
1. Introduction
Ice core records are invaluable climate archives and provide estimates of past climate temperatures more than 
800,000 years back in time, with the potential to unravel climate information of more than 1.5 million years 
(EPICA community members,  2004; Jouzel et  al.,  2007; Lilien et  al.,  2021). Additionally, the difference in 
abundance of heavier oxygen molecules (δ 18O, see Text S1 in Supporting Information S1 for a description of 
the δ-notation) to the abundance of heavier hydrogen (deuterium) molecules (δD), the d-excess (δD − 8∗δ 18O, 
Dansgaard (1964)), is commonly used to infer moisture source region information (Johnsen et al., 1989; Landais 
et al., 2021). The traditional interpretation of this climate signal is that when snow forms, it captures an inte-
grated snapshot of the state of the atmosphere from source region to deposition site (Dansgaard et al., 1969; 
Jouzel, 2013). The recorded climate signal is superimposed by noise that can be induced by wind-driven erosion 
and redistribution, the irregularities in the temporal and spatial distribution of precipitation events, and signal loss 
due to post-depositional diffusion (Casado et al., 2020; Persson et al., 2011; Zuhr et al., 2021, 2023). Moreover, 
recent observations documented that while the snow is exposed to the atmosphere, phase-changing processes 
affect the isotopic composition of the surface snow (Casado et al., 2021; Ritter et al., 2016; Wahl et al., 2022). The 
term post-depositional processes includes snow metamorphism, surface sublimation and deposition of atmos-
pheric water vapor, sublimation of blowing snow, surface melt and evaporation, refreezing, and recrystallization 
(Casado et al., 2018). However, current research regarding the post-depositional impact on the isotopic compo-
sition of the snow is inconclusive and provides only limited quantification on whether these post-depositional 
changes appear as noise in the isotope climate records or if they are part of the formation process of the climate 
signal in ice core proxy records.

Abstract Surface processes alter the water stable isotope signal of the surface snow after deposition. 
However, it remains an open question to which extent surface post-depositional processes should be considered 
when inferring past climate information from ice core records. Here, we present simulations for the Greenland 
Ice Sheet, combining outputs from two climate models with an isotope-enabled snowpack model. We show 
that surface vapor exchange and associated fractionation imprint a climate signal into the firn, resulting in 
an increase in the annual mean value of δ 18O by +2.3‰ and a reduction in d-excess by −6.3‰. Further, 
implementing isotopic fractionation during surface vapor exchange improves the representation of the observed 
seasonal amplitude in δ 18O from 65.0% to 100.2%. Our results stress that surface vapor exchange is important in 
the climate proxy signal formation and needs consideration when interpreting ice core climate records.

Plain Language Summary The climate information contained in falling snow is modified by 
exchange processes with the atmosphere after the snow has fallen to the surface. It is important to understand 
how this modification affects the interpretation of past climate information from ice core isotope records. In 
this study, we combined outputs from two climate models to simulate the climate signal in a snow core on the 
Greenland Ice Sheet. We evaluate the snow core model using snow observations from the Greenland Ice Sheet. 
By simulating snow cores with and without the modification at the surface, we find a considerable impact of 
the surface modification on the climate signal in the snow core. Further, considering the surface modification 
causes an improved representation of the seasonal changes compared to observations. Our findings highlight 
the importance of surface processes in forming climate information contained in ice cores and underscore the 
need to include these processes in the ice core interpretation.
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To date, the required tools to answer this open question do not yet exist. An isotope-enabled atmospheric climate 
model is required that is coupled to a snowpack and surface exchange model that sufficiently captures the rele-
vant post-depositional phase-changing processes (Madsen et  al.,  2019; Wahl et  al.,  2021). We approach this 
issue by combining simulations from the isotope-enabled global climate model ECHAM6-wiso (Cauquoin & 
Werner, 2021; Werner et al., 2011) with accurate surface vapor exchange simulations from the polar regional 
climate model MAR (Fettweis et al., 2013), as input for an updated version of the isotope-enabled SNOWISO 
surface-exchange and snowpack model (Wahl et al., 2022).

