcohol mixture in 

an ultrasonic bath to produce a saturated solution, of which 0.1 μl was drop-cast with a micro-syringe onto the sample holder 100 

at 60 °C. Methanol (Sigma Aldrich, HPLC grade ACS ISO UV-VIS K.F.) or a mixture of water (Alfa Aesar, ultrapure, HPLC 

grade) and ethanol (VWR Chemicals, absolute, HPLC grade) with a ratio of 1:3 was used as a solvent. The drops were dried 

with a heat gun, and the dried salt on the sample holder was mounted in a temperature and humidity controlled experimental 

cell for experiments described below. The experimental cell holds the temperature controlled sample, gas inlets, the entrance 

orifice to the electron analyzer (cone), and a window to transmit the X-ray from the beamline to the sample (Orlando et al., 105 

2016). The salt sample was left under UHV for a minimum of 15 minutes prior to the start of the experiment to evaporate the 

remaining solvent. NEXAFS spectra of the anhydrous NaNO3 solid were aquired at less than 5.0% relative humidity and at a 

temperature of either 293 K or 298 K. This low amount of water was added to the gas-phase to reduce charging of the sample 

during the X-ray excited electron spectroscopy measurements. The water (Alfa Aesar, ultrapure, HPLC grade) was degassed 

prior to use by five freeze-pump-thaw cycles.  110 

Experiments followed controlled paths across the NaNO₃–H₂O phase diagram to either include or exclude ice (Fig. 1). Phase 

change from crystalline salt to an aqueous solution of NaNO3 with ice (brine) was caused by first increasing the dosing water 

vapor pressure to typically 1.9 mbar at 260 K crossing the solubility line (Figure 1). Complete deliquescence of the salt was 

inspected visually with an endoscope. Then the partial pressure of water was further increased to  typically 2.1mbar to cross 

the liquidus line (Fig. 1) and form an ice-brine mixture. Finally, temperature was lowered below the eutectic while keeping 115 

the ice in equilibrium by following the liquidus line extrapolated to temperatures below the eutectic point and back (Fig. 1). 

This was achieved by adjusting the dosing water vapor pressure and the sample temperature simultaneously. A calibration 

measurement was performed, where the pressure in the experimental cell resulting solely from water vapor dosing was 

measured for each temperature of the dosing reservoir. This calibration procedure was required, because once ice formed, the 

water vapor pressure in the experimental cell was a sole function of the temperature. The vapor pressure of ice determines the 120 

cell water pressure and not the flux into the cell. (Fig. 1, open squares and diamonds). If the dosing vapor pressure of water 

was higher than the equilibrium vapor pressure of ice at the specific temperature, the ice grew. In absence of ice, the dosing 

flux of water at the given pump velocity determines the partial pressure and any region in the phase diagram can be reached 

(Fig. 1, open triangles). Somewhat in contrast, the composition of the brine, thus its water activity, is always consistent with 

the water vapor pressure in the cell, independent of whether the latter is determined by the presence of ice or by the water 125 

vapor pressure at a given temperature in absence of ice. Overall, water partial pressures were between 0.1 and 2.5 mbar and 

sample temperatures were between 264 K and 232 K, depending on the experiment. 
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Figure 1: Binary phase diagram of sodium nitrate and water, with the activity of water on the x-axis and temperature on the y-axis. 
The water activity is a measure of the relative humidity with an activity of 1 corresponding to 100% RH. The solubility line 130 
(deliquescence curve) separates the solid salt from the aqueous phase of NaNO3 (Tang and Munkelwitz, 1993) and the liquidus line 
(freezing point curve) separates the ice phase and the aqueous solution from the aqueous phase (Bridgeman and Aldrich, 1964; 
Marti and Mauersberger, 1993). The solidus line indicates the warmest temperature where ice and crystalline salt may coexist. 
Between the liquidus line and deliquescence curve, NaNO3 is present in the form of an aqueous phase and in the absence of the solid 
form of the salt. Note that the liquidus line was extended to temperatures below the eutectic (dashed blue line) following the 135 
parameterization of saturation vapor pressure with respect to ice  (Koop and Zobrist, 2009; Murphy and Koop, 2005). Also shown 
are the temperature and water activity settings of the data discussed in this work (open diamond, Fig. 2; open square, Fig. 3a; open 
triangle, Fig. 3b) 

