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Ahstraet. We document the isotopic evolution of near-surface snow 3t the BastGRIP ice core site in the Northeast Greenland
Mational Park using a time-resolved array of 1-m deep isotope (6 %00 80} profiles. The snow profiles were taken from May-
August during the 2017-2009 summer seasons. An age-depth model was developed and applied 1o each profile mitigating the
impacts of siratigraphic noise on isotope signals. Significant changes in dewterium excess () are observed in surface snow amd
near-surface snow @ the snow ages. Decreases ind of up to 5 7. occwrs during sumimer seasons after deposition during two
of the three sumimer seasons observed. The o always experiences a 3-3 7 increase in o after aging one year in the snow due
1o i broadening of the awumn 4 maximuwm, Models of idealized scenarios coupled with prios work (Wahl et al., 2022) indicate
that the summertime post-depostional changes in o {Ad) can be explained with serface sublimation, forced ventilation of the
near-surface snow down to 20-30 cm, and isotope-gradient-driven (BGDY) diffusion throughout the colomn. The interannual
Mt is also panly explained with IGD diffusion, but other mechanizsms are at work that leave a bias in the o record. Thus,
o ddoes pot just carry information about source region conditions and transport history as is commonly asswmed. but alse
integrates local conditions into summer snow layers as the snow ages. Finally, we observe a dramatic increase in the seasonal
isotope-to-temperature sensitivity occurs, which can be explained solely by IGD diffusion. Owr resulis are dependent on the
site eharacteristics (e.g. wind, temperature, accumulation rate), but indicate that more process-based research is necessary 1o
wisderstand water isotopes as climate peoxics. Recormmendations for monitoring and physical modeling are given, with special
atbention to the J parameter.

1 Inteoduction

The relative concentration of stable water isotopes in polar spow and ice have proven useful in temperature reconstructions of

Earth's climate (e.g., Lorius et al., 1990, Jowzel e al., 1997; Johnsen et al., 2000 Jouzel er al., 2003; Kavanaugh and Cuffey.
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Abstract. We docurent the isotopic evolution of near-surface snow at the EastGRIP ice core site in Nomheast Greenland
wsing a time-resolved agray of 1-m deep isotope (602, 610 profiles. The snow profiles were taken from May-August dusing
the 200 7-2019 sumiver seasons. An age-depth model was developed and applied to cach profile mitigating the impacts of
siratigraphic nodse on isotope signals. Significant changes in dewterum excess (d) are observed in surface snow and neas-
surface snow as the snow ages. Decreases in o of up 1o 5 7, occurs during summer seasons after deposition during two of
the three summser seasons observed. The o alwavs experiences a 3-5 0 increase afier aging one year in the snow due o a
broadening of the aotmn o maximum. Models of idealized scenanos coupled with prior work indicate that the summestime
post-depostional changes i o (Ad) can be explained by a combination of surface sublimation, forced ventilation of the neas-
surface snow down o 20-30 cm. and isotope-gradient-driven diffusion throughout the colomn. The interannual A s alse
panly explained with isotope-gradient-driven diffusion, but other mechanisms are at work that leave a bias in the o record.
Thus, o does not just carry information abowt source region conditions and transport history as is commonly assumed, but alse
imtegrates local conditions into summer snow layers as the snow ages through metamorphic peocesses. Finally, we observe a
dramatic increase in the seasonal isotope-to-temperature sensitivity, which can be explained solely by isotope-gradient-driven
diffusion. Cur results are dependent on the site characteristics (e.g. wind, emperature, accumulation rate, snow properties), but
indicate that moge process-based research is necessary o understand water isotopes as climate proxies. Recommendations for
manitoring and physical modeling are given, with special attention to the o parameter

1 Imtesduction

The relative concentration of stable water isotopes in polar snow and ice have proven useful in empeatune reconsirsctions
of Earth's climate (e.g., Lorios er al., 1990; Jouzel et al., 1997; Johnsen et al., 2001; Jowzel et al., 2003 Kavanaugh and
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Talde L Terms used in this study to describe different sources of solid water isolope.

[ee bype description

Precipitation ice particles cauwght and measured before they hit the ground

Surface snow ice particles collected from the surfuce down o | om

Nearsurface snow  ice partcles from | om - 100 cm

003 Steig et al, 2003). In the past, these reconstructions were dependent on understanding the sensitivity of changes in water
isotopes in polar snow and iee o changes in mean annual temperature in the polar regions, ie., the water-isoope-temperatune
sensitivity. Small changes in this sensitivity have significant influence on inferences about past climates based on polar ice
cores (e.g. Grootes et al, 1993; Charles et al, 190 Petit et al., 1999; Jouzel et al., 2003). Recent climate reconstrsction
effarts are wot as dependent on temperatures inferred from water isotopes in polar snow because they use proxies other than
waler isptopes in polar spow o understand regions outside of the poles (e.g.. Robling er al., 2002; Dahl-Tensen et al., 2003
Buizert et al., 2021, Simulations of past polar ee sheet mass balance and climate sull require aceurate knowledge of ke sheet
termperatures often derived from empirical isotope-temperature sensitivities {e.g.. Cuffey et al, 2006, Jones et al., 2023), or
made nuanced meteorelogical approaches involving regional temperature gradients and patters in transpon (e, Markle and
Steig, 20220, Inferences about past circulation and weather patterns are also possible from combinations of isotope and other
chemistry measurements from polar snow and ice (e, Mayewski et al, 1994: Steffensen et al, 2008: Guillevic et al., 2003
Tones et al, 2008). Such understanding is important not only to make claims about past climate, but to improve models for
prediction of weather and future climate (e_g.. Blossey et al., 2000; Werner et al,, 2001, Dee et al., 2005, Dutsch et al., 2019).
Despite the importance of isotope signals in polar spow and ice to understanding climate and iemperatune, there remains a
lack of contiguous understanding from source to extraction of the integrated relationship berween local and regional climate and
e isotopic composition of polar snow. 5 pecifically, theee is uncenainty about what happens to the isobopic signal in the fop me-
ter of snow when it is still wsder te infleence of local meteorology. This study provides observations of meteorology-induced
isotogie changes in surface and near-surface spow. Subsequent analysis and modeling proveke some revised imerpretation of

sz of climate proxy.
1.1 Water isotopes in the atmospheric hydrologic cycle

The pant of the global hydrologic eycle that brings precipitation o the polar regions provides several oppomunities for sotopic
fractionation, The relative isotopic content of the precipitation (eq. 1} is therefore thought o represent an integrated bistory of
the water from source 1o sink (Craig, 1961 Dansgaard. 1964 Gonfiantini, 1978 ). It is important o clanfy here that prior litera-
ture relating 1o water isstopes in polar often uses the temms precipitation, surface snow, and near-surface snow interclangeably.
It is appropriate for our thesis to keep these terms distines; our usage is outlived in Table 1. We apply these same terms to past

literatuee no matter whit e was used in the original literature.
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Cuffey, 2003: Steig et al., 2003 ). In the past, these reconstructions were dependent on understanding the sensitivity of changes
i water sotopes in polar snow and ice o changes in mean anneal temperatuee in the polar regions, Le., the water-iscdope-
temperature sensitivity. Small changes in this sensitivity have sigoificant influence on inferences about past climates based
on water iselope records from polar ice cores (e.g., Grootes et al., 1993: Charles et al., 1994 Petit et al., 1999 Jowzel et al..
003, Recent elimate reconstruction effons are not as dependent on temperatures inferred from water isolopes in polar spow
because they wse other proxies to understand regions outside of the poles (e g., Rohling et al, 2002: Dabl-Fensen e al., 2003:
Buizert et al., 2021). Simulations of past polar ice sheet mass balance amd climate still require aceurate knowledge of kce sheet
temiperatures often derved from empinical isotope-temperature sensitivities {eg.. Cuffey et al., 2006 Jones et al., 2023), or
maore nuanced meteorological approaches invalving regional temperature gradients and pattems in air mass ransport {e.g.
Markle and Steig, 20221 Inferences about past circulation and weather patteris are also possible from combinations of isostope
and other chemistry measurements from polar sow and jce {e.g.. Mayewski et al., 1994, Seffensen er al.. 2008 Guillevic
et al, 2003:; Jones en al., 2008). Such understanding is important not only to make claims about past climate, bat o impeove
madels for prediction of weather and future climate (e.g., Blossey et al., 2000; Werner et al., 201 1; Dee et al., 2015 Diitsch
etal., 2019

Desgite the importance of isotope signald in polar seow and ice to understanding climate and iemperature, there remains &
lack of contiguous understanding of the integrated relationship berween kocal and regional climate and the sowopic composition
af polar smow from water source to eventual extraction. Specifically, there is uncertainty about what happens to the isolopic
signal in the top meter of snow when it is stll under the influence of local meteorology. This study provides observations
aof meteorelogy-induced isptopic changes in surface and near-surface sow. Subsequent analysis and modeling proveke some

revised imterpretation of the o climate proxy.
L1 Water isotopes in the atmospheric hydrologic cyele

The part of the global hydrologic cyele that brings precipitation to the polar regions provides several oppomunities for solopic
fractiomation. The relative isotopic content of the precipitation {eq. 1) is therefore thought to represent an integrated history of
the weater from source 1o sink (Craig, 1961, Dansgaard. 1964 Gonfiantini, 1978). It is important o clarify here thart prior litera-
ture relating o water isotopes in polar often uses e terms precipitation. surface snow, and rear-surface soow interchangeably.
O thesis requires us 1o keep these temms distinet; our wage is outlined in Table 1. We apply these same terms 1o past literature

o miatter what term was used in the original literare,
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Water isetopes in the global hydrobogic cycle have boen monitored extensively since the |90, illusirating robust linear
relationships between 850 and 800 jeq. 2). The y-intercept of this relationship is commonly referred to as "deuterium excess’

(d-excess or d, equation 3; e.g.. Dansgaard, 1964; Merlivat and Jouzel, 1979; Jouzel and Merlivat, 1984). A mean d value of
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S0, in referring to historical work we use the term we think most appropriate for that waork regardless of what term they
used. The critical distinctions here are if the it precipifeion. If panticles were collected from the surface, no matter how long it
likely rested there, we refier o is a8 saerface s, Snow that has been extracted from below | cm is called near-surface saow.

H*o
.i“ﬂ:{.nT‘qTL""_n (1)
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Water isstopes in the global hydrologic cycle have been monitored extensively since the 19605, illustrating robust linear
relationships between 550 and 517 (eq. 2). The y-intercept of this relationship is commonly refersed 1o as "deuterium excess’'
(d-excess or o, equation 3; e.g.. Dansgaard, 1964; Merlivat and Jowzel, 1979; Jouzel and Merlivat, 19841 A mean o value of
approsimately 10077, for global precipitation is thought to represent equilibrivim fractionation conditions {Dansgaard, 1964).
The o paramseter is often wsed as an integrated characterization of an air mass's hydrologic source and transport histary {Mer-
livat and Jouzel. 1979 Jouzel and Merlivat, 1984; Ciais and Jouzel, 1994; Pfahl and Sodemann, 2004; Hu et al., 2022). The
mean northem hemisphere of seasonal cycle has a maximuom in winter, ansd minimom in summer from hemispherically averaged
Gilobal Metwork of Isotopes in Precipitation stations (Pfahl and Sodemann, 2014). However, Johmsen and ‘White {1989 ob-
served an aumn peak asd spring minimom in o from pear-surface spow. Kopec et al. {3022 recently observed a summerstine
peak ind in precipitation st Summin, Greenland, possibly shifted from autumn due to influence of upwind ice sublimation. Sim-
ilar discrepancies exist in Antarctic records. Delmotte et al. (20000 show a o seasonal cycle in shallow cores from the coastal
Law Ddome site in East Antarctica that peak in winter and have a minimum in the autumn and Sumimes. However, Schlosser
et al. (2008} show a more complicated o signal exists when considering swow with minimal exposure 1o post-depositional
effects. Through back trajectory compositing, they show that moistere with an oceanic origin has a maximum  in winter and

4 NI i Smmer.

F0=8-8"0+ 10 (2

d=450 -850 ()

Linear relationships between mean annual surface tempersture and water from precipitation or near-surface snow (ab o
isotope-temperature senaitivity) bave also been defined using spatially-distributed measurements {4, see equation 4, Dans-
gaard, 1964) Often different linear relationships exist for similar areas when leoking at temposally-oriented data sets and
masdels (4. e.g., Cuffey et al., 1995, 2016 Wernmer et al., 2018).
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Talde L Terms used in this study to describe different sources of selid water isolope.

[ee type description

Precipitalion ice particles caught and measured before they hit the ground
Surface snaw ice particles collected from the surface dewn e | om
Near-surfoce snow e particles from | cm - 10 om

approsimately 1007, for global precipitation s thought to represent equilibrivm fractionation conditions {Dansgaard, 1964).
The o paramseter is often wsed as an integrated characterization of an air mass's hydrologic source and wansport history {Mer-
livar and Jouzel, 1979; Jouzel and Merlivat, 1984: Ciais and Jouzel, 1994, Pfahl and Sodemann, 2004; Hu et al., 2022). The
mean northem hemisphere o seasonal cyele has a maximum in winter, and minimum in summer from hemispherically aver-
aged Global Nerwork of Isstopes in Precipitation stations (Pfahl and Sodemann, 2004). However, Johnsen and White (1989
observed an autumn peak and spring miniem in d from oear-surface snow. Bopee et al. (2022 recently observed a summer-
time peak in o in precipatation at Swmmit, Greenland, possibly shifted from awiumn due to influence of upwind sublimation
from the ice sheet. Similar discrepancies exist in Antaretic records. Delmotte et al. (20000 show a o seasonal cycle in shallow
cores froms the coastal Law Dome site in Bast Antasetica that peak in winter and have a minimum in the autumn and Summer.
However, Schlesser et al. (2008) show a more complicated o signal exists when considering snow with minimal exposure o
post-depositional effects. Through back trajectory compasiting, they show that moisture with an oceanic ofigin has a maxinem

d inwinter and a minimam in summer.

F =880+ 10 2y

d=450—8-§%0 (3

Linear relationships between mean annual air temperature and water from precipitation or near-surface snow {ak.a. isolope-
ternperature sensitivity ) have also been defined using spatially-distributed measurements (<, see equation 4, Dansgaard, 1964
Often different linear relationships exist for similar areas when looking at emporally-oriented data sets and models (4. e.2..

Cuffey etal., 1995, 2016; Werner et al., 20018).
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Improved modeling of the hydrelogic cvele and cloud phiysics are a primary focus of current isotope-enabled models (TEMs)
with a range of complexity, which has improved imerpretation of snow and ice cores (e.g., Merlivar and Jouzel, 1979; Jowze] and
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Improved modeling of the hydrelogic evele and cloud phiysics are a primary focus of current isotope-enabled models (TEMs)
with a range of complexity, which has improved interpretation of snow and ice cores (e.g.. Merlivat and Joozel, 1979; Touzel and
Merlivat, 1984, Johnsen and White, 1989 Ciais and Jouzel, 1994; Blossey et al., 2000: Werner e al., 2011; Markle and Steig.
122, Some Focus is sull on water-isobope-temperature relationships like <, (e.g.. Wemer etal., 2008). Yet. it is recognized that
mae comprehensive, process-based approach w isotope-climate relationships using rajectory mixing, source-to-sink temper-
ature gradients, and non-linear isotope-to-lemperature sensitivities is pecessary due o the complexity of imegrated processes
leading up to deposition {e.g.. Markle and Steig, 2022).

A challenge for all climate-to-isoiope relatonships and TEMs is validation. These relationships and IEMs are compared.
ar even tuned, 1o surface and near-surface snow that was treated as if it were precipitation (e.g., Jouzel and Merlivat, 1984
Johnsen and White, 1980 Pedit et al., 1991 Uernwra et al., 2002; Werner et al., 2008; Dotsch et al., 2009; Markle and Steig,
M22). but the snow has in fsct spent months or years exposed to impacts of post-depositional processes. The water isetope
signal will have most cenainly changed after deposition due to local metesrology-induced saow metamorphizsm. These changes

then are inadvertently and inappropeiately integrated inw "before deposition’ mechanics of isotope relstionships and [EMs.
L2 lsotopic evolution after depasition

Adver deposition ata polar site, the isotopic comtent of snow continees o evolve in response to s surrounding ervieonment. Dif-
fusion along isotopic gradients is considered a dominant process from 2 m below the snow surfsce to firn close-off, along with
advection and thinning (Johnsen, 1977 Johnsen et al., 2000; Gkinis et al.. 2014; Jones et al., 2007). with other atmospheric-
driven processes being irrelevant below this depth. Proger inversion of these processes ane necessary for sccurate reconstrsction
of timing and magnitude of isotopic signals at frequencies affected by diffusion, usually in the range of seasonal-to-decadal
seales fe.g, Johnsen et al., 2000 Vinther et al, 2000; Jomes o al_, 2018, 2023).

While necessary., inversion of 1GD diffusion is not always sufficient to reconstruct S'°0) or  at the time of deposition.
For example, observations at Dome Fuji, Antarctica show a disconnect between the magniwde of the 5'8(0 annual cyele in
precipitation and the firn that cannot be reconciled through inversion of DGO diffusion (Fujita and Abe, 2006, Other post-
depositional processes like wind-driven mixing (e.g.. Fisher et al., 1985; Kochanski et al., 2018), atmosphere-surface exchange
(Steen-Larsen et al.. 2004; Hughes et al.. 2021: Wahl et al., 2021, 2022, or snow metamorphism (e.g., Ebner et al., 2007) are
alzo likely influencing these isstopic signals. Modeling studies have shown that local meteorology can smooth and bias isetope
records by imprinting near-surface atmospleric water vapor isotogic sigoals in the rear-surface snow theough forced-ventilation
(ne. wind pumping, Waddington et al.. 2002; Neamann and Waddington, 2004, Town et al., 20080). The resulting isotopic bias
i predicted w occur during the relatively warmer sumimers in sstogacally depleted winter layers at bow accumulation sites
{ Towwmn et al., 2008k).