2. EGRIP Drilling Site
All observations are obtained in the Greenland accumulation zone, at the East Greenland Ice-core Project (EGRIP, 
Figure S1 in Supporting Information S1) deep ice core drilling site. The EGRIP site is located at 75° 38'N and 
36° 00'W at the onset of the Northeast Greenland Ice Stream (NEGIS) at a height of ∼2,700 m above sea level 
(Hvidberg et al., 2020). EGRIP is a low accumulation site with 13.8–14.9 cm yr −1 water equivalent compared to 
other Greenland deep core drilling sites (Nakazawa et al., 2021).

3. SNOWISO Surface-Exchange and Snowpack Model
We use an updated version (v2) of the SNOWISO model (Wahl et  al.,  2022). The SNOWISO model is a 
one-dimensional isotope-enabled surface-exchange and snowpack model. It requires input information on 
precipitation, near-surface atmospheric variables, and the isotopic composition (δ 18O, δD) of precipitation and 
near-surface atmospheric vapor. Output variables are the isotopic composition of the simulated snow core on 
depth and time scale and the isotopic composition of the surface humidity flux.

The SNOWISO model is divided into two parts (Figure 1), a surface cell with a variable height zSC and the snow-
pack below with grid cells of constant spacing dz. At each time step, (a) precipitation mass and isotopic input 
are added and mixed into the surface cell, (b) isotopic fractionation during water vapor exchange with the atmos-
phere is applied to a layer within the surface cell with the constant thickness zEX, the model depth up to which the 
snow is in direct exchange with the atmosphere, and mixed into the surface cell, (c) isotopic diffusion is applied 
between all grid cells, and (d) in case the height of the surface cell exceeds the combined height of a grid cell and 
the surface vapor exchange layer (zSC > dz + zEX), the surface cell releases a new snowpack cell.

Isotopic fractionation during sublimation as observed directly over the snow surface in Greenland (Wahl 
et al., 2022) is implemented in the snow-atmosphere exchange parameterization scheme. As in the original version 
of the SNOWISO model in Wahl et al. (2022), the water isoptic composition of the sublimation flux is calculated 
with a Craig and Gordon (1965) isotope evaporation model parameterized by Merlivat and Jouzel (1979). In the 
modified version (v2) of the SNOWISO model used in this study, the isotopic composition of the flux during the 
vapor deposition is calculated following Jouzel and Merlivat (1984). The resulting isotopic fraction during vapor 
exchange is applied to the surface layer of the SNOWISO model (Figure 1).

For small humidity gradients and, thus, small fluxes (h − 1 < 0.02, where h is the air relative humidity with 
respect to the surface temperature), the isotopic composition of the surface snow in the model is unchanged. 
The kinetic fractionation coefficients for  18O k18O = 6‰ and for deuterium kD = 0.88 · k18O are chosen following 
Merlivat and Jouzel (1979). No effect of wind speed on the kinetic fractionation is applied as this effect has not 
been observed over a snow surface, and the original parameterization in Merlivat and Jouzel (1979) has been 
questioned (Bonne et al., 2019; Zannoni et al., 2022). Diffusion within the snowpack is applied following Johnsen 
et al. (2000).

The simulations in this study are run with a vertical resolution of dz = 1 cm. Decreasing the vertical resolution 
below 1 cm does not change the simulation significantly (Figure S6 in Supporting Information S1). We set the 
model time step to 30 min to guarantee numerical stability. The depth of the exchange layer zEX that is influenced 
by the atmosphere is set to 5 mm (Wahl et al., 2022). Input data (Table S1 in Supporting Information S1) for 
precipitation amount and isotopes, and the near-surface vapor isotopes are taken from a global ECHAM6-wiso 
reanalysis (Cauquoin & Werner, 2021) on a T127 grid, corresponding to ∼28 × 111 km horizontal resolution at 
the EGRIP site. The snowpack is initialized with a constant profile of the mean precipitation isotopic composition 
in the simulation period. Meteorological and snowpack temperature and density input are taken from regional 
MAR simulations (Dietrich, Steen-Larsen, et al., 2023) over Greenland on a 30 × 30 km horizontal resolution, 
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driven by the ERA-5 reanalysis product (Hersbach et  al.,  2020). The surface vapor exchange from MAR is 
corrected following Dietrich, Steen-Larsen, et al. (2023).

