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Abstract. Ice core water isotope records from Greenland
and Antarctica are a valuable proxy for paleoclimate re-
construction, yet the processes influencing the climate sig-
nal stored in the isotopic composition of the snow are be-
ing challenged and revisited. Apart from precipitation input,
post-depositional processes such as wind-driven redistribu-
tion and vapor—snow exchange processes at and below the
surface are hypothesized to contribute to the isotope climate
signal subsequently stored in the ice. Recent field studies
have shown that surface snow isotopes vary between precipi-
tation events and co-vary with vapor isotopes, which demon-
strates that vapor—snow exchange is an important driving
mechanism. Here we investigate how vapor—-snow exchange
processes influence the isotopic composition of the snow-
pack. Controlled laboratory experiments under forced sub-
limation show an increase in snow isotopic composition of
up to 8%c 8'80 in the uppermost layer due to sublimation,
with an attenuated signal down to 3 cm snow depth over the
course of 4-6d. This enrichment is accompanied by a de-
crease in the second-order parameter d-excess, indicating ki-
netic fractionation processes. Our observations confirm that
sublimation alone can lead to a strong enrichment of stable
water isotopes in surface snow and subsequent enrichment in
the layers below. To compare laboratory experiments with re-

alistic polar conditions, we completed four 2-3 d field exper-
iments at the East Greenland Ice Core Project site (northeast
Greenland) in summer 2019. High-resolution temporal sam-
pling of both natural and isolated snow was conducted un-
der clear-sky conditions and demonstrated that the snow iso-
topic composition changes on hourly timescales. A change
of snow isotope content associated with sublimation is cur-
rently not implemented in isotope-enabled climate models
and is not taken into account when interpreting ice core iso-
topic records. However, our results demonstrate that post-
depositional processes such as sublimation contribute to the
climate signal recorded in the water isotopes in surface snow,
in both laboratory and field settings. This suggests that the
ice core water isotope signal may effectively integrate across
multiple parameters, and the ice core climate record should
be interpreted as such, particularly in regions of low accumu-
lation.

1 Introduction

Water isotope records in polar ice cores have been used
as a proxy to reconstruct local temperature and evapora-
tion source conditions dating back hundreds of thousands of
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years. The isotope—paleothermometer relationship used to in-
terpret ice core water isotope records is based on the assump-
tion that the observed stable water isotope signal is primarily
composed of the input signals from individual precipitation
events (Johnsen et al., 2001; Werner et al., 2011; Sime et al.,
2019). However, this approach does not take into account
the effects of post-depositional surface exchange processes
such as vapor exchange and wind-driven redistribution. Re-
cent field studies have shown that the isotopic composition
of surface snow varies in parallel with atmospheric water va-
por without occurrence of newly precipitated snow (Steen-
Larsen et al., 2014) and can change on sub-diurnal timescales
(Ritter et al., 2016; Casado et al., 2018), suggesting a cou-
pling between the atmospheric water vapor and surface snow
through isotope exchange.

The primary water isotope signal (i.e., §'80, §D) in polar
precipitation closely reflects the temperature gradient expe-
rienced by an air mass from source to deposition and ulti-
mately the temperature of condensation in the cloud (Dans-
gaard, 1964; Dansgaard et al., 1973; Jouzel and Merlivat,
1984; Jouzel et al., 1997). Therefore, seasonal differences
in the isotopic composition of the precipitation have histori-
cally been assumed to be the primary contributor to observed
annual cycles in the ice core. In addition, the second-order
parameter deuterium excess (d-excess= 8D —8-8'80) re-
sults from kinetic fractionation due to molecular differences
between the movement of oxygen and hydrogen in the hy-
drologic cycle. Traditionally, it is thought that the ice core
d-excess signal is driven by the evaporation conditions at
the moisture source to an ice core site (Merlivat and Jouzel,
1979).

There are several processes known to influence the climate
signal recorded in ice core water isotopes. First, precipita-
tion may not take place continuously throughout the year,
and precipitation intermittency and seasonal bias influence
the isotope record (Werner et al., 2000; Casado et al., 2018;
Miinch et al., 2017; Miinch and Laepple, 2018; Zuhr et al.,
2021). Second, surface processes such as snowdrift erosion
and redistribution may hamper the consecutive deposition
and burial of snow layers through time, leading to a lack of a
continuous time record. For example, wind-drifted snow can
form large persistent surface features/dunes with variations
in the snow density and height, altering the isotope signal
spatially and vertically. This issue has been approached by
stacking multiple cores or snow pit profiles in order to re-
solve the climate signal (Casado et al., 2018; Miinch et al.,
2017; Miinch and Laepple, 2018; Zuhr et al., 2021). Third,
after deposition the snow and firn undergo vapor diffusion.
Unconsolidated snow grains have open pathways between
pore spaces, allowing for vapor transport and mixing. Dif-
fusion attenuates the seasonal signal and acts as a smooth-
ing function, and is well-constrained (Whillans and Grootes,
1985; Cuffey and Steig, 1998; Johnsen et al., 2000; Jones
et al., 2017a). It has been shown that diffusion may smooth
across noise and gaps from intermittent precipitation events,
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leading to the observed isotope records that imply continuous
seasonal temperature changes (Laepple et al., 2016, 2018).
However, a remaining missing link between the accumulated
signal and the ice core record is a well-defined understand-
ing of snow-air exchange. Continuous isotope exchange be-
tween the snow surface and water vapor is known to influ-
ence the recorded climate signal, yet the effects are still not
fully resolved.

While it was previously assumed that sublimation of snow
and ice occurs layer by layer and does not cause isotopic frac-
tionation of remaining ice (Dansgaard, 1964), recent studies
have shown this is not the case and that snow is subjected
to isotopic fractionation due to sublimation (Ekaykin et al.,
2009; Sokratov and Golubev, 2009; Ebner et al., 2017; Mad-
sen et al., 2019). In the accumulation zone of ice sheets, the
typical region for ice core drill sites, the snow surface and
lower atmosphere are coupled through the continuous hu-
midity exchange in the form of sublimation and deposition
of water molecules and isotopologues (Wahl et al., 2021).
This interaction continuously imprints on the snow surface
8180 and 8D isotopic composition and suggests an interpre-
tation of snow isotopes as an integrated climate record, rather
than a precipitation signal only (Steen-Larsen et al., 2014).
As sublimation is a non-equilibrium process comparable to
evaporation, it likewise influences the surface snow d-excess,
questioning the interpretation of d-excess as a source region
signal.

