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10  Abstract: Stable water isotopes (3'*O and 6D) preserved in ice cores record past climate change.
11 Reconstructing historical temperatures from ice cores relies fundamentally on the empirical
12 linear relationship between stable water isotopes and local temperature. However, post-
13 depositional processes at the glacier surface continuously alter initial isotopic signatures across
14 diverse climatic regimes, yet their differential contributions across regions remain poorly
15  understood. In this review, we synthesise findings from current field observations, laboratory
16  experiments, and numerical modelling to elucidate the physical mechanisms governing isotopic
17  evolution at the glacier surface. We systematically evaluate key post-depositional drivers,
18  including sublimation—deposition, turbulent mixing, solid- and gas-phase diffusion, dry- and
19  wet-snow metamorphism, wind-driven redistribution and pumping, and meltwater infiltration—
20  refreezing. Previous observations from East Antarctica indicate post-depositional enrichments
21  in near-surface 6'%0 of 3.0-3.3%o and depletions in d-excess of 3.4-3.5%o, while Greenland
22  surface snow exhibits diurnal fluctuations of ~2.5% in 80 and ~13%c in 8D. These
23 modifications reduce seasonal signals and weaken the local isotope-temperature relationship.
24 We emphasise that future high-resolution field observations of isotopic compositions within
25  snowpacks and atmospheric moisture must be prioritised. Such observational efforts are
26  essential to elucidate key physical mechanisms, optimise the isotope-enabled atmosphere—
27  snowpack models, and enhance our capacity to simulate interfacial isotopic exchange. Finally,
28  we identify key research priorities to bridge existing knowledge gaps and propose an integrated
29  observation-experiment-modelling framework to improve the calibration of water isotope
30  proxies and enhance the precision of ice-core-based paleoclimatic reconstructions.
31 Keywords: stable water isotopes, post-depositional processes, sublimation—deposition,
32  diffusion, ice core
33
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34 1 Introduction

35 Paleoclimate can be reconstructed from ice-core archives (EPICA community members,
36  2004; Masson-Delmotte et al., 2006). They offer an essential long-term perspective required to
37  distinguish anthropogenic forcing from natural variability and are indispensable for
38  constraining climate sensitivity in future projections (Intergovernmental Panel on Climate
39  Change (IPCC), 2021; Tierney et al.,, 2020). Historical temperature records spanning
40  approximately 800,000 and 123,000 years have been obtained from the Dome C ice core and
41  the North Greenland Ice Core Project (NGRIP) ice core, respectively (North Greenland Ice
42  Core Project Members, 2004; Jouzel et al., 2007). High-resolution ice-core records also allow
43  us to identify seasonal temperature variability in paleoclimate (Furukawa et al., 2017; Vinther
44 et al., 2010), relying on a favourable linear correlation between stable water isotopes and

45  temperature (Dansgaard, 1964; Merlivat and Jouzel, 1979; Steen-Larsen et al., 2014).

46 Newly fallen snow stores the isotopic signature of atmospheric moisture. However, before
47  these signals are finally preserved in ice cores, they undergo continuous fractionation during
48  multiple phase transitions at the atmosphere—snow—ice interface, thereby modifying the original
49  isotopic signal (Kiemle et al., 2023). The post-depositional processes (Figure 1) include surface
50  sublimation and deposition of vapour (Town et al., 2024), diffusion (Gkinis et al., 2021), snow
51  metamorphism (Kopec et al., 2022), wind pumping (Fisher et al., 1983; Neumann and
52  Waddington, 2004), wind deposition (King et al., 2004), and infiltration-refreeze (Ala-aho et
53  al., 2017). Non-precipitation-driven fractionation mechanisms exist at the interface of surface
54  snow and near-surface water vapour, with approximately 6-20% of surface snow being
55  involved in isotopic interactions with the atmosphere (Steen-Larsen et al., 2014), inducing a
56  synchronous diurnal cycle in surface snow isotopes at a depth of around 2—5 mm (Ritter et al.,
57  2016). Snow pores also allow hydrogen and oxygen stable isotopes to diffuse along gradients
58  in temperature and isotopic composition (Neumann and Waddington, 2004). Estimates suggest
59  that 24-43% of the snow may be affected within one day (Ebner et al., 2017), progressively
60  damping the seasonal signal archived in the snowpack (Van De Berg et al., 2013). Enhanced
61  firn densification associated with snow metamorphism can further limit isotope diffusion by
62  affecting both diffusion length and diffusion coefficient (Holme et al., 2018). In contrast, wind
63  pumping can promote the transport of atmospheric moisture into the snowpack, thereby
64 intensifying isotopic exchange processes (Colbeck, 1997; Neumann and Waddington, 2004).

65  Wind deposition not only redistributes surface snow but also modulates the regional surface
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66  mass and energy balance by amplifying snow sublimation (Amory and Kittel, 2019; Palm et al.,
67  2017). Additionally, accurate paleoclimate reconstruction must also account for precipitation
68  intermittency (Casado et al., 2018), as ice-core isotope records may contain discontinuous
69  climatic signals due to intermittent precipitation. This substantially constrains the relationship
70  between isotopic composition and temperature (Miinch et al., 2021), introduces considerable
71  noise, and decreases the temporal resolution available for extracting meaningful climate
72 information (Casado et al., 2020; Persson et al., 2011).
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74 Figure 1. Primary post-depositional processes at the atmosphere—snow—ice interface.
75 Researchers typically select Antarctic, Greenland Ice Sheet, or high-altitude glaciers as

76  sites for observation of post-depositional isotopic evolution at the atmosphere—snow—ice
77  interface (Figure 2), where well-defined snow layers and long accumulation histories provide
78  favourable conditions for monitoring sublimation, diffusion, and snow metamorphism. At East
79  Antarctic sites such as Dome C, snowpack observations show that post-depositional processing
80  systematically raises near-surface 6'®0 and lowers deuterium excess (d-excess), with the
81  imprint concentrated in the top centimetre of the snowpack (Ollivier et al., 2025).Continuous
82  measurements of vapour isotopes revealed variations of up to 10%o in both surface snow and
83  vapour (Steen-Larsen et al., 2014), allowing isotopic signals to more strongly reflect local
84  processes rather than weather-scale or precipitation inputs (Ritter et al., 2016). Additional
85  evidence from the Greenland Ice Sheet shows that d-excess may decrease by up to 5%o during
86  summer following deposition (Town et al., 2024). Even at the daily scale, surface snow within
87  the uppermost few millimetres exhibited diurnal fluctuations of ~2.5%o in §'*0O and ~13%o in
88 9D, comparable to 10-20% of the seasonal isotopic variation or even of the magnitude of a
89  glacial-interglacial transition (Madsen et al., 2019). Collectively, these findings highlight the
3
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90  importance of post-depositional processes and caution that they must be accounted for when

91 interpreting ice-core stable isotope records (Jouzel and Masson-Delmotte, 2010).

o o

Antarctica  (b)

BN Greenland -t
N High Mountains, )

8BS

(@ [

Purdie et al., 2010
Landais et al., 2012b
Landais et al., 2012a
Steen-Larsen et al., 2014
Dadic et al., 2015

Pang et al., 2015
Casado et al., 2016
Touzeau et al., 2016
Miinch et al., 2016
Ritter et al., 2016
Casado et al., 2018
Holme et al., 2019
Madsen et al., 2019
Pang et al., 2019

Pu et al., 2020

Ma et al., 2020

Casado et al., 2021
Wahl et al., 2021
Aemisegger et al., 2022
Kopec et al., 2022

Zuhr et al., 2023

Harris Stuart et al., 2023
Town et al., 2024
Ollivier et al., 2025
Jeelani et al., 2025

197519851995200520152025

Year

A North Greenland Eemian Ice Drilling (NEEM) E Kohnen Station J Vostok Station O Alps

B East Greenland Ice Core Project (EastGRIP) F Showa Station K Dome C P Kashmir Valley