4. Observational Data
4.1. Snowpack Cores at EGRIP

The performance of the SNOWISO model is evaluated against averaged isotopic profiles of the upper 1 m of the 
snowpack across several years at the EGRIP site (original dataset: Behrens et al., 2023, processed data used in this 
study: Town et al., 2023). In 2017, 24 snowpack cores were obtained at four independent sites on eight sample days. In 
2018, 35 snow cores were obtained at five sites on seven sample days. In 2019, 25 cores were obtained at five sites on 
five sample days. For each year, all individual 1-m snowpack isotopic profiles were aligned using the on-site temper-
ature record and averaged (Town et al., 2023), providing three average isotopic records for 2017, 2018, and 2019.

We align the average of observed snow profiles to the simulations for better direct comparison. We use the 
seasonal extrema of δ 18O as tie points and linearly stretch the vertical coordinate in between. The snow profiles 
are aligned to the simulation in which vapor exchange induced fractionation is applied. The alignment allows us 
to quantify the changes to the d-excess seasonal cycle on the modeled time scale. For comparability, we show 
the simulated snow profiles aligned to the provided temperature-constrained age-depth relationship (Figures S2c, 
S2d, and S3 in Supporting Information S1), and for no alignment between the simulated and observed snow 
profiles (Figures S2e, S2f in Supporting Information S1). We acknowledge that aligning the observational δ 18O 
record of the snowpack to either local temperature or to simulations from the SNOWISO model both comes with 
caveats since neither model is an exact representation of all processes. However, we note that the choice of align-
ment has only a limited impact on the results. With this study, we move toward using isotope-enabled general 
circulation models (GCMs) to infer past climate information from ice core isotope records. We, therefore, decided 
to focus on the case where the average observed snow profiles are aligned with the simulations.

4.2. NEGIS Firn Core

For the evaluation of the entire simulated snow core, we use data from a firn core drilled in the NEGIS in 
2012 (Vallelonga et al., 2014). The provided age-depth relationship for this core shows a misalignment on the 

Figure 1. Illustration of the calculations in the SNOWISO model at each time step. The depth of each grid cell is dz, and the depth of the layer that is affected by vapor 
exchange induced fractionation is 𝐴𝐴 𝐴𝐴𝐸𝐸𝐸𝐸 . The surface cell is marked by a blue outline, and its height 𝐴𝐴 𝐴𝐴𝑆𝑆𝑆𝑆 is variable between 𝐴𝐴 𝐴𝐴𝐸𝐸𝐸𝐸 < 𝐴𝐴𝑆𝑆𝑆𝑆 < 𝑑𝑑𝐴𝐴 + 𝐴𝐴𝐸𝐸𝐸𝐸 . Yellow fill indicates 
the layer that is affected by vapor exchange induced fractionation. Red arrows indicate diffusion in the snow column.

 19448007, 2023, 20, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
104249 by A

lfred W
egener Institut F. Polar- U

. M
eeresforschung A

w
i, W

iley O
nline L

ibrary on [25/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geophysical Research Letters

DIETRICH ET AL.

10.1029/2023GL104249

4 of 10

seasonal scale, likely because the lack of volcanic strata in the upper 3 m affected the annual layer counting (Kjær 
et al., 2013; Vallelonga et al., 2014). Consistent with the alignment of the snow profiles, we align the seasonal 
extrema of δ 18O in the firn core data with the seasonal extrema of δ 18O in the precipitation input from the model 
simulations with ECHAM6-wiso.