 

The Na K-edge NEXAFS spectra were acquired with a pass energy of 100 eV or 50 eV, dwell time of 0.2 s, and 140 

monochromator entrance and exit slit set to 1.0. For the excitation in the Na K-edge region, the photon energy range was set 

to 1068 eV to 1110 eV in 0.25 eV steps. The Na K-edge spectra were recorded in sweep mode with minor variations in the 

kinetic energy window of the Auger-Meitner electrons of 947 eV to 972 eV, 947 eV to 960 eV, or from 967 eV to 992 eV. 

These kinetic energy regions were free from any other photoemission peaks. Integrating over the absorption feature at the 

kinetic energy of 985 eV (Auger-Meitner peak) or over the feature at 960 eV (inelastically scattered Auger-Meitner electrons) 145 

was observed not to make any difference in the shape of the absorption spectrum. The only difference was the overall intensity, 

which was lower when integrated at around 960 eV than at around 985 eV. The photon energy for the nitrogen K-edge region 

was selected to range from 385 eV to 398 eV in 0.5 eV steps, from 398 eV to 415 eV in 0.25 eV steps, and from 415 eV to 

430 eV in 0.5 eV steps. The N K-edge spectra were recorded in sweep mode at a kinetic energy of the Auger-Meitner electrons 
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ranging from 300 to 350 eV. NEXAFS data were normalized to the photon flux, which was measured at the sample position 150 

with a Si PIPS photodiode (Bartels-Rausch et al., 2023). The beamline monochromator was energy calibrated using the N K-

edge NEXAFS spectra of gas-phase N2 based on the absorption feature at 401 eV coming from the 1s → 1ᴨg* transition (Chen 

et al., 1989). A constant offset in X-ray photon energy of 2.0 ± 0.2 eV was determined for all experiments. If multiple NEXAFS 

spectra were acquired at the same conditions, they were averaged resulting in a higher signal to noise ratio. Further processing 

was done by subtracting the mean pre-edge intensity as background and normalizing to the mean intensity in the range of 155 

1071 eV and 1100 eV.  

 

To assess the impact of Na nitrate precipitation on nitrate photolysis, flow tube studies with packed nitrate-doped, artificial 

snow were performed in analogy to earlier studies (Edebeli et al., 2020). Snow was prepared from solutions, Na nitrate (Sigma 

Aldrich, ≥ 99.9%) in ultrapure deionized water with a concentration of 25 μM and a pH of 3.0. The solution was decanted into 160 

a spray bottle and dispersed as fine droplets over a liquid nitrogen bath similar to earlier studies (Bartels-Rausch et al., 2004; 

Edebeli et al., 2020; Morenz et al., 2016; Wren et al., 2013). The droplets froze and sank to the bottom of the bath. The liquid 

nitrogen was removed, and the snow batch was stored at -30°C for at least 48 h, leading to recrystallization of the ice grains. 

The snow was then passed through a metal sieve to size-segregate the crystals, and the 500-600 μm sample size was selected 

for experiments. Snow grains were scooped into a quartz tube (16 mm diameter) which was plugged at both ends with glass 165 

wool. Once in the quartz tube, snow samples were approximately 4-7 cm in length, with a density of ~400-500 kg m-3. The 

quartz tube was then connected to a flow system made of PFA tubes, inserted into a larger double-walled temperature-

controlled quartz jacket surrounded by 7 UVB lamps (Ushio UV-B Midrange 159-00-820913506), or a combination of 3 UVA 

(Isolde, Cleo 61205240) and 4 UVB (Ushio UV-B Midrange 159-00-820913506), to maintain a constant cold temperature 

during radiation. A humidified flow of 125 mL/min N2 and O2 (80% and 20%) was passed through the snow. Upon leaving 170 

the sample, the gas-flow was diluted with 1500 mL/min N2. Because of the high flow demands of the instruments, sample flow 

was diverted between one of two pathways to maintain measurable gas concentrations. The first pathway led to a HONO 

detector, an Iterative Cavity Differential optical absorption spectrometer (ICAD), for HONO quantification. The second 

pathway led to an NO2 ICAD and a Teledyne NOx analyzer to detect gaseous NO2 and NO. Irradiance at the sample position 

was measured using a spectroradiometer (Jeti, Specbos 1211) and a 90° remote diffusor (Jeti, ACC019UV). 175 