What to do about these infleences 1o refine maore accurate climate signals from water isotopes is an area of current concerm.
Simply averaging horizontally across wind-induced snow structures causes large variability in environmental signals which
may unnecessarily combine distinet layers (e g Steffensen. 1985: Munch et al, 2007; Zuhr et al., 2021, 2023). Increased

fidelity in surface and mear-surface snow tsotope observations have led o improved understanding of the myriad mechanisms

Merlivat, 1984; Johnsen and White, 1989 Ciais and Touzel, 1994; Blossey et al.. 2000; Wemner et al., 200 1; Markle and Sreig.
2. Sowme focus is sill on water-isotope-temperature relationships ke < (e.g., Wemer et al., 2008). Yet. it is recognized that
maore comprelensive, process-based approach o isoope-climate relationships using ajectory mixing, source-1o-sink lemper-
ature gradients, amd non-linear isotope-to-lemperature sensitivitics is necessary due to the complesiny of integrated processes
leading wp o deposition {e.g.. bMarkle and Steig, 2022,

A challenge for all climate-to-isotope relationships and TEMs is validation. These relationships and TEMs are compared, or
even wned, to surface and near-surface snow that was treated as precipitation (e.g., Jouzel and Merdivat, 1984 Johnsen and
White. |99 Petit etal., 1991 Usmwra et al., 20002: Wemer et al.. 2018 Diktseh et al., 2009; Markle and Steig, 2022). However,
the anowy will have spent months or years exposed metsorologically-influsnced post-depositional processes. The water isotope
signal will have most centainly changed after deposition due to local meteoralogy-induced snow metamerphism. These changes

then are inadvertently and inappropeiately integrated into "before deposition” mechanics of isotope relationships and IEMs.
1.2 lsotople evolution after deposition

After deposition at a polar site, the Bsstopic content of snow continees o evolve in response w s sunounding erviconment. Dif-
fusion along isotopic gradients is considered a dominant process from 2 m below the snow surface to firn close-off, along with
advection and thinning (Johnsen, 1977, Johnsen et al., 2000; Gkinis et al.. 2004; Joes et al, 2007}, with other atmaspherie-
driven processes being irrelevant below this depth. Proger inversion of twese processes ane necessary for SCourale reconsnsetion
af timing and magnitude of isotopic signals an frequencies affected by diffusion, usually in the range of seasonal-to-decadal
seales (e.g, Johnsen et al, 2000 Vinther e al_, 2000; JTomes et al_, 2018, 2123,

While necessary, inversion of 1GD diffusion (i.e., back-diffusion) is sot always sufficient to reconstruct S50 or o at the
time of deposition. For example, observations at Dome Fuji, Anarctica show a disconnect between the magnitude of the 4%00
annual eycle in precipitation and the fim that cannot be reconciled thiough inversion of IGD diffusion (Fujita and Abe, 2006).
Oiher post-depositional processes like wind-driven mixing {e.g.. Fisher et al., 1985; Kochanski et al., 2018), atmosphere-
surface exchange (Steen-Larsen et al., 2004: Hughes et al., 2021; Wahl et al.. 2021, 2022}, or snow metamorphizm (e.g.. Ebner
etal., 2007 ) are also likely infleencing these isotopie signals. Modeling stwdies have shown that local meteorology can smooth
and bias isotope records by imprinting near-surface atmosphene water vapor isotopic signals in the near-surface snow theough
forced-ventilation (i.e. wind pumping, Waddington et al., 2002; NMeumann and Waddingron, 2004 Town et al., 2008b). The
resulting isotepic bias is predicted 1o ocour during the relatively wanmer surimers in isotopically depleted winter layers at bow
accumulation sites (Town et al., 2008h).

Quiantitatively accounting for these influences is mecessary to reliably derive climate signals from sater isotopes in polar
anow. Increased fidelity in surface and near-surface snow isotope observations have led to improved understanding of the
myriad mechanisms influencing swrfsce and near-swrfsce processes, bringing us closer to mechanistic understanding of post-
depositional isotopic modification. Casado et al. (2021) show evidence for post-depositional change in surface snow indusced
by sublimation/deposition mechanisms, citing insolation and sther surface energy budget processes as important to the surfsce
§1%02 and d signals. Observed changes in surface snow 670 at EastGRIP has been successfully simulated by incorpogating
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influencing surface and near-surface processes, bringing us closer to mechanistic understanding of post-depositional isotopic
modification.

For example, Casado et al. (3021) show observational evidence of post-depositional change in surface snow induced by
sublimation’deposition mechanisms, citing insolation and other surface encrgy budget procesacs as important to the swrface
%0 and o signals. Observed changes in surface snow §°%0 at EaaGRIP has been successfully simulsted by incorporating
sublimation inte an isstope-enabled surface energy budget model (Wahl et al., 2022) The stable boundary layer (SBL) over
high altitude Antarctica likely infleences surface isolopic content resulting in enrichment of surface &% al the expense of
F150 vapor in the SBL (e.g., Ritter e al., 2006; Casado et al.. 2018) _ Windier sites will have a more well-mixed atrnospleric
boundary laver, resulting in coerelation between surface snow 580 content and stmospheric surface layer 50 vapor content
(2., Steen-Larsen et al, 2004; Wahl et al., 2022 At low accumulation sites scouring and redistribution of annual layers is
always a problem to contend with (e.g., Epstein et al., 1965; Casado et al., 2018).

O the other hand, snow pit data from East Antarctics indicate that 1GD diffusion. precipitation intermittency., and possibly
spatial inhomogensity may explain isotopic signal 10 poise ratios, and sdditional mechanisms are not necessary |Mimch e al..
LT Laepple et al., 2018). At Summit Station, Greenland, Kopec e al. (2022) found very littke post-depositional change in
isotogie content of precipitation o near-surface snow after deposition, and also indicate that upwind sublimation is responsilble
for the unique issopic signatures observed in precipitation at Swmmit Station. Town et al. (2008b) show thar the high accu-
mulation rate {24 com oo~ ! Lw.e.) and relatively warm mean annual temperature at Summit Station are competing influences in
isotogic post-depositional modification. Looking at one summer season at BEastGRIP (summer 20090, Zube et al. (2023) find
evidence of lncal processes inducing post-depositional change in o, but no change in 650, in snow down w10 cm, with the

imterannual consistency and potential cavses remaining unex plored.

1.3 This study

To investigate discrepancies in evidence and primary mechanisms of post-depositional modification of water isotope comtent
of near-surface spow, we present analysis of a time-resolved surface snow and near-surface srow profile data set from the East
Greenland Iee Core Project (ExstGRIP) site in Mostheast Greenland (Mojrabavi et al., 2030). Our study asks the following
queaLions:

— What is happening o the water isotope signal ar the spow surface and in the near-surface snow at EastGRIP, while the

sipo 15 sl within the dynamic influesce of the local atmosphere?
— Can any changes in isotopic contenat (550, 0, ) observed at EastGRIP be explained by existing theory or models?

To answer these gquestions, we collected and analyvzed arrays of overlapping 1-m spow cores during three summer field
seasons (201 7-2019) @ the EasvGRIP ice core site. The snow spans the time period 2004-2019. Analyzed for water isotopic
content and indexed to an age-depth model, the resulting data set chronicles isotopic evolution of swiface and near-swrfsce

sivivw throughowt cach summer season, and imerannually. The isotope data set i3 supported by meteorology from the PROMICE
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115

fractionation on sublimation into an isotope-enabled surface energy budget model (Wahl et al, 2022). The stable boundary
layer {SBL) over high altinde Antarctica likely influences surface isotopic content resulting in enrichment of surface 5700 at
the expense of 5%k vapor in the SBL (e.g., Ritter et al., 2016, Casado et al., 2018). Sites with a mone well-mixed atmospleric
boundary layer {i.e.. a low or negative Richardson's number: ¢.g., Town and Walden, 2008 may result in a relatively contimsous
supply of water vapor representing regional conditions. Steen-Larsen et al. (2004} and Wahl et al. (2022} found corselation
Between surface snow #1500 content and atmospheric surface layer 5150 vapor content when aceumulation and drifting were
mot factors. However, at low accumulation sites scouring and redistribation of annual layers is always a problem o contend
with {eg.. Epstein et al.. 1965 Casado et al., 2018). Wind-induced snow strsctures causes large variability in environmental
signals which may unnecessarily combine distinet layers (e.g., Steffensen, 1985, Munch et al.. 2007; Zubr et al., 2021, 2023).

O the other hand, seow pat data from East Antaretiea indicate that 1GD diffusion, precipitation intermittency, and possibly
spatial inhomogeneity may explain isotopic signal 1o poise ratios, and sdditional mechanisms are not necessary (Miisch e al.,
MUT: Lagpple et al.. 20181 At Swmmit Station, Greenland, Eopec et al. (2022) found very linke post-depositional change in
isotogic content of precipitation or near-surface anow after deposition. amd alses indicate that upwind sublimation from the ke
sheet surface is responsible for the unigque isotopic signatures observed in precipitation at Surmmit Station, Town et al. (2008b)
slyow that the high accumulation rate (24 cm a—' Lw.e.) mitigates the influence of relatively warm tenpegatunes at Summit
Station on post-depositional maosdification. Looking at one summer season at EastGRIP (summer 2009), Zuhs et al (2023 find
evidence of bocal processes inducing post-depositional change in d, but no change in 30, in snow down to 10 em, with the

imterannual consistency and potential causes remaining unexplored.
1.3 This study

To investigate discrepancies in evidence and primary mechanisms of post-depositional modification of water isotope content
of near-surface srow, we present analysis of a ime-resolved surface snow and near-surface spow profile data set from the East
Greenland lee Core Project (BastGRIP) site in Mostheast Greenland (Mojtabavi et al., 2020, Our study asks the following

questions:

= What is happening to the water isotope signal at the snow surface and in the near-surface snow at EastGRIPE while the

sy 15 sl within the dynamic influence of the local atmosphere?

— Can any changes in isotopic content of palar snow (350, 40, o) ebserved at EastGRIP be explained by existing theory
o models?

To answer these guestions, we collected and analyzed arvays of overlapping 1-m sow cores during three surmmer field
seasons (D01 T-2009) at the EastGRIP ice core site. The soow spans the ime period 2004-2019. Analyzed for water isolopic
content and indexed to an age-depth model, the resulting data set chronicles isotopic evolution of surface and near-swrface
oy throwg ot each summer season, and interannually. The isotope data set is supported by meteorology from the PROMICE
metwork | Fausto et al., 2021} and time-resolved measurements of surface height {Steen-Larsen, 20M0a; Zuhr et al., 2021; Steen-

Larsen et al., 2022).
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network {Fausto et al, 2021) and time-resolved measurements of surface height (Steen-Larsen, M020a; Zubr et al_, 20213 Steen-
Larsen et al., 2022). More details are found in Section 2.

Using these data, we demonsirate that while there is inconsistent post-depositional modification of 50 during the summers
and interannually,  shows more consistent modification in summer spow lavess on weekly and interannual timescales {Section
1) We explore the potential mechanisms causing these signals; some behavior can be explained by existing models, but nod all
(Section 4). Implications of these results for IEMs and interpretations of #1560 and o in pelar snow, fim, and ice are explored
(Section 4.2).

2 Site Description, Data, and Methods

The data and produces presented lere are all derived from ebservations at the BEastGRIP ice core site located in the Northeast
Greenland Mational Park. In Section 2.1 we present the meteorological context of our study. In Section 2.2 and Section 2.3
we present the surface spow isotope and snow profile isotope data sets, respectively. In Section 2.3, we explain the siting.
extraction, handling, and processing of the snow profiles. In Section 24, we discuss the age-degeh model applied 1o the spow
pridile isotope data set. In Section 2.5 we discuss nuances and cavears relevant 1o the interpretation of the data presented here.

Table 2 contains an overview of the data used in this study.
21 Meteorology: data and context

The EastGRIP site is located on a fast moving ice stream at TH737°47" N, 35°50°22" W at an altitede of 2708 m {m a~ ',
Westhoff et al., 2022} There is a PROMICE weather station bocated appeoximately MM i south of our study site (Fausto etal.,
21 . The site experiences persisiently-high and directionally-constant winds because its location on the ice sheet results in
downslope (westerly) katabatic winds and westerly sypoptic flow over the ice sheet (Putnina, 1970; Ddetrich et al., 2023).

The sccumulation rate was measured as approximately 134-157 mm a—" of liquid water squivalent (Lw.e.) from snow pit
shudies coincident with this work (Nakazawa et al., 2021 Kemuoro et al, 2021 ). Summertime daily accomulation was measured
with stake lines during the 2006-2009 field seasons (Steen-Larsen, 2020k, by Harris Swoart et al., 2023}, The bamboo stake line
was 200-m long with 1-m spatial resoluwtion in the 2006 field season, and 90-m bong with 10-m spatial resolution for the
remaining field seasons. We alse determined changes in monthly mean snow height from PROMICE sonic ranger data (Fausto
et al.. 2021) for 2004-2019, with the annual rate of change in suiface beight being approximately 40 cm a-*. The top |-m
of snow has a nearly constant density profile of approximately 337 kg m~*, presumably constant because of the persistently
high winds at EastGRIP (Schaller et al, 2016; Nakazawa et al., 2021; Komuro et al, 2021) The snow surface is spatially
Ieterogencous in height, with surface features smoothing glightly throughout the summer seasons (Zahr et al., 2021, 2023).

22 Surface snow Isotopes

The top 0-1 e snow was collected along a 1000 m path parallel o the wind in the 2006 field season, and a 100m path for the
H0LT-2009 field seasons (Behrens et al., 2023a; Hochold etal., 2023, 20226, a). During the 2006 and 2017 field seasons, samples
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Using these data, we demonstrate that while there is inconsistent post-depositional modification of 8% during the summers
and imterannually,  shows more consistent modification in summer sow lavers on weekly and interannual timescales {Section
11 We explore the potential mechanisms causing these signals; some behavior can be explained by existing models, bur nod all
(Section 4). Implications of these resulis for [EMs and interpretations of 850 and d in polar seow. fim, and ice are exploned
(Section 4.2).

2 Site Description, Data, and Methods

The data and products presemted here are all derived from observations at the high alimde EastGRIP ice core site located
in Mostheast Greenland. In Section 2.1 we present the meteorological context of our stady, In Section 2.2 and Section 2.3
we present the surface snow isotope and snow profile isotope data sets, respectively. In Section 2.3, we explain the siting,
extraction, handling, and processing of the snow profiles. In Section 2.4, we discuss the age-degih model applied o the spow
prodile isotope data set. In Section 2.5 we discuss nuances and caveats relevant 1o the interpretation of the data presented here.

Table 2 contains an overview of the data wsed in this study.
X1 Meteorology: data and context

The EastGRIP site is located on a fast moving ice stream at TH=377477 N, 35250022 W at an altitude of 2708 m {m a-1,
Westhofl etal., 2022} There is a PROMICE weather station located appeoximately 300 m south of ur study site (Fausto et al.,
1021). The mean annual wemperature is -28.3 “C. The site experiences persistently-high (5 m s~ and directionallv-constant
winals because its location on the iee sheet results in downslope (westerly) katabatic winds and westerly synopiic Aow over the
ice sheet (Putnins, 1970; Dietrich et al, 2023).

Aceumulation rates for BastGRIP just priar to the observation period derived from isotope profiles are approximately 134-

157 oo &~

{Makazawa et al.. 2021; Komuro et al., 2021). Monthly surface height changes are continuous and greater in
summer and autumn (68 % ) than winter and spring (32 %), with approximately 50 percent of the surface height changes

coming from 20 percent of the monthly accumulation for the period of 2004-2019.
11 Surface snow isotopes

The tog -1 com snow was collected along a 1000-m path parallel w0 the wind in the 2006 field season, and a 100-m path for the
M1T-2009 fiekd seasons (Behrens etal., 2023a; Horhold eqal., 2023, 20226, a). During the 2006 and 2007 field seasons, samples
frem zach site were collected and bagged individually, the measured %00 was then aveeaged. During the 2017 field season,
anow of equal amounts was also collected daily an the same locations then mixed into one sample bag, ermed "consolidated’
samples. 1t was found from this work that the mean isotopic values of the individually bagged samples were the same as the
less laboriously oained "consolidated” samples, Mean daily surfece snow isotopic content for e summers of 2008 and 2019
were therefore determined from "consolidated” samples. Surface snow was sampled 1o other depths durng these field seasons.

we only use the 0-1 cm samples in this study.
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Tulde . All data used in this stdy listed with umits, a brief descripbion, and dala source. Uncertainbies are 2 slandard deviation around the

mcans.

Dhata UnitsFes. Description reference

Temperuture 2RS4 14°C FROMICE weather station, hourdy fre Faustr et al. (221
quency, HHT-2019

Wind speed (i) 526 £ d6ms! dalz source amd frequency same as same as above
above

Wind direction W-EW prevailing wind direction in all =a-  same as ahove
soans, data source and frequency same as
above

Annual accumula 134157 mm a~! derivex] From from soow pits, 2008-2007  Kamuro et al. (2021

ben (al
Annual scoumula

ben (b

Snow siake line

&

Snow slake lime
27219

Surface  smaw,
20 6-2H9

Spow  profiles,
0]

Spow  profiles,

Soww  profiles,

145, 149 mm a~*

I m boe. res.. %1 cm vert.

res.