In this study, we investigated how the isotope signal of sur-
face snow is altered over multiple days via post-depositional
exchange between the snow and the near-surface atmo-
spheric water vapor. We utilized multiple types of experi-
ments including both controlled laboratory experiments and
in situ field observations. First, we performed a simple lab-
oratory experiment to observe the effects of sublimation un-
der dry air in a controlled environment. Next, we performed
two field experiments in northeast Greenland to (1) analyze
the change of snow of known isotopic composition under
characteristic polar conditions and (2) document the isotope
signal evolution of undisturbed snow as it naturally exists
at the ice sheet surface. For all experiments, continuous at-
mospheric vapor measurements were made above the snow
surface to complement the snow sampling and allow us to
observe ongoing snow—vapor isotope exchange. Thus, these
laboratory and field experiments are the first to measure both
8180 and 8D at fine vertical and temporal resolution for
multiple depths across several multi-day experimental peri-
ods under differing environmental conditions, with simulta-
neous continuous measurements of atmospheric vapor §'80
and éD. In the case of the laboratory experiments presented,
the vapor isotopic composition can directly be interpreted as
the isotopic composition of the flux, since the experimen-
tal set-up fulfills the closure assumption and therefore al-
lows a direct comparison of flux and snow isotopic composi-
tion. With these data we demonstrate the importance of post-
depositional processes on the snow surface water isotope sig-
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Table 1. Overview of all experiments conducted. Eight laboratory experiments were completed, with L1-L5 completed at the University of
Colorado Boulder and L6-L8 completed at the University of Copenhagen. Four field experiments (F1-F4) were completed at the East Green-
land Ice Core Project field site. Field experiments included associated field box samples (FB2-FB4) and field surface samples (FS1-FS4).
For L experiments, the controlled settings of the individual experiment runs are given, whereas for the field experiments, the environmental
conditions are listed. The mean sublimation rate for field (F-FB/FS) experiments was calculated for all observations in which the latent heat
flux (LHF) was positive (i.e., directed away from the surface). The median peak sublimation rate in June and July 2019 was 250 gm_2 d—1,
and maximum observed peak sublimation rates were 600-700 g m—2d-1

Experiment Experiment  Mean flow rate Mean Mean sublimation  Peak sublimation  Starting snow  Duration
type name (liters per temperature rate (LHF > 0) rate (LHF > 0) s180 (%0)
minute) 0O (g m—2d-1) (g m—2d~1)

Laboratory L1* 2 —12 428.4 - -20 5d
L2 3 —-12 428.4 - -20 5d
L3 3 —-12 508.4 - -20 5d
L4 4 —12 568.8 - -20 5d
L5* 5 —12 692.3 - -20 5d
Lo6* 5 -9 779.9 - —28 6d
L7 5 -8 965.0 - —28 4d
L8 5 -5 1329.3 - —28 5d

Field box F2-FB2 - -7.5 157.5 386.1 —26.1 41h
F3-FB3 - -10.5 218.5 712.9 —25.2 39h
F4-FB4 - —12.7 130.3 279.7 —25.1 51h

Field surface  F1-FS1 - -7.6 171.6 619.6 - 57h
F2-FS2 - -7.5 157.5 386.1 - 41h
F3-FS3 - —10.5 218.5 712.9 - 39h
F4-FS4 - —12.7 130.3 279.7 - 51h

* Stars denote the subset of laboratory experiments selected for further discussion.

nal, and we provide better constraints on transfer functions
between the atmospheric conditions including water vapor
isotopic composition and the climate signal recorded in the
surface snow, with implications for interpretation of ice core
records.

2 Methods

We investigated through a combination of laboratory and
field experiments (Table 1) the influence of phase changes
(i.e., sublimation and vapor deposition) on the snow surface
isotopic composition. Laboratory experiments were run in a
controlled environment, which allowed us to isolate the ef-
fects of idealized sublimation conditions. The sublimation
rate was varied between different experiment runs through
adjusting temperature and the flow rate of dry air. Comple-
mentary field experiments provided greater insight as to how
laboratory findings are consistent with field observations oc-
curring at the surface of the ice sheet. The field experiments
were run under close-to-ideal conditions, which limited the
duration of the experiments to intervals of time with clear-
sky conditions. In return, the sampling resolution was in-
creased for the field experiments.
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Throughout this work, water isotope measurements are re-
ported in standard delta notation given in per mil (%o) (Craig,
1961):

R.
8 = (— - 1>, (1
Rvsmow

where i refers to D or 6180, and R is the ratio of heavy
to light isotopes, such that Risg = []H%SO]/[ng’O] and
Rp = [PH'H'®0]/['HI0], where 2H is referred to as D.
Samples were referenced to Vienna Standard Mean Ocean
Water (VSMOW).

2.1 Laboratory experimental methods (L experiments)

For the laboratory experiments (L1-L8), dry air was circu-
lated over boxes containing isotopically homogeneous snow
samples that were kept at fixed temperatures (Fig. 1a). An
experimental chamber was designed that consisted of an in-
ner plexiglass box, which sat inside an outer plywood box
(2.7cm thick) used for temperature regulation. The entire
setup was placed in a large freezer, with the inner tem-
perature moderated by a PID-controlled (Omega CN7800;
50W) cable heater wrapped around the inside of the ply-
wood box. Dry air was produced with a generator (Puregas
CDA-10) and run through Drierite desiccant, resulting in hu-
midity < 100 ppm (i.e., < 5 % RH). The amount of dry air

The Cryosphere, 15, 4949-4974, 2021



4952

A. G. Hughes et al.: The role of sublimation as a driver of climate signals in surface snow

(a) Laboratory sublimation experiment

Outer plywood box

®

Dry airin

Temperature
sensors

Plexiglass chamber &’3
’? 32cm /:\
o« '
1
28cm 1 50cm
1
1
1
! CRDS isotope
12cm : 7 analyzer inlets
1
1
2cm 1
1
Snow samples 1
1
v

(b) Field sublimation experiment

Covered Field

Vapor Box samples (FB)

Field Surface samples (FS)

I Surface A | | Surface B | | Surface C |

Cogan- >| DDD|< ----- > > oD

Figure 1. (a) Diagram of laboratory experiment setup. A plexiglass chamber was placed within an outer plywood box in a freezer, and dry
air regulated by a mass flow controller was pumped into the inner box above four to six homogeneous snow samples, placed on a small shelf
to allow airflow. Fans inside the box maintained air circulation. Three temperature sensors were placed at different heights, and continuous
CRDS measurements of the vapor were made at four inlet heights (2, 12, 28, 32 cm above the snow surface). (b) Schematic diagram of the
field sampling setup at EastGRIP. From left to right: atmospheric vapor at 10 cm above the snow surface was continuously measured by a
CRDS. Homogenous box samples (FB; red) were partially buried and covered, and temperature sensors were placed in the atmosphere, snow
surface, and below the surface. Three surface sampling locations (FS A, B, C; blue) were spaced 5—10 m apart, with samples taken at every
time interval at each location. A photo example of one sample is shown, in which the left-most sample is the 0-0.5 cm sample, while the

intervals for 0-1, 1-2, and 2—4 cm can be seen in the small pit.

circulated in the box was regulated by a HORIBA SEC-4400
mass flow controller, and two continuously running computer
fans at the top of the chamber maintained mixed air. In or-
der to maintain positive pressure in the box, flow rates less
than 2L min~! could not be used. Four to six small plas-
tic boxes (5.7 x 5.7 x 7.6 cm) were filled with snow that was
well-mixed and sifted so that the snow grain size (1-2 mm)
and isotope value were homogenous, and the initial mass of
each sample was measured. The samples were placed at the
bottom of the inner box, on a shelf with underlying airflow
to prevent a temperature gradient within the samples. Every
24 h, one sample was removed, and the mass of that sample
was measured. The boxes could be opened on one side, and
a metal spatula was used to collect snow samples with 5 mm
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resolution to obtain a vertical isotope profile. Snow samples
were transferred to 20 mL HDPE scintillation vials for stor-
age and kept frozen until analysis, at which time they were
melted and immediately transferred to 2mL vials. Liquid
samples were then analyzed using a Picarro L2130-i cavity
ring-down spectrometer (CRDS), in conjunction with a CTC
Analytics HTC PAL autosampler injection system and Pi-
carro V1102-i vaporization module. Each sample was mea-
sured with six injections, and the reported value is based on
the average of the last three injections to remove memory ef-
fects (Schauer et al., 2016). Every analysis run of 40 samples
also included three known water isotope standards bracket-
ing the sample isotope values for calibration (e.g., as done
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in Jones et al., 2017b). The resulting discrete measurements
have uncertainties of 0.1 %0 8'80 and 1 %o 6D.