5. Results
5.1. Evaluation of the Isotopic Simulations

We evaluate the model performance using three average snowpack isotope profiles obtained in 2017, 2018, and 
2019 (Town et al., 2023) in Figure 2. In the control simulation with no fractionation of the surface snow, δ 18O has 
a positive bias of 3.0 [2.3–3.7]  ‰(square brackets show the bias range for the three individual snow profiles in 
2017, 2018, and 2019, Figure 2a). Including fractionation induced by surface vapor exchange leads to an increase 
of the positive bias in δ 18O to 5.1 [4.5–5.7] ‰. The simulated bias is consistent with the positive bias of +2.7 

Figure 2. (a–d): Comparison of simulated δ 18O (a), d-excess values (b), and their seasonal amplitudes (δ 18O: c; d-excess: 
d) for vapor exchange induced fractionation in the model applied (light blue/green) and suppressed (dark blue/green) to 
observations (violet/khaki) at the EGRIP drilling site. The observations consist of three averages of all snowpack cores drilled 
in 2017, 2018, and 2019, respectively. (e), (f): Comparison of monthly binned averages of d-excess from the observations to 
monthly binned averages in the snow core simulation with vapor exchange induced fractionation turned off (e) and on (f) to 
the observed averages of d-excess in the snow cores drilled in 2017 (dots), 2018 (squares), and 2019 (triangles).
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‰ that Steen-Larsen et al. (2017) found in their evaluation of ECHAM5-wiso water vapor isotope simulations 
compared to observations, and the positive bias of +4.4 ‰ reported by Masson-Delmotte et al. (2015) in their 
evaluation of ECHAM5-wiso precipitation isotope simulations against shallow core observations. Both studies 
were carried out at the North Greenland Eemian Ice Drilling (NEEM) site in North Greenland.

The d-excess is overestimated in the control simulation by 1.7 [1.0–2.5] ‰ compared to the snow profiles 
(Figure  2b). Including vapor exchange induced fractionation shifts the d-excess toward negative values, and 
the simulated d-excess is underestimated by −4.25 [−3.54 – −4.96] ‰ compared to the snow profiles. We note, 
however, that the supersaturation function (Jouzel & Merlivat,  1984) in the parameterization of the isotopic 
fractionation during snow crystal formation in the cloud-scheme of the ECHAM-wiso model (Cauquoin & 
Werner, 2021; Werner et al., 2011) is tuned to align the simulated precipitation d-excess with the d-excess obser-
vations in the surface snow from across the Antarctic Ice Sheet (Masson-Delmotte et al., 2008). By doing so, 
post-depositional effects on the surface snow d-excess are implicitly included in the simulated precipitation 
d-excess. This hypothesis is supported by Steen-Larsen et al. (2017), who found that the simulated water vapor 
d-excess in ECHAM5-wiso was too low compared to vapor isotope measurements at the NEEM site, with a 
negative bias of −9 ‰, but only a limited bias in the simulated precipitation isotopes compared to snow samples 
(Masson-Delmotte et al., 2015). Therefore, an increased negative bias in the simulated d-excess when includ-
ing vapor exchange effects is expected as post-depositional effects are implicitly applied twice. Furthermore, 
the supersaturation is tuned to the d-excess of Antarctic snow samples, not Greenland snow samples. Moisture 
sources for the snow being deposited at the EGRIP site might originate from a large spatial range of sources in the 
North Atlantic in which the simulated d-excess of the boundary layer has been documented as being too low in 
isotope-enabled GCMs (Steen-Larsen et al., 2017). The positive bias in δ 18O, as reported above, would however 
not be explained by the choice of supersaturation, but be a result of too little distillation during transport from the 
moisture source (Steen-Larsen et al., 2017).

In recent years, high-resolution water isotope records obtained from continuous measurements of ice core records 
have raised the possibility of investigating seasonal signals (Gkinis et al., 2021; Jones et al., 2023). To investigate 
the role that surface vapor exchange induced fractionation might play when simulating the isotope seasonality 
in ice core records, we define the seasonal amplitude as the difference between two extrema divided by two in 
both δ 18O and d-excess, and consider diffusion as insignificant for the seasonal amplitude in the top 1 m. In the 
control simulation, the seasonal amplitude of δ 18O is underestimated, reaching on average 65.0% (3.2 ‰) of the 
observed seasonal amplitude (4.9 ‰). Including vapor exchange induced fractionation in the model improves 
the  representation of the seasonal amplitude in δ 18O to 100.2% (4.9%0, Figures  2a and  2c) of the observed 
seasonal amplitude.