10 m baor. res.., 1 cm verl.

res.

§'R0= 4022 7. d0=
+ 16 Y.

5'M0= 022 L. D=
@16, l-=cm res, 0-10

cm; 2-cm res, W10 cm

same as abinve

same s abinve

snaw pits, 092016

Relative surface beight measurements

Relatve surface beight measurements

Diaily samples of (-1 cm snow

Four {4) wransects, I bMay 2007 - 11 Au-
gust 2017, 40 prodiles

Five {51 transects atb six locations, 12
May DOIE - 06 Auguast 2018, 35 prodiles
Five {5} ransects, 20 May 2009 - 24 July

201%, 15 profiles

Makawrwa et al. (2021)

Seeen-Larsen (2020k)

Steen-Larsen (20208); Har-

ris Stuart et al. (2023)

Wahl et al. (3022), Section 2.2

Section 2.3

Section 2.3

Section 2.3

from zach site were collected and bagged individually, the measured 4'%(3 was then averaged. During the 2007 field season,

s of equal amounts was also collected daily at the same locations then mixed into one sample bag. ermed "consolidated”

samples. It was found from this work that the mean isotopic values of the individually bagged samples were the same as the
less laboriously obtained "consolidated” samples, Mean daily surfaee snow isotopic content for the summers of 2018 and 2019

were therefore determined from "consolidated” samiples.

Tulde 2. All data used in this sty listed with umits, a brief descripbion, and data source. Uncerlainbes are 2 standard deviation around the

means.
Drata UnitsFes. Diescription reference
Temperature 2854 14°C FROMICE weaber station, hourdy fre Faustg et al. (H21)
cuency, HHT-2019
Wind speed (u) 5264 d6ms! dalz source amd frequency same as same as above
above
Wind directicn W-SW prevailing wind  direction in all sa-  same as ahove

Snow  surfuce

hesight (a)

Annaal sccumula
ben fa)

Annaal sccumula
bien (b)

Snow slake line
]

Snow slake line

JHT-2019

Rurface  smaw,

20 L6-2019

Spow  profiles,
i

Spow  profiles,
IS

Soow  profiles,
FLOR)

391 & 4 mm a~?

134-157 mm a~?

145, 149 mm a~"

I m k. res.. 21 cm verl.

res.

L0 m bawr. res, 1 om verl.

res.

6= 40,22 7. d0=
16,

0= %022 ., §0=
1.6 °F.: 1=cm res, 0-10

cm: 2-cm res, W00 cm

same s above

same as above

soas, duta source and frequency same as

above

seanic ranger, 2014-200%

snaw pits, 20092017

snaw pits, 20092016

Relative surface beight measurements

Relative surface beight measurenents

Daily sumples of 0-1 cm snow

Four {4) transects, I hay 2017 - 11 Au-
gust 2017, 40 profibes

Five (5) transects at six locations, 12
Mlay 2E - 06 Auguast 2018, 35 prodiles
Five (5} ransects, 2% May 2009 - 24 July
201%, 15 profiles

Fausts et al, (HI21)

Kavnuro et al. (1 2021)

Wakasawa et al. (202 1)

Steen-Larsen ( 2020a)

Steen-Larsen  {20200];

ris Stuart et al. (2023)

Behrens o1 al,
Hishokl el
{2023, 20224, a).
22

Section 2.3

Section 2.3

Section 2.3

Har

(202301

Seclion
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Snow profiles from transect 3: side view

Figure 1. The wop panel shows an overview of the relative spacing and timing of the transects along which the near-surface snow profiles
were taken for this sudy. Each transect has the same spivw profile pattemn as Transect 3. The diagram is mit 1o scale, but distances are noted.
Morth is dowmward  this diagram. The prevailing wind direction is from the W-SW. The number and relative iming of spiew profles ane
accurately indicaled. The holtem panel shivws an illusiration of the summerime soow slake heights along with soeew profile Gming. The
study site 15 the EaaaGRIP ice core site in Norheast Greenland.

Onee collected, either individually or a5 a consolidated sample, the snow was sealed in an air-tight Whirl-Pak bag and
ket frozen until measwrement at the Alfred-Wegener-Instiont in Bremerhaven, Gremany or the Institute of Eanth Sciences in

Reykjavik, leeland. Isotopic measurement procedures for surface snow are the same as for the snow profiles and explained in
Section 2.3

23 Near-surface snow profile lsotopes: siting, extraction. handling, and measurement

The central data presented here are isotope measurements from a time-resolved areay of snow profiles from 0-1 m (Behrens
et al, 2123k). The sampling strategy is diagramimed in Figure 1. The snow profiles were taken along transects progressing in
the windward direction. Each sampling event consisted of five snow profiles taken from fve unigue ransect lines within a few
Isowrs of cach other. The transect lines were af least 500m from cach other. A total of six transect lives were used, but only five

during any one sampling event.
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| 2017 2018 2018

Snow profiles from transect 3: side view

Figure 1. The wp panel shows an overview of the relative spacing and timing of the transects along which ibe near-surface snow profiles
were tiken for this study. Each wransect has the same spow profile pattermn as Transect 3. The diagram is st 1o scale, but distances ane noded.
Morth is dowmward i this diagram. The prevailing wind direction is from the W-5W. The number and relative timing of spiw profiles ane
accurately indicated. The bottom panel shows an illustration of the summertime soow slake heights along wilh seewe prodile iming. The
study site s the EastGRIP ice core site in Northeas Greenland.

Onee collected, either individually or as a consolidated sample, the snow was sealed in an air-tight Whirl-Pak bag and
kept frozen until measurement at the Alfred-Wegener-Institut in Bremerhaven, Gremany o0 the Institute of Earth Sciences in
Reykjavik, Iceland. Isotopic messurement procedures for surface spow are the same as for the snow profiles and explained in
Section 2.3,

23 Near-surface snow profile sotopes: siting, extraction, handling, and measurement

The central data presented here are isotope measurements from a tme-resolved areay of snow profiles from 0-1 m (Behrens
et al, 2023h). The sampling strategy is diagrammed in Figure 1. The snow profiles were taken along transects progressing in
the windward direction. Each sampling event consisted of five snow profiles taken from five unique transect lines within a few
Ivowrs of each other. The transect lines were at least 500m from cach other. A total of six transect lines were used, but only five

during any one sampling event.
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The frequency of snow profile sampling events ranged between three and pwenty-one days, the most cormmon frequency
being foureen days. Snow profiles along ome transect were spaced apant by approximately one meter. The close spacing
permits us o consider most snow profiles along the same transect as representing the same spow (See Section 2.5.1). A single
siww profile was taken by gently pushing a 10-cm diameter carbon Aber tube (e, liner) with & L-mm thick wall vertically into
the anosa. Minimal compression of the snow column occurs during this process (maximum 2 em, average 1 cm, Section 2.1
Schaller et al.. 2006). A small pit was cleared on the dowewind side of sach liner o that they could be carefully extracted with
all snow stratigraphically intact. The resulting swow pit was then back-filled within two owrs of the beginning of the process.
muitigating exposure of doeper layers to the atmosphere above.

After exiraction, each profile was quickly transported to a cold tent for cutting and storage. The profiles were cut an 1.1-cm
resalution for the wop 0-10 cm and 2.2-cm resolution for remainder of the profiles. Most profles were not exactly 10 cm in
length due to compression and a small amount of bottem loss during extraction. The snow was cut in an open-faced tray using
a (e lf-cm thick blade. Each sample was sealed in an air-tight Whirl-Pak bag and kept frozen wntil measurenent at either the
Alfred-Wegener-Tnatitt in Bremerhaven, Deatschland or the Institwte of Earth Sciences in Reykjavik, Island.

Measurements of 5153 and & concentrations were made using a Picarro cavity ring-down spectrometer (models L2120+,
L2030-5, L2 1401} amd reported in per mille (7..) netation as shown in equation 1 on the VEMOW/SLAP scale. Memory and
drift corrections were applied using the procedure in (Van Gelderm and Barth, 20020, We caleulated the combined standard
uncertainty (Magnusson et al, 2007) including the long-term uncentainty and bias of owr laboratory by measuring & quality
check standard in cach measurement run and incleding the uncenainty of the certified standards. The eombined 1o uncertainty
in @500 is 011 7., and for §17 is 0L& 7., for all isstopic measurements. We focus on 4°02 and o for the remainder of this
paper, as &3 and £ 17 are equivalent for our purposes.

The snow cores we use are 1-m in length o capture at least two annoal eveles at BastGRIP. Modeling also indicates this
maximum depth will be well beyond the direct isotopic influence of the atmsosphens (Town et al.. 2008b). The spacing between
trangects (approximately 500m) is well beyond established isotopic spatial autocorrelation lengths in polar snow (Muoch eval..

ML), providing several independent realizations of the near-surface spow during each sampling event.
24 Imtercomparison of chrondlogical layers
241 Depth adjostment

Photogrammetric experiments at EastGRIP show that chronological layers of snow are continwous but inhomogeneous in
thickness and spatial distribution {Zube e al., 2021 ). This is in agreement with prioe effons documenting wind-driven erosion
and deposition in snow {eg., Fisher et al.. 1985, Colbeck, 1989 Filhol and Stuom, 2005). Impomant precipitation events will
have uneven representation in the snow, and in extreme cases (high winds with low accumulation) entire anmual layers could
e scoured at polar sites with bow accumulation {e.g.. Epstein et al.. 1965; Casado et al.. 2008). Zuhr et al. (2023} confirm the
Lavers are continuous al EastGRIEP, with only one exception intheir spatial study, Zube et al, (2023) also docurmented that uneven

surfsees and concomitant heterogeneous distribution of precipitation result in spatially heterogeneous isolopic concenirations

210

The frequency of snow profile sampling events ranged between three and twenty-one days, the most commaon frequency
being fourteen days. Snow profiles along ome ransect were spaced apan by approximately one meter. The close spacing
permits us o consider that most snow profiles along the same transect represent the same snow (See Section 2.5.1). A single
sy profile was taken by gently pushing a 10-cm dianseter carbon Aber wbe (e, linery with a L-mim thick wall vertically inte
the spome Minimal compression of the snow column oceurs during this process (maximum 2 cm, average | om, Section 2.1
Schaller e al., 2006). A small pit was cleared on the downwind side of esch liner so that they could be carefully extracted
with all snow stratigraphically intsct. The resulting snow pit was then back-flled within two hours of beginning the process,
mitigating exposure of deeper lavers o the atmosphere above.

Aditer extraction, each profile was quickly transported to a cold tent for cutting and storage. The profiles were cut at 1. 1-cm
resalution for the top 0-10 cm and 2.1-cm resolution for remainder of the profiles. Most profiles were not exactly 100 em in
length due to compression and a small amount of bottom loss during extraction. The snow was cut inan open-faced tray using
a l-rum thick blade. Each sample was sealed in an air-tight Whirl-Pak bag and kept frozen until measurement at either the
Alfred-Wegener-Institut in Bremerhaven, Deutschland or the Institute of Earth Sciences in Reykjavik, lsland.

Measurements of %03 and 50 concentrations were made using a Picarro cavity ring-down spectrometer (models L2120,
L2030-5, L2140-i) and reponted in per mille (7.0 notation a3 shown in equation 1 on the VEMOW/SLAP scale. Memory and
drift comrections were applied using the procedure in (Van Geldern and Bah, 20020, We caleulated the combined standasd
uncertainty (Magnusson et al, 2007} including the leng-term uncentainty and bias of ouwr laboratory by measuring a quality
check standard in each measurement run and incleding the uncenainty of the certified standards. The eombined 2o uneertainty
in #%00 is 022 7, and for 607 is 1.6 ., for all isotopic measurements. We focus on 8% and o for the remainder of this
paper, a8 &'703 and §17 are equivalent for our purposes. Propagation of errors makes the 2 uncemainty in d 2 %

The snow cores we use are 1-m in length to capiure at least two annoal eyeles at BastGRIP. Modeling also indicates this
maximum depth will be well beyond the direct isotopic influence of the atmosphers (Town et al., 2008k). The spacing between
transects (approximately 50 m) s well beyond established isotopic spatial autocosrelation lengths in polar snow (Munch e al..

M6, providing several independent realizations of the near-surface spow during each sampling event.
24 Intercomparison of chronelogical layers
241 Depth adjostment

Photogrammetric experiments at EastGRIP show that chronological layers of snow are continsous bt ithomogeneous in
thickness and spatial distribution {Zube et al., 20215, This is in agreement sith prioe effors documenting wind-driven erosion
and deposition in snow {e.g.. Fisher et al., 1985; Colbeck, 1989, Filhol and Sturm, 2015). Large precipitation events will have
uneven representation in the spow, and in extreme cases (high winds with low sccumulation) entire annual layers could be
seoiped at polar sites with low accumulation {e.g.. Epstein et al.. 1965 Cazado et al.. 2018). Zubr et al. {2023) confirm the
lavers are continuous a EastGRIE, with only one exception intheir spatial study. Zuhe et al. (2023) also documented that uneven

surfaces and concomitant heterogensous distribution of precipitation result by spatially heterogensous isotopic concentrations
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of anow. As such, a perfectly borizontal average of %00 acrosa the anow ar any level then represents a mixiure of events acrnss
time (Miinch et al., 20171 Zubr et al. (2023) estimates that the 2o spread around mean 8'%00 values as a function of deph is
29%,, due to the impact of this stratigraphic noise. Moe, this nomber represents the distbution of the measurements, not the
confidence in spow profile mean values.

For this study, tracking chronological lavess is critical to separste wind-driven spatial heteregeneity in 6% and J from
other processes at work in the near-surface snow. To Better align chronological layers, we apply a local depth adjustment 1o
individwal snow profiles from 2008 and 2009 based on snow stake measurements of surface height changes at each samiple site.
ilustrated in Figure 2. For the 2007 snow profles, we apply oe depth adjustment 1o all profles collected on the samse day.
We use the mean change in beight from the 90-m snow stake transect to adjust spow surface height relative 1o the frst profiles
af the season collected on 2 May 20017 (Steen-Larsen e al., 2022), Compaction was nod considered in the depth adjustment

berween snow profiles,
242 Age-depth model

The depth correction mitgates much of the stratigraphic moise induced by simple horizontal averaging, but nod all, We de-
weloped an age-depth masde] for each individoal snow profile o further minimize siratigraphic noise in chronological layer
imercomparisons within one season. alzo allowing better intercomparizon of "same-era” saow (e, snow from the same time
period ) between profiles extracted during different field seasons.

An illustration of the age-depth model process is shown in Figure 2 and follows many similar seasonal and interannual studies
ez, Shuman et al.. 1995; Bolzan and Pohjola, 2000 Kopec et al, 2022). The end date for every profile is the exteaction date.
which is known precisely. From this date we worked downwards in the snow and backwards in time. Local maximum and
minimum &% values were found automatically. Dares assigned to the 407 valoes are from the maxima and minima in
manthly mean temperature as measwred at the nearby PROMICE weather station. We find at least two dates per annual layer.
a summer maximurm asd & winter minimuam.

The age-depth model depends on the continuity of layers between cores and serves to align layers o each other, as well
as to the assigned dates. Although the age-depth scale is very accurate, much of our analvsis depends primarily on the align-
ment of lavers rather than the absolute date. The bottom of cach snow profile was assigned dates based on contemporansous
accumulation information.

The age-depth model uncemainty comes from two sources: 1) snow profile peak and trough identification, and 2) maxinem
and minimum date attribution. The snow profile peak identification is more accurate near the top of the profiles becawse of
sampling resolution. Maximum and minimam air temperateres date atribution is mose accurate in summer than winter. We
conservatively assess the 2o uncertainty as a minimum of £9 days for the tep of each profile, £25 days around each sumser
peak below 10 cm, £33 days around each winter wough below 100cm.

A detailed discussion of the age-depth model and error analysis can be found in Section 2.5.3.
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of anow along perfectly horizontal transeets. A horizontal average of %03 or d then represents a mixiure of events across ime
(Munch et al., 2007}, particularly pear the surface. Zube et al. {2023) estimates that the 2o spread around horizontally-average
F507 an EastGRIP is 2.9 7., due to the impact of this siratigraphic noise. Note, this number represents the disiribution of the
measurements, ol the confidence in snow profile mean values.

For this study, racking chronological lavess is critical to separate wind-driven spatial heterogeneity in 6'%0 and o from
ather processes at work in the near-surface snow. To better align chronological layers, we apply a local depth adjustment v
individual snow profiles from 2008 and 2019 based on snow stake measurements of surface height changes at each sample site,
ilustrated in Figure 2. For the 2017 snow profles. we apply ore depth adjustment 1o all peofles collected on the same day.
We use the mean change in height from the 90-m snow stake transect o adjust spow surface height relative 1o the first profiles
af the season collected on 2 May 2007 (Steen-Larsen e al., 2022, Compaction was not considered in the depth adjustment

berween snow profiles.
242 Age-depth model

The depth correction mitigates much of the sratigraphic noise ideced by simple horizontal averaging, but not all, We de-
veloped an age-depth mode] for each individual snow profile wo further minimize stratigraphic noise in chronologieal layer
imercomparisons within one season, also allowing better intercomparizon of 'same-era” snow (e snow from the same time
period ) between profiles extracted during different field seasons.