C Summit Camp G Dome F L S2 Site Q Yulong Mountain

D Renland Ice Cap H Zhongshan Station M Allan Hills R Southern Alps

| Dome A N Terra Nova Bay

92
93 Figure 2. Spatial distribution of major observation regions for stable water isotopes at the
94 atmosphere—-snow—ice interface in Antarctica, Greenland, and high-mountain areas. (a-c)

95  Distribution of observation and sampling sites. (d) Temporal distribution of sample collection.

96 The transmission of isotopic signals from precipitation into ice-core records is governed

97 by cryospheric processes and their interactions with other Earth system components. Due to the

98  multiphase, multi-component, and highly nonlinear nature of this system, the specific roles and

99 relative contributions of these processes and their interactions to the final isotope records

100  remain poorly understood, particularly across regions. To bridge this gap, we present an

101  integrated overview of physical and isotopic processes at the atmosphere—snow—ice interface,

102  synthesising current observations, laboratory investigations, and numerical modelling. We

103  review fundamental stable water isotopic theory and current methodologies (Section 2), analyse

104  post-depositional isotopic evolution (Section 3), and conclude with critical priorities and future

105 directions.
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107 2 Theory and methods

108 2.1 Stable water isotopic theory

109 Molecules composed of different isotopes exhibit systematic differences in
110  thermodynamic properties, such as zero-point energy and vibrational frequency, which lead to
111  isotopic fractionation during natural phase transitions (Craig, 1961). The fractionation factor «
112 is commonly used to characterise isotopic fractionation occurring during phase transitions,
113 which is defined as

114 a= R, €]

115  where R, and Rp represent the isotopic compositions assigned to the initial reactant and
116  resulting product, respectively. Lighter isotopes (1°O and H) preferentially partition into the gas
117  phase, whereas the residual liquid or solid phases become enriched in heavier isotopes ('*0 and
118 D) (Zhang et al., 2005). Isotopic fractionation is classified into mass-dependent and mass-
119  independent processes (Thiemens, 1999). The former category can be further subdivided into
120  equilibrium and non-equilibrium fractionation, reflecting differences in the underlying

121  thermodynamic and transport mechanisms (Craig, 1961).
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123 Figure 3. Temperature dependence of the gas—solid equilibrium fractionation factors of stable
124 water isotopes. The left panel shows o for HDO/H:O, and the right panel shows H2'*O/H.¢O,
125 as reported in different studies.

126 Equilibrium fractionation refers to deviations in the distribution of different isotopes from
127  an equiprobable distribution owing to differences in molecular structure and chemical bond

128  properties (Knyazev et al., 1992). This occurs when the exchange rates of water molecules

5



https://doi.org/10.5194/egusphere-2026-6263
Preprint. Discussion started: 6 November 2026 EG U
© Author(s) 2026. CC BY 4.0 License. Sp here

129  between different phases are approximately equal, producing no net isotopic change (Urey,

130 1947). The fractionation factor is expressed as follows (Merlivat and Nief, 1967):

131 o= €5,light isotopes (2)

€5,heavy isotopes

132 where eg jignisotopes @0 €, heavy isotopes TEPTESeNt the saturated vapour pressures of light and
133 heavy isotopic water molecules, respectively. The gas—solid equilibrium fractionation factor
134 (aeq) reflects how stable water isotopes partition between the gas and solid phases at a given
135  temperature (Figure 3) (Ellehoj et al., 2013; Jakli and Staschewski, 1977; Jancso et al., 1970;
136 Majoube, 1970; Matsuo and Matsubaya, 1969; Merlivat and Nief, 1967).

137 Temperature is a critical factor influencing isotopic equilibrium fractionation. As
138  temperature decreases, the equilibrium fractionation factor rises, leading to greater separation
139  oflight and heavy isotopes between different phases or substances. Moreover, temperature also
140  influences the time required to attain equilibrium. Lower temperatures slow isotopic exchange
141  and consequently increase the time needed to reach equilibrium (Ellehoj et al., 2013; Merlivat
142 and Nief, 1967; Urey, 1947). The relationship between light and heavy isotope ratios can be

143  described using the equilibrium fractionation factor and time, as expressed below:
t
144 Rs =R, [1 + (aeq - 1)exp (—aeqr)] 3)

145  where Ry and R, represent the isotope ratios at a given time and the initial time, respectively,

146  t represents time, and T represents the characteristic time scale.

147 Non-equilibrium fractionation can be divided into kinetic fractionation and diffusion
148  fractionation. Kinetic fractionation refers to the deviation in isotopic composition between
149  products and reactants arising from the different reaction rates of light and heavy molecules
150  during an irreversible or unidirectional process (Li et al., 2024). The parameterised expressions
151  for the kinetic fractionation factor «; of stable water isotopes, calculated from first-principles

152  molecular dynamics theory over 190-500 K, are given as follows (Hellmann and Harvey, 2020):

S
- o 4
153 T g5 —1) 4
—D,, 1!
X
0.02546 0.02421
154 Dy ipo = 0.98258 —

T* + (T*)S/Z (5)
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0.003517 0.001996
(T*)1/2 - (T*)S/Z

155 Dy 0 = 0.98284 + (6)

0.007406  0.004861
(T2 (T*)?

156 Dy 50 = 0.96671 + (7

157  where T represents temperature (K) and T* = T/100K, S represents relative humidity, and

158 D, represents the diffusivity ratio of x relative to H2O.

159 Differences in molecular diffusivity constitute the fundamental mechanism of diffusion

160  fractionation (Shang et al., 2024). The fractionation factor can be expressed as:
161 a= |— (®)

162  where m* and m represent the masses of the light and heavy isotope molecules (kg),
163  respectively. When diffusion occurs within an ambient air matrix, the fractionation factor must

164  account for the molecular mass of air (1m,;,-), which can be expressed as:

165 o= M ©)
m(m* + mg;y)

166 d-excess is a reliable indicator for assessing non-equilibrium effects and provides
167  information on kinetic fractionation processes, including evaporation and local water vapour
168  mixing (Dansgaard, 1964). Linear d-excess is used to quantify deviations of §'®0 and 8D
169  relationships from the Global Meteoric Water Line (GMWL), which can be expressed as:

170 d-excess = 5D — 85180 (%) (10)
171  In this equation, 8 denotes the empirical slope parameter of the GMWL.

172 It has been shown that the scale effect associated with linear d-excess may result in a loss
173  of explanatory power under conditions of extreme isotopic depletion (Diitsch et al., 2017). To
174 avoid biases in linear d-excess in extremely dry and cold regions, exponential deuterium excess
175  (d-excess) has been proposed (Uemura et al., 2012) and is expressed as follows:

D

R

176 d-excess =

177  where the coefficient of 8.8 represents the empirical parameter reflecting the meteoric §°H—

178 8O0 relationship in logarithmic or exponential space.

179
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180 2.2 Field observation methods
181  2.2.1 Observations at the atmosphere—snow interface

182 Accurate field-based measurements of isotope fluxes at the atmosphere—snow interface
183  provide a crucial foundation for studying gas—solid isotopic fractionation and analysing its
184  mechanisms (Figure 4, Table 1). The atmospheric isotope component can be determined
185  directly from a dual-end-member mixing model based on the Keeling plot (KP) approach (Good
186  etal., 2012). In this framework, laser spectroscopy is used to obtain the isotopic composition
187  and concentration at multiple heights or from continuous single-point measurements and to
188  estimate isotopic variations in locally sourced vapour through the intercept of a linear
189  regression (Hu et al., 2021). However, the application of the KP requires several underlying
190  assumptions, including two key conditions. The first is that vapour isotopes are determined only
191 by mixing between background concentrations in the local source and the atmospheric
192  boundary layer. The second is that the isotopic contributions from these components remain
193  constant. Under complex or non-stationary atmospheric conditions, however, regression
194  analyses based on statistical extrapolation may introduce substantial uncertainty (Yuan et al.,

195 2020).