For the duration of all experiments, several additional pa-
rameters were monitored. A Picarro L2130-i CRDS was con-
tinuously measuring (~ 1 Hz) vapor (humidity, §'80, §D)
from four heights above the snow surface (2, 12, 28, 36 cm),
cycling between each level every hour. The second-order pa-
rameter d-excess (d-excess = 8D — 8 - §180) was also calcu-
lated from those measurements. Three Pico Technologies PT-
104 data logger temperature sensors were placed in the box
to record continuously: one 10 cm above the snow surface,
one on the surface of the snow, and one ~ 4 cm below the
snow surface.

Two sets of experiments were conducted with varying sub-
limation rates controlled by adjusting temperature and dry air
flow rate (Table 1). For five experiment runs, the tempera-
ture was held steady at —12°C while the dry air flow rate
was changed between a constant flow rate of 2, 3, 4, and
5Lmin~! (L1-L5, respectively). These experiments used
snow from Boulder, Colorado, with a starting value of ap-
proximately —20 %o 8'30, and they were carried out at the
Institute of Arctic and Alpine Research at the University of
Colorado Boulder. Three additional experiment runs had the
temperature of the inner box held constant at —9, —8, or
—5°C (L6-L8, respectively), and the flow rate of dry air
above the snow samples was held steady at 5 Lmin~!. These
experiments used snow from the East Greenland Ice Core
Project field site with a starting 5'80 value of approximately
—28 %o and were completed at the section for Physics of Ice,
Climate and Earth at the University of Copenhagen. In total,
eight experiments were completed.

2.2 Field experimental methods (F experiments)

Field experiments were conducted at the East Greenland Ice
Core Project (EastGRIP) field camp in July 2019. EastGRIP
is located at 75.6268° N, 35.9915° W in the accumulation
zone of the Greenland Ice Sheet. In July 2019, the meteoro-
logical conditions at the site were characterized by low tem-
peratures (mean —9.0 °C, measured at 2 m above the snow
surface) and high relative humidities (mean 91 % RH with
respect to ice), leading to an average specific humidity of
2.3gkg™!. Positive temperatures (> 0°C) were very rare,
and we observed a positive change in snow height of about
2 cm during July.

The goal of in situ field experiments was to characterize
interactions between the snow surface and near-surface at-
mospheric vapor on short timescales and to monitor the evo-
lution of the isotopic signal in the snow. To do so, we selected
four 2-3 d experimental periods (field experiments, F1-F4)
during which changes in water isotopes in the snow sur-
face and atmospheric vapor were measured simultaneously
through three sample types (Fig. 1b): (1) discrete box sam-
ples (field box, FB2-FB4), (2) discrete surface samples (field
surface, FS1-FS4), and (3) continuous vapor measurements
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at 10 cm above the snow surface. Each experiment was con-
ducted during a period of good weather, such that precipita-
tion or windblown snow would not bias results. This required
air temperatures below freezing, sustained wind speeds be-
low 5-6ms~!, and no precipitation.

2.2.1 Discrete box samples (FB experiments)

At the beginning of each period, 14-16 boxes (5.7 x 5.7 x
7.6 cm) were filled with well-mixed surface snow. Sampling
boxes were partially buried in the snow surface, with the top
of the sample box 1-2 cm above the surrounding snow sur-
face to minimize any risk of contamination from windblown
snow. Samples were also protected from direct overhead sun-
light using a light-colored thin cloth covering. Although this
deviates from natural conditions in which the snow surface
is exposed and not covered, this modification was necessary
to prevent solar heating of the sample boxes which may have
led to melt of the snow samples. A Pico Technologies PT-104
data logger was used to measure temperature during the ex-
perimental period, with four sensors placed in an additional
snow-filled box. The logger continuously recorded tempera-
tures of the ambient air, snow surface, 3 cm below surface,
and 6 cm below surface.

One box was collected every 3 h; each box was equipped
with one removable side so that a vertical profile of the snow
was accessible. Snow samples were taken at intervals 0-0.5,
0.5-1, 1-1.5, 1.5-2.5, and 2.5-4.5 cm from the surface us-
ing a spatula. The snow samples were transferred to a 20 mL
HDPE scintillation vial for storage. Discrete samples are re-
ferred to as field box (FB) samples, with each experiment
designated FB2, FB3, and FB4 (Table 1).

2.2.2 Discrete surface samples (FS experiments)

In addition to the isolated boxes, every 3 h we collected sam-
ples from a clean, undisturbed surface snow area at the same
time as the boxes were sampled. Because wind effects can
lead to variability in snow surface density and isotopic value,
surface samples were collected from three locations, desig-
nated sites A, B, and C. The distance from A to B was 10 m
and from B to C was 5 m (Fig. A1). At each surface location,
samples were collected from 0-0.5, 0-1, 1-2, and 2—4 cm be-
low the surface (Fig. 1b). The snow samples were transferred
to a 20 mL HDPE scintillation vial for storage. Discrete sur-
face samples are referred to as field surface (FS) samples,
with each experiment designated FS1, FS2, FS3, and FS4
(Table 1).

All snow samples (both field box (FB) and field surface
(FS)) were kept frozen after collection and were measured at
the Stable Isotope Lab at the University of Colorado Boulder.
Samples were analyzed using a Picarro L2130-i, in conjunc-
tion with a CTC Analytics HTC PAL autosampler injection
system and Picarro V1102-i vaporization module. The same
measurement protocol was used as described in Sect. 2.1.
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2.2.3 Continuous vapor measurements

Continuous atmospheric water vapor isotope measurements
were made at 10 cm above the snow surface, ~ 50 m away
from the FS sampling site so as not to be contaminated by
snow sampling activity. The measurements were made with
a Picarro L2130-i CRDS, which was kept in a temperature-
controlled tent and measured humidity, §'30, and 8D. Using
a diaphragm pump (KNF model DC-B 12V UNMP850), air
was pumped through a ~ 12 m long heated copper tube to
the analyzer (similar to the setup described in Madsen et al.,
2019).

Four types of calibrations were performed on the water
vapor isotope measurements of the CRDS, similar to the cal-
ibration protocol described in Steen-Larsen et al. (2013): (1)
humidity calibration, (2) humidity-isotope response calibra-
tion, (3) VSMOW-VSLAP scale calibration, and (4) drift cal-
ibration. All calibrations are applied to water vapor isotope
measurements in both laboratory and field experiments. De-
tails of the calibration setup specific to laboratory and field
experiments are described in Appendix B.