A illustration of the age-depth mode] process is shown in Figure 2 following similar seasonal and interannueal sidies fe.g..
Shuman et al.. 1995 Bolzan and Pohjola, 2000; Kopec et al., 2022) The end date for every peofile is the extraction date, which
is known precisely. From this date we worked downwands in the snow and backwands in time. Local maximum and miniom
#1500 values were Tound sutomatically. Dates assigned 1o the 4700 values are from the maxima and minima in monthly nsean
temperature as measused af the nearby PROMICE weather station. We find at least two dates per annual laver, a sumimser
maximum and a winter minimum.

The age-depth rvode] depends on the continuity of layers between cores and serves 1o align layers to each other. as well as
1o the assigned dates. Although the age-deph scale is very accurate, much of our analysis depends primarily on the alignment
af layers rather than the absolwte date. The botiom of each snow profile was assigned dates based on confemporaneows surface
leeight information from the sonic rangers.

The age-depth model uncertainty comes from two sources: 1) snow profile peak and wough identification, and 2) maxinm
and minkimam date attribution. The snow profile peak identification is more accurate near the top of the profiles becawse of
sampling resolution. Maximuwm and minimam air emperatures date atribution is moee accurate in sumimer than winter, We
conservatively assess the 2o uncerainty as a minimuoom of £9 days for the top of each profile, £25 days around each summser
peak below 10 cm, £33 davs around each winter wough below 10 cm.

A detailed discussion of the age-depth model and error analysis can be found in Section 2.5.3.
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25 Snow kotope data set caveats and noances
251 Decorrelation distances and snow profile comparisons

Or sampling and data processing strategy is designed to separate spatial and temporal vanability of isstopic content of the
mear-surface snow. The sampling strategy i inherently destructive, which results in rade-offs between scourate sampling and
manitoring temporal varability, We attempt to balance these rade-offs by sampling at approximately 1-m spacing along each
tramaeet. The 1-m spacing keeps each profile well within established spatial decorelation distances for spatially successive
water isotope samples (1.5 m) for a polar site with a similar alinede and accomuolation rate (Monch et al, 2006). Sampling
closer than L-m along a transect risks disturbing the subsequent adjacent profile.

We note that the decorrelation distances derived in Monch et al. (2006) were done without aggplication of spatial depth
adjustment or an age-depth model o align chronobogical lavers. Their decosrelation distances then represent an overestimate
for our data set after the application of degeh adjustments, and an estreme overestimate after application of our age-depth
madel. Zuhr et al. (2023) show that isotopic continuity of layers is the mle rather than the excepiion at EastGRIP.

We collected samples as close together as possible 3o that snow profles mken along one transect will be considered repre-
sentative of the same spow. taking into account the small amount of stratigraphic noise observed on these spatial scales (e g..
Zubr et al., 2023} During 2017 many (18) prodiles were taken along each ransect although ot all used here (only 8). The
reason For thedr rermoval is discussed in Section Al The higher number of snow profiles represents a larger distance traveled
over the history of the transect in 2007, [t is very likely that the snow exteacted from a ransect at the beginning of the 2017
season does not repeesent the same bocation as the snow from the end of the 2007 season along the one transect. We consider
this later when examining intraseasonal evolution of the near-surface snow.

The transect lines are separated by 30 m or mose to provide “independent’ representations of the siow surface. In this way,
when we average snow profiles taken on the same day, we are taking averages independent of the influence of kocal dune and

sastrugi features.
252 DMitigated biases due to sampling

We prompily back Alled of cach extraction sites o mitigate the influence of near-surface meteorology on the next wpwind
prodile. High temperature gradients take days to weeks to propagate theough the snow these distances (Town en al., 208a). The
potential influence of forced ventilation on neas-surface snow due to tapers off dramatically after about 50 cm {Town et al..
H0ER). So, our sampling peecedure sufficienly prevents unintended post-depositional change due 10 extra exposure o the

near-surface atmosphere. Crher details related o missing data and uncemainties ane shared in Appendix A3
253 Age-depth models

Similar age-depth models have been developed using temperature-to-isotope data sets from the Greenland ice sheet. Higher

accunulation rate sites like Sumimit, Greenland allow more tie podnts inone year (e.g.. Shuman et al., 1995, Bolzan and Pobjola.
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15  Snow isotope data set caveats and noances
151 Decorrvelation distances and snow profile comparisons

Our sampling and data processing strategy is designed to separate spatial and temporal varability of isstopic content of the
mear-surface snow. The sampling strategy i inherently destructive, which resulis in trade-offs between accurate sampling and
manitoring temporal vanabdlity, We atbempt to balance these wade-offs by sampling at approximately 1-m spacing along each
transect. The [-m spacing keeps each profile well within established spatial decorrelation distasces for spatially ssccessive
water isotope samples for a polar site with a similar altitude and accomulation eate (1.5 m; Monch et al.. 2006). Sampling
clozer than 1-m along a wansect risks disturbing the subsequent adjacent prodile. The decorrelation distances derived in Minch
et al (2006} were done without application of spatial depth adjustmeent or an age-depth model 1o align chronological layers.
Their decorrelation distances then represent an overestinuate for our data set after the application of depth adjustments, and an
extreme overestimate after application of our age-depth model. Zubr eval. (2023) show that sotopic continnity of layers is the
rale rather than the exception at EastGRIP.

We collected samples as close together as possible 30 that snow profiles taken along one transect will be considered repre-
sentative of the same snow. taking into sccount the small amount of stratigraphic noise observed on these spatial seales eg..
Zubir et al., 2023} During 2017 many (18) profiles were taken along each transect although ot all used here (only 8). The
reason for thedr rervoval 5 discussed in Section Al The higher number of snow profiles represents a larger distance traveled
awer the history of the transect in 2007, It is very likely that the snow extracted from a ransect at the beginning of the 2017
season does not represent the same bocation as the snow from the end of the 2007 season along the one transect. We consider
this later when examining intraseasonal evoluwtion of the near-surface snow.

The wansect lines are separated by 50 m o moge o provide 'ivdependent’ representations of the near-surface smow. There
will be mo awtocormrelation due to local dune and sastrugh features in same-day snow profile averages.

252 Mitigated biases due to sampling

We promply back filled of each extraction sites to mitigate the influence of near-surface meteorology on the next upwind
prodile. High temperature gradients take days 1o weeks o propagate through the snow these distances (Town et al, 20d8a).
The potential influence of forced veotilation tapers off dramatically afier about 50 cm depth in near-surface snow (Town et al.,
0ER). S, our sampling procedure sufficiently prevents unintended post-depositional change due 1o extra exposure to the

mear-surface atmosphere. Caher details related 1o missing data and uncerainties are shared in Appendiz A3
153 Age-depth models

Similar age-depth models have been developed using wemperature-to-isotope data ses from the Greenland ice sheet. Higher
accurmulation rate sites like Summit, Greenland allow more tie podots in one year (e.g., Shuman et al., 1995, Bolzan and Pohjola,

W00, However, much bower resolution is also common. Kopec et al. (2022) assign 1 Jamsary 1o all winter 50 minima. While

12
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2000). However, much bower resolution is also common. Kopec et al. (2022) assign 1 January to all winier #5600 minima. While
this is problematic for abselute dating accuracy because of the quasi-coreless winter over Greenland, it does ot change their
conclusions. Ope tie point per year works in their siudy because Kopec et al. {2022) are concerned with relationships between
wariables measured in the srow, and Sumimit has a fairly constant accurulation rate, albeit & scasonal compaction rate (Dibb
and Fahnestock, 2004; Howat, 2022,

In our case, BastGRIP has approsimately half the aceumulation rate of Summit, Greenland, the accumulation rate varies with
season {higher in summer and swiumn, lower inwinter and Spring ). and the compaction rate very likely has the same seasonality
as Summit. We fid an beast two tie points each year, which is more than sufficient to resolve the seasonal accumulation and
compaction at EastGRIP. The seasonal scaling applied to the 650 and 80 time series are the same, so the position of the o

time series relative to 51900 remains the sarme. This will be important when evaluating the seasonality of d as the snow ages.

3 Results

We share results for surface and near-surface spow samples focosing on evolution during summer-only time periods {Section
3.1} separately from the interannually evolution of the snow profiles (Section 3.2). Their combined meaning are explored in
Section 4.

Sratistically, we are mainly concernved with how mean values compare even as distributions of these isotopic values and their
derivatives may overlap. As such, most of our error valwes and uncentainty ranges are represented as two times the standard
error around the means (20, p o< 0L05). Where the overlap of distributions are important we report two tines the standard

deviation around the rmean (ie., 2).
31 summer season 5% and o

Figure 3 provides a look at the isotopic evolution of the near-surfsce snow dusing the sumimer field seasons. The extraction
dates (upward arrows ), 2-m air temperaiare, and mean surface height changes from the bamboo stake line are provided fog
context. The mean surface height changes do not mateh up exactly with the height changes in the contour plogs below becanse
they were in different locations. Bach upward arrow represents the mean of four o five spow profiles taken on the same day
from different transects. Aggregating the snow profiles in this manner likely mitigates msch spatial variability. We show the
first annual evele (0-50 cm) because there is no detectable subseasonal change below approcimately 20-30 con on these time
seales, consistent with modeling by Waddington et al. {20027 and Town et al. (2008kb).

These data show that new accumulation can being in a range of £%(F values to the surface snow. but typically has a high
[=10 7.}  content. During periods of low-to-no accumulation there are coincident increases in 8% and decreases in o in
thee near-surface snow. Figures -6 illustrate the changes in mean daily profiles during similar low-to-no accurmulation pegiods.
Significant increases (p < 0L05) in §°%( are seen the summess of 2017 and 2009, down to 20-30 c_ Coincident decreases in
o are also seen in these difference plots, bat not o p < (L5, Temporal changes in the 2008 snow profiles are not so easily
encapsulated in a profile difference plot shown. In this case there is po significant change in §°%0 and 4 over the chosen low-
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this is problematic for absolute dating accuracy because of the quasi-coreless winter over Greenland., it does not change their
conclusions. One tie point per year works in their study because Kopec et al. {3022) are concerned with relationships between
vartables measured in the spow. and Summit has a fabrly constant accumulation rate, albeit a seasonal compaction rae (Dibb
and Fahnestock, 2004 Howat, 2022).

In our case, BastGRIP has approximately half the aceumulation rate of Summit, Greenland, the accumulation rate varies with
season {ligher in summer and sutumn, lower inwinter and Spring ), and the compaction rate very likely has the same seasonality
as Swmmit. We find ar least vwo tie poims each year, which is more than sufficient to resolve the seasonal accumulation and
compaction al EasiGRIF. The seasonal scaling applied 1o the @50 and 410 time series are the same, so te position of the 4

time series relative to 84°00 pemaine the sanse. This will be important when evaluating the seasonality of o as the snow ages.

3 Results

We share results for surface and near-surface spow samples focusing on evolutien during summer-only time periods (Section
11 separately from the imeranmueally evolution of the spow profiles (Section 3.2}, Their combined meaning is explored in
Section 4.

Sratistically, we are mainly concerned with how mean values compare even as distributions of these isotopic values and their
derivativies may overlap, As such, most of our errof valses and uncenainty ranges are repeesented as two times the standard
error around the means (2a;, p< 0L05). Where the overlap of distributions are important we report two times the standard
dev

tion around the mean (e, 2.
31 Summer season 650 and o

Figure 3 provides a look at the isotopic evolution of the near-surface snow during the summer field seasons. The extraction
dares (upward arrows ), 2-m air temperatuee, and mean surface beight changes from the bamboo stake line are provided for
context. The mean surface height changes do noed match up exactly with the height changes in the contowr plogs below because
they were v different locations. Bach upward areow represents the mean of four of five snow profiles taken on the same day
from different wansects. Aggregating the snow profiles in this manner likely mitigates muech spatial variability. We show the
first anmual cvele (0-50 cm ) becawse there is no detectable subseasonal change below approximately 10-15 co on these time
seales, eonsistent with modeling by Waddington e al. {20027 and Town et al. (2008k).

The tog 10-15 cm in Figure 3 show an ensichment pattern in %0 during low-to-no sccumulation periods, with & coincident
decrease in . In the lower parts of the profiles, the strength of the §'%¢0 annual signal smooths likely due to IGD diffusion and
temperature-gradieni-driven diffusion. Figure 3 does not dllustrate a clear temporal change in d profile on this time scale bebow
about 20 cm. Although the patterns illusirated in the very top snow layvers are strong, they are complicated by accumulation.
These data show that new accumulation can being in a range of 50 values to the surface snow, but typically new aceumulation

has a high (=10 ") o content.
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Figure 3. Mean A" 0 amal o spow profiles plowed a5 depth (vertical axis) and date of extraction (birizontal axis) for the three summer field
seasons 2017, HHE, and 219, Panels {a-c} shivw the Z-m air lemperatare from the lcal PROMICE weather statson and accoumulatin from
the bambin stake line. Panels {d-F) show the 5'* 0 content of the near-surface snow determined from mean 4°° 0 snow profibes. Each armow
represents a mean spivw profiles spaced approcimately 3 moapart (four snow prodiles in 2007, five snow profiles in 2008 and 2019). Pamels
{g-2) are similar contour plots but for o, Mole the vertical axis only extends o 50 cm depth.

ti-no sccumulation period. Other periods during 2008 may show significant differences in their profiles, bt we clasose here 1o
keep the time periods as similar as poasible for this ilustration.

There is a 5 ¥, decrease in  when comparing surface snow samples to same-era snow from a spow profile from the same
summer in 2008 and 2009; the same decrease in o is not apparent in the 2007, The o decreases are discussed in Section 411,
illustrated in Figure 8d. and shown in Table A%,
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Figures d4-6 illustrate in a different way how mean daily profiles (4-5 profiles) change during similar bow-to-no accumula-
tion periods. We chose similar time periods for this comparison as posaible, attempting to mateh period length, the time of
year, and bow-to-no aceumulation. Significant increases (p < 0.05) aref*(? seen oaly in the summer 20019 down o 10-15 cm
{Figure 6). A similar pattern is shown in 8% for 2007, Both periods show coincident decreases in o in the top now layers,
albeit insignificant in these data. Temporal changes in the 2018 snow profiles are not o easily encapsulsted in the mean profile
difference plot shown. In this case, net only is there is no significant change in 5'%¢ and J over the chosen low-to-no secumu-
lation period, but the A48'%(F is opposite of the other two summers for this time period. Other periods during 2008 may show
significamt differences in their profiles, but we choose heee (o keep the time periods as gimilar as possible for this illustration.

O the other hand, when comparing sunfece snow samples to same-era snow from a snow profile from the same summer in
0L and 2009 we see a 5 Y, decrease in ) the same deerease in o i not appasent in the 2007, The d decreases ane discussed

in Section 4. 1.1, illustrated in Figure 8¢, and shown in Table A3,
32 Interannual 6% and d

Figures 7 and & show annually suceessive surface and near-surface snow isotopic content for %03 and o, respectively. Figures
Ta and 8a show the mean profiles a5 a function of relative depth with two standard erroe (20, ) shading. The 0 m bevel was
chosen as 29 May 2009, the day the first snow profile was extracted during in 2009, Figures Tb and 8b show the differcnce
Berween each profile ag a function of relative depth. These difference profiles represent the issogic change due o aging in the
firn because the same-era layers have been aligned through the depth correction, although some spatial vadability wo dowbt
remains.

Figures Te.d and fic.d show the same isotopic data as in their respective panels (a,b), but now plotied as a function of the age-
depth model described in Section 2.4.2. The age of & given snow profile ranges from two 1o three vears depending on the total
accurnulation rate for that time period and exact location. Taken as a whole, the dates represented by the snow profiles span
014-2019. The age-depth model inherently better aligns chronological layers than the depth adjustments, further mitigating
impects of spatial inhomogeneity in siratigeaphy and densification on quantitative comparison &% and o in snow layers. This
can be seen in 4 decrease 2o, values from panel (@) 1o panel (2] in Figures T and 8, particularly for the 2007 snow profiles.

Figure 10 shows the difference between annually successive mean snow profiles. It is similar to panel (d) from Figures Ted
and & but with 2o, chading. Figure 10 can be interpreted as bow 51500 and o evolve one or two years after being buried, mow
as a function of reference snow profile age.

Using the summer 6%} profile peaks as annual markers, we find a mean annual snow aceumulation rate across all spow
profilesof 456 = 38 cm {135 + 1.1 e a—" Lw.e.) for this time period ( 3014-2019) consistent with other isotoptically-derived
accurmulation rates for EastGRIP (Nakazawa et al.. 2021; Komuro et al., 2021 ). Annual and seasonal statistics from Figures 7
and & are shown in Tables Al-Ad in Appendix B.
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Figure 4. The mean isotopic change in near-surface From a ke acoumulabion persd during summer (25 May 2007 amd 13 July 2017). Papels

{a) and i) ane the mean snow profiles of 4°* 0 and o computed from four soow profiles each. Panels (b} and (d) show the isolopic change
owver this ime perisd. Error bars are 2o stamdard error.

32 Imterannual 5'°0 and d

Figures 7 and 8 show annually successive surface and near-surface snow isplopic content for %0 and o, respectively. Figures
Ta and 8a show the mean prodiles as a function of relative depth with two standard eror (20, ) shading. The 0 m level was
chosen as 29 May 2009, the day the first snow profile was extracted during in 2009, Figures Th and 8b show the differenee
berween each profile as a fusction of relative depeh. These difference profiles represent the isotopic change due o aging in the
firn because the same-era layers have been aligned through the depth comection, although some spatial varability o dowbt
remains.