The simulated seasonal amplitude of d-excess in the control simulation (4.1 ‰) matches the observed seasonal 
amplitude (4.1 ‰, Figures 2b  and 2d). Including vapor exchange effects, increases the simulated amplitude in 
d-excess to 123.3% (5.1 ‰) of the observed amplitude. More importantly, including vapor exchange effects does 
not cause a phase shift in the seasonal cycle of δ 18O but causes a phase shift in the d-excess moving the maxima 
toward early boreal autumn (Figures 2a and 2b, Figure S4 in Supporting Information S1). The simulated d-excess 
maxima in early boreal autumn are consistent with observations from back-diffused records of ice core isotope 
records and snowpit samples (Johnsen et al., 1989; Landais et al., 2012). The seasonality of the d-excess profile 
changes, and the correlation with the d-excess observed in the snowpack improves from 0.66 to 0.8 when apply-
ing vapor exchange induced fractionation in the model (Figures 2e and 2f).

5.2. Impact of Vapor Exchange on the Isotopic Signal in a Firn Core

Two simulations were performed, a control simulation and a simulation with applied vapor exchange induced 
fractionation (Figure 3). Due to isotopic fractionation during sublimation (Madsen et al., 2019; Wahl et al., 2022) 
including the effects of vapor exchange causes an enrichment in δ 18O at the snow surface, in particular in summer, 
when sublimation dominates the vapor exchange. The effect of vapor exchange on the isotopic signal increases 
the annual mean δ 18O in the 30-year-long simulation (1990–2020) by 2.3 [1.6–2.8] ‰ (square brackets show the 
range of annual mean increase). Despite this relatively strong impact on the annual mean value, the inter-annual 
variability (standard deviation of the annual mean) only increases by 9% from 1.3 ‰ in the control simulation 
to 1.4 ‰ when vapor exchange induced fractionation is included. The simulated inter-annual variability of δ 18O 
in both simulations is, however, lower than the observed 1.9 ‰ for the period 1990–2011 in a firn core record 
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(Vallelonga et al. (2014), NEGIS, Figure 3c). For comparison, the simulated inter-annual variability of δ 18O in 
the time period covering the firn core (1990–2011) increased by 11% from 1.4 ‰ in the control to 1.6 ‰ when 
vapor exchange effects are included (Figure 3c).

Due to the different kinetic fractionation coefficients for δ 18O and δD, the HD 16O molecules are preferentially 
sublimated compared to 𝐴𝐴 H

18

2
 O molecules, leading to a reduction in the d-excess of the surface snow. In the simu-

lation, the d-excess decreases by −6.3 [−4.9 – −7.9] ‰ due to vapor exchange (Figure 3b). The inter-annual 
variability of the d-excess is increased by 18% with a standard deviation of 0.79 ‰ in the control simulation to 
0.9 ‰ when including vapor exchange effects. The observed d-excess annual standard deviation in the firn core 
is 1.1 ‰. For comparison, the simulated inter-annual variability of the d-excess in the time period covering the 
core (1990–2011) increased by 24% from 1.04 ‰ in the control to 1.29 ‰ when vapor exchange effects are 
included (Figure 3d).

6. Discussion
In a sensitivity analysis, the inputs of vapor and precipitation isotopes (δ 18O and δD), precipitation rate, and 
vapor exchange rate are randomly and independently varied within a range of ±20%. We find our results to be 
very robust for the simulation of δ 18O (Figures S7a and S7b in Supporting Information S1). As expected, the 
sensitivity of the d-excess to independent variations of δ 18O and δD is higher than their individual sensitivity 
(Figures S7e and S7g in Supporting Information S1). Both δ 18O and d-excess show only a small sensitivity to 
variations in the snowpack temperature and density (Figures S7b, S7d, S7f, S7h in Supporting Information S1). 
The choice of vertical resolution has no significant impact on the snow and firn core simulations for resolutions 
0.5 cm < dz < 2 cm (Figure S6a in Supporting Information S1).