Latent heat flux (LHF) was also continuously measured
during the field campaign using a Campbell Scientific IR-
GASON eddy-covariance (EC) system. The two-in-one EC
system measured humidity and three-dimensional wind at
a sampling frequency of 20 Hz in the same sample volume
at 2.15m above the snow surface. LHF values were com-
puted for 30 min intervals using Campbell Scientific’s soft-
ware EasyFlux' " adjusted for sublimation conditions and ac-
counting for wind rotation and frequency corrections. La-
tent heat flux is related to sublimation: LHF = sublimation
rate - A, where A is the latent heat of sublimation at 0°C,
2834 kJkg™'; a positive LHF indicates sublimation, and neg-
ative LHF indicates vapor deposition.

3 Results
3.1 Laboratory experiments
3.1.1 Sublimation rate

The mean sublimation rate for each laboratory experiment
is calculated based on mass loss with time and surface
area, reported in Table 1. Sublimation rate does not signifi-
cantly change with time and is shown for each experiment in
Fig. A8. The mass of each box was measured at the onset of
the experiment and immediately before each sampling. Since
we only push dry air into the chamber, the experiment relates
only to sublimation processes. We find that the LHF associ-
ated with sublimation varies from approximately 15 W m™2
(Experiment L1 at 2 Lmin~! and —12 °C) to 44 Wm~2 (Ex-
periment L8 at 5 Lmin~! and —3°C).

Latent heat flux values in laboratory experiments are com-
parable to the peak daytime sublimation fluxes observed dur-
ing the field campaign, albeit the average LHF during the
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sublimation period in the field was substantially smaller than
observed during the laboratory experiments (Table 1). The
mean daytime positive LHF was ~ 5 W m™2, and the maxi-
mum LHF observed was ~ 23 Wm™2. Therefore, laboratory
experiments can be considered representative of processes
occurring during peak daytime conditions in the field.

3.1.2 Snow measurements

Eight laboratory experiments (L.1-L8) were completed, with
temperature, dry air flow rate, and sublimation rate docu-
mented in Table 1. In all experiments, the surface snow expe-
riences substantial isotopic changes, with §'30 increasing by
up to 8 %o and d-excess decreasing by over 25 %o. 8130 and
d-excess signals for all experiments are shown in Fig. A10,
with a subset of experiments shown in Fig. 2. Changes in
the isotope signal are observed to propagate several centime-
ters into the snowpack due to diffusion over 4-6d, driven by
the induced sublimate-related isotope change at the surface.
The rate of change is calculated for the mean isotope value
for each day of sampling, ranging from 0.25-0.70 %od~" for
8180 and 0.66-2.64 %od~! for d-excess (Fig. Alla and b).
There is a strong relationship between mass loss and iso-
tope values, with an average R = 0.90 for daily mean box
8180 vs. mass loss for experiments L1-L8. The relation-
ship between sublimation rate and §'80 rate of change has
R? = 0.13, and sublimation rate vs. d-excess rate of change
has R? = 0.54 (Fig. Allc).

Because §'80 reflects equilibrium fractionation and d-
excess is influenced by kinetic fractionation, a comparison
of these variables provides insight into the extent of frac-
tionation effects occurring during sublimation. The slope
of d-excess vs. 180 is calculated for samples within each
box (Fig. 3a), and the slope with time over the duration of
each experiment is shown in Fig. 3b. The slope ranges from
—0.91 %o to —3.57 %o d-excess/%o 8'80 and decreases over
the course of all experiments. In general, there is a decrease
in slope associated with an increase in sublimation rate, as
indicated by the color scale reflecting sublimation rate in
Fig. 3b and as shown in Fig. A9.

3.1.3 Vapor measurements

During all laboratory experiments, a Picarro L2130-i CRDS
was used to continuously measure vapor in the chamber at
2, 12, 28, and 36 cm, cycling through each height for 1h
measurement periods. We exclude the first 20 min of each
measurement period to remove memory effects from valve
changes. Figure 4 shows an example of temperature and va-
por data for experiment L5, including the 28 and 32 cm lev-
els, which represent sublimated vapor which is more well-
mixed than that immediately above the snow surface. Dry
air pumped into the top of the box is mixed using a set of
fans creating turbulence above the snow surface. The vertical
differences in humidity and isotopic composition of the air
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Figure 2. Snow s180 (top) and d-excess (bottom) vertical profiles from three of the laboratory experiments: (a) L1 (—12°C, 2Lmin_1),
(b) L5 (—=12°C, 5 Lmin_l), and (¢) L6 (—9°C, 5 Lmin_l). Day 0 (black) represents the initial homogeneous snow sample, with colors
progressively moving towards orange (8 180) and blue (d-excess) with each day of sampling. As each experiment progresses from Day 0 to
Day 6, sublimation drives an increase in 8180 and decrease in d-excess, with the greatest change at the snow surface. Similar figures for all
laboratory experiments (L1-L8) can be found in Fig. A10.
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Figure 3. (a) d-excess vs. 8180 is shown for the vertical snow profile at each day of sampling in Experiment LS, with a linear regression
calculated for each day. This gives a slope of d-excess vs. 8180, which evolves with time. (b) The slope of d-excess vs. 8180 with time is
shown for each experiment L1-L8, demonstrating an inverse relationship between sublimation rate and slope of d-excess vs. §180. Error
bars indicate 95 % confidence intervals for each slope.

in the box (i.e., differences between 28 and 32 cm as seen in time, consistent with the increase in 830 observed in the

Fig. 4) likely indicate that the ventilation is not strong enough snow surface. Similarly, d-excess decreases with time in both
to maintain a fully homogeneous air mass in the box, allow- vapor measurements and the snow surface.
ing for a slight vertical gradient.

Over the course of each 4-6 d experimental period, we ob- 3.2 Field experiments

serve several trends in vapor measurements consistent across
all laboratory experiments. Humidity decreases with time, Four experiments (F1, F2, F3, F4) were carried out dur-

due to a reduction in the sublimating surface area each time ing the 2019 EastGRIP field season, with surface samples
a snow sample box is removed. Vapor 8180 increases with (FS1, FS2, FS3, FS4) collected for all experiments and box

https://doi.org/10.5194/tc-15-4949-2021 The Cryosphere, 15, 4949-4974, 2021
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Figure 4. An example of continuous temperature and vapor mea-
surements from experiment LS. (a) Three temperature sensors con-
tinuously measure at different heights with respect to the snow sur-
face (10 cm above, on the surface, and ~ 4 cm below the surface).
A CRDS measured (b) humidity, (c) §'80, and (d) d-excess in va-
por, continuously cycling at four heights. Panels (b—d) show vapor
measurements at 28 and 32 cm above the snow surface. We docu-
ment the average of each measurement period, with the first 20 min
excluded to remove memory effects.

samples (FB2, FB3, FB4) collected for three experiments.
Each of the four experiments lasted 40—60 h and is supported
by continuous measurements of near-surface (10 cm) atmo-
spheric vapor (§ 180, sD, d-excess, humidity), temperature
(snow and atmosphere), and LHF. Within each experiment,
surface snow and box samples are collected every 3 h. The
duration and average environmental conditions of each ex-
periment are reported in Table 1. A compilation of results for
measurements of FS, FB, and atmospheric vapor is shown
in Fig. 5 and discussed in the next section. All FS and FB
samples are shown in Figs. A12 and A13, respectively, with
additional vapor measurements shown in Fig. A14.
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Table 2. The maximum range of isotope measurements is shown for
the mean value of the top (0-0.5 cm) sample for all FS experiments.