3 Results and Discussion 

3.1 Characterization of solid NaNO3 salt and brine by NEXAFS 

Figure 2 displays the Na K-edge NEXAFS spectrum of NaNO3 salt and of an ice-NaNO3 brine mixture at 260 K, that is above 

the eutectic temperature. Strong absorption features were detected at 1079 ‒ 1081 eV and 1084 – 1085 eV in the salt sample 

which are attributed to the excitation of core electrons to the unoccupied orbitals in sodium (De Wispelaere et al., 2004; Murata 180 

et al., 1989a; Prado and Flank, 2005). The aqueous NaNO3 Na K-edge NEXAFS spectrum is characterized by a shoulder at 
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1079 eV and an intense feature between 1083 ‒ 1084 eV. The distinct absorption features of crystalline and aqueous NaNO3 

provide a clear basis for identifying aqueous NaNO3 below the eutectic. The Na K-edge NEXAFS spectrum of NaNO3 salt 

shows the typical shape also found for sodium halides and carbonates, and agrees well with reference spectra of sodium nitrate 

(Murata et al., 1989b; Rekhtina et al., 2023; Yoshimura et al., 2017). Published NaNO3 Na K-edge NEXAFS spectra show 185 

fluctuations of the relative intensities of the two features, that Rekhtina et al. (2023) assigned to instrumental artefacts and the 

orientation of crystal grains relative to the polarization of the X-ray. To address instrumental artefacts in our experiments, we 

performed a test with extended measurement time, thereby increasing the X-ray dose and the associated beam-induced 

alterations of the sample (Aduru et al., 1986). This extended X-ray exposure resulted in one Na K-edge NEXAFS spectrum 

dominated by one peak at 1080 eV only. A second peak at 1084 – 1085 eV was absent, confirming the X-ray induced 190 

modifications of the sample (SI). Despite this, the peak at 1080 eV can be used to evaluate the presence of the solid as there 

was consistent shape and intensity for all solid NaNO3 samples measured here independent of measurement settings.  

Figure 2 also shows the Na K-edge NEXAFS spectra of aqueous NaNO3 with the typical shape with a main feature at 1083 eV 

and a minor feature at 1079 eV known for sodium halides and sodium acetate (Aziz et al., 2006; Galib et al., 2017; Kong et 

al., 2020). The similarity between NaCl, NaNO3 and sodium acetate might be due to the same local environment of water 195 

molecules, surrounding the sodium ion upon dissolution and solvation, independent of the counter ions. NEXAFS is sensitive 

only to the first hydration shell of the probed ion, particularly for a singly charged ion like the sodium cation (Ammann et al., 

2018; Gopakumar et al., 2022). Note that the spectrum of the aqueous solution in an average of spectra acquired at different 

sample spots and at different temperatures between 2 K and 8 K above the eutectic and thus at different concentrations of 

NaNO3 in the aqueous phase. 200 

https://doi.org/10.5194/egusphere-2026-3716
Preprint. Discussion started: 27 July 2026
c© Author(s) 2026. CC BY 4.0 License.



8 
 

 
Figure 2: Na K-edge NEXAFS spectra probing crystalline (red line) and aqueous sodium nitrate embedded in ice  at 260 K (light 
blue line) with the partial Auger-Meitner electron yield in arbitrary units on the y-axis, and the photon energy in eV on the x-axis. 
Lines are moving averages and black dots are the data. 

3.2 Characterization of NaNO3 below eutectic 205 

Next, the temperature region below the eutectic was probed with the goal of investigating the local environment by identifying 

the crystalline and aqueous reference spectral features as seen above the eutectic temperature. Figure 3 shows Na K-edge 

NEXAFS spectra after cooling a sample from 257 K below the eutectic temperature of 255 K. The NEXAFS spectra in Fig. 