Figures Ted and fic.d show the same isotopic data as in their respective panels (a,b), but now plotied as a function of the age-

325 depth model described in Section 2.4.2. The age of a given snow profile ranges from two to three years depending on the total
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Figure 3. Mean AN amd of smow prafiles ploited as depth (vertical axis) and date of extraction (horeontal axis) for the three summer feld
seasons 2017, M, and 29, Panels {2-c) show the Z-m air lemperature from the kcal PROMICE weather statson and accumulatzon from
thve bambon stake line. Panels (d-F) show the 4" 02 content of the near-surface snow determined From mean 5 0 snow prafibes. Bach armow
Tepresents & mean soow profiles spaced approximately 30 m apart (four snow prodiles in 2007, five snow profiles in 2008 and 2019). Papels
Ag=i) are similar contour plots bua for o, Mote tbe vertical axis only extends io 50 cm depth.
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Figure 5. The mean isobopic change in near-surface from a lew accumulation pericd during summer (08 June 20008 ancd 07 July 2018y, similar
1o Figure 4. Panels (a) and {ch are the mean snow profiles of 8°*02 and o computed From five soow profiles each. Panels (b) and id) show the
isobopic change over this time period. Error bars are 2o standard error.

accuryulation rate for that time period and exact location. Taken as a whole, the dates represented by the snow profiles span
H0L4-2009. The age-depth model inherently better aligng chronological layers than the depth adjustments, further mitigating
imypacts of spatial inhomogeneity in stratigraphy and densification on quantitative comparison 850 and d in snow layers. This
can be seen in a decrease 2o values from panel (2) o panel (c) in Figures 7 and 8, particularly for the 2017 spow profiles.

Figure 10 shows the difference between annually successive mean swow profiles. It is zimilar to pasel {d) from Figures Jed
and & but with 205 shading, Figure 10 can be interpreted as how 4% and o evolve one or two years after being buried, now
a8 a function of reference snow profile age.

Annual and seasonal statisties from Figures 7 and 8 are shown in Tables Al-Ad in Appendiz B,
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Figure 4. The mean isotopic change in near-surface from a w accumulation persod during summer (25 bay 2007 and 13 July 2007). Papels
{a) andl ¢} ane the mean snow profiles of 4°* 0 and o computed from four soow profiles each. Panels (b} and (d) show the isolopic change
awver this ime perisd. Error bars are 2o stamdard error.

321  Imterannual evolution of 550

Mean annual & %0 values are Fairly constant thronghout this time period regardless of aging, approximately -36 7. However,

340 there is significant variability in the peak summer #2700 in each profile. regardless of snow age. The 2009 summer has the

greatest peak %00 values. There is not concomitant vasiability in the minimum winter 50 values in this record. Some

differences between profiles seem significant when plotted against relative depth (Figure Th). However, when the age-depth
maxdel is applied, differences between profiles show no significant interannual change in 8502 (Figures 7d and 10a).

During the season of extraction, the surfsce snow 5150 values (purple squares) and mean summer snow profile 5190 values

345 match and have approximately the same vasiability for this period. After aging one vear, the mean snow profile #%0 for July
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Figure 6. The mean isobopic change in near-surface from a lew accumulation pericd during summer (29 May 2009 and 24 July 2001%), similar
1o Figure 4. Panels (a) amd {ch are the mean snow profiles of #°02 and J computed from five snow profiles each. Panels (b) and (d) show the
isobopic change over this time period. Error bars are 2o standard error.

321 Imterannual evolution of 850

Mean annual & 50 values are Fairly constant throughout this time period regardless of aging, approximately -36 .. However,
there is significant variability in the peak summer 8500 in each profile. regardless of snow age. The 2009 summer has the
greatest peak &'%0 values. There is not concomitant variability in the minimum winter 4562 values in this recoed. Some
differences between profiles seem significant when plotted against relative depth (Figure Th). However, when the age-depth
madel is applied, differences between profiles show no significant interannual change in §'50 (Figures 7d and 10a).

During the seasen of extraction, the surfsce snow 5500 values (purple squares) and mean summer snow profile 5190 values
match and have approximately the same varishility for this period. After aging one vear, the mean snow profile 50 for July
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Figure 5. The mean isotopic change in near-surface from a lew sccumulation period during summer (08 June 2008 and 07 July 2008}, similar
1o Figure 4. Panels (1) and (c) ane the mean snow profiles of 02 and f computed From five smow profiles each. Panels (b) and (d) show the
isotopic change over this time penod. Error bars are 2o standard ermor

HW1& exeracted in 2019 matches the mean surface anow 5'*(0. However, the surface snow §°%() from 2016 and 2017 are several
9. enriched over the snow that has aged one or two years {Figure Te,d).

322 Imterannual evolotion of deuteriom-excess {d)

The imteranmual variability and seasonal cyles of deuterium excess are shown on both depth and age-depth scales in Figure 8.
The snow peofiles show an anmwal  cycle at BEastGRIP of approximately 10-135 ", in magnitade, whereas the surface spow
show d values as high as 200 in summer. The minima occur during the spring and sumrer while the maxima occur during
anturnmn at the top of the profiles. This changes as the peofiles age. with differences between o profiles extracted during different
feld seasons showing a distinct peak in the surmer layers (Figures Bd and 10b). These profile data demonstrate significant

differences between sumimer o values from surface snow | purple squares) and the spow profiles during the season of extraction.
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Figure 7. Mean 4" () values from soow profiles amd surface snow. The surface spow data (purple sguares) are daily means from the 201 6-
2019 summer seasons. The snow profiles are mean values grouped by year of extracton (e.g. 2007, 2008, and 20019, Papel (1) shows the
mezan surface snow and snow profile #'* 2 values a5 a function of relative depth. The surface is defined as 29 May 2019, the first day of snow
profile sampling in 20019, Panel (b) shows the difference between each profile ax a function of relative depth. representing the mberanmual
change in 4'*C). Panel {c) shows the mean surface snow and sow profile 4'°00 values as a function of age-depth. Panel {d) shows the
difference between each profile as a function of age-depih, representing the interannual change in 4 (). Shading represents o stardand
errir (Zarg ). The harizontal lises i panels (a) and (bj are setat 4 cm, the approcimate annual secumulation rte st ExiGRIP. The borostal
lines in panels {cb and (d} represent 31 July of each vear.

016 extrscted in 2019 matches the mean susface snow §* (3. However, the surface snow 462 from 2016 and 2017 are several

.. enriched oover the snow that has aged one or two years {Figure Te,d).
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Figure f. The mean isotopic change in near-surface from a lew sccumulation period during summer (29 May 2009 and 24 July 20019), similar
10 Figure 4. Panels (a) and (c) ane the mean snow profiles of 4702 and o computed From five soow profiles each. Panels (b) and (d) show the
isptopic change over this time period. Emor bars are 2o standard ermor.

The mean surface snow d s 103 £ 2.5 and 8.1 £ 2.4 7, during summers of 2008 and 2019, respectively. Whereas, the osean
snow profiles show o values of only 5.4 £ 0.5 and 3.7 £ 006 ., for summers of 2008 and 2019, respectively. This represents
an increase in o of the surface snow of approximately 5 7., in both summer season snow layers {Figure 30h,i) or Table A5} In
LT, o in the summer spow profile is less than surface snow, but the difference is insignificant.

Afiter aging for one year, the same summer layer o has increased up o 3 3, because the sutomn maxinum peaks brosden inte
summer and spring lavers, Although exceeding 2o significance, there is also a persistent decrease in winter o values shown
in Figure 8d as the snow ages interanmually. The mean annual & values of the snow profiles do not change from yvear-to-year,

regardless of aging (Table A3).
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321 Imterannual evolotion of deuterinm-excess (o)

The interannual variability and seagonal cyles of deuterium escess are shown on both depth and age-depth scales in Figure
#. The minima occur during the spring and sumiser while the maxima occur during autumn at the top of the profiles. This
changes as the profiles age, with differences between o profiles showing a distinet peak in the summer layers (Figures 8d
and 10k). The surface summer spow stans with a relatively high o value that decreases by as much as 5 0, by the time it
iz extracted a5 a swow profile (Section 3.2.2). After aging for one year, the same summer layer d has increased up to § 9.
because the aoturmn maximum peaks broaden into summer and speing layers. Although exceeding 2o, significance, there is
also a persistent decrease in winter o values shown in Figure 8d as the snow ages interannoally. The mean annual o values of
the snow profiles do ot change from year-to-year, regardless of aging (Table A3).

These profile data also demonsirate significant differences berween summer o values from surface snow (pueple squares) and
the spow profiles during the season of extraction. The mean surface spow o is 103 + 2.5 and 8.1 + 2.4 %, during summers
of 2018 and 2019, respectively. Whereas, the mean spow profiles show d valees of only 5.4 = 0.5 and 3.7 &+ 06 .. for
summers of 2018 and 2019, respectively. This represents an increase in o of the surface spow of approximately 5 7., in both
summer season snow lavers (Figure 3{h,i) of Table A5). In 2017, d in the summer snow profile is less than surface snow, but

the difference is insignificant.

4 Discussion

There are significant changes in the isotopic content of near-surface snow after deposition at the EastGRIP site. We observe
these changes occurring on two timescales, during the summer season and interannoally. The largest changes we observe ane
in the summer snow lavers on both timescales. Enrichment in 5% and a decrease in o can happen during the summer seazon
in the top 20-30 e of snow during low-to-no aceumulation periods. A subsequent increase in d in the summer snow layer
occurs as the snow ages one or two years in the fim. Below we discuss potential mechanisms for these processes and their

imyplications. and make recommendations for future work.
4.1  Post-depositional lsotoplc processes at EastGRIP

It is useful remember that the phenomena of post-depositional isotopic modification i driven by latent heat fluxes o and from
thee swevw saeferce, and latent heat fluxes within the sear-soface sow (e, snow metamorphizso). As primarily an observational
effart, we are able to make strong inferences about potential mechanizms through compositing and context, but we also use twe
madels of relatively simple complexity o help constrain our inferences. The frst mode] siulates 1GD diffusion within the
siw (Johnsen et al., 20000, a mechanizsm of snow metamorphism and an important smoothing influence of the snow on itself.
The implementation of this concept is taken from the SNOWIS0 mode] (Wahl et al., 2022), and is unaltered for our use. The
second model assesses the influence of atmospheric vapor deposition and snow sublimation on internal snow layers through a
maedel forced ventilation in snow (Town et al, 2008b). The handling of isotopes in Town et al. (2008b) has been improved from
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Figure 7. Mean A" values Erom s prafles amd surface snow. The surface spow data (purple squares) are daily means from the 2016
2019 summer seasons. The snow profiles are mean values grouped by year of extraction (e.g. 2007, 2018, and 2009 Pamel (a) shavws the
mycan surface snow ancd snow profile #7403 values a5 a function of relative depth. The surface is defined as 2% May 2019, the ficst day of sow
profile sampling in 201%. Papel (b} shows the difference between each profile as a funcion of relative depth, representing the interannual
chamge in A2 Panel {c) shows the mean surface snow and snow prafile A2 valwes ax a function of age-depth. Panel (d) shows the
difference between each profile as o funchion of age-depih, representing the inberannual change in o Shading represents I standard
erni [y b The bormmontal lines in papels (2h and (b) are se2 al 40 cm, the approximate annual spow accumalation rte 31 EastGRIP, The
horizontal lines in pamels (o] amd {d) represent 31 July of each year,
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Figure . Mean o values from snow profiles and sarface snow, & in Figure 7 for 1202, The surface snow data {purple squares) are dasly
mezans from the 2016-2019 summer seasons, The snow profiles are mean values grouped by year of extracison (e.g. 2017, 2008, amd 2019)
wilh Zop as the shading. Panel (2} shows the mean surfoce spow and snow profile o values as a funciion of relative depth. The surface is
defined as I9 May 2009, tbe Grst day of snow profle sampling in 3019, Panel (b) shows tbe difference between each prodile as a function of
relative depib. Panel (c) shows the mean surface snow amd spivw profile o values as a function of age-depih. Papel () shows the difference
between each profile as a funcisn of age-depth. Panels (b) and (d) represent the change in o between the different Beld seasons. Shading
represents 2o stamdand error (2o b The horizonial lines in panels (ap and {b) are set at d om, the approximale annual acoumulatxn mbe al

EasIGRIP. The hormzontal lines i panels (c) and (d) represent 31 July of each year.
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Figure B Mean o values From snow prodikes and surfacs snow, @ in Figure 7 for A1%03, The surface snow data {purple squares) are daily
mecans from the 2016-2019 summer seasons. The snow profiles are mean values grouped by year of extractson (e.g. 2017, 2008, aml 2019)
wilh 2oy as the shading. Panel (a) shows the mean surfuce spow aml snow profile o valees as a function of relative depth. The surface is
defiped as I May 20049, the At day of snow profile sampling in 3019, Panel (b) shows the difference between cach profile as a function of
relative depth. Panel (c) shaws the mean surface snow amd spow profile o values as 2 fupciion of age-depth. Panel (o) shows the difference
between each profile as o funcixon of age-depth. Panels (b) and (d) represent the change in o between the different Geld seasons. Shading
represents 2 slandand emror (2o; ). The hosizonial lines in pasels (o) and (b) ane et al 40 om, the approximabe annual snow acounulatsm

rale 21 EastGRIF The horizontal lines in panels (c) and (d) represent 31 July of each year.
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only representing deposition of 873, 1o inchsding §1 and fractionation on sublimation for both species (Lécuyer et al . 2017:
Hughes et al., 2021; Wahl et al., 2022). It also has an improved equilibrium fractionation representation (Stem and Blisniok,
002). This madel empirically combines atmosplere-to-surface latent heat Aux with snow metamorphism by assuming that the

atmosplere can communicate directly with subsurface smow layers.
4.1 Mechanisms at work during Summer

Section 3.1 shows evidence of a dramatic decrease in o over the summer period of approsimately 57, bt no significant
change in 51800, in twe summer seasons (2008 and 2019} when comparing daily surface spow samples 10 sanye-era myean spow
profiles. We see mild evolution of %0 (ensichment) and  (decrease) in the top 20 cm of the snow profiles as the snow ages
through the summers of 2008 and 2009 (Figure 3e0) under bow-to-no accumulation periods.

Srandard interpretations of & 5 70, shift in o could be either a § K cooling of source region sea surface temperatures, or &
10 percent increase in source region relative humidity (Pfahl and Sodemann, 2004). While there is clear evidence that o of
precipitation does carry source region information (Dansgaard, 1964; Craig and Gordon, 1963; Merlivar and Jouzel, 1974
Jouzel and Medlivat, 1984; Plahl and Sodemann, 2004), our resalts inherently impact the interpretation of d in polar spow
sampled after deposition.

Recent evidence demonstrates that a decrease in o, ofien associated with an increase in 5"%(0, is a likely signal of sublimation
(Hughes et al_, 2021; Wahl et al., 2022, Harris Stuan et al., 2023). We see mild Ad within the near-surface snow down to 20-
30 e throughout the summer a3 compared 1o the dramatic Ad when comparing mean d from surface snow and mean o
from same-era anow peofile. From this, we infer that moch of the Ad occurs at the snow surface before it is advected away
from direct contact with the atmosphere by burial. This is consistent with observations amd modeling of isotopic fractionation
wisder summertime sublimation conditions at BEastGRIP (Wiahl e al., 2022). Our observations are further coroborated by a
contemporanesus, high-resolution. DEM-based spatial isotope study of EastGRIP snow, completed in summer of 2009 (Zohe
et al., W23y, Using daily photogrammetry and spatially-distributed short cores (30 cm), they also observed a decrease in o of
up to 5 .. and oo significant change in 5'*0). The change in o was concentrated in the top 5-20 cm of snow.

Challenges to the interpretation of our ohservations are in two categories: 1) attribution of variability temporally va. spatially,
2) seasonally intermittency. It is clear that some vasiability we represent a8 temporal in Figure 3 can potentially be attributed
1o spatial heterogensity. However, we believe this is minimal because the mean profiles are aggregated from individual profiles
spaced approximately S0 m apart. So, they are immune 1o autocorrelation induced by wind-foemed surface featares, which ane
cominonly 1-2 m in length but can have widths of up to 100 m (Filhol and Sturm, 2015). Furthermaore, low-to-no accumulation
periods generally exhibit increases in 850 and decrease in o consistent with established 'sublimation’ signals (Wahl et al..
M2, Alternatively, low-to-no sccumulation periods do not show other combinations of changes in 550 and d.

The summertime signals are inconsistent interanmually even when composited by low-to-no accumulation, emphasizing the
point that post-depositional isstopic change in near-surface snow is likely induced by local meteorology. The influence of the
atrmospleere on surface and near-surface snow is of primary concern during low-o-no accumulation time periods, but mechani-

cal mixing is also of concern. Wind-driven mixing complicates any interpretation, itself likely a source of local climate signal.
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4 Discussion

There are significant changes in the isotopic content of near-surface snow after deposition at the EaxiGRIP site. We ohserve
these changes occurring on two timescales, during the summer season and interannoally. The largest changes we observe are
in the summer snow lavers on both timescales. Enrichment in 803 and a decrease in d can happen during the summer season
in the wop 20-30 cm of snow during low-te-ro aceumulation periods. A subsequent increase in o in the summer snow layer
oocurs & the snow ages one or twe years in the firn. Below we discuss potential mechanizms for these processes and their
implications. and make recommendations for future work.