196 Atmospheric isotopic composition can also be estimated indirectly through water vapour
197  flux, which characterises the exchange of moisture across the snow—atmosphere boundary.
198  When combined with real-time isotope measurements, it enables quantitative determination of
199  air-solid isotope fluxes. At present, methods commonly used to observe water vapour flux
200  include evaporation pans, eddy covariance (EC), flux-gradient (FG) method, relaxed eddy

201  accumulation (REA), and one-camera time lapse structure-from-motion (O-T-SfM).

202 The evaporation pan method is a traditional approach for measuring water vapour flux. In
203 its standard form, the pan is packed with undisturbed natural snow and re-weighed at fixed
204 intervals, so that the vapour flux can be derived from the measured changes in snow mass and
205  density. Owing to its low cost and simple setup, the method remains useful for short campaigns,
206  although the resulting records are neither spatially nor temporally continuous and respond

207  strongly to local microclimate

208 Based on the turbulent energy cascade, EC allows direct quantification of interactions of
209  vapour, energy, and momentum occurring at the snow—atmosphere boundary (Ma et al., 2024).

210  EC determines water vapour flux through analysis of the covariance of high-frequency water
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211  vapour concentrations with vertical wind velocity (Good et al., 2012), which places demanding
212  requirements on measurement precision and temporal resolution. Recent developments in laser
213  technology have enabled continuous measurements of isotopic vapour mixing ratios at high
214 sampling frequencies (~10 Hz), allowing direct estimation of isotopic vapour fluxes (Griffis et
215  al, 2010). Field observations require high-precision, high-temporal-resolution sensors and
216  instruments with long-term stability. Consequently, such measurements are costly and require

217  cospectral frequency-loss corrections to ensure accurate flux quantification (Wahl et al., 2021).

218 The FG method, grounded in Monin-Obukhov similarity theory (MOST), assumes that
219  turbulent diffusivities can be parameterised by mean gradients and stable flux—gradient
220  similarity relationships (Zhao et al., 2020). This gradient-based approach relies on concurrent
221  observations collected at multiple heights. Therefore, paired analysers should be employed with

222 regular calibration and maintenance to ensure high-precision paired measurements (Wahl et al.,

223 2021).
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225 Figure 4. Schematic diagram of the primary observation methods for stable water isotopes at
226 the atmosphere—snow—ice interface. (a) Keeling plot method (modified from Good et al.,

227 2012). (b) Eddy covariance method (modified from Wahl et al., 2021). (c) Evaporation pan
228 method. (d) One-camera time lapse structure-from-motion method (modified from Liu et al.,

229 2024). (e) Flux-gradient method (modified from Zhao et al., 2020). (f) Relaxed eddy
230 accumulation method (modified from Kunz et al., 2025).
231 REA employs a conditional sampling strategy to quantify turbulent trace-gas fluxes with
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232 slow-response instrumentation. Vertical air motion is determined from high-frequency wind-
233  speed signals. The sampling system consists of two independent inlet lines fitted with rapid-
234 response valves and loop assemblies, enabling air collection into separate aluminium cylinder
235  sets that represent updraught and downdraught air masses, respectively. This method indirectly
236  infers vapour isotopic composition from concentration differences and statistical parameters.
237  When atmospheric conditions deviate from steady state or lack sufficiently developed

238  turbulence, the derived estimates can be subject to considerable bias (Kunz et al., 2025).

239 O-T-SfM acquires time-lapse images of the snow surface at fixed positions and intervals
240  and generates continuous temporal digital elevation models (DEMs) through image matching.
241  When combined with snow density, this approach allows estimation of spatiotemporal
242  variations in vapour flux. The method can distinguish between blowing snow and surface
243  sublimation based on snow-surface features captured in the imagery and can also provide
244 information on the spatial heterogeneity of surface snow within the photographic domain
245  (Kochanski et al., 2019). Because O-T-SfM relies on snow-surface bedforms for feature
246  matching, it performs best under snowfall-free conditions and where bedforms are abundant

247  but is limited in capturing melt processes and smooth fresh snow surfaces (Liu et al., 2024).

248

10
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249 Table 1. Primary advantages and limitations of field observation methods at the atmosphere—
250 snow interface
Measurement . o Typical field
Methods Main advantage Main limitation .
target conditions
Relies on simple Relatively
Atmospheric -Conceptual.ly quels and - homogene(-)us
. . simple; requires assumptions; sensitive snow and ice
isotopic KP . . .
.- relatively simple to atmospheric non- surfaces under
composition . A . . .
instrumentation stationarity and stable atmospheric
regression uncertainty conditions
. Discontinuous
. Simple and Short-term or low-
Evaporation . . measurements;
inexpensive; easy to .. cost field
pans operate sensitive to local campaiens
P microclimate paig
High temporal Expensive and Continuous high-
resolution; enables  technically demanding; resolution
EC direct measurement  stringent requirements monitoring of
of turbulent vapour for sensor precision; snow—atmosphere
flux requires corrections exchange
Relates vert.lcal . Stable or
concentration Requires measurements
. . . moderately
gradients to fluxes;  at multiple heights and
FG . . oo turbulent
compatible with regular calibration of .
X . atmospheric
relatively slow- paired instruments
boundary layers
response analysers
Water vapour Requires high-
flux fi ical wi . .
. . requency vertical wind Field observations
Compatible with measurements and usine relativel
REA relatively slow- rapid switching valves; 8 Y
- slow-response
response analysers sensitive to non-
. . analysers
stationary atmospheric
conditions
Fiel ti
Non-contact and ield (r):sﬁir;;i 1ons
relatively low-cost; Requires identifiable s qa tiall &
provides spatially snow surface features; p Y
o . . resolved snow
distributed limited during snowfall
. surface changes
O-T-SftM measurements; can or melt; requires L.
S . to distinguish
distinguish photogrammetric LS
. . sublimation
blowing-snow processing and accurate .
Ll . from blowing-
redistribution from georeferencing snow
surface sublimation o
redistribution
251
252 2.2.2 Observations at the snow—ice interface
253 To investigate the transfer and preservation of isotopic signals from snowpack to glacial
254 ice, integration of field sampling and laboratory analysis is required. Layered samples of
255  snowfall and snowpack should be collected and immediately sealed in specialised airtight bags.
256  After melting, the samples must be transferred to airtight bottles for subsequent laboratory

11
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257  isotope analysis.

258 In addition, physical parameters of the snowpack should be measured simultaneously
259  during sampling. Snow density is determined by collecting snow samples of known volume
260  and weighing (Kopec et al., 2022). Infrared reflectance instruments, such as IceCube, are
261  commonly employed to determine the snow specific surface area (SSA) (Harris Stuart et al.,
262 2023). It is then possible to empirically relate the physical structure of snow and ice to their

263  isotopic composition, thereby providing insights into cryosphere isotopic processes.

264 2.3 Laboratory experiments

265 Isotopic processes at the atmosphere—snow—glacier interface are influenced by multiple
266  factors, making quantitative control of variables in field observations challenging. This
267  complexity consequently limits understanding of certain processes. Laboratory experiments of
268  key post-depositional processes have therefore become an effective way to clarify the
269  underlying mechanisms. Previous studies have primarily focused on processes such as

270  sublimation, snow metamorphism, and wind-driven snow.

271 2.3.1 Surface modification

272 Sublimation—deposition processes can substantially modify the isotopic signature
273  preserved in snow. Controlled cold-box experiments demonstrated that sustained sublimation
274 under dry-air conditions induces pronounced isotopic changes in snow (Figure 5a). Under
275  controlled airflow and temperature, isotopically uniform samples became progressively
276  enriched in 6O (by up to 8%o), while d-excess decreased by up to 25%o. The strongest
277  modification occurred at the snow surface, and the imprint penetrated to approximately 3 cm
278  depth within 4-6 days and sublimation-driven fractionation can thus rework the near-surface
279  snowpack on timescales of days (Hughes et al., 2021). Such post-depositional modifications

280  may subsequently be preserved in ice-core records.