3a, where the sample was first cooled to 232 K (23 K below eutectic) and then warmed to 246 K (9 K below eutectic), show a 

dominant absorption feature between 1081-1084 eV clearly resembling the features in the reference spectrum of aqueous 210 

NaNO3 solutions (Fig. 2). Precipitation of NaNO3 did not occur. The presence of aqueous NaNO3 shows that either the sample 

did not nucleate at 232 K (23 K below eutectic) and remained in the liquid phase upon warming to 246 K, or alternatively, it 

may have remained solvated within a liquid-like environment at the air-ice interface (referred to as 'quasi-brine' by Cho et al. 

(2002)). Here we use ‘aqueous‑like’ to refer to both supercooled interfacial brine and solvation environments in the liquid-like 

layer of ice, which we do not attempt to distinguish spectroscopically. Clearly, sodium of NaNO3 in the presence of ice stays 215 

in supercooled solutions or forms liquid-like hydrogen bonds with water molecules on ice at temperatures down to 23 K below 

the eutectic.  
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To further investigate the role of ice, spectra were acquired below the eutectic in the absence of ice. First, the sample was 

cooled, in absence of ice, to 243 K (12 K below eutectic), then warmed above the eutectic and cooled again to 248 K (7 K 220 

below eutectic) and finally warmed to 253 K for the final NEXAFS acquisition. Figure 3b shows these Na K-edge NEXAFS 

spectra with two prominent absorption features between 1079-1081 eV and 1083-1086 eV. These two features remain 

relatively constant with changes in temperatures. Comparing the spectra to the references in Fig. 2, we conclude that these are 

characteristic for crystalline NaNO3, the minor deviation in the ratio of the two features to published data is consistent with 

instrumental artifacts and with grain orientation as described above. Note that, at room temperature, NaNO3 has a 225 

rhombohedral structure (Phase I, R3c; “nitratine”). The order to disorder transition occurs ~ 550 K. Therefore, even though 

NaNO3 is a polymorph, there is no indication that at lower temperatures a different crystal structure does form that might 

explain the minor deviations. A further hypothesis is that different crystal facets might be probed (Preobrajenski et al., 2002). 

As facets differ in their interfacial structure, this might be reflected in the NEXAFS. The research about different crystal facets 

of NaNO3 at cold temperatures was beyond the scope of this study and needs further investigation. In summary, Fig. 3b clearly 230 

showed that NaNO3 crystallized in the absence of ice. This finding is different to the outcome presented above of NaNO3 with 

ice, where NEXAFS spectra taken for temperatures at 232 K to 246 K indicated an aqueous-like first hydrogen bonding shell 

of sodium. To probe the chemical environment of nitrate in this ice-free experiment, Nitrogen K-edge NEXAFS spectra were 

acquired. These show a sharp absorption feature at 405 eV photon energy and a broad feature from 410 eV to 420 eV (Fig. 4). 

Due to the absorption of the incoming X-ray in the N K-edge region prior to hitting the sample, the absolute number of counts 235 

in this region was low, and the resulting spectra show a lower signal to noise ratio than the sodium spectra. Nevertheless, one 

might tentatively identify a double feature characteristic for crystalline NaNO3 (Smith et al., 2015) in the reference spectrum 

(Fig. 4 light red line) and a single, broader peak as observed in nitrate solutions (Smith et al., 2015) in humid condition above 

the eutectic (Fig. 4 light blue line). Then, the two N K-edge NEXAFS spectra below the eutectic are consistent with the 

conclusion of crystalline NaNO3 present in these samples. The relatively modest contrast between the N K-edge spectra of 240 

crystalline and dissolved nitrate, compared to the clear distinction seen in the Na K-edge data,  reflects an intrinsic geometric 

limitation: the nitrogen atom in NO₃⁻ is always coordinated by its three equivalent oxygen ligands, which dominate the near-

edge structure and screen the nitrogen from direct sensitivity to the outer solvation shell (Preobrajenski et al., 2004)  whether 

that shell consists of hydrogen-bonded water molecules or sodium counterions.  