4.1 Post-depositional lsodople processes at EastGRIP

The phenomenon of post-depositional isotopic modification is driven by latent heat Auxes o and from the saow surface,
and latent heat Auxes within the rear-suninee srew {Le. snow metamosphism ). As primarily an observational effort, we are
able o make siwong inferences about potential mechanisms through compositing and comtext, but we also use two models of
relatively simple complexity to help constrain our inferences. The first model simuolates 1GD diffusion within the snow (Johnsen
et al., 20004, a mechanizm of snow metamorphism and smoothing infuence of isotopic signals in snow. The implementation
af this concept is taken from the SNOWISO maodel (Wahl et al., 2022), and is wnaltered for owr use. The second model
simulates the influence of atmospheric vapor deposition and snow sublimation on internal snow layers through a model forced
ventilation in snow (Town et al, 2008b). The handling of isotopes in Town et al. {2008h) has been improved from only
representing equilibrium fractionation during deposition of 550 o include: 1} 5, 2) an improved equilibeivm fesctionation
representation (Stern and Blisniuk, 2002), 3) fractionation on sublimation for both species (Lécuyer et al., 2017, Hughes
et al., 2020; Wahl et al, 3022, and 4) kinetic fractionation (Jouzel and Merlivat, 1984). Thiz model empirically combines
atrsosplere-to-surface latent heat Aux with snow metamorphism by assuming that the atmosphere can communicate diveetly
with subsurface snow lavers. Almost all forced-ventilation simualations use kinetic fractionation, with two simalations done

with equilibrium fractionation for reference (See Appendiz C).
4.1 Mechanksms at work during Summer

Section 3.1 we show evidence of a dramatic decrease in o over the summer period of approximately 577, bat no significant
change in 4700, in two summer seasons (2008 and 2019) when comparing daily surface snow samples 0 sanve-era myean snow
profiles, W see mild evolution of 50 (ensichnsent) and J (deceease) in the top 20 em of the snow profiles as the snow ages
through the summers of 20018 and 200% (Figure 3e.0) wsder bow-to-no accumulation periods.

Standard interpretations of a 5 °F, shift in o conld be cither a 5 K cooling of source region sea surface temperatunes., or a
10 pereent increase in source region relative humidity (Pfahl and Sodemann, 2004). While these is clear evidence that o of
precipitation does canry source region information (Dansgaard, 1964; Craig and Gordon, 1965 Meslivar and Jouzel, 1979:
Jouzel and Medivat, 1984, Pfahl and Sodemann, 2004} and air mass transpost (e.g., Markle and Steig, 2022, the observations
presented here challenge that interpretation.
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We have observed that toppling of surface faceting by winds (Gow, 1963} can be a significant imprinting and redistribution
mechanism at EastGRIP. Excursions of entire seasons are posaible at bow sccumulation sites (e.g.. Epstein e al., 19%635). Zubr
et al. (2023 very likely idemtify a missing winter layer at one of their locations, although they do not resolve an entire annual
cycle in any profile. Unraveling these processes for EastGRIP, or any site, likely requines a process-hased approach to constrain

the contribution of relevant phenomena
4.1.2  Modeling of summertime post-depositional processes

We explore the summertime results with three ddealized scenarios. The Grst looks at how the isotopic gradients in EastGRIP
sy influence the signal isell through 1GD diffusion fcalled 1GD, naner ). W apply this o the steepest mean isotopic gradi-
ents from owr snow profiles (e the top of the profiles), an exireme "summer’ scenarnio with snow emperaunes of -11 “C fog
60 days. We see an attenuation in peak 5900 of up to 2 7. due to 1GD diffusion (See Figuse 11). This is smaller than changes
in snow profile &'°00 over 47 davs in 2017 and 2019 (Figures dab and 6ab). and beyond our ability to definitely discem with
these observations. Even so, these results point to the strong likelibood that other processes are occurring in the mear-surface
ST,

The second and third scenarios investigate the potential infleence of the stmosphere on the rear-surface snow through forced
ventilation using a modified version of Town et al. (2008h). In these idealized scenarios, we simulate interstitial sublimation
and deposition conditions in polar snew during an idealized EastGRIP summer seazon, All assumptions abowt the model snow
properties, fractionation, and scenario conditions are summarized in Table A7, salient features are discussed here. The model
snow beging with an isetopic profile of S50 =-30 7., and d,,,,. = 10"\, and is allowed to change ac water vapor deposits
ar sublimates. The atmospheric water vapor is set 10 8 %0, ., = <40 %, and d = 10 .. The amospheric value is constant

throughowt the simulations, assuming the boundary layer drives isotopic content as it does in relatively windy places like
MEEM iSteen-Larsen et al., 2004} We assume ice saturation at all temperatures. All fractionation is considered to occur in
equilibrium. We set the snow surface structure with undulations of 1-m peak-to-peak kength of and 010 m half-height; the
fzature sizes were chosen o represent summer spow conditions at EastGRIP (Zubir et al., 2023) and be compatible with the
madel parameterizations {Colbeck, 1997 Waddington et al., 2002, Town et al., 2008b).

The deposition scenario, FV ., is driven a prescribed temperature difference between the surface atmosphere (T, = -
10 =, a typical mean July air temperature for BastGRIF) and near-susface snow (T, = -15 °C). This can be considersd
early BastGRIP sumimentime conditions when the air temperatore is consistently warmer than the snow. The assumption of bee
safuration dictates that warmer saturated air deposits excess vapos in pore spaces as it is forced in theough surface features,
thereby modifying the 50 and J signals. The sublimation scenario, FV ., has the reverse conditions. This can be considered
late summertime EastGRIP conditions when air temperature s consistently colder than the snow. Under these conditions.
colder, saturated surface air warms as it enters the snow, sublimating interstitial mass as the pore spaces achieve saturation.

Figure 9 shows how the model predicts vapor exchange with the aimosphere will change with surface winds of § ms™",
the mean annoal and mean summentime wind speed for BastGRIP. The model predicts the impact is largest ot the surfsce and
tapers 1 insignificant bevels by 20-30 e depth. Both FVy,, and FV,;, predict an increase in %00 and a decrease in d. The

]
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Recent evidence demonsirates that a decrease in d, often associated with an increase in 8*°03, is a likely signal of sublimation
(Huoghes et al., 2021; Wahl e al., 2022; Harris Stuart et al., 2023). We see mild Ad within the near-surface snow doswn to 10~
13 em throughout the summer as compared 1o the dramatic Ad when comparing mean o from surface snow and mean o
from same-era snow profile. From this, we infer that much of the Ad occurs at the smow surface before it is advected away
from direct contact with the atmosphers by burial. This is consistent with observations and modeling of isotopic fractionation
under summertime sublimation conditions at BastGRIP (Wahl et al., 2022). Our observations are further corroborated by a
contemporaneous, high-resolution, DEM-based spatial isotope study of EastGRIP snow, completed in summer of 2009 (Zuhe
et al., W23). Using daily photogrammetry and spatially-distributed short cores (30 cm), they also observed a decrease in o of
up to 5 . and no significant change in 5*0). The ch

Challenges to the interpretation of our observations are in two categories: 1 attribution of variability temporally va. sparially,

e in o was o ted in the top 5-20 cm of snow.

1y seazonally intermittency. It is clear that some variability we represent as temporal in Figure 3 can potentially be atributed
to spatial heterogeneity. However, we believe this is minimal because the mean profiles are aggregated from individual profiles
spaced approximately 50 m apart. So. they are immune to autocorrelation induced by wind-formed surface featares, which are
commanly 1-2 m in length but can have widths of up to 10 m (Filhol and Stwuem, 2005). Furthermaore, low-to-no accomulation
periods generally exhibit increases in %0 and decrease in o, an established isotopic "sublimation” sigmal {Wahl et al., 2022).
Alernatively, low-1o0-ne aceumulation perieds do not show other combinations of changes in 870 and d.

T

The summerntime pally even when composited by low-to-no accumulation. emphasizing

the podnt that post-depositional isostopic change in near-surface snow is likely induced by local meteorology. The infAuence
af the atmosphene on surfece and near-surface snow is of primary concern during low-to-no accumialation time periods, but
mechanical mixing is also of concern. Wind-driven redistribution complicates any interpretation, itself likely a sowrce of local
climate signal. Toppling of surface hoar and facets by winds (Gow, 1965) can be a significant imprinting and redistribution
mechanizm at BastGRIP. Excursions of entire seasons are possible at bow sccumulation sites (e.g.. Epstein en al., 1963). Zuhe
et al. (2023) very likely identify a missing winter layer at one of their locations, although they do not resolve an entire annual
eycle i any profile. Unraveling these processes for EastGRIP, or any site, likely requires a process-based approach to constrain

the contribution of relevant phenomena
4.1.2  Modeling of summertine post-depositional processes

We funther explore the surmmenime results through idealized simulations o constrain inferences from the observations. The
first similation employs Johnsen et al. (20007 on the steepest mean isotopic gradients from our snow profiles (e, the top of
the profiles) for an extreme idealized annual cycle. There is an attenwation in peak %0 of up o 2 7. due o 1GD diffusion
(mot shown). The simulated changes in peak %00 for snfy swmmer is less than changes in %0 over 47 days in 2017 and 2019
(Figures dab and Sab). It is also beyond owr ability to definitely discern with these observations. Diramatic shifis in f appear
in the diffused profiles, with paired positive and negative residuals due (o the flattening and shifting on the J annual cycle (See
Figure | 1). This is sirmilar to the patbern shown in Figure 10 with the notable absence of the negative residuals, indicating that

additional processes are likely at woek in the near-surface snow.
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abaolute magnituede of the modeled changes depend on the amount of time spent under these conditions. The relative magnitude
of the change is the primary indication which process was at work, deposition or sublimation, Deposition will cause decreases
in @502 0f the water vapor isotopic content is low enough.

These seenanos are idealized and only intended w belp constrain interpredation of our results. The magnitede, direction, and
depth of the modeled changes are consistent with changes observed in snow profile during low-to-no accumulation periods in
at BEastGRIP during summies (Figure 31, One can mot rulbe out that the atmosphers has a significant influence on the mear-surface
snow during relatively warm summer months, Ratios of A6'%(2:2qd are an order of magnitude greater for FY_, than FY gop in
these seenarios. A parameter like A6 %0 Ad may help climate interpretation of paleorecords when post-depositional isotopic
change is suspected by helping assess potential impacts of post-depositional latent heat fluxes on the isotope record.

From a meteosological point of view, an importam noance is the combined choice of wind speed and length of simulstion. W
provide several combinations. A typical sustained wind speed at EastGRIP is 5 m s due 1o its location, slope, and elevation
in NE Greenland. Higher wind speeds occur for much shorter durations, which we also simulate (Figures Al and A2). The
shorter bt more intense events have similar impacts isstopically on the near-surface snow. However, higher wind speeds do
have the theoretical ability to reach deeper into the spow, as occurs in our model.

The assumions of temperatuee in these scenarios are meant to represent the steady warming and cooling of the summertime
aiiw. The same scenarios can also represent typical maximum and minimum divenal temperatuees, Larger variations oceur on
this time scale, but the temperature gradients penetrate bess deeply into the snow on diomal time scales. The impact of these
processes drops dramatically with temperature during the other seasons.

Other vulnerabilities in this modeling appeoach exist. Although the spow strecture is based on Zulr et al. (2023, it idealized.
Zubr et al. (2023) and others (g2, Gow, 1965) show that surface relief on high altitede ice sheets decreases throughout the
summer. More complicated representations are possible, but likely with marginal retuma. Wie simulate the mean impact of force
wentilation, but the physical phenomenon of ventilation of the swow will vary spatially wsder the variable surface structures.
Dunes and sastrugl migrate under blowing snow conditions (Filhol and Sturm, 2005}, but this is not a pronounced effect in
summer when the snow surface ends 1o solidify and Aatten. Thus, the processes modeled here may represent an additional
sowrce of isotopic heterogeneity in addition to the heterogeneous filling ehserved at EastGRIP (Zubr et al., 2021, 2023).

The model assumes direct exchange of air between the atmosphere and each snow depth. This does not happen; very likely
wapor exchange is layer-to-layer throwgh the snow. The time constants that underpin the model of surface-to-subsurface vapor
exchange (Waddington et al.. 2002 ) and the assumpion of equilibrhum fractionation accormmaodates this weakness af the model.
Kinetic fractionation does occur in the snos, but it is more likely driven by vapor-pressure gradients that derive from interstitial
temperature gradients than net vapor exchange with the aimosphere.

Laboratory experiments of isstopic evolution of snow under high fow rate forced ventilation (2 L-min~ ') show isotopic
changes similar in magnitude as observed and modeled here. However, the changes only extend to layers of thicknsess up o 3
cm {Huoghes et al., 2021). Further study should be done to unify these approaches to und ding the pastential impact of the

mear-surface aimosphere on near-surface snow,

The mext simulations investigate the potential influence of the atmosphere on the near-surface snow through foreed ven-
tilation using a modified version of the forced ventilation model from Town et al. (2008b). In these idealized scenarios, we
simulate interstitial sublimation and deposition conditions in polar snow indsced by the stmosphere during idealized EastGRIP
summer season conditions. All assumptions about the model snow properties, fractionation, and seenario conditions are sum-
marized in Table €1, salient features are discussed bere. The model snow beging with an isetopic profile of 8%, = -30
. and o, = W09, and is allowed 1o change as water vapor deposits or sublimates. The atmospheric water vapor is set to
T o = -0 Y, and o = 1077, The atmespheric value is constant throughout the simulations, assuming the boundary layer
drives isotopic content as it does in relatively windy places like NEEM (Steen-Larsen et al.. 20045, We assurme ice saturation
at all emperatures. All fractionation is considered o be kinetic after Jouzel and Merlivan {1984). We set the snow surface
strseture with undulations of 1-m peak-to-peak length of and 010 m hali-height; the feature sizes were chosen o represent
summer snow conditions at EastGRIP (Zubr et al.. 202%) and be compatible with the mode] parameterizations (Colbeck. 1997
Waddington et al., 2002: Town et al., 2008b).

The depesition scenasie, FV ., is driven a prescribed temperature difference between the surface atmosphese (Tagm = -10
o, a typical mean July air temperature for EastGRIP) and near-surface spow (T, = -15 =C). This can be considered early
EastGRIP summertime comditions when the air temperatures are on average higher than snow temperatures. The assumption
af e saturation dictates that wanmer saturated air deposits excess vapor in poee spaces as it is foseed into the snow, thereby
modifying the 650 and d signals. The sublimation scenario, FV, 5. has the reverse conditions, These can be considersd
late summertime EastGRIP conditions when air temperatures are on average colder than snow temperatures. Under these
conditions, colder, saturated surface air warms as it enters the snow, sublimating interstitial mass as the pore spaces achieve
saturation.

Figure 9 shows how the model predicts vapor exchange with the atmosphere will change with susface winds of 5 ms~',
the mean annual and mean summertime wind speed for BastGRIP. The model predicts the impact is largest #t the surface and
tapers 1o insignificant levels by 20-30 cm depth. The FV,,, scenario predicts an increase in 8'*2 and o decrease in o, while
the FV .., predices the reverse. It is worth noting that summer is dominated by sublimation. so the FV..s modeling resulis for
a 3-10 day period, a typical bow-to-no accumulation period, indicate a decrease is d of approximately § .. This is consistent
with our observations and the work of others at EastGRIP (Dictrich ot al., 3023; Wahl et al., 2022). The FV,,,, results show
less dramatic increases in o, bat also consistent with the magnitude of the negative residuals in Figure 11b but missing from
Figure 10 Of course, tabsolute magnitude of the modeled changes depend on the amount of time spent under these conditions.

These seenarios are idealized and only imended w help constrain interpretation of our results. The magnitude, direction, and
depth of the moedeled changes are consistent with changes ebserved in snow profile during low-to-no accumulation periods in at
EastGRIP during summer {Figure 3). Ouwr results indicate the atmosphere likely has a signifcant infleence on the near-surface
snow during relatively warm summer months. The sign and magnitude of a parameter like A8 00 Ad may help characterize
climates as sublimation or deposition climates, aiding interpretation of palesreconds when post-depasitional isotopic change is

suspected.
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From a meteorological paoint of view, an important nuance is the combined choice of wind speed and length of simulation. We
provide several combinations. A typical sustained wind speed at EastGRIP is 5 mi s~ ! due 1o its location, slope, and elevation
in ME Greenland. Higher wind speeds ocour for much shomer durations, which we also simulate {Figures C1 and C2). The
shworter but mone intense events have similar impacts isotopically on the near-surface snow. However, higher wind speeds do
have the theoretical ability to reach deeper into the snow, a8 occurs in our model. We have also s the scenarios shown in
Figure 9 under equilibrivm fractionation conditions for reference (Figure C3).

The assumptions of emperatuee in these scenarios are meant to represent the steady warming and ceoling of the summerstime
s, The same scenarios con also represent tvpical maximum and minimum divenal temperabunes. Larger vanations occur on
thiz time seale, but the temperature gradients peneteate bess deeply into the snow on diumal time scales. The impact of these
processes drops dramnatically with temperature during the other seasons.

Other vulnerabilities in this modeling approach exist besides the simple assumptions about sunmer climate or the controlled
physical processes simulated. Although the snow structure is based on Zubr et al. (2023), it is also idealized. Zuhr et al. (2023)
and others (e.g., Gow, 1965) show that surface relief on high altitude ice sheets decreases throughout the summer. More com-
plicated representations are possible, bot likely with marginal retarms, ' We simulate the mean impact of force ventilation, but the
phyzical phenomenon of seow ventilation varies spatially under the heterogencous surface. Dunes and sastrugi migrate under
blowing smow conditions (Filhol and Sturm. 2015). although this is nod a pronounced effect in sommer when the snow surface
tends to solidify and Aatten. Thus, the processes modeled bere may represent an additional sousce of Bsotopic heterogensity in
addition to the heterogensous filling observed at EastGRIP (ZFubr e al. 20210, 2023).