Independent of the SNOWISO model's capabilities to simulate the surface fractionation during vapor exchange 
and diffusion, the simulation depends largely on the accumulation, and the isotopes in precipitation and vapor, 
provided by MAR and ECHAM6-wiso. Using the uncorrected vapor exchange from MAR in our simula-
tions considerably shifts the simulated firn core d-excess signal to higher values (Figure S6b in Supporting 

Figure 3. (a, b): Simulation of a 30-year-long snow core (1990–2020). (c, d): Comparison of a 21-year-long snow core 
simulation (1990–2011) to firn core observations (Vallelonga et al., 2014, Northeast Greenland Ice Stream). The simulated 
values of δ 18O (a, c blue) and d-excess (b, d green) are shown in the control simulation in dark colors (no frac) and when 
post-depositional fractionation included in light colors (frac). The observed isotopic records of δ 18O and shown in violet and 
for d-excess in brown. Step lines (dark lines) show the annual mean values of the snowpack core simulations (transparent 
lines). Boxplots show the distribution of the annual means, where the boxes indicate the 25th–75th percentile and whiskers 
indicate the 5th–95th percentile.
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Information  S1) as a result of underestimated summer sublimation and overestimated winter deposition (see 
Dietrich, Steen-Larsen, et al. (2023) for details). In many paleoclimate simulations, the output of vapor exchange 
is in daily or monthly resolution. However, averaging the relatively large sub-diurnal variations causes an underes-
timation of the effect of vapor exchange induced fractionation on the firn core simulation (Figure S6c in Support-
ing Information S1). We conclude that an accurate representation and sub-diurnal temporal resolution of the 
vapor exchange in isotope-enabled models is essential when simulating the isotopic fluxes in atmosphere-snow 
interactions on ice sheets.

The comparison of a firn core simulation at the EGRIP site to the NEGIS firn core (Vallelonga et al., 2014, 
Section 4) highlights the caveats that we are still facing in modeling isotopes in GCMs. Despite the diffusion 
length in the simulation being comparable to observed values (Figures S8 in Supporting Information S1), the 
seasonal and, to a lesser degree, inter-annual variability in the simulations is underestimated (Figures 3c and 3d). 
This is a well-known issue in isotope-enabled GCMs (Goursaud et al., 2018; Sodemann et al., 2008; Werner & 
Heimann, 2002) and can be partly explained by the coarse horizontal resolution, which does not resolve strati-
graphic variations (Breil et al., 2021), and an incorrect representation of the precipitation intermittency (Laepple 
et al., 2011, “drizzling-problem”) or moisture pathways (Masson-Delmotte et al., 2008).

The validity of our results depends on how accurately the model captures the post-depositional impact of vapor 
exchange on the surface snow. Wahl et al. (2022) used an earlier version of the SNOWISO model to simulate 
day-to-day changes in the surface snow isotopes. They found an overestimation of the impact that vapor exchange 
had on the isotopes in a comparison of the top 0.5 cm with surface snow samples. In an evaluation (Text S4 in 
Supporting Information S1) of the SNOWISO model, using the latest model version and the simulation setup 
from this study, we only found a bias in the isotopic composition of the top 2 cm surface snow (Figure S5 in 
Supporting Information S1), which is likely induced by the input data (Section 5.1). Moreover, the correlation of 
δ 18O between simulation and snow samples improves slightly from R = 0.73 to R = 0.84 when including vapor 
exchange induced fractionation in the model (Figures S5a and 5Sb in Supporting Information S1). A new verti-
cal grid in the current SNOWISO model version and a different choice of vertical resolution could explain the 
improved agreement. Additionally, Wahl et al. (2022) use the observed snow temperature at 10 cm depth in the 
diffusion scheme, while a depth variable snow temperature profile from MAR is used in this study.