281 Experiments using the Experimental Multiphasic Atmospheric Simulation Chamber
282  (CESAM) have demonstrated the applicability of diffusion—deposition theory under controlled
283  conditions, while also revealing limitations of classical models in estimating isotopic
284  fractionation during deposition at very low temperatures. By inducing vapour deposition onto
285  a cylindrical copper cold trap maintained below the chamber temperature (Figure 5b), the
286  experiments showed a pronounced kinetic effect during ice deposition. Notably, O-excess

287  exhibited a stronger response to changes in kinetic fractionation intensity than d-excess (Casado

12
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288 et al, 2016). These findings provide experimental constraints for evaluating diffusion—
289  deposition models and for interpreting isotopic signatures formed under strongly kinetic
290  deposition conditions.
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292 Figure 5. Schematic diagram of the primary laboratory experiments for stable water isotopes.
293 (a—c) Surface modification processes, including the cold-box experiment (modified from
294 Hughes et al., 2021), CESAM chamber experiment (modified from Casado et al., 2016), and
295 ring wind tunnel experiment (modified from Wahl et al., 2024). (d) Cold-laboratory
296  experiments on snowpack diffusion processes (modified from Ebner et al., 2017). (e) Solid ice
297 sphere experiments on ice storage processes (modified from Bellagamba et al., 2024).
298 Moreover, wind-driven processes can directly alter the physical properties and isotopic
299  characteristics of surface snow. Cold-laboratory ring wind tunnel experiments revealed coupled
300  changes in snow microstructure and stable water isotopic composition during airborne snow
301 transport. Under sustained wind conditions, snow was transported through both suspension and
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302  saltation under different temperature conditions (Figure 5c), resulting in substantial changes in

303  specific surface area (SSA) and isotopic composition.

304 Over 1.25-2.5 h of transport, SSA declined to 35-70% of its initial value, and within 3
305  h the isotopic signal shifted by up to +1.47%o in 6'%0, £5.7%o in 6D, and —6.1%o in d-excess
306 (Wahl et al., 2024). These results demonstrate that wind-driven snow transport can induce
307  concurrent physical and isotopic modifications of surface snow, providing important evidence
308  for improving wind-blown snow models and interpreting isotopic signals preserved in polar ice

309  cores.

310  2.3.2 Snowpack diffusion

311 Diffusion within the snowpack further alters the vertical distribution of stable water
312  isotopes. Controlled experiments quantified isotope diffusion length and diffusivity using
313  layered snow samples with contrasting isotopic compositions and different thicknesses. The
314  experimental configuration was designed to minimise sampling-related uncertainties. The
315  calculated and experimentally derived diffusion parameters differed by approximately 15%
316  (Van Der Wel et al., 2011). These results provide an experimental basis for assessing the effects

317  of differential isotope diffusion on ice-core isotope records.

318 Moreover, the snowpack is not a closed system but continuously exchanges stable water
319  isotopes with the atmosphere, with post-depositional isotopic exchange strongly modulated by
320  thermal conditions. Controlled cold-laboratory experiments demonstrated that isotope and
321  temperature disequilibrium drives substantial 'O changes in snow (Figure 5d). Their
322  experiments showed that positive temperature gradients were associated with enhanced
323  sublimation, whereas negative gradients favoured net deposition, allowing the contrasting
324 effects of these processes on isotopic evolution to be distinguished. Critically, the introduction
325  of an additional thermal gradient within the snow sample induced complex interactions that
326  enhanced recrystallisation and further modified the 6'*O signature (Ebner et al., 2017). These
327  findings provide a physical basis for interpreting ice-core isotope records and refining climate

328  models.

329  2.3.3 Ice storage

330 The pore structure of ice can still influence fractionation during sublimation. Experiments
331  with suspended solid ice spheres showed that limited levels of ice porosity enhance the effective

332  diffusivity of isotopes, thereby revealing new physical mechanisms relevant to interpretation of
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333  ice-core isotope records (Figure S5e). In controlled experiments with known isotopic
334  compositions, small but statistically significant fractionation was observed during ice
335  sublimation. Importantly, the results demonstrate that even after pore-space closure, entrapped
336  air bubbles can sustain effective isotope diffusion within the ice matrix (Bellagamba et al.,
337  2024). This mechanism helps resolve why fractionation persists in low-porosity ice and

338  provides a new physical basis for interpreting subtle isotopic variations in deep ice cores.

339 2.4 Model simulations

340 Field observations remain constrained by limited spatial extent and observation duration
341  (Carroll et al., 2022), whereas laboratory experiments, although enabling quantitative
342  investigation under controlled conditions, cannot fully reproduce the complex interactions
343  among environmental factors in natural snow and ice (Hughes et al., 2021). To comprehensively
344 explore the influence and relative contribution of different post-depositional processes to ice-

345  core isotope records, isotope-enabled model simulations have therefore become essential.

346 Isotope-enabled atmospheric general circulation models, such as LMDZS5Aiso,
347  LMDZ6Aiso, iCESM1, ECHAMS-JSBACH-wiso, ECHAMS5-wiso, and ECHAMG6-wiso,
348  provide the large-scale climatic background and the primary isotopic forcing, including isotopic
349  compositions of moisture, cloud water, and precipitation (Werner et al., 2011), which serve as
350  upper-boundary conditions for snow isotope models that simulate post-depositional changes

351 (Dutrievoz et al., 2025; Goursaud et al., 2018; Ollivier et al., 2025).

352 Statistical and empirical models are effective for describing simple patterns of snow
353  isotopic composition. The Snow Isotopic Signal Generator (SISG) simulates snowpack
354  stratification by sequentially incorporating individual snowfall events until a predefined
355  surface-depth threshold is reached. The model indirectly assesses the combined effects of
356  processes such as diffusion, sublimation, and snow metamorphism by comparing simulated
357  snow isotopic compositions with observed values (Figure 6a). However, models based solely
358  on precipitation inputs fail to fully reproduce the observed isotopic variability and key features
359 (Ollivier et al., 2025). Based on a continuous observational dataset collected at the East
360  Greenland Ice Core Project (EastGRIP) during the 2017-2019 summer seasons, an empirical
361  decay model was developed to characterise rapid SSA reduction associated with snow
362  metamorphism, providing a quantitative basis for linking SSA evolution with isotopic
363  fractionation. Because it was derived from fits to observational data, the model has

364  spatiotemporal limitations and does not incorporate more complex mechanisms of snow
15
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365  metamorphism (Harris Stuart et al., 2023).

366 To elucidate the fundamental processes occurring at the snow—atmosphere interface and
367  the mechanisms governing isotopic exchange, some studies have proposed idealised models.
368  Within a one-dimensional box-model framework, the gas—solid interaction processes were
369  decomposed into three key physical reservoirs: the free-atmospheric layer, the boundary layer,
370 and the surface snow layer (Ma et al., 2024; Madsen et al., 2019). The model quantified vapour
371  andisotope fluxes between these adjacent units to simulate interfacial processes. This idealised
372 model reproduces the core characteristics of isotopic variability during atmosphere—snow
373  vapour exchange (Figure 6b). However, its applicability to complex environmental conditions
374 and long-term processes is limited by its simplifying assumptions and by the lack of explicit

375  representation of external air-mass mixing (Ritter et al., 2016).

376 Furthermore, a numerical mass-balance snow-surface model has been developed to
377  reproduce the isotopic changes of the uppermost snow layer (0—-0.5 cm) and to compare the
378  results with observations. This model incorporates isotopic fractionation associated with
379  sublimation and deposition, as well as diffusion within the snowpack, while omitting additional
380  processes including snow metamorphism and wind-driven snow (Wahl et al., 2022). Building
381  on this approach, the SNOWISO model was developed with two components: a surface cell of
382  variable height and an underlying snowpack represented by grid cells of constant spacing
383  (Figure 6¢). The model incorporates precipitation and isotopic input, isotopic fractionation
384  during vapour exchange with the atmosphere, isotope diffusion between all grid cells, and
385  release of a new snowpack cell from the surface cell, thereby allowing dynamic simulation of

386  isotopic processes at the atmosphere—snow interface (Dietrich et al., 2023).