 245 

Results of the experiments presented in Fig. 3 indicate a different behavior for NaNO3 brine in the presence and absence of 

ice. Nucleation of NaNO3 did not occur on the air-ice interface. Photographs of the samples give further insights: The pictures 

of the sample without ice do not indicate the growth of a thick or visible layer of ice on or around the nitrate salt as visible in 

Fig. 5b. The images show the sample with a whitish color and a clear border, meaning that the sample was not covering the 

entire sample plate. The presence of ice is usually indicated with a certain shininess and a broader coverage of the sample plate 250 

with the ice, as visible in Fig. 5a. Clearly evident is the growth of crystallized NaNO3 with a clear border for the crystal as 

visible in the image shown in Fig. 5b. 
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Figure 3: In panel A, Na K-edge NEXAFS spectra acquired on NaNO3 in presence of ice at 246 K (dark purple line) and at 232 K 255 
(light purple line) are shown. Sodium K-edge NEXAFS spectra acquired on NaNO3 without ice at 243 K (yellow line), 248 K (green 
line) and 253 K (dark red line) are shown in panel B. The temperature difference to the eutectic point is indicated in the legend. 
Lines and black dots are the same as in Fig. 2. 
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Figure 4: Nitrogen K-edge NEXAFS spectra of solid NaNO3 acquired at a RH of 3.5% (light red), of aqueous sodium nitrate in 260 
presence of ice above the eutectic (dark blue), and at two temperatures below the eutectic point with identical settings to those in 
Fig. 3b (green and dark red lines). The spectra were plotted stacked on top of each other for comparison reasons, with the photon 
energy on the x-axis and the normalized intensity (partial Auger-Meitner electron counts) on the y-axis. 

a  b   
Figure 5: Image of NaNO3 samples in presence of ice at 9 K below the eutectic, prior to the acquisition of the NEXAFS spectrum 265 
presented in Fig. 3a (purple line). An image of NaNO3 in the absence of ice at 2 K below the eutectic is shown in b. NEXAFS spectrum 
of the sample in b is shown in Fig. 3b (dark red line). 
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3.3 Phase state controls the NO2 to HONO photolysis ratio 

Having established spectroscopically that nitrate retains aqueous-like solvation at ice surfaces down to 232 K (Sect. 3.2), we 

now directly probe the consequences. For this, the NO2 and HONO emissions into a carrier gas passing porous snow samples 270 

were monitored above and below the eutectic temperature of sodium nitrate (Fig. 6). At 258 K, when the sodium nitrate forms 

aqueous brine solutions embedded in snow, the response to the irradiation at 0 min. is fast. Mixing ratio of NO2 and of HONO 

in the carrier gas exiting the porous snow increase rapidly within 5 minutes to a (nearly) stable level. The emissions into the 

carrier gas from nitrate in snow at UVB irradiation level off at 190 ppb (NO2) and 6 ppb (HONO) at 253 K and 750 ppb (NO2) 

and 91 ppb (HONO) at 258 K. Irradiated with UVB and UVA, snow emits 62 ppb (NO2) and 2 ppb (HONO) at 253 K and 275 

430 ppb (NO2) and 35 ppb (HONO) at 258 K. Absolute emissions are generally reduced from snow with precipitated nitrate 

with NO2 decreasing by one third. Interestingly, the shape of the NO2 emission profile with time changes upon precipitation, 

where the emissions can be described by both a slower increase and decline. HONO emissions with UVB and UVA irradiation 

were close to detection limit making interpretation of the emission with time and its mixing ratio uncertain. The NO2 emissions 

from three (two) repeated experiments with new snow samples each at 253 K and UVB (UVB and UVA) irradiation range 280 

between 91 ppb and 265 ppb (24 ppb and 91 ppb) and show the reproducibility. Factors influencing the emissions are 

differences in the snowpack density and potential localization of the nitrate within the snow (Bartels-Rausch et al., 2014). In 

the following, we discuss the NO2:HONO emission ratio, which is about 8 with UVB light (Fig. 6A) and about 13 with UVB 

and UVA light combined (Fig. 6B) at 258 K. At 253 K, where sodium nitrate remained precipitated, the ratio increases to 

about 30 (UVB, Fig. 6A; UVA and B, Fig 6. B). Note that in these experiments samples were frozen to 77 K to ensure 285 

precipitation of NaNO3 prior to warming to the experimental temperatures mentioned above. 