Experiment Range § 180 (%0) Range d-excess (%o)
FS1 1.44 4.00
FS2 3.00 4.37
FS3 1.84 4.12
FS4 2.06 2.62
Mean 2.09 3.78

3.2.1 Variability in §'80 and d-excess of surface snow

In order to account for horizontal and vertical spatial variabil-
ity as a result of redistribution of snow in sastrugi and snow
dunes, we averaged isotope values across the three surface
locations (A, B, C) for each time of sampling and for each
depth interval (i.e., one averaged value each for 0-0.5, 0—1,
1-2, and 2—4 cm at every time sampled). In the following fig-
ures and tables we focus on the location-averaged values for
each sampling time and depth, referred to as FS1, FS2, FS3,
and FS4 for each FS surface experiment. Isotope values for
all surface locations (A, B, C) are shown together with the
averages in Fig. A12. Location-averaged surface snow mea-
surements at all depths across FS1, FS2, FS3, and FS4 range
from approximately —30.3 %o to —20.7 %0 8'30 and 4.6 %o
to 14.3 %o d-excess. In all experiments, we consistently ob-
serve changes in surface snow isotopic composition on an
hourly timescale (Fig. 5). The maximum change in average
8130 of the top surface sample (0-0.5 cm) during a single ex-
periment occurred during FS2, which experienced an enrich-
ment of 3 %o 8'80 and decrease of 4.37 %o in d-excess. This
evolution is substantially smaller than the isotopic change
observed in vapor measurements, which has ranges of 5 %o
12 %0 8'80 over individual experiment periods and ranges for
d-excess of 15 %24 %o. The maximum change in §'80 and
d-excess observed within the top surface sample (0.0-5 cm)
during each experiment is reported in Table 2.

3.2.2 Relationship between vapor and surface snow

Over the course of all experiments, the minimum atmo-
spheric vapor 8'80 value observed is —50 %o, while the max-
imum observed value is —33 %o (a range of 17 %o0). Within
each 40-60h long experiment, the minimum range of vari-
ability observed is about 5% (F4), and the maximum is
about 12 %o (F3). Vapor 6!80 co-varies with humidity and
temperature (Fig. A14), with the lowest 830 measurements
observed during cold, dry conditions. A clear diurnal cy-
cle is observed in vapor measurements for experiments F3
and F4, while experiments F1 and F2 are more variable.
The change in atmospheric §'80 associated with the diur-
nal cycle is much smaller than that observed during synoptic
weather changes, similar to the pattern previously observed
at the northwest Greenland site NEEM (Steen-Larsen et al.,

https://doi.org/10.5194/tc-15-4949-2021
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Figure 5. A compilation of data from the 2019 field season shows atmospheric measurements and surface snow samples; from top: latent heat
flux (red, positive values; blue, negative values; dashed gray line at 0), § 180 (green) of atmospheric vapor (2 min average) measured at 10 cm,
8180 of the top sample (0-0.5 cm) of the FB box sample (pink dashed), and § 180 of FS snow surface samples. Each snow surface sampling
interval shown represents the average of three surface sampling locations (A, B, C) for four different depth intervals: 0-0.5 cm (black),
0-1cm (red), 1-2 cm (orange), and 2—4 cm (yellow). s180 of FS samples tends to reflect 8180 in atmospheric vapor, with the relationship
strongest in the upper surface samples (Table 3). Additional data including temperature and vapor humidity are shown in Fig. A14.

2014). For example, we observe a strong diurnal cycle in F4
and the first half of F3, both of which have an amplitude of
approximately 5 %6 %o §'80; the change between experi-
ments with different synoptic-scale atmospheric conditions
is much greater (i.e., a 17 %o & 180 range is observed between
the maximum value during F2 and the minimum value during
F4).

Over clear-sky experimental periods with no precipitation,
we observe the 8'80 value of surface snow increasing and
decreasing on an hourly timescale, corresponding to changes
in vapor 6'80 (Fig. 5). To compare the evolution of the iso-

https://doi.org/10.5194/tc-15-4949-2021

tope signal in vapor and snow measurements, the vapor §'80
is downsampled to 3 h resolution to match snow sampling
resolution. A statistically significant (p < 0.05) relationship
is observed between 880 of 0-0.5 cm snow surface samples
and atmospheric vapor measurements for experiments FS2,
FS3, and FS4, but not FS1 (Fig. A15, Table 3). The lack
of a significant correlation in FS1 may be a result of some
synoptic-scale weather difference, as it is the only experi-
ment period in which there is a sustained decrease in vapor
8180, and a diurnal cycle in temperature, LHF, and vapor
8180 is least distinguishable.

The Cryosphere, 15, 4949-4974, 2021
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Figure 6. (a) d-excess vs. 8180 is shown for the vertical snow profile at each time of sampling in Experiment FB2, with a linear regression
calculated for each day. This gives a slope of d-excess vs. 8180, which evolves with time. The sampling time is indicated by the color scale
from black (first sample taken) to light green (last sample taken). The slope of d-excess vs. 8180 with time is shown for experiments (b)
FB2, (¢) FB3, and (d) FB4. Error bars indicate the 95 % confidence interval for each slope.

Table 3. The R value, P value, and root-mean-square error (RMSE)
are documented for the relationship between the top (0-0.5 cm) FS
sample 8180 and interpolated vapor §180. Significance is deter-
mined by p <0.05. 8180 of vapor vs. surface samples is shown
in Fig. A15.

Experiment Slope R value P value Significance RMSE
FS1 0.84 0.22 0374  No 1.62
FS2 2.16 0.73 0.002 Yes 1.67
FS3 4.73 0.82 0.000  Yes 1.60
FS4 1.56 0.49 0.043 Yes 1.39

4 Discussion

In the laboratory experiments, the snow was sublimating un-
der dry air, resulting in a higher LHF than was observed
in a typical field setting. For this reason, laboratory exper-
iments are considered an extreme example of natural pro-
cesses and can be used to identify and understand the phys-
ical processes associated with sublimation which would oc-
cur on a slower timescale in nature. Laboratory results show
a strong signal of enrichment in the snow surface §'80, as
light isotopes preferentially sublimate from the surface due
to fractionation. In addition we observe a strong decrease
in the snow surface d-excess. Decreasing d-excess driven by
kinetic fractionation is also observed when a body of wa-
ter evaporates into a sub-saturated atmosphere (Benson and
White, 1994; Merlivat and Jouzel, 1979). As a similar effect
is observed during sublimation in laboratory experiments,
we draw the analogy that this is due to kinetic fractiona-
tion. This aligns with previous experimental and modeling
studies (Ritter et al., 2016; Ebner et al., 2017) and confirms
our hypothesis that the upper several centimeters of the snow
surface are rapidly (i.e., on a sub-daily timescale) influenced
by equilibrium and kinetic fractionation during sublimation.
This contradicts the traditional theory of sublimation, which

The Cryosphere, 15, 4949-4974, 2021

states that sublimation occurs layer by layer and does not
alter the snow isotopic composition, on which ice core pale-
oclimate water isotope research has been resting (Dansgaard
etal., 1973).