The model assumes direct exchange of air between the stmosphere and each snow depth. This dees not happen; very likely
vapor exchange is laver-to-layer through the snow. Kinetic fractionation does occur in the snow, but it is more likely driven
by vapaor-pressure gradients induced by interstitial temperature gradients than direct vapor exchange with the atmosphese. The
time constants that underpin the model of surface-to-subsurface vapor exchange (Waddington et al., 2002) accommodates this
wiakness of the model effectively parameterizing a ser vapor exchange with the atmosphere. Mevertheless, interstitial transpodt
i% an area of improvement for the model.

Lahoeatory experiments of isotopic evolution of snow under high fow rate forced ventilation (2 L-min~') dhow isotopic
changes similar in magnitde as observed and modeled bere. However, the changes only extend to layers of thickeess up o 3
em {Huoghes et al., 2021). Funther study ghould be done to unify these approaches to understanding the potential impact of the

near-surface atmosphere on near-surface snow.
413 Mechanisms at work Interannually

In our interannual analysis, inferences about the influence of the summenime amosphere on the near-surface snow are strongest
because the snow profiles were extracted during the summer season. However, inferences about the influence of other seasons

are possible as the snow profiles typically extend approximately two and a half years.
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4.1.3  Mechanisms at work Interannually

In our interannual analysis, inferences about the influence of the summenime atmosphere on the near-surface spow are sirongest
Because the snow profiles were extracted during the summer season. However, inferences about the influence of other seasons

are posgible ag the snow peofiles typically extend approcimately two and & half years.
414  Interannual A5* 0

There are no significant changes in 5190 { AS15803) between the mean snow profiles extracted during different summers (Figure
Ted and Figare 10a). Figure 10a shows similar information o Figures Td, but here the A&'%(2 is a function of the reference
year age-depth. In other words, it shows A" after one and two years of aging for the entire snow profile data set.

Exploring further potential changes in 4'%(), we compute a temporally-based (seasonal) temperature sensitivity () by
taking the ratio of the difference between maximum (summer) and the minimum (winter) 50 values 1o the comesponding
mrimimum and maximom monthly mean wemperstures. For this, we wse the same tie points as tsose used in the age-depth model
(g, Figure 2). This process is based on subseasonal temperature sensitivities found in Greenland (e.g., Shuman e al., 1995;
Bolzan and Pohjola, 2000) and the Antarctic (e.2., Casado et al, 2008). The <, for each half year is the ratio of seasonal change
{surnmer-to-winter, winter-to-surmmer) in &80 over the seasonal change in monthly mean tenperature (Figure B 1) We find a
mean =, that starts at approximately 0.2974+0.03%, “C~1.

The initial <, we observe st EastGRIP is slightly lower than modern-day <, values derived from microwave surface temper-
ature retrievals or high frequency borehole thermometry for the modern day at Summit, Greenland (== 046 %, "C-1, 5=
0.54 7., "C-1, 4= 0046 .. *C-1, respectively Shuman et al., 19935; Bolzan and Pohjola, 2000; Cuffey et al.. 1995). Although
4% are considerad to have more climatological fidelity than .8 {e_g.. Cuffey et al., 1995) for reconstructing past climate from
water isotope records, non-linear reconstruction methods are better at aceounting for climate-related variability doe ts madsture
sowrce #1500 content, transpost pathway, ice sheet elevation, and local clowd conditions {Cuffey et al., 2016; Markle and Steig,
H22). These nonlinear factors are likely impontant to the differences observed berween Surmmit, Greenland and EastGRIP.

The ohserved 4 at EsstGRIP decreases at a rate of 0.096 + 0047, *C~" a~", which comesponds toa 2.8 7., a~" decrease
in %00 annual eycle (Figure B 1), We have chosen to fit a linear patiem to account for ervors in both variables (Trappitsch
et al., 201E) to the decrease in <, , but one could argee for a more dramatic drop in 5, over the first 0.5 years then a msch slower
change in 4, thereafier. Until more is known about the processes at work, the assumption of linearity is the most viable null
hypothesis. We model that A8"%0 AT changes at a linear rate of 0,16 + 003 %, °C~" 2~ {p < 005, using the same IGD
diffusion scenarios as Section 4. 1.1, which is effectively the same rate observed in the snow profiles.

Shaman ed al. (1995) ohserved a decrease in 518¢0 annual cyele of 1.3 V., a—! over a three-year time span, which they
atribute to “diffusion.’ Summit, Greenland has similar ebevation and climate to EastGRIP. The difference in anmwal cycle
A& can likely be explained by the higher aceumulation rate at Surnmit (5= 25 em a~' Lw.e., Dibl and Fahnestock, 2004:
Howvar, 20220, Accumulation slows interstitial diffusion (Tohnsen e al., 2000} and mitigates the influence of the atmosphens
on near-surface snow (Town et al., 2008b). Kopec et al. (2022) find little 1o no change in isotopes between procipitation and

oD
-0 4 Mﬂ'ﬂ; E
E -02 1
- :
g 5
& o, 4
— 14 — 14
—04 ] — 3d 4 — 34
— 104 T — 104
- 20 d — 20 d
-05 3 + *
—i -2 /] r 4 =5 o 5 10 15 20
A0 Yo d [
[a]F\'d,,.I:.....=-IS“C'.I;"..=-]n"£'.u=5r|1.':_'
o0

—p1  sublimation

— ]
0] | — 3
— &8 111 vl
- 20 d
-0.5 T T T T T
—i} -2 [} 2 4 15 0

AEED | Yy,
By Y wiks Thn = =100, T =515 0= 5 ma™"

Figure 9. Idealized simulations of forced vemtilation on isotropic snve under typical EasiGRIP summertime conditions. Panels in (a) show
depusition. panels in () sublimation. Subpanels (1) dhw 4' 00, subpanels (2} shown o. The snow structure and isolopic content of s and
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mear-surface snow after deposition. Other processes are likely important in the surface and near-surface snow, as we infer later
through examination of the o signal.

The dramatic changes in 5, we observe illustrate why it is difficalt 1o wse seasonal isotope-to-temperaiure sensitivities
o reconstruct past climate. In this cage, we are able (o explain the increase in sensitivity solely with IGD diffusion. Our
simulation does not account for other processes like temperature-gradient-deiven (TGD) diffusion or interstitial heat and vapor
tramaport due to force ventilation. TGD diffusion likely acts to smooth isotopic signals. It altersates direction in the top 20-30
cm synoptically, and divrnally during sunlit periods. Seasonally, the TGD diffusion points in one primary direction below
H0-30 em. Forced ventilation likely acts to bias isptopic content of the snow based on the isotopic content of the overlying
atrmosplere. Proper reconstruction of climate variables from water isotopes requires explicit considerstion of these processes

tin avoid misartribution or over-attribution of processes to observed changes,
415 Accumlation rate from depth and 6150

The evolution of the 5% annual cyele is small enough for the §°%¢7 signal 1o be put to other uses. Using the summer 5%
pridile peaks as annwal markers, we find a mean annual accumualation rate across all snow profiles of 45.6 £ 38 em (13,5 £
1.1 cm a-1 Lw.e ) for this time period (2014-2019), This is consistent with secumulation rates for EastGRIP just prior 1o the
observation period derived using a similar method (MNakazawa et al., 2021, Komuoro et al., 2021, as well a5 coincident estimates
of surface height change from PROMICE sonic rangers (Fausto et al., 2021) when a compaction rate for EatGRIP is applied
(Macfierrin et al., 2022).

The anmwal surface height change is fairly continuous at BastGRIP (Fausto et al., 2021 ), more snow conses in the summer and
antupmn over winter and spring. This seasonal accumulation weighting explaing the differences between the residual profiles in
Figures Th and #b, and 7d and Bd.

416 Interannual Ad

Figures 8c.d and 10k show a significant increase in f in summer layers, but no significant change in ofther seasonal layers. The
conaistent pattern evident here is a 3-53 1 increase in o after one yvear of aging that sustaing into the second year. Reexamining
these results through §0-10-6"%() relationships, the summer lavers during their fiest year in the snow have a slope of 7.87 7,
%Y, which changes to 856 V.- "/~ " after one year in the snow (Table Af). This represenis a dramatic reseiting of the
meteoric water ling relationship.

Muodeled changes in o due to 1GD diffusion shows some important similarities o the observations (Figure 11} 1GD diffusion
naturally causes the most dramatic changes arowsd the highest gradients. The mode] predicts a large Ad on the order of +5 7.
after one year of diffusion in the top spring snow layer, which steadily decreases in subsequent years. We see the same initial
increase afer one vear, but the continuing positive Ad does ot oceur in the following vear. Furthemmore, because this is 1GD
diffusion smoeothing, each positive Ad predicted by the model is associsted with a negative Ad of very similar magnitsde; the

megative Sl excursions are not observed in the snow profile changes shown in Figure 10,

4495
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414 Imterannuoal AGH 0

There are no significant changes in 650 { A4" 500 berween the mean snow profiles extracted during different summers (Figure
Ted and Figure 10a). Figure 10a shows similar information o Figures 7d, but here the A§'%(0 is a function of the reference
year age-depth. In other words, it shows A5'*00 after one and two years of aging for the entire snow profile data set.

Exploring further potential changes in 8%, we compute a temporally-based (scasonal) temperature sensitivity {40 by
taking the eatio of the difference between maximum (summer) and the minimum (winter) 550 values w the corresponding
minimum and maximum monthly mean temperstures. For this, we use the sanse tie points as those used in the age-depth model
{eg., Figure 2). This is similar in process 1o other subseasonal temperature sensitivities siudies in Greenland {e_g.. Shuman
et al., 1995; Bolzan and Pohjola, 2000} and the Antarctic (e.g.. Casado e1 al., 2008). The +; for each half year is the ratio
of seasonal change {summer-to-winter, winter-to-summer) in 650 over the seasonal change in monthly mwan remperature
(Figure B1). We find a mean <, that starts at appeoximately 0.297+0.037,, =C-1.

The initial 4, we ohzerve st EastGRIP is slightly lower than modem-day < values derived from microwave surface temper-
ature retrievals or high frequency bosehole thermometry for the modern day at Summit, Greenland (4= 046 %, "C~", 4=
0347, =C-1 4, =046 ¥, *C~'; respectively, Shuman et al., 1995; Bolzan and Pohjela, 2000; Cuffey et al., 1995). Although
linear <5 are considered to have more climatological fdelity than 4,3 (e.g., Cuffey et al.. 1995) for reconstructing past climate
from water isotope records, non-linear reconstruction methods are considered better at accounting for climate-related variabil-
ity due to maoisture source isslopic content. transport pathway. ice sheet elevation, and local chowd conditions (Cuffey et al..
M6 Markle and S1zig, 20223, These nonlingar fectors ane likely important to the differences observed between Summit and
EastGRIE, Greenland.

The observed < at EastGRIP decreases at a rate of 0.096 = 0.04°7, *C~" a~', which coresponds to a 2.8 7, a~" decrease
in &%) annual eycle (Figure BI). We have chosen to fit 4 lingar pattern that sccownts for ermors in both variables to the
decrease in 4, (Trappitsch et al., 2008} One could argue for a mose dramatic drop in 4, over the first 0.5 vears then a much
slower ehange in 4, thereafter. Until more s known about the processes at work, the asomption of linearity is the most viable
wull hypothesis. The IGD diffusion simulation results in effectively the same rate of change in A8 AT (0,16 £ 003 7.,
“C—1 a1 p < (105) as observed indicating that as far as Ad"%0 AT ! is concerned, o new physical processes are needed 1o
explain its change.

Shuman et al. (1995) observed a decrease in 5% annual cycle of 1.3 %, a~' over a three-year time span, which they
alzo attribute o "diffusion” Summit, Greenland has similar elevation and climate 1o BEastGRIP. The difference in annual eyele
AGYE0) can likely be explained by the higher aceumulation rate at Summit {8 = 25 em a— ' Lw.e., Dibb and Fahnestock, 2004;
Howar, 2022, Accumulation slows interstitial diffusion {Johnsen et al., 20000 and mitigates the influence of the atmosphers
on near-surface snow (Town et al., 2008b). Kopee et al. {2022) find little o no change in izotopes between precipitation and
mear-surface snow after deposition. Other processes may be imponant in the suface and near-surface snow, as we infer later

through examination of the o signal.
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Figure M The change in "%} (panel (a)) and o (panel (b)) after one-to=two years of aging in the nearsurface snow. The change is
devermimed as the difference between profiles shown in Figures Te and $c, and plotted as a funciion of the age of the reference profile in the
difference. Seasons are marked on the birrzontal axis, with snow depth increasing and time decreasing o the right.

The mechanisms at work imerannually are then likely a combination of 1GD diffusion and ather post-depositional processes.
It seems logical that the large reservoir of the atmosphere because we are looking for processes that bias the isotopic signal
toweards an increase in o, Our simulations indicate that the near-surface atmosphere likely causes a negative Ao during summer
through surface sublimation bt possibly through force ventilation of neas-surface snow. Wi see from sonic rangers that two-
thirds of snow height changes occur in the shot summer and autemn. S, it is probable tar the snow has been sufficiently
advected away from the influence of the atmosghere by mid-o-late autumn, mitigating the influence of the atmosphere on the
sivow after this time.

Thus, another interstitial process ix likely involved. Temperature- gradient-driven diffusion is a viable candidate but beyond

e seope of this work., A more mechanistic stedy is necessary to resolve specific processes and how they manifest in the

The dramatic changes in <, we observe ilustrate why it is difficult to use seasonal isotope-to-temperature sensitivities o
reconstruct past climate, In this case, we are able to explain the increase in sensitivity solely with IGI diffusion. Our simulation
does not account for other processes like temperature-gradient-driven (TGD) diffusion or imerseitial heat and vapor ransport
due to force ventilation. TGD diffusion likely acts to smooth isotopic signals. TGD diffusion alternates in direction in the
top 2030 cm synoptically, and diorally during sunlit periods. Seasonally, the TGD diffusion points in one primary dirsction
below 20-30 em. Forced ventilation likely acts to bias isotopic content of the snow based on the isotopic content of the
overlying atmosphere. Proper reconstruction of climate variables from water isotopes likely requires explicit consideration of
these processes o avoid misatiribution or over-atiribution of processes to observed changes.

Although there is Johnsen et al. (20000 diffusion and other processes affecting the annual cycle, the relative location of the
summer §%¢) profile peaks are fairly constant. Using them as annual markess, we find a mean annual snow accumulation rate
across all spow profiles of 456 + 3.8 cm (135 £ 1.1 em a—? Lwe.) for this time period (2014-2019), consistent with priog
efforts (Makazawa et al., 2021; Komuro et al., 2021).

415 Imterannual Ad

Figures fc.d and 106 show a significant increase in o in summes layers, but no significant change in other seasonal layers. The
conaistent pattern evident here ks a 3-3 ', increase in d after one vear of aging that sustaing into the second year. Reexamining
these results through S0-to-5'*00 relationships. the summer layers during their fisst vear in the snow have a slope of 787 7.,
{.07", which changes w 856 % {%..)~" after one year in the snow (Table AG). This represents a dramatic resetting of the
meteoric water line relationshig.