 

NO$" + hv	(UVA)(+H#) → NO	 + OH	     (Eq. 3) 

NO$" + OH → NO$ + OH"       (Eq. 4) 

 290 

The primary quantum yields ratio of Eq. 1 and Eq. 2 have been extensively investigated and recent laboratory work showed a 

ratio in the primary quantum yields of photolysis channel 1 (Eq. 1) and channel 2 (Eq. 2) and thus a primary NO2 to HONO 

ratio of 1:1, while earlier work suggested a ratio of 10:1 (Benedict et al., 2017; Goldstein and Rabani, 2007; McFall et al., 

2018b; Warneck and Wurzinger, 1988). A complex chemistry of the primary photolysis products nitrite and NO2 is well known 

(Eqs. 3 and 4). Benedict et al. (2017) showed how the differences in experimental settings such as concentration of nitrate, 295 

presence of organics or CO2 as OH scavengers, temperature, and irradiation wavelength impact these secondary reactions, the 

observed product ratio, and thus reported quantum yields. While the impact of secondary reactions must be minimized in 

studies determining the primary quantum yield, Jacobi et al. (2014) showed how these reactions impact emissions from natural 

snow. They found nitrite photochemistry (Eq. 3) a stronger NOx source than the nitrate photolysis in snow samples from 

Alaska. While investigating the role of secondary chemistry in snow is the scope of ongoing work involving a snow-chemistry 300 
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transport model (Kuhn et al., 2025), here we qualitatively probed the impact of changes in the irradiation wavelength on the 

product distribution. Clearly, our results show how the overall yields of HONO relative to NO2 are slightly suppressed in 

aqueous nitrate brine compared to the results by Benedict and Anastasio (2017). Temperature cannot explain the higher yield 

of NO2 in our experiments as at lower temperatures Eq. 2 forming nitrite dominates. At 258 K, Benedict and Anastasio (2017) 

found a NO2 to HONO ratio of 0.75, reflection both changes of cross section with temperature and of the primary quantum 305 

yield with concentration. Note that the experiments by Benedict and Anastasio (2017) are similar to ours in sample 

concentration as both investigated brine mixtures embedded in a frozen matrix. Thermodynamics of the freezing point 

depression dictate sodium nitrate concentrations of approximately 4 M during both experiments. Adding UVA irradiation 

further enhances the NO2 emission relative to that of HONO, and precipitation of nitrate strongly enhances the NO2 to HONO 

emission ratio. Nitrate absorption is essentially confined to the UVB range (Fig. 7, yellow dashed line), so the primary 310 

photolysis channels (Eqs. 1 and 2) proceed with comparable yields. Nitrite absorbs efficiently in the UVA (Fig. 7, red dashed 

line), meaning that the addition of UVA radiation selectively accelerates secondary nitrite photolysis (Eq. 3). This consumes 

nitrite within the snowpack and thus shifts the NO2 to HONO emission ratio upward relative to UVB irradiation alone. 

Subsequent reaction of nitrite with OH (Eq. 4), produced both by nitrate (Eq. 1) and nitrite (Eq. 3) photolysis, shift the emission 

ratio further to NO2. Figure 6 shows the enhancement is stronger for brine, where the aqueous secondary chemistry of Eqs. 3 315 

and 4 operates efficiently, than for precipitated nitrate. 
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Figure 6: Nitrogen oxide emission from photolysis of snow with sodium nitrate brine at 258 K (brown and yellow) and precipitated 
salt at 253 K(violet and green). The y-axis gives the mixing ratio of NO2 (brown and violet) and of HONO (yellow and green) in the 320 
carrier gas flow of 125 mL/min STP passing through the snow. Irradiation with UVB (A) or UVA and UVB (B) started at 0 minutes 
and lasted for 30 minutes.  The lower graph provides a detailed view of HONO emissions originating from precipitated salt in snow, 
including results from a snow sample without nitrate doping (displayed in grey). Data points are represented by markers, while lines 
serve as visual guides. Gas flow from the snow sample was alternated between different analyzers causing the gaps in data. 
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 325 

Figure 7: Spectral Irradiance at the sample position for UVB (light blue) and UVA/UVB (dark blue) irradiation and the base-10 
molar absorptivity of nitrate (yellow dashed line) (Chu and Anastasio, 2003) and of nitrite (red dashed line) (Chu and Anastasio, 
2007) in aqueous solution at 274 K or 278 K, respectively. 