In order to interpret these results in the context of natural
processes, we consider the results of the field experiments.
Previous studies have shown that significant isotopic changes
of surface snow are observed (using daily sampling reso-
lution) over periods of time without precipitation, and this
is associated with snow metamorphism (Steen-Larsen et al.,
2014; Casado et al., 2018). We expand on these findings with
higher-resolution field sampling, showing that snow surface
8180 and d-excess change on an hourly basis, which was hy-
pothesized by Madsen et al. (2019); this demonstrates that
similar processes to the lab experiments are occurring in a
natural environment, albeit less extreme.

To interpret the driving factors in snow isotope changes,
we consider differences between the FB box and FS surface
samples. The FB samples were covered to shield from di-
rect sunlight and windblown snow and therefore were less
likely to experience vapor deposition or frost. Figure 7 shows
a comparison of the top 0-0.5cm sample for all FB and
FS experiments with LHF. Over the course of the field ex-
periments, we observe several 6-12h periods of increasing
8180 in 0-0.5 cm FB and FS samples, primarily during peri-
ods of positive LHF and decreasing d-excess; this is indica-
tive of sublimation as suggested by laboratory experiments
and model results. We also observe several 6-12h periods
in which the FS §'80 decreases, despite experiments taking
place during time periods with no precipitation and mini-
mal wind-drifted snow. Periods of decreasing FS §'30 occur
primarily during nighttime hours with negative or low LHF
measurements (Fig. 7; negative LHF indicated by shading)
and increasing d-excess. There is no significant decrease in
8180 in FB2 and FB3 associated with these periods, while
there is a simultaneous decrease in 8'80 in FB4 and FS4.

https://doi.org/10.5194/tc-15-4949-2021
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Figure 7. Comparison of latent heat flux (LHF) and 0-0.5 cm samples for mean FS surface samples and FB box samples for (a) F2, (b)
F3, and (c) F4. Positive LHF values are indicated in red, and negative LHF values are marked blue with associated shading in all subplots
(LHF, § 180, and d-excess). FS surface snow 0-0.5 cm values are shown in brown (§ 18O) and dark blue (d-excess), with each location (A, B,
C) designated by dashed lines and the mean of all locations as the bold solid line. FB box snow 0-0.5 cm values are shown in light orange

(6180) and light blue (d-excess) bold lines.

Additionally, the 0-0.5 cm d-excess decreases substantially
in all FB experiments, similar to the signal that was observed
due to kinetic fractionation during sublimation in laboratory
experiments. In general, the box samples experience less de-
crease in 8'30 than associated FS samples due to minimized
vapor deposition during periods of negative LHF and greater
total decrease in d-excess due to increased total sublimation
across the entire experimental period. This demonstrates that
vapor deposition of preferentially isotopically heavy water
molecules in the form of frost significantly contributes to
the surface snow signal on a rapid timescale (Casado et al.,
2018).

There are still several factors in the field experiments
which could complicate interpretation of the results. While
it is clear in the laboratory experiments that any changes in
the snow composition are a direct result of sublimation, we
cannot isolate individual processes occurring in field experi-
ments. For example, atmospheric vapor §'80 measurements
often vary in phase with LHF, but during some periods (most
notably the latter half of F1 and F3) vapor §'80 deviates from
the LHF trend. At this stage it is unclear whether LHF, vapor

https://doi.org/10.5194/tc-15-4949-2021

8180, or another factor is influencing the snow surface, or
whether the snow surface composition is driving vapor §'80.
Additionally, the isotopic composition of deeper snow layers
could influence the surface snow due to diffusion. We note
a general trend observed in Experiments FS1, FS2, and FS3
in which the deepest surface sample (2—4 cm) has the low-
est values for both 8§80 and d-excess. However, throughout
the duration of FS4, the upper samples (0-0.5, 0-1, and 1-
2 cm) have a lower §'80 value than the 2—4 cm sample, likely
due to a precipitation event preceding FS4 which may have
deposited surface snow with anomalously low §'30. If there
are significant differences between the composition of adja-
cent snow layers, the surface snow could be influenced by
a combination of interstitial diffusion and atmospheric driv-
ing forces (i.e., LHF and vapor §'80). This may also explain
some isotope inter-experiment differences between FB and
FS results, as FB samples are homogeneous and FS samples
have vertical variability in snow isotopic composition.

A key finding from field experiments is that both subli-
mation and vapor deposition influence the surface snow on
an hourly timescale; this is supported by laboratory experi-

The Cryosphere, 15, 4949-4974, 2021
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ments, demonstrating that sublimation has the ability to influ-
ence the mean surface snow isotopic composition in the top
1-2cm of the snowpack during precipitation-free periods.
These changes are occurring faster than the average recur-
rence of precipitation events and could produce substantial
changes in the mean isotopic composition of the upper sev-
eral centimeters of the snowpack over a long precipitation-
free period. This suggests that effects from sublimation and
vapor deposition may be superimposed on the precipitation
signal, resulting in a snowpack record indicative of multiple
parameters including atmospheric conditions, water vapor
isotopic composition, condensation temperature (i.e., 8180),
and precipitation source region conditions (i.e., d-excess).
The extent to which this occurs is dependent on the accu-
mulation rate at the ice core site, as these processes primar-
ily influence the top few centimeters of the snow column. A
site such as SE-Dome (southeast Greenland), which receives
102 cmyr~! of ice equivalent precipitation (Furukawa et al.,
2017) (i.e., several meters of snowfall), will be less affected
than a drier location with significantly less annual accumula-
tion, such as Antarctic sites like WAIS Divide (24 cm annual
accumulation) (Fudge et al., 2016) or South Pole (7.4 cm an-
nual accumulation) (Mosley-Thompson et al., 1999).

To assess the relevance of our results on longer timescales,
we make use of a simple mass balance calculation and an
observed mean LHF in July of 3.1 Wm™2, indicating a net
removal of snow from the surface due to sublimation. By as-
suming equilibrium fractionation during sublimation (Wahl
etal., 2021), we can calculate the isotopic composition of the
humidity flux and the associated removal of isotopologues.
When considering reasonable values of a 5 cm layer of snow,
a snow density of 300 kgm~3, an initial isotopic composition
of —20 %0 8180, and a surface temperature of —9 °C for the
month of July, the snow would be enriched by ~ 4 %o s180
due to the net humidity flux, which is substantial. For com-
parison, the seasonal amplitude (i.e., summer peak to winter
trough) at the Renland Ice Cap, for example, is about 8 %o
in 8'80 (Hughes et al., 2020). We acknowledge that this is
a highly simplified mass balance calculation without taking
into account the vapor isotopic composition or precipitation
inputs. However, since vapor exchange is a continuous pro-
cess, it will continuously affect the layer of snow that is in
contact with the atmosphere and will therefore imprint on
the snow isotopic composition with a general net daily subli-
mation signal during months with a net sublimation flux.

Which months show a net sublimation flux is dependent
on the geographical location and general climatology of the
area. Especially in the context of paleoclimatological inter-
pretation of ice cores, this cannot be assumed to be constant
in time. If the vapor—snow exchange imprints on the seasonal
snow isotopic composition as indicated in the result of the
mass balance calculation, one would need to take changes in
sublimation seasonality into account when making assump-
tions about vapor-exchange effects on paleo timescales, as
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has been previously demonstrated for precipitation seasonal-
ity (Werner et al., 2000).