387 The isotope-enabled Community Firn Model (Iso-CFM) combined with an ice-physics
388 model was designed to simulate isotope diffusion and fractionation processes within the
389  snowpack. Iso-CFM calculates attenuation and smoothing of isotopic signals using Fick’s
390  second law and a Gaussian filter to estimate diffusion length at different depths and to quantify
391 the intensity of isotope diffusion processes (Stevens et al., 2020). Iso-CFM requires only
392  temperature and accumulation as inputs, without prior information on the isotopic composition
393  of precipitation (Figure 6d). Consequently, its results are not directly affected by factors that
394  may bias the 8'8O signal, such as kinetic effects, atmospheric inversions, or precipitation
395  intermittency. Nevertheless, sufficiently high-resolution isotope measurements remain crucial

396  for accurate model application, while adjustments for ice-flow thinning and ice diffusion are
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still required (Gkinis et al., 2021). The ice-physics model, based on a Rayleigh distillation
framework and incorporating solid-phase diffusion within ice grains, describes isotopic
fractionation in freshly deposited snow. However, uncertainty in the results remains substantial
because parameters such as the solid-phase diffusion coefficient of ice particles and the

sublimation rate are difficult to measure accurately (Hu et al., 2022).
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Figure 6. Evaluation of major model simulations against observations for stable water
isotopes. (a) 8'*0 anomalies of surface and subsurface snow simulated by the SISG model
(modified from Ollivier et al., 2025), using respective daily precipitation inputs. (b) §'%0
anomalies at different depths (cm) simulated by the one-dimensional box-model framework
model (modified from Madsen et al., 2019). (c) 8'%0 and d-excess simulated by the
SNOWISO model (modified from Dietrich et al., 2023), compared with three-year averaged
snowpack core observations (2017-2019) at the EastGRIP site. (d) Attenuation of the annual
6'%0 signal simulated by the Iso-CFM (modified from Gkinis et al., 2021), using different firn
densification models and the annual %0 signal attenuation derived from spectral peak
analytical integration. (¢) 3'30 anomalies of snowpack simulated by SURFEX-Crocus v8.0
(modified from Touzeau et al., 2018), driven by vapour phase diffusion over 10 years.

Systematic simulation of isotopic processes at the atmosphere—snow—ice interface using
integrated, coupled energy—mass balance models provides an effective tool for understanding

isotope-exchange mechanisms. SNOWPACK is a one-dimensional, physically based snowpack
17
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417  model that integrates sublimation, deposition, water transport, and snow metamorphism (Wever
418  etal, 2014). These coupled processes allow the model to capture complex isotopic variations.
419  However, model complexity and the high requirements for input data limit its applicability in
420  low-accumulation environments and during snowmelt periods (Aemisegger et al., 2022).
421  SURFEX-Crocus v8.0 is a detailed one-dimensional snowpack model that represents the snow
422 cover as multiple layers with dynamically evolving thicknesses (Figure 6¢). The model includes
423  modules for snowfall, updating snow layering, metamorphism, snow compaction, wind drift,
424 snow albedo, latent and sensible energy and mass fluxes, the vertical snow temperature, and
425  surface sublimation and deposition. This model implements two types of vapour-phase
426  diffusion controlled by isotopic and thermal gradients. The isotopic composition at the grain
427  surface evolves through exchange with two compartments: sublimation—deposition with vapour
428  in the pore space and solid diffusion within the grain centre. However, processes such as wind
429  pumping, reworking of the uppermost snow layer, and hoar deposition are not currently

430  included in SURFEX—Crocus v8.0 (Touzeau et al., 2018).

431 3 Post-depositional processes and water isotopic evolution

432 Post-depositional processes encompass the period from snow deposition to its
433  densification into glacial ice, during which a range of physical processes modify the original
434  isotopic signals. Based on field observations and laboratory experiments, several major isotopic
435  exchange processes have been identified. At the snow—atmosphere interface, isotopic exchange
436  processes involve interactions between the surface snow and the overlying atmosphere,
437  encompassing two processes: turbulent mixing and sublimation—deposition. The isotopic
438  characteristics of the snowpack continue to evolve during firnification. In the solid phase, this
439  primarily involves solid-phase isotope diffusion. In the gas phase, isotopic gradient diffusion
440  occurs, whereas snow metamorphism takes place at the snowpack solid—gas interface.
441  Furthermore, post-depositional processes affecting snow isotopic compositions may also be

44?2  induced by external forces, including wind-driven and infiltration—refreeze processes (Table 2).

443
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444 Table 2. Favourable conditions and primary controls of main post-depositional processes
Main post- .
. Interaction . .
depositional . Favourable conditions Primary controls
interface
processes
Cold and dry snow Temperature, relative
Sublimation— Y humidity, wind speed,
) o surfaces exposed to the
eposition and surface energy
Snow— atmosphere
balance
atmosphere Wind speed
interface Vertical wind-exposed peed,
.. . topography, surface
Turbulent mixing snow surfaces with strong oo X
friction, wind shear, and
near-surface turbulence - 2.
atmospheric stability
Solid-phase Snowpack Snow crystal interiors and Snow temperature, grain
. . . . size, and molecular
diffusion solid phase dense snow or ice layers PR
diffusivity
Snow temperature
Snow Snowpack Snowpacks under strong gradient, SSA,
. solid—gas temperature gradients or snowpack pore
metamorphism . . o
interface near-melting conditions structure, and water
content
Snowpack isotopic
Isotopic gradient Snowpack gas Snowpack.s Wlth. gradl.ent, POrosity,
diffusion phase pronounce_d isotopic tortuosity, deps1ty, and
gradients effective diffusion
coefficient
Wind speed and
Wind-driven Snow surface  Strongly wind-exposed and direction, surface .
rocesses and snowpack orous snowpacks roughness, snow-grain
p P p P mobility, and snowpack
pore structure
Snowpacks containing
S - . . Snow temperature,
. nowpack liquid water, particularly in e
Infiltration— P . . . snowpack permeability,
liquid-solid the ablation zones of ice
refreeze : . water content, and
interface sheets or glaciers and :
. subsurface ice crusts
during seasonal snowmelt
445
446 3.1 Sublimation—deposition
447 Sublimation initially produces a layer of saturated vapour at the surface of snow crystals
448  (Figure 7) (Jambon-Puillet et al., 2018; Touzeau et al., 2018), which is controlled mainly by
449  temperature and vapour pressure and typically accelerates as temperature rises and vapour
450  pressure decreases. When atmospheric vapour pressure is lower than that at the snow-crystal
451  surface, a vapour-pressure gradient drives the continuous transport of water molecules from the
452  snow-crystal surface into the atmosphere. This causes the vapour layer at the snow-crystal
453  surface to become unsaturated, disrupting the original gas—solid equilibrium and sustaining
454 sublimation. Conversely, when atmospheric vapour pressure exceeds that at the snow-crystal
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455  surface, deposition occurs through the transfer of vapour and, under some conditions, liquid
456  droplets to the surface. Furthermore, sublimation—deposition affects the near-surface energy
457  balance and indirectly influences temperature and humidity, which in turn feed back on this
458  process (Wahl et al., 2024). The rate of sublimation—deposition can be quantified by the latent
459  heat flux, according to the following relationship (Lundquist et al., 2024):

460 Q =1L -E (12)
461  where E, Q, and Lg represent the sublimation rate (kg m? s™), latent heat flux (W m?) and
462 latent heat of sublimation (J kg'!), respectively. A positive latent heat flux indicates sublimation,

463  during which snow crystals lose mass. In contrast, a negative value signifies deposition,

464  whereby vapour is added to the snowpack.