 

4 Conclusions 330 

The solid and aqueous phases of NaNO3 were successfully characterized by means of KLL-transitions in the Na K-edge 

NEXAFS spectra. Cooling down the NaNO3 brine with and without ice to temperatures below the eutectic led to different 

outcomes, such as the detection of the solid phase or an aqueous NaNO3 solution. Previously, mixtures of solid nitrate and 

aqueous nitrate solution at the ice surface close to the eutectic temperature were found by Morenz and Donaldson (2017) using 

Raman microscopy. Morenz and Donaldson (2017) detected a large variation in the nitrate distribution across the horizontal 335 

extent of ice samples, and concluded that nitrate congregates in pockets or grain boundaries, where nitrate experiences a 

solution-like environment in pockets and forms solid crystals at the surface. Kahan et al. (2014b) also investigated the structure 

of the air-ice interface upon freezing of salt solutions with a probing depth of tens to hundreds of water layers and concluded 

that nitrate is excluded to the air-ice interface during freezing. They state that the low surface concentration of nitrate suggests 

that it prefers to remain in liquid pockets or other interfacial regions within the bulk. Marrocco and Michelsen (2014) tried to 340 

quantify the amount of liquid in frozen samples of NaNO3, and they pointed out the low solubility of nitrate in the ice, and that 

nitrate is therefore unlikely within the ice lattice but rather trapped in liquid channels or networks upon freezing. The lack of 

a solid phase detected in presence of ice in our experiments (Fig. 3) can however not be due to detecting only pockets and 

grain boundaries within the measured spot. This would require heterogeneities (surface patches of aqueous phase) larger than 

300 μm2, which is the spot size of the X-ray beam.  345 
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Koop et al. (2000) demonstrated how the concentrations of ions present in the liquid fraction of frozen systems increase 

strongly with decreasing temperature. This can result in a rise of reaction rates (Takenaka et al., 1992). Grannas et al. (2007) 

showed such an enhancement of the reaction rate by a factor of 40 for the photochemical reaction of organics in ice compared 

to the aqueous phase. The presence of sodium nitrate either in a supercooled solution or in an aqueous-like environment in the 350 

interfacial region of ice at the temperatures significantly below the eutectic (as 23 K < Teu) has implications on the reactivity 

of the salt at the interface in snow and ice. Photolysis experiments show marked differences in the photolysis emission ratio 

of NO2 to HONO for nitrate brine and nitrate crystals at the interstitial snow surface. A liquid-like or liquid interfacial reservoir 

favors enhanced HONO formation relative to NO2, whereas precipitated nitrate exhibits reduced reactivity and a markedly 

higher NO2 to HONO emission ratio. This is consistent with the framework established by McFall et al. (2018a) and Chan et 355 

al. (2025) that the hydrogen-bond solvation environment around nitrate and not temperature per se, governs both the primary 

quantum yield branching ratio and secondary chemistry. The single Arrhenius relationship in LLR ice reported by Benedict 

and Anastasio (2017), showing no discontinuity at the NaNO3 eutectic, reflected the persistence of liquid-like solvation in 

those experiments; the present NEXAFS measurements provide direct spectroscopic evidence that this solvation persists at ice 

surfaces down to 232 K, and the snow photolysis experiments show its photochemical consequences. Jacobi et al. (2014) 360 

demonstrated in the field that nitrite can contribute more to boundary-layer NOₓ through photolysis than nitrate photolysis 

itself; the present findings suggest that the efficiency of this entire cascade depends on whether nitrate is in a liquid-like or 

crystalline state, currently not represented in snowpack photochemistry models. 