On shorter timescales in our laboratory experiments we
observe changes of up to 8 %o 880 and 20 %o d-excess over
time periods of several days, and in FS field experiments
we find an average change of 2.09 %o 8'0 and 3.78 %o d-
excess on very short (sub-diurnal) timescales. This observa-
tion, in combination with our mass balance calculation of
4 %o change in §'80 over the month of July, suggests that un-
der typical natural conditions, changes in the surface isotope
value occurring on a short timescale may have an impact on
the mean seasonally recorded isotope signal. Previous studies
have addressed the effect of seasonally biased accumulation
rate on diffusion and the recorded §'80 isotope signal (Pers-
son et al., 2011; Casado et al., 2020; Hughes et al., 2020) and
the effect of physical modifications and snow redistribution
of the snow surface on the accumulation intermittency (Zuhr
et al., 2021), but the effect of sublimation-driven changes
in surface snow isotopic composition between precipitation
events has not been quantified previously. Whether the mag-
nitude of the mean isotope change due to sublimation and
snow—vapor exchange outweighs the effects of snow redis-
tribution, accumulation bias, and diffusion has yet to be de-
termined. This could be further explored through future ex-
periments which account for additional variables or are com-
pleted at a larger scale. For example, the effect of snow spe-
cific surface area (SSA) could be determined by making si-
multaneous SSA and isotope measurements. Additionally, to
remove the effect of wind redistribution and snow dunes on
snow isotope spatial variability, a large pit could be filled
with homogeneous snow for continuous sampling. In this
case, the snow would have a known starting isotopic com-
position, similar to the FB experiments completed here but
be subject to more natural conditions as in the FS experi-
ments. Finally, as weather conditions would allow, it would
be beneficial to have multiple experimental periods greater
than 48 h.

In order to fully understand the implications of sublima-
tion and vapor deposition on the ice core record, it is nec-
essary to quantify the effects of these processes over the
course of a full year. While not in the scope of this paper,
this problem can first be approached through mass and iso-
tope flux measurements throughout the summer field season
(Wahl et al., 2021). Subsequent modeling of these processes
throughout the annual climate cycle will provide insight as
to what magnitude snow—vapor exchange influences surface
snow on longer timescales (i.e., months to years), and how
it may be recorded in the ice core isotope record. This could
inform us to what extent changes in frequency of precipita-
tion events, accumulation rate, and LHF could influence the
isotope signal recorded in ice cores on decadal to millennial
scales. Our findings suggest that these variables contribute
to a combined isotope signal, in which §'80 and d-excess
in ice core records likely incorporate individual precipitation
events (i.e., condensation temperature and moisture source
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region conditions, respectively), surface redistribution (i.e.,
wind drift and erosion), and a post-depositional alteration
signal reflecting atmospheric conditions at the ice core site.
Snow isotope models such as CROCUSiso (Touzeau et al.,
2018), the Community Firn Model (Stevens et al., 2020),
and isotope-enabled climate models would therefore be up-
dated through the incorporation of isotope fractionation dur-
ing sublimation, snow—vapor isotope exchange, and snow
metamorphosis.

5 Conclusions

In this study, we have combined controlled laboratory exper-
iments with field measurements in an effort to constrain the
effects of sublimation on surface snow isotopic composition.
Experiments in a controlled laboratory setting demonstrate
isotopic enrichment due to fractionation occurring during
sublimation. In experimental results, §'80 increases as light
isotopes preferentially sublimate due to fractionation, and d-
excess decreases due to kinetic fractionation. These changes
occur rapidly, substantially changing the isotopic composi-
tion of the top 2-3 cm of snow over a 4-6 d period. Field ex-
periments included continuous measurements of atmospheric
vapor and latent heat flux during periods of high-resolution
surface snow sampling, during which we observed signifi-
cant changes in the top 1-2 cm of snow surface isotopes on
a sub-diurnal timescale. We observed periods of increasing
and decreasing §'80, indicating that both sublimation and
vapor deposition influence the surface snow on an hourly ba-
sis. This supports our hypothesis that rapid change occurs in
a natural setting and propagates into the snowpack, moder-
ately altering the initial precipitation isotope signal.

Post-depositional effects have implications for the inter-
pretation of ice core data, which traditionally is assumed
to only record isotopic variability from precipitation. Our
results complement previous studies demonstrating spatial
and temporal variability in snow surface isotopes, further
strengthening the idea that the ice core record not only in-
tegrates the climate signal of condensation temperature (i.e.,
8130 and §D) and moisture source conditions (i.e., d-excess)
during precipitation, but also may integrate the atmospheric
conditions between precipitation events (in both §'80 and
d-excess). These factors should in the future be included
in isotope-enabled climate models, which may include es-
timates of synoptic-scale patterns across annual cycles that
would influence latent heat flux, vapor composition, and the
resulting influence on surface snow isotopes. This will im-
prove future interpretations of ice core data and may be the
missing link in the transfer function between climate and an
uninterrupted isotope record, strengthening our interpreta-
tion of ice core water isotopes as a proxy for a continuous
integrated climate record.

https://doi.org/10.5194/tc-15-4949-2021

Appendix A: Figures and tables

Figure A1l. (a) A photo of the FS sampling location shows the prox-
imity between individual samples and sites. In the foreground is FS
site A being sampled, with sites B and C seen in the background.
The full laboratory experimental setup, with the top of the outer ply-
wood box removed, is shown in (b), with the inside of the plexiglass
chamber shown in (c).

8000 2
y =9.845e-06*x“ + 0.7797*x + 24.97
7000
6000 -
5000 -
4000

3000

Calculated humidity (ppm)

2000

1000 -

2000 4000 6000 8000 10000
Picarro humidity (ppm)

Figure A2. A comparison between measured and true humidity (de-
termined from saturation temperature) yields a quadratic response,
which is used to calibrate the measured humidity.
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Figure A3. An example of a calibration sequence shows each standard (i.e., KBW —14.15 %o, KAW —30.30 %o, KPW —45.41 %0, SPGW
—55.18 %o 6180) measured at multiple humidity levels for 12-20 min. The full calibration sequence (blue) is trimmed (red) such that the
transition periods between humidity intervals and isotopic standards are ignored, and the average value of each trimmed period is calculated.
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Figure A4. A compilation of all calibration runs from the 2019 EastGRIP field season demonstrates slight drift in the isotopic values,
particularly at water concentrations less than 5000 ppm. In total, eight calibration runs were completed (indicated by color) for four isotope
standards (standard values can be found in Table Al).
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Figure AS. A double exponential curve is fit to the compiled calibration data for each standard for both 8180 and 5D, characterizing the