Muodebed changes in o due to IGD diffusion shows some important similarities to the observations (Figure 11} 1GD diffusion
naturally canses the most deamatic changes around the highest gradients. The model predicts a large Ad on the onder of +5
7. after one year of diffusion in the top spring swow layer, which steadily decreases in subsequent years. We see the same
indtial increase after one year, but Ad does ot increase again in the following year. Funthermore, because this is 1GD diffusion
smaothing, each positive Ad predicted by the model is associsted with a negative Ad of very similar magnitude; the negative
A excursions ane not observed in the snow profile changes shown in Figure 100

The mechanisms at work interannually are then likely a combination of 1GD diffusion and other post-depositional processes.
Ag the atmosphere is such a large potential reservoir of sapor, it has the potential 1o bias isotopic signals depending on the
specific conditions. Our simulations indicate that the combined near-surface atmosphere and spow conditions can cause a
positive or negative Ao through sublimation o deposition, respectively. These simulations partially explain our observations,
bt are by no means proaf,

W see from sonic rangers that two-thinds of spow beight changes occur in the short summer and autummn, 5o, it s probable
that the snow has been sufficiently advected away froo the influence of the ammosphere by mid-to-late auimn, mitgating the
influence of the atmosphere on the snow after this tme Town et al. (2008b). Thus, another interstitial process is likely involved.
Temperature-geadient-deiven diffusion possibly enhanced by forced ventilation is another viable candidate, bar beyond the

seope of this work., A more mechanistic study is necessary 10 resolve specific processes and how they manifest in the context
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Figure 1L Annual isptope-gradient-driven diffusion scenario. Panel (a) shows 2 simulation of the impact of isowopec-gradient-driven diffusaon
i the mean o snow prifile from 2009 (blue curve) after one year of aging (orange curve). Panel (b shiwws the change in  {34d) afler one
year of aging. The simulation is described in detail in Section C1.

context of ohserved meteorology. In the following section, we will explore potential avenwes of research in this direction in

addition o assessing implications of the results and analysis presented above.
4.2  Implications and Future Work

A primary aim of our study, and others like it is tw improve the understanding of how climate is recorded in polar snow. The
processes that contribate 1o how climate signals ane recorded in polar precipitation and snow, including those outlined here,
are distinet enough that concepiually separating the contributions of processes to the sotope-climate signal seems appeopriate.
We suggest is 1o dividing the contribution of processes into the following categories: aimosphers, mow sudfece, near-surface
srow, and deep firn. The historical approach has been to consider the atmosphere a5 the source of te climate signal, and the
deep firn a5 a source of noise to be inveried (e.g.. IGD diffusion, advection, thinningp. As stated earlier, the awosprhiers is
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Figure Lk The change in 6" (panel (1)) and o (panel (b)) after one-to-two years of aging in the near-surface snow. The change is
determined as the difference between profiles shown in Figures Te and $c, and plotted as a funciion of the age of the reference profile in the
difference. Seasons are marked on the birrzontal axis, with snow depth increasing aed time decreasing o the right.

af observed meteorology. In the following section, we will explore potential avenues of research in this direction in addition

assesaing implications of the results and analysis presented above,
4.2  Implications and Future Work

e aim of our study, and others like it, is 10 improve te understamding of how climate is recosded in polar spow. A central
therme hiere is to reframe the discussion of climate-to-isotope proxics beyond temperature-to-isotope sensitivities or other pre-
deposition variables and mechanisms. These are relevant and motivating "targets’ for research, but additional climate factors
and processes such as those outlined here are relevant o the isotopic content of polar snow. The processes that contribute e
climate signals in polar precipitation and snow are distinet enough that conceprually separating the conuibutions of processes o

the isotope-climate signal seems appropriate. We suggest dividing the contribution of processes into the following categories:

i
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aften represented by climate-to-isotope sensitivities that reduce 1o temperature-to-isotope sensitivities. often reducing further
o empirical linear relationships between spatial or temporal termperature data sets. A range of physically-nouanced models ane
wsed for dealing with the aimogplere category more explicitly (Wemer etal., 2001; Dee et al., 2015 Hu et al., 2022; Markle
and Steig, 2022), bat this does not change the overall approach.

Howwever, the mounting evidence from this work and references herein shows that some climate signal is being set locally
at the smow swefoee and in the rear-serface smew before the snow s advected away from the influence of the stmosphere.
We have observed significant post-depositional changes in surface and near-surface snow isotopic content likely due e vapor
transpont on two time scales, during the summer season and interannually. The post-depositional changes in #*%6 and o during
low-to-no accumulation periods in summer vary from year to year. The d content undergoes a significant and likely reliable
post-depositional increase in sunimer siow layers in one year within the Gm.

This combination of evidence is particularly impactful to the interpretation of o, While o is clearly representative of source
region characteristics (e.g., Jouzel and Merlivat, 1984; Plahl and Sodemann, 2004; Markle and Steig, 2022), we show here
there are both srow surface and dear snow surfiece components to the o signal that are as much as 25 percent of the annual
signal at EastGRIP. The intermittency of the summer post-depositional Ad coupled with the reliability of the interannual post-
depositional Ad means that these changes are likely site-based and depend in meteorology. A< such, we argue for a much mon
process-oriented look at low water isotopes change just after deposition but while still in under the influence of the mear-surface
atrosplyere, panticularly d.

If the swerfirce snow and rear-sudface saow represent components of the climate signal, then they deserve continued experi-
mental and ohservational atention, including direct characterization of the evolution of snow properties and associated isolopic
signals. Such experiments should contend with difficult snow metamorphism problems like the combined influences of surface
frost formation and spow redistribution. Flattening of surface features during summer at EastGRIP (Zubr et al., 2021 likely
has a sublimation'deposition isstopic signal related vo frost formation and toppling (Gow, 1963). Where does this vapor come
from, above or below the smew surfacet How does the flatening process affect §°%0 and 47 Several questions remain on bow
o connect snow metamorphism to the evalving isstopic content of snow.

The implications of our stady also extend to the inner workings of many IEMs. The cloud phase and saturation parametriza-
tions that govern much of the isotopic signal produced by the models (e.g., Petit et al., 1991 Ciais and Jouzel, 1994 Blossey
et al., 20000 Didtsch et al., 2019, Markle and Steig, 2022) are based on o data from snow and ice cores {e_g.., Johnsen and White,
19E9: Petit et al., 1991; Masson-Delmotte et al, 3008) without considering any post-depositional change. The superssturation
paramsetrization is one of the most impactful, wneable parameters in IBMs today {Ditsch et al., 2009; Markle and Seedg, 2022),
and at & minimum deserves representative ground woth. Similardy, a recent definition of o optimized for cold climates wsed sur-
face snow as ground truth without assessment of the surface snow’s o valaerability due o post-depositional change (Usmra
et al., 200 2), yet is still widely used.

If parametrizations of clowd phase and saturation ean be trusted then it is appropriate to separate the weather and climate
processes contributing to the eresefere category of water isotope signals into: precipitation, sounce region isotopic content.

source and “clowd” emperatures, and regional emperature gradients {eg.. Markle and Steig, 2022). However. at the sunfiece
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Figure 11, Annual isptope-gradient-driven diffusion scenanio. Papel () shosws 2 simualation of the impact of isolopec-gradient-driven diffusion
o the mean o snow prisfile from 2009 (blue curve after one year of aging (orange curve). Panel (b} showws the change in d {3:4) after ome
year of aging. The simulation is described in detail in Section C1.

anmosplers. snow durfaee, near-sunfice siow, and deep firr. The historical approach has been o consider the stmosphere as the
source of the climate signal, and the deep firn as sources of processes o be inverted (e, back-diffused) to resolve the climate
signal. As stated earlier, the annosphers is often represented by climate-to-isotope sensitivities that reduce to temperature-to-
isptoge sensitivities, assuming all climate variability is represented by temperature of precipitation-weighted temperature, A&
range of physically-nuanced models are wsed for dealing with the arrosphere category more explicitly (Werner et al., 2001
Diew et al., 2005 Hu et al.. 2022 Markle and Steig, 2022, but the overall approach o climate reconstrection is the same.
Howeever, the mounting evidence from this work and references herein shows that some representative climate signal may
b set locally at the shnew sadfece and in the nrear-guface snow before the snow is advected away from the influence of the
atrosplere, iF conditions are appropriate. We have observed significant post-depositional changes in surface and near-surface

oy isotopic content likely due o vapor transport on two time scales, during the summer season and interannually. The post-
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srow it s elear from our evidence and others (Casado et al.. 2021; Wah et al, 2022 Dietrich et al., 2023) that water isstopes
in polar snow are also dicectly impacied by latent heat transfer, So. this categoey may require additional local proxies related 1o
the surface energy badget Similarly, our work indicates the isotopic content of rear-surfnee srow is influenced by spow tem-
perature, snow emperature-gradients, surfece wind speeds, srow strocture, and accumulation rates, The deep fien 15 typically
considered an invertible, "unbiased’ modifier of water isotope signals, although growing awareness of surface melt events in
records (Westhoff et al., 2022 and their potential impact on deeper layess is becoming a eoncermn (Harper et al., J023),

This contribution-oriented interpretation of the #%0_ or d, proxy is particalarly imporiant o siedies like Jones et al. {2023),
who interpret summer-only 400 changes in West Antarctica as changes in summer emperature due to changes in insolation.
Interpreting changes in #10 as both changes in temperature and latent leat fux could help explain why the West Antarctic
summer S0 pattemn is eorrelated with Milankoviteh insolation pattems even though annoally eoincident winter corvelation
in @ is not clearly evident, Similarly, studies using #'%0 a5 summer or annual emperature proxies in ice sheet elevation
reconstructions may be hiased warm due to influence of sublimation on 850 (e.2.. Grootes and Stuiver, 1987: Lecavalier
etal., 201 3; Badgeley et al, 2022, likely yielding thinner ice sheets than were actually present.

Our proposed view of climate proxies provokes suggestions for improved field experimentation and modeling. In addition
o eharacterizing the surface energy budgets and subsurface vapor exchange along with isotope records, it will be important
1o characterize seasonally-dependem post-depositional change. Our data set primarily explaing about the changes in summer
aniw Layers during summertime and interannually, The seasonality of accumulation, temperature, and humidity are part of our
detection bias, which year-round sampling would mitigate. Year-round sampling would also provide ground truth for modeling

studies that explicitly include armsosplicre, sudfece smow, and rear-sirfaee Snow procesues.

£ Conclusions

Water isotopes in polar spow have historically been used to infer information about past climates of polar ice sheets, as well
as the integrated history of polar precipitation. These inferences rely on a contiguous physical understanding of the water's
history, from source to exiraction. Weak links in this understanding exist at the swow surface and in the near-surface polar
svw where dynamic snow metamorphism oceurs under the influence of local meteoralogy and climate. We provide a data
set from the EastGRIP site in NE Greenland with successive views of the same snow layers, documenting how the surface
and pear-surface spow age isotopically on two time scales, during summer and interannually. Ouwr data were extracted during
summer months of 2007-2019. 50 our conclusions about the summer lavers are sirongest.

Surface and near-surface spow collected during the same summer season show sotopic post-depositional change during
livw-t-no accumulation events. Much of the changes we observed are in the J signal. Dramatic change seems to occur right
at the snow surface, before even a few weeks pass. These observations are consistent with prior studies at the same site {Wahl
eral., 2021, 2022; Fuhr et al.. M023). The combined &*%02 and o signature is inconsistent from season-lo-season, pointing o
the need for more process-based understanding, The mean summer susface snow o is always greater than the mean o from
siivw profiles extracted later in the seazon, which is a strong indication of sublimation influences during the summer season

E10

depositional changes in 650 and d during low-to-no accunulation periods in summer vary from year to vear. The d content
undergoes a significant and likely reliable post-depositional increase in summer snow Layers in one year within the firm.

This combination of evidence is particularly impactful o the interpretation of o, While o is clearly representative of source
region characteristics (e.g., Jouzel and Merlivat, 1984; Pfahl and Sodemann, 2004; Markle amd Steig, 2022), we show here
as much ag 25-30 percent of the annual d signal (e 5 7., of 15-20 ")) at BastGRIP is ser at the srow surfoce and in the
mear-surfece snow, The intermittency of the summer post-depositional Ad coupled with the reliability of the interannual post-
depositional Ad means that these changes are likely site-based and depend in meteorology. As such, we argue for a much more
process-orented look at ow water isotopes change just after deposition but while still inunder the influence of the neas-surface
atrosphere, particularly for d.

If components of the isotogic climate signal are set in the suefece srow and rear-mnfece srow, then they deserve continued
experimental and observational attention, including direct characterization of the evolution of snow properties and associated
izptogic signals. Such experiments should contend with difficult snow metamsorphism problems like the combined influences
af surface frost formation and snow redistribution. Several questions raised here remain connecting snow metamaorphism to the
evolving isotopic content of smow. In understanding changes at the saow swefince, inowhat proportion doees vapor come from
above or below te saow sunfice? How does the surface flattening process affect 480 and o 7 How important are lenperature-
gradients in the sear fuefaee srow 1o smoothing of isstope signals? What role does the astmospheric boundary layer play in the
atrsosphere’s influence on post-depositional processes? What is the role of Blowing snow and redistribution?

The implications of our study alse extend 1o the inner workings of many IEMs. The cloud phase and saturation parametriza-
tions that govem much of the isotopic signal produced by the models (e.g., Petit et al., 1991; Ciais and Jouzel, 1994 Blossey
etal., 2000 Distsch et al., 2019 Markle and Steig, 2022 ) are based on o data from snow and ice cores (e_g., Johnsen and White,
198D Petit et al., 1991; Masson-Delmotie et al, 2008) without considering any post-depositional change. The supersaturation
parametrization is one of the most impactful, uneable parameters in IEMs woday (Dotsch et al., 2009; Markle and Seedg, 2022),
and at a minimum deserves representative ground wuth. Similacly, a recent definition of 4 optimized for cold climates used soe-
face snow as ground truth without assessment of the susface snow’s o valnerability due to post-depositional change (Usmura
etal., 2002}, yet is still widely used.

If parametrizations of chowd phase and saturation can be trusted then it is appropriate 1o separate the weather and climate
processes contributing to the ameespiere category of water isodope signals into: precipilation, soufce region isobopic content,
source and "cloud’ temperatures, and regional temperature gradients (., Markle and Steig. 2022). However, it is clear from
our evidence and others {Casado et al, 2021, Wahl e al., 2022 Diewich et al.. 2023) that surface snow water isotopes are
also directly impacted by latent heat transfer, making 8% and of at beast partial proxies for the local surface energy budger.
Similarly, our work mdicates the isotopie content of sear-surface srow i3 mfluenced by snow lemperaisre, snow lemperaiune-
gradients, surface wind speeds, snow structure, and secumulation rates. The deep firn is typically considered an invertible,
"unbiased’ modifier of water isotope signals. although growing awareness of surface melt events in records (Westhoft et al.,

M2 and their potential impact on deeper lavers is becoming a concern (Harper et al., 2023




DiffPDF « /nome/michaeltown/work/projects/snowiso/docs/papers/eastGRIPpostDepModObservations/theCryosphereSubmission/

and consistent with summentime latent heat Aux studies at BaspGRIP (Wahl et al, 2021 Dietrich et al_, 2023). However, it is
possible that similar changes are occurring shortly after deposition in other seasons at relatively warm or low accumulation
sites, partcularly during early autumn and late Spring. Observations and forced ventilation modeling indicate thar summer
post-depositional changes can occur down to 20-30 ¢ in the snow. The forced ventilation model also shows that deposition
can cause enrichment of 7% or decreases in o through deposition if the relative isstopic content of the atmosphere iz high
enough.

We see significant increases in o of up to 5 7., in the summer layers after one year of aging in the fim. We see decreases
in o in pther seasonal layers, but these decreases do nod rige to the significance level of p < 005 The incoeases we observe in
summer layer d are coincidentally almost the same the magnitude as the decrease in d observed during some summer seasons
immediately after deposition. A significant decrease in seasonal AJ'50 AT-1 is observed in our study period, likely due 1o
isotope-gradient-driven diffusion.

Mechanisms for the changes during summer months likely include a combimation of isotopic-gradient-driven diffusion and
forced ventilation of the near-surface snow. We postulate that some summer wind-driven redistribution events can have dis-
tinet sublimation/deposition signatures after surface faceting evems. Interannually, isotopic-gradient diffusion can explain the
changes in seasonal isstope-temperature sensitivity. It also explaing some bat not all of the Ad pattern we observe. We suspect
seasonally- and synoptically-induced vapor-pressure gradients in the near-surface snow to be an important metamorphic pro-
ces during spring, summer, and autummn, they should be less important during winter months due o the low interstitial vapor
PIEsSUres.

e obaervations are relevant for the interpretation of water isotopes a5 proxies for past climates in polar regions. Inermitent
summer enrichment of surface and near-surface &'%0 and 4 during low-to-no sccumulation events indicate thar this procoy
should likely be interpreted as & multifaceted proxy that separately represents the armosplere (e.g. integrated regional and
local eloud temperatanes), snow surfee (latent heat Aux), and rear-sierfaee srow (snow properties, T, .. dT dz—")

O pesults are complicated by the extractive nature of the observations, whene spatial variability is at risk of being interpreted
as remporal varishility. Our strategic spatially-distributed sampling program coupled with the depth corrections and an age-
depth model aceounts for most of the stratigraphic noise in our emor bars, but of course not all.

These results are specific w the present day climate at EastGRIP, a relatively warm but low accumulation site on the Green-
land loe Sheet These sesults are congistent with prios work exploring and documenting post-depositional processes (e.g.
Waddington et al, 2002; Meumann et al., 2005; Town et al., 2008b; Steen-Larsen et al., 2004: Casado et al, 2021; Hughes
etal., 2021; Wahl e al., 2021, 2022; Zuhr et al., 2023) and demonstrate that more general revisions to interpretations of water
izodope proxies in polar snow are needed. Questions remain about potential changes in other seasons, mechanisms at work
in the near-suiface snow, and their relative importance. We also still lack generalized tools for assessing near-surface posi-
depositional modification of water isotope proxies at ice core sites, which are critical for interpretation of water-isotope-based
climate reconds.

We recommend further field work and modeling of the annual evolution and spatial variability of the near-surface smow.
Improved field data will act as a fraining ground for the development of process-hased, isotope-enabled models that connect
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This contribution-oriented interpretation of the §560_ or d_ proxy is panicularly important to studies like Jones et al {3023,
who interpeet summer-only 800 changes in West Antarctica a5 changes in summer temperature due to changes in insolation.
Interpreting changes in 400 as both changes in temperaiure and latent heat Aux could help explain why the West Amtarctic
summer S0 patiem is correlated with Milankoviich insolation pattems even though annually coincident winter correlation
in @0 is not clearly evident. Similarly, studies using #'%0 a2 summer or annoal emperaiure proxies in ice sheet elevation
reconstructions may be biased warm due to influence of sublimation en 5190 (e.g., Grootes and Stuiver, 1987; Lecavalier
etal., 2013; Badgeley et al., 2022, likely vielding thinner ice sheets than were aciually present.

Oiuar proposed view of climate prosies provokes suggestions for improved field experimentation and modeling. In addition
to characterizing the surface energy budgets and subsorface vapor exchange along with isotope records, it will be important
to characterize seasonally-dependent post-depositional change. Our data set primarily explains the changes in summer spow
layers during summertime and interannually, The seasonality of accomulation, temperature, and humidity are parnt of our