(b) — Turbulent

Diffusion

) 2 ‘\

Sublimation
Vapour oy Conde%\sation
concentration Saturatlon
465
466 Figure 7. Schematic depiction of snowflake sublimation and gas—solid interactions at the
467  crystal surface during sublimation and deposition (modified from Jambon-Puillet et al., 2018).
468 (a) Time sequence illustrating the evaporation of a snowflake. Shown are snapshots from a
469 three-dimensional reconstruction of the same snowflake based on a constant thickness
470 assumption and representative model parameters. Colours indicate the water vapour
471 concentration field, with values spanning from saturation conditions (blue) to zero (red). (b)
472 Schematic depiction of snowflake and surrounding structure.
473 Methods used to calculate latent heat flux include eddy covariance (EC), the bulk

474 aerodynamic flux method (BF), the Bowen ratio—energy balance method (BR), and the
475  aerodynamic profile method (AP) (Garratt, 1994; Hock, 2005; Sexstone et al., 2016). Their

476  underlying formulations can be expressed as follows:
477 Qp-£c = pLsw' ¢ (13)

478  where p represents air density (kg m~) and w'q represents the covariance between vertical

479  wind speed (w") and specific humidity (q").
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480 Qg-pr = pLsCrur(q5 — qr) (14)
481  where g5 and q, represent surface and reference height specific humidity. Cy represents the
482  latent heat exchange coefficient, and u, represents wind speed at the reference level.

483 Qp-ap = —pLsCrAulq (15)

484  where Au and Aq represent the wind-speed gradient and the specific-humidity gradient

485  between measurement heights, respectively.

_av
486 =< dt
Qr-8r 1+ 5 (16)

487  where Q* represents net radiative flux (W m?), dU/dt represents the snowpack thermal

488  energy storage term (W m?), and B represents the Bowen ratio.

489 Isotopic exchange occurring between snow crystals and the saturated vapour layer during
490  sublimation—deposition is generally considered an equilibrium fractionation process. Molecular
491  diffusion between the snow-crystal surface and the near-surface atmosphere causes non-
492  equilibrium kinetic fractionation. Light isotopes preferentially diffuse from the saturated
493  vapour layer into the atmosphere, whereas heavy isotopes gradually accumulate, thereby
494 increasing the heavy isotope content of snow crystals. This process is governed primarily by
495  relative humidity and wind speed in the near-surface atmosphere, which together regulate the
496  intensity of vapour diffusion and determine the magnitude of kinetic fractionation (Hu et al.,
497  2022). At Dome C, the net snow sublimation rate was approximately 3.1-3.7 mm yr,
498  accounting for 12—15% of the annual surface mass balance (Ollivier et al., 2025). Such high-
499  frequency, shallow variations in isotopic composition are likely to weaken the stability of the

500  isotope-temperature relationship on seasonal and annual timescales.

501 3.2 Turbulent mixing

502 At the interface between the near-surface layer and the atmospheric boundary layer, water
503  molecules are transported primarily by turbulent mixing, which is much faster than molecular
504  diffusion (Garratt, 1994). Through turbulent mixing, water molecules can be dispersed non-
505  selectively into the atmosphere over a broad spatial range, thereby altering near-surface
506  humidity and continuously driving sublimation or deposition processes (Wang et al., 2019).
507  Turbulence is influenced by multiple factors, including wind speed, temperature, humidity,

508  topography, surface friction, atmospheric stability, wind shear, and larger-scale weather systems
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509  (Wanner et al., 2024). During the day, within the boundary layer, rising temperatures enhance
510  convection and intensify turbulent mixing (Casado et al., 2018). At night, as temperatures fall,
511  turbulent activity weakens, the boundary layer becomes more stable, and turbulent diffusion is
512  reduced. The turbulent diffusion coefficient Ky (z,t) describes the diffusion rate of substances
513  in turbulent flow. Within the framework of Monin-Obukhov similarity theory, it can be
514  expressed as follows (Madsen et al., 2019):

i\ 1.5
£1s ku*z’' (1 - %
Ky(z,t) = ————t 17
O e @ e (D o

516  where k denotes the von Karman constant, u* is the friction velocity, z corresponds to the
517  vertical distance above the snow surface, ¢,, and ¢y represent nondimensional stability
518  functions, L represents the Monin-Obukhov length, and h corresponds to the total depth of
519  the atmospheric boundary layer.

520 Turbulent diffusion is a macroscale eddy-transport process in the atmosphere and therefore
521  does not directly cause stable water isotopic fractionation (Kim and Lee, 2011; Lee et al., 2009).
522 By ventilating the interfacial layer, turbulence steepens the vapour-pressure gradient that drives
523  molecular diffusion away from the snow surface (Bintanja, 2001), thereby strengthening
524 fractionation during the molecular-diffusion stage. Yet when mixing becomes vigorous enough
525  to homogenise the near-surface vapour, the same process erodes the gradient and weakens
526  fractionation. Turbulence additionally modulates snow-surface temperature through the surface
527  energy balance, changing the equilibrium fractionation factor that governs interfacial exchange.
528  Continuous vapour isotope measurements reveal coupled changes in surface-snow and
529  atmospheric vapour isotopic signatures with amplitudes of up to 10%o over 5 days at the Kohnen
530  Station in East Antarctica, such that isotopic signals may reflect local processes more strongly

531  than weather-scale variability or precipitation inputs (Ritter et al., 2016).

532 3.3 Solid-phase diffusion

533 Solid-phase diffusion is based on the migration of water molecules through the crystal
534  lattice via a vacancy mechanism in a self-diffusion process that has no preferred direction and
535  isvery slow (Touzeau et al., 2018). The Arrhenius law describes the temperature (T') sensitivity

536  of the coefficient (D).
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537 D = Dyexp (— %) (18)

538  where R denotes the universal gas constant (8.314 J mol! K'), D, represents the maximum
539  diffusion coefficient (m? s), and Q represents the activation energy for diffusion (J mol™).
540  Based on this relationship, the empirical expression of molecular self-diffusion in ice can be

541  expressed as (Johnsen et al., 2000; Ramseier, 1967):

7273) (19)

542 Dice = 3.96 - 10* exp (— —
543  The diffusion time of molecules in the solid phase can be estimated using the characteristic-
544  time expression derived from Fick's second law:

2

R
545 Aty = 5= (20)

1ce

546  where Ry is the mean grain radius (m). Theoretically, when the temperature is -20°C, the snow-
547  crystal diffusion coefficient is 1.32 x 10® m? yr’!, implying that water molecules require 0.76
548  yr to traverse a grain with a radius of 0.1 mm, which corresponds to the timescale of solid-
549  phase diffusion. In addition, snow crystals may contain tiny, closed air bubbles formed during
550  crystal growth, which create enhanced diffusion pathways. Water molecules lost from the snow-
551  crystal surface through sublimation can therefore be replenished more rapidly via pore
552  pathways than through diffusion within the crystal lattice (Bellagamba et al., 2024). The solid-
553  phase diffusion experiment demonstrated that the residual ice became progressively enriched
554  in heavy isotopes. When roughly half of the sphere's mass had been lost, §'®0 and 6D values
555  had increased by approximately 0.5%o and 3.5—-5.5%o, respectively (Bellagamba et al., 2024).

556 The isotopic composition of snow crystals is heterogeneous, and their microstructure can
557  be approximated as a concentric two-layer structure comprising an inner core and an outer shell
558 (Touzeau et al., 2018). A degree of isolation exists between the inner core and the outer shell,
559  and this separation intensifies as the grain grows. These layers may also form at different times
560  or under different environmental conditions (Lu and DePaolo, 2016). Non-directional solid-

561  phase diffusion homogenises the isotopic composition within individual snow crystals.

562 3.4 Smow metamorphism

563 Snow exhibits a bicontinuous porous structure composed of a fully connected network of

564  snow crystals and air-filled pore space (Lowe et al., 2011), and its microstructure determines
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565  properties such as strength and albedo. Snow metamorphism refers to the continuous
566  recrystallisation of the snow microstructure and is classified into dry-snow and wet-snow

567  metamorphism depending on whether liquid water is present (Moure and Fu, 2024).