We find a strong dependence of the simulated d-excess on vapor exchange at the deposition site. This questions 
how much of the d-excess source region signal is conserved in ice core proxy records. The simulations show a 
shift of the seasonal maxima in d-excess from boreal summer to early autumn (Figures 2a and 2b, Figure S4 in 
Supporting Information S1). The maximum values of d-excess during early boreal autumn, as observed in ice 
core isotope records, have led to conclusions that the source region sea surface temperature is imprinted in the 
ice core isotope records. However, based on the simulations in this study, we argue that the maximum d-excess in 
early boreal autumn is a result of snow-air exchange.

Recent research on post-depositional climate signal formation in the surface snow opens up new perspectives, 
such as the possibility of reconstructing surface humidity fluxes of past climates. Casado et al. (2020) were able 
to constrain the timescales at which climate variability can be reconstructed by modeling the impact of precip-
itation intermittency and the accumulation rate on isotopic simulations of the snowpack, assuming that surface 
vapor exchange does not fractionate the snow. Our study now provides, to our knowledge, the first model-based 
estimate of how surface vapor exchange induced fractionation impacts the isotopic record on annual time scales. 
Other post-depositional processes are not included in the simulation yet, such as the vapor exchange through 
snow metamorphism or wind pumping along with snow redistribution at the surface. The entire extent of the 
post-depositional impact on the climate signal in ice core proxy records and their spatial and temporal variability 
needs to be further studied.

7. Conclusions
Vapor exchange at the surface impacts the water isotopes in the snow after deposition. We estimated the impact 
of this surface fractionation on the seasonal to annual climate signal recorded in ice cores using the SNOW-
ISO surface exchange and snowpack model. Precipitation and vapor isotopic composition were provided by the 
global circulation model ECHAM6-wiso, and surface humidity fluxes by the regional climate model MAR. The 
SNOWISO model simulates the fractionation in the surface snow layer and diffusion in the snowpack. Our results 
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outline the particular importance of post-depositional processes in the climate signal formation in ice cores and 
fundamentally question our current proxy interpretation.

Due to vapor exchange induced fractionation, we found a shift of the mean annual values by +2.3 ‰ for δ 18O 
and by −6.3 ‰ for d-excess in a firn-core simulation for the period 1990–2020. These results suggest that 
post-depositional fractionation of the surface snow affects the climate signal imprinted in ice cores, an important 
caveat to current paleoclimate interpretations that do not consider the potential role of changes in vapor exchange 
for different climates.

In simulations of snow cores excluding surface vapor exchange impacts, the modeled seasonal isotopic amplitude 
is too small compared to observations. Implementing vapor exchange into simulations improves the representa-
tion of the seasonal amplitude in δ 18O from 65% to 100.2% of the observed seasonal cycle. This may explain 
a known conundrum in the interpretation of the water isotopes, that the diffusion-corrected seasonal amplitude 
is often substantially reduced compared to expectations of isotope-temperature scaling based on the seasonal 
temperature cycle (Jones et al., 2023). Our results thus suggest that additional isotopic corrections are needed 
to convert a high-frequency, seasonally resolved water-isotope signal in a deep ice core back to a climate signal. 
In addition to the classic back-diffusion described in Johnsen et al. (2000), we suggest a correction based on the 
surface fractionation due to vapor exchange. The quantification of the correction for vapor exchange should be the 
topic of future studies based on the analysis of simulated climatologies. Since vapor exchange has a pronounced 
seasonal cycle, its effect needs to be considered in the interpretation of seasonal variations in water isotope 
records.

Due to the tight relation between temperature and humidity, it appears likely that the impact of vapor exchange 
varies in different climates and for different ice core drilling sites. We see an urgent need to quantify the role of 
vapor exchange in the interpretation of climate variability. The evaluations in this study show that the SNOWISO 
model provides a tool to more reliably model the climate imprint that surface processes leave in the surface snow.

Data Availability Statement
Snow core data are available on PANGEA (Town et al., 2023). The firn core data are available in Vallelonga (2014). 
ECHAM6-wiso outputs are available on Zenodo (Cauquoin & Werner, 2023). MAR outputs are available on 
Zenodo (Dietrich, 2023). SNOWISO model data are available on Zenodo (Dietrich, Wahl, & Steen-Larsen, 2023).
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