 

The temperature dependence reported by Benedict and Anastasio (2017) follows the single Arrhenius relationship, which 365 

predicts that at 258 K the primary quantum yield for Channel 2 already exceeds that for Channel 1, with the NO2 to nitrite 

primary ratio being approximately 0.75. Chan et al. (2025) rationalize this through a rearrangement of hydrogen bonds to 

nitrate. At 258 K, the energy requirement for forming a solvation-shell required by Channel 1 suppresses it relative to Channel 

2. The apparent NO2 to HONO emission ratio of ~13 measured here from brine reflects the secondary reduction of HONO 

emissions from the snowpack, through photolysis of accumulated nitrite and oxidation of nitrite by OH. The relatively long 370 

residence time of HONO adsorbed on the large internal surface of snow (Bartels et al., 2002; Kerbrat et al., 2010) increases its 

photolysis probability. The strong suppression of HONO emission observed here when nitrate crystallizes, relative to brine 

under otherwise identical conditions, reflects not a temperature effect but a change in phase: Crystallization removes the liquid-

like solvation environment that supports an efficient secondary chemistry. 

 375 

Including the interfacial nitrate photolysis of aerosol in current GEOS-Chem implementations has greatly improved the 

simulated vs. observed nitrogen oxide budgets (Rowlinson et al., 2025; Shah et al., 2023). Both implementations differ in the 

photolysis rate, parameterized as enhancement factor relative to the gas-phase photolysis of HNO3, but share the same 

branching ratio of NO2 vs. HONO production of 0.66. Rowlinson et al. (2025) showed a reduced model HONO bias in remote 
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tropospheric campaigns. This simulated global NOx source was found comparable to the anthropogenic NOx emissions 380 

combined and pushed ozone and OH beyond observational constraints. While these global models show the large scale 

importance of nitrate emissions for the global NOy budget, they also call for better constraints on photolysis yields and 

branching ratios. Solid or crystalline nitrate (as would form at temperatures below the eutectic without ice present) should 

produce less HONO per photon than liquid-phase or supercooled brine, a distinction current model parameterizations do not 

capture. Li et al. (2024) demonstrated that phase state regulates photochemical HONO production in NaNO3 dicarboxylic acid 385 

aerosol mixtures, with HONO production rates increasing by roughly an order of magnitude as particles transitioned from solid 

to liquid state with rising relative humidity. This is consistent with the present finding that aqueous-like nitrate in snow 

produces more HONO than crystalline NaNO₃ and supports this phase-state dependence of HONO yields across atmospheric 

condensed phases. 

 390 

Bond et al. (2023) showed that snowpack nitrate photolysis drives the summertime HONO budget in coastal Antarctica by an 

order of magnitude over gas-phase sources. The eutectic of NaNO3 is 255 K meaning that coastal Antarctic summer snowpacks 

should frequently be in the temperature range where, as this study shows, nitrate remains in a liquid-like state. Bond et al. 

(2023) quantify the HONO production rate from direct nitrate photolysis using a yield of 10%, derived from the ice-phase 

quantum yields of Chu and Anastasio (2003), and find this closely capturing the observed fluxes. The snow photolysis 395 

experiments presented here now call for the possibility of lower HONO fluxes from potentially precipitated nitrate and 

enhanced secondary chemistry within the snowpacks.  

 

Beyond its implications for boundary layer HONO budgets from snowpack emissions, the nitrate photochemistry described 

here also has implications for the interpretation of ice-core nitrate records. Inverse models that use ice-core nitrate isotope 400 

profiles to reconstruct primary nitrate deposition fluxes and their δ¹⁵N and Δ¹⁷O signatures (Jiang et al., 2024) rely on two 

parameters that are directly sensitive to the phase state of interfacial nitrate. The photolysis quantum yield (Φ), which controls 

how much nitrate is photolyzed as a function of actinic flux; and the cage-effect fraction (fc), which captures the extent of 

secondary chemistry that exchanges oxygen isotopes with snow water and thereby modulates the Δ¹⁷O signal, are both currently 

treated as climate-invariant calibration constants. The present finding that liquid-like nitrate supports substantially more 405 

secondary chemistry than crystalline nitrate implies that fc, in particular, should be higher under conditions where nitrate 

remains in a liquid-like interfacial state, and lower where crystallization becomes relevant. For present-day polar summer 

conditions, which remain above 232 K, the calibrated values likely implicitly reflect liquid-like chemistry and are broadly 

appropriate. However, for periods when East Antarctic summer surface temperatures were several degrees colder, the possible 

approach toward the phase-transition boundary would imply systematically reduced fc introducing biases in the reconstructed 410 

primary nitrate flux and its isotopic composition that are not be identified by any isotopic constraint alone.  
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