568  3.4.1 Dry-snow metamorphism

569 Dry-snow metamorphism involves substantial structural changes in snow crystals through
570  rapid sintering and recrystallisation, resulting in altered physical properties. This phenomenon
571  can be divided into isothermal metamorphism, temperature-gradient metamorphism, and

572  variable temperature-gradient metamorphism.

573 Isothermal snow metamorphism refers to the evolution of snow microstructure towards
574  thermodynamic equilibrium under constant-temperature conditions. Differences in the
575  curvature of snow crystals lead to slight variations in temperature and equilibrium vapour
576  pressure (Colbeck, 1983; Legagneux and Domine, 2005). Convex points have higher
577  equilibrium vapour pressure and sublimate more readily, whereas concave points preferentially
578  deposit vapour (Aemisegger et al., 2022; Lowe et al.,, 2011). Under these conditions, the
579  curvature effect is the dominant factor, driven by the reduction in surface free energy at the
580  complex ice—air interface (Ebner et al., 2017). Through microscale sublimation—diffusion—
581  deposition processes, isothermal snow metamorphism causes snow crystals to become larger
582  and smoother, together with a gradual reduction in SSA, while the density of the snowpack
583  remains essentially constant (Ebner et al., 2015). Isotopic fractionation in snow layers under
584  isothermal conditions is limited in magnitude and can be approximated as an equilibrium
585  process. Lighter isotopes at convex points are more likely to enter the vapour phase. Through
586  short-range diffusion, these molecules are redeposited at concave points, accompanied by
587  further isotopic fractionation, during which heavier isotopes are preferentially incorporated into

588  the solid phase.

589 In practice, temperature gradients are common within snow layers, driven by solar heating
590  and radiation cooling (Bartels-Rausch et al., 2014). Temperature-gradient metamorphism may
591  completely renew snow crystals, meaning that all water molecules within a given crystal are
592  cycled through sublimation—deposition processes (Pinzer et al., 2012). These processes are
593  driven by vapour-pressure gradients that develop in response to temperature differences across
594  the pore space. Vapour produced by sublimation in warmer snow layers, where vapour pressure
595 s higher, diffuses through the pore space down and deposits in colder snow layers. As a result,

596  grains at warmer surfaces tend to develop rounded morphologies, whereas colder surfaces
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597  favour the formation of faceted grain structures (Calonne et al., 2014). Under such temperature
598  gradients, isotopic fractionation in snow layers constitutes a kinetic, non-equilibrium process.
599  Lighter isotopes preferentially sublimate from warmer surfaces and diffuse towards colder
600  regions, where heavier isotopes are preferentially deposited. This drives systematic isotopic
601  redistribution along the gradient, with fractionation that is more pronounced and spatially more

602  extensive than under isothermal conditions (Pinzer and Schneebeli, 2009).

603 Diurnal variations in the temperature gradient in shallow snow layers, driven by radiative
604  heating and cooling, lead to variable temperature-gradient metamorphism under natural
605  conditions. Owing to the fluctuating direction and intensity of the gradient, snow crystals
606  cannot develop pronounced faceted structures, ultimately producing a coarser snow structure
607  with reduced structural continuity (Pinzer and Schneebeli, 2009). Such metamorphism
608  influences the diurnal evolution of hydrogen and oxygen stable isotopes but is mainly confined

609  to the upper ~1 cm layer of the snowpack (Ritter et al., 2016).

610 Observations from Dome C, Antarctica, indicate that dry-snow metamorphism introduces
611  an additional isotopic imprint. The §'80—temperature slope decreases from 0.46%o °C™! under
612  precipitation-dominated conditions to 0.24%o °C™! when metamorphism prevails. In the Vostok
613  snowpit, principal component analysis also indicates that 75% of the total variance corresponds
614  to an isotopic signature characterised by a d-excess/6'8O ratio of —3.2, suggesting that a
615  substantial portion of the signal is attributable to post-depositional metamorphic processes

616  (Casado etal., 2021).

617  3.4.2 Wet-snow metamorphism

618 Wet-snow metamorphism occurs when temperatures approach the melting point. The
619  presence of liquid water modifies the thermodynamic state of the snowpack and strengthens the
620  mechanical and thermal linkages among ice grains through capillary bridging, thereby
621  accelerating the coarsening and densification of snow crystals. Consequently, wet-snow
622  metamorphism is several orders of magnitude faster than dry-snow metamorphism (Brun, 1989;
623  Moure and Fu, 2024). Wet-snow metamorphism is characterised by homogeneous coarsening
624  together with localised crystal growth in regions associated with preferential water infiltration
625 and a slowdown in wet-snow metamorphism during melt-refreeze conditions (Avanzi et al.,

626  2017).

627 Under wet-snow metamorphic conditions, snow exhibits §'*0 enrichment relative to the

628  original precipitation signal, with surface snow showing an increase of up to 2.5%o over a four-
25
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629  day period (Sokratov et al., 2024). Compared with dry-snow metamorphism, wet-snow
630  metamorphism generates a more uniform isotopic distribution throughout the snowpack owing

631  to extensive mixing of isotopes by percolating meltwater.

632 3.5 Isotopic gradient diffusion

633 Pore-space diffusion along isotopic gradients is the principal mechanism that smooths the
634  isotope signals of snow layers, and its strength depends on snow porosity, tortuosity, and density
635 as well as on the effective diffusion coefficient (Dg) (Touzeau et al., 2018). The isotopic
636  signature preserved in the snowpack reflects the combined influences of the original snowfall
637  signal, post-depositional snow—atmosphere exchange, and factors such as temperature within
638  the snowpack. Together, these processes produce pronounced spatiotemporal isotopic
639  heterogeneity, generating isotopic gradients within the snowpack that drive vapour diffusion

640  through pore spaces and exchange with the solid phase.

641 In modelling terms, this diffusion is commonly described by Fick’s law, whereby changes
642  in isotope concentration at a given point are determined by the surrounding isotopic gradient
643  and the diffusion properties of the medium (Neumann and Waddington, 2004; Touzeau et al.,
644  2018).

% Cv(t,n) Clsvap,ini(tr Tl) - Cv(t,n+1) Clsvap,ini(trn + 1)
D dz(t,n) +dz(t,n+1)

645 F¥(n+1-n)=-2D(t,n—>n+1) 21)

646  where F¥(n+ 1 > n) represents the flux of water molecules containing §'*0 from layer
647 mn+1 to layer n (kg m? sV), Desr(t,n > n+1) represents the effective interfacial
648  diffusivity between layers n and n + 1 (m? s™!), D;g/D represents the ratio of the diffusivity of
649  the heavy isotopologue to that of the light isotopologue, C,(t,n) represents the saturated

650  vapour mass concentration in the snow pore space (kg m?), c18

vap,ini (£, ) represents the mass

651  fraction of a given isotopologue in the initial vapour, and dz(t,n) represents the snow layer

652  thickness (m).

653 At Dome C, isotope diffusion smooths the original seasonal signal driven by temperature
654  changes, producing 6'*0 fluctuations with a typical length scale of approximately 20 cm within
655  the snowpack (Ma et al., 2020; Casado et al., 2018). Comparisons between snow-core and ice-
656  core 8'0O signals from East Antarctica further revealed 55-70% signal attenuation over five
657  years, which is attributed to isotope diffusion. Based on a firn diffusion model, the diffusion

658  length is estimated to be approximately 6 cm. Collectively, these observations confirm that

26
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659  diffusion smooths the 6'®0 variability in the snowpack (Mahalinganathan et al., 2022). As snow
660  compacts, pore spaces diminish and vapour-diffusion pathways shorten, gradually suppressing

661  gas—solid exchange and isotopic fractionation.