instrumental humidity-isotope response. This curve, normalized to the isotope value at 20 000 ppm, is used to correct the measured isotope
data for bias at low humidity values.
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Figure A6. The true values of standards on the VSMOW-SLAP scale are compared to a compilation of standards measured across the field
season, to yield a linear relationship for (a) 8180 and (b) d-excess. This correction is applied to measured isotope data.
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Figure A7. Drift in isotope measurements across the 2019 EGRIP field season (blue). The cubic polynomial curve fit (green) is used to
correct experimental vapor measurements for the associated periods of time.
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Figure A10. Snow s180 (orange) and d-excess (blue) vertical profiles from all laboratory experiments (L1-L8, (a-h), respectively). Con-
ditions for each experiment are indicated in each subplot. Day O (black) represents the initial homogeneous snow sample, with colors
progressively moving towards orange (§ 180) and blue (d-excess) with each day of sampling. As each experiment progresses from Day 1 to
Day 6, sublimation drives an increase in 8180 and decrease in d-excess, with the greatest change at the snow surface.
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Figure A11. Mean daily (a) § 180 and (b) d-excess with time for laboratory experiments L.1-L.8. The slope of the line for each experiment
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Figure A12. All surface samples are shown for field experiments FS1-FS4 (top to bottom, respectively), including § 180 (left column) and
d-excess (right column). Symbols represent sampling locations (diamond, Site A; plus, Site B; asterisk, Site C), and colors indicate sampling
height (yellow, 0-0.5 cm from surface; red, 0—1 cm; purple, 1-2 cm; blue, 2—4 cm). Solid lines are the average of the three sampling locations
(A, B, O).
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Figure A14. Additional atmospheric conditions are shown for all field experiments F1-F4 (a—d, respectively). From top: latent heat flux (red,
positive values; blue, negative values; dashed gray line at 0), temperature (orange), and atmospheric vapor measurements at 10 cm above the
snow surface. Humidity (purple), s180 (green), and d-excess (teal).
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taken), and a linear regression (black line) is calculated for each experiment. The linear regression 4/ — the root-mean-square error is shown
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Table A1. Standards used in field and laboratory experiments.

Standard 8180 (%o) 8D (%o)
Boulder (KBW) —14.15 —111.65
Antarctic (KAW) —-30.30 —239.13
Polar (KPW) —4541 —355.18
South Pole Glacial (SPGW) —55.18 —434.47
Bermuda —0.25 2.1
NEEM —33.50 —257.1
—40 —39.93 -310.7
DCO02 —54.07 —428.2
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Appendix B: Vapor calibrations

The following four types of calibrations were performed
to calibrate the water vapor isotope measurements of the
CRDS, similar to the calibration protocol described in Steen-
Larsen et al. (2013): (1) humidity, (2) humidity-isotope, (3)
VSMOW-VSLAP, and (4) drift. For all isotope calibrations
in both laboratory and field setups, the liquid standard was
first vaporized using a nebulizer system, which produced va-
por at 20 000-25 000 ppm. This vapor was combined with a
dry air source using an open split, and a mass flow controller

regulated the flow of dry air ranging from 10-21 ccmin™!.

The CRDS inlet constantly pulled a vacuum at 30 ccmin™!;
therefore, the remaining air flow is pulled from the humidi-
fied nebulizer source. This allowed for a constant stream of
vapor at a controlled isotopic value and humidity level.

The calibration runs performed before and after each field
experiment consisted of a 7 h cycle with each of the four stan-
dards (Table A1) measured for 12 min at eight different hu-
midity levels from 500-12000 ppm, as well as a half-hour
measurement at > 20000 ppm (Fig. A3). This calibration
was performed before and after each field experiment run
(Fig. A4). Vapor measurements have uncertainty of 0.23 %o
8180 and 1.4%o 8D (Steen-Larsen et al., 2013). Details of

each laboratory and field calibration type are as follows.

1. Humidity calibration. The measured humidity was cor-
rected to the true humidity using a polynomial relation-
ship, which was determined by calibration to a range
of known humidity levels (Fig. A2). This instrument-
specific relationship was not expected to significantly
drift with time.

a. Laboratory. A laboratory humidity calibration was
carried out by drawing humid air through a chilled
ethanol bath, calculating the true humidity based on
the saturation vapor pressure of the bath tempera-
ture (Fig. A2).

b. Field. The humidity calibration required a full lab-
oratory setup, which was not available in the field.
Due to instrument damage during shipping, the cal-
ibration could not be performed after the field sea-
son. Therefore, the humidity measurements were
calibrated to a second Picarro L2130-i CRDS in-
strument which was continuously measuring atmo-
spheric vapor ~ 30 m away and was calibrated for
humidity. Simultaneous humidity measurements
were matched and used to calibrate the CRDS in-
strument measurements reported here.

2. Humidity-isotope response calibrations. Isotopic bias
occurs at a lower humidity level (i.e., less than
10000 ppm) and is sensitive to isotope concentration
(Weng et al., 2020). Because experimental vapor mea-
surements are typically below 5000 ppm, it is impor-
tant to perform a rigorous calibration of multiple iso-
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topic standards (Table Al) at varying humidity levels
(Figs. A3, A4). A double-exponential curve is fit to the
isotope response with respect to humidity (Fig. AS) and
is used to correct deviations in low-humidity experi-
mental data.

a. Laboratory. The humidity-isotope response was
determined by a full calibration of four isotopic
standards (Table A1) measured for 20-30 min at a
range of humidity levels from ~ 500-10 000 ppm.
For experiments L1-L5, vapor measurements were
calibrated to KAW, and vapor measurements in ex-
periments L6-L8 were calibrated to NEEM. These
standards were closest to the isotopic values of the
vapor measurements, which differed between ex-
periments due to different starting snow isotopic
composition.

b. Field. All calibration runs performed before and af-
ter each experiment run were compiled for the full
field season. A double-exponential curve was fit to
the compilation of data for each standard to de-
termine the mean instrument response to humidity
(Fig. AS). The vapor measurements were calibrated
using the mean curve for KPW, which has the clos-
est isotope value to average vapor measurements.

3. VSMOW-SLAP scale calibration. The calibration to the

VSMOW-SLAP scale was established using standards
(Table A1) which bracketed the measured water vapor
isotope data (Fig. A6). A linear relationship is calcu-
lated between the “True value”, or the established iso-
topic standard value, and the “Measured value”, which
is calculated from standard measurements.

a. Laboratory. The “Measured values” for the
VSMOW-VSLAP scale were taken from the iso-
topic values at ~ 6000-8000 ppm measured in the
full calibration used for the humidity-isotope re-
sponse curve.

b. Field. The “Measured values” were derived from
the mean value of each standard measured for >
10 min at 20 000-35 000 ppm over the course of the
field season.

4. Drift calibration. While points (2) and (3) above ac-

count for mean instrument isotope deviations from stan-
dard values, instrument drift with time has also been ob-
served in CRDS. For this reason, we calculated a best
fit with respect to time for the isotope values at higher
humidities from each calibration performed (Fig. A7).
Deviations from the mean are then corrected for within
each experiment period.

a. Laboratory. A short calibration of three to four
standards at three to four humidity levels was com-
pleted before and after each experiment run. Instru-
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ment drift was calculated from the variability in
KAW (L1-L5) and NEEM (L6-L8) at 2000 ppm.

b. Field. The isotope drift with respect to time was cal-
culated from the mean value of measurements at
20000 ppm for each calibration.

Data availability. Latent heat flux data are available on the PAN-
GAEA data archive at https://doi.org/10.1594/PANGAEA.928827
(Steen-Larsen and Wahl, 2021). Laboratory and field experimen-
tal data are available at https://doi.pangaea.de/10.1594/PANGAEA.
937355 (Hughes, 2021).
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