662 3.6 Wind-driven processes

663 Wind-driven snow includes drifting snow, which mainly involves creep and saltation in
664  the near-surface layer below approximately 2 m, and blowing snow transported at greater
665  heights (Déry and Taylor, 1996). These processes are controlled chiefly by topography and wind
666 (Melo et al., 2022). At the macroscale, wind-driven snow most obviously redistributes snow
667  mass, which directly affects isotopic composition. At the microscale, snow crystals collide and
668  fracture, undergoing fragmentation and compaction, while also experiencing multiple
669 sublimation—deposition cycles at the surfaces of blowing snow (Wahl et al., 2024; Walter et al.,
670  2024). These processes alter physical characteristics, including size, shape, density, and optical
671  characteristics. Snow-crystal breakage increases the SSA, thereby promoting isotopic
672  interaction between the atmospheric vapour and surface snow (Wahl et al., 2024). Under
673  warmer air-temperature conditions, wind tunnel experiments exhibited the strongest isotopic
674  fractionation in snow, with 'O and 8D increasing at 0.006 and 0.011%o min’!, respectively,
675  and d-excess decreasing at 0.049%o0 min' (Wahl et al., 2024).

676 Interaction between wind and a rough snow surface also triggers wind pumping (Touzeau
677  ectal.,2018), whereby small-scale high- and low-pressure zones are generated as airflow passes
678  over an irregular snow surface. This process enhances vapour exchange and intensifies
679  sublimation (Ebner et al., 2017). Wind pumping enhances airflow through pore spaces, thereby
680  promoting snow metamorphism, which primarily influences low-density snow layers (Drake et
681  al., 2017). The potential magnitude of this effect is substantial: model experiments that resolve
682  forced ventilation and pore-space diffusion indicate that sustained winds of 5—10 m/s can drive

683  an annual-mean 6'*0 enrichment of 3—7%o across East Antarctica (Town et al., 2008).

684 Moreover, advection affects vapour saturation and air temperature, thereby indirectly
685  influencing isotopic fractionation in surface snow. Advection of dry air reduces local vapour
686  saturation and enhances sublimation (Bintanja, 2001; Hu et al., 2022). By contrast, cold-air
687  advection lowers snow temperature by removing sensible heat, thereby inhibiting sublimation

688  and reducing the intensity of isotopic fractionation (Harder et al., 2019).

689
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690 3.7 Infiltration—refreeze

691 At higher temperatures, precipitation may occur as rainfall or existing surface snow may
692  melt. Infiltration of rainwater or meltwater can homogenise isotope records within the
693  snowpack (He et al., 2006). This process reduces seasonal isotopic signals, can lead to relative
694  enrichment in heavy isotopes, and introduces temporal discontinuities into isotope records
695  (Moran and Marshall, 2009). Snow begins to melt when the temperature rises to 0°C, forming
696  a thin liquid-water film on the crystal surface. This process corresponds to equilibrium
697  fractionation under ice-liquid equilibrium conditions. As temperature rises further, snow melts
698  rapidly and isotopic fractionation becomes very limited (Taylor et al., 2001). As meltwater
699  percolates through the snowpack, isotopic exchange occurs between the meltwater and snow
700  crystals, shifting the meltwater composition towards lower abundances of heavy isotopes (Ala-
701  aho et al, 2017). Observations in the Swiss Alps show that during meltwater formation, the
702  preferential loss of light isotopes enriches the remaining snow by 3% in 6'*0O and 25%o in 6D
703  (Aemisegger et al., 2022). When temperature falls below 0°C, the meltwater begins to refreeze,
704  with heavy isotopes preferentially partitioning into the solid phase and further depleting the
705  residual liquid water (Ala-aho et al., 2017). Observations from Haig Glacier in the Canadian
706  Rockies show that mean 6'80 increases from —19.2%o in wet snow to —18.6%o in glacier ice,
707  revealing the role of infiltration—refreeze processes in snow isotopic enrichment (Penn et al.,

708 2023).

709 The infiltration—refreeze process modifies the vertical isotopic profile of the snowpack
710  while simultaneously complicating the interpretation of ice-core isotope records (Moran and
711 Marshall, 2009). Moreover, infiltration—refreezing of meltwater can form ice crusts within the
712 snowpack (Quéno et al., 2020). Densification of these ice crusts restricts liquid infiltration and
713  gas diffusion through pore spaces, thereby limiting isotopic exchange between adjacent

714  permeable snow layers separated by relatively impermeable crusts (Langway et al., 1993).

715 4 Challenges and future perspectives

716 Post-depositional processes have been identified as important controls on the isotope
717  records preserved in ice cores. However, the contributions and effects of these processes across
718  different timescales remain poorly understood, thereby reducing the interpretability of isotope
719  records for paleoclimate studies. Existing studies are limited in their ability to support high-

720  precision physical modelling because of coarse spatial resolution and temporal discontinuities
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721  in observations of surface and subsurface snow. Observations with high vertical resolution and
722  broader spatial coverage are therefore required to disentangle the key physical processes and
723 mechanisms. The responsiveness of d-excess and '7O-excess to differences between
724 equilibrium and kinetic fractionation makes them indispensable natural tracers to quantify and
725  separate the contributions of individual post-depositional processes to isotope records. Future

726  research should therefore focus more strongly on second-order stable water isotope variables.

727 Isotope-enabled atmospheric general circulation models have reached a relatively mature
728  stage, and these models effectively capture isotopic processes during vapour transport. By
729  contrast, fully physical isotope-enabled atmosphere—snow—ice models remain in an exploratory
730  phase. Further development of these models is required to improve simulations of isotopic
731  evolution at the atmosphere—snow—ice interface. Moreover, machine learning has demonstrated
732 strong capabilities in practical applications, including remote-sensing interpretation and spatial
733 data mining. Machine learning is well suited to modelling the complex, non-linear relationships
734  and coupling mechanisms among multiple variables and is therefore potentially valuable for
735  describing intricate geoscientific processes that are difficult to represent using traditional
736  parametric methods. Future research should integrate machine learning with isotope modelling
737  to enable more rigorous and robust investigation of stable water isotope processes at the

738  atmosphere—snow—ice interface.

739 Ice cores over the Tibetan Plateau have been used to reconstruct regional climatic and
740  environmental evolution since the Last Interglacial. Although the underlying physical processes
741  and isotopic fractionation mechanisms are similar to those in polar regions, their magnitudes
742  and manifestations differ because of contrasting climatic conditions. Antarctica and Greenland
743 are characterised by arid, frigid climates with low accumulation rates, whereas the Tibetan
744 Plateau exhibits more pronounced seasonal variability and a more complex moisture supply.
745  Compared with polar regions, snow on the Tibetan Plateau is more frequently present as wet
746  snow, rendering isotopic fractionation after snow deposition more complex. Relative to the
747  post-depositional processes dominated by sublimation—deposition and vapour diffusion within
748  the snowpack under polar dry-snow conditions, wet-snow environments are additionally
749  regulated by processes such as wet-snow metamorphism, infiltration-refreeze, and liquid-water
750  transport. The integrated effects of these mechanisms increase the complexity of snowpack
751  isotopic composition, posing substantial challenges for robust interpretation. Consequently,
752 when reconstructing paleoclimate from the isotope records of Tibetan Plateau ice cores, the

753  effects of wet-snow metamorphism and liquid-water processes must be considered particularly
29
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754 carefully.

755 The role of vapour exchange and phase transitions at the atmosphere—snow—ice interface,
756  together with the associated isotopic fractionation, cannot be ignored when interpreting
757  paleoclimate signals preserved in ice-core records. Future research should place greater
758  emphasis on the potential of d-excess and "O-excess to quantify individual post-depositional
759  processes and should aim to establish an integrated observation-experiment-modelling
760  framework. By combining multisource datasets and comparing processes across different
761  regions, such an approach could enable quantitative characterisation of the contributions of
762  individual processes and their coupled effects on ice-core isotope records across multiple

763  timescales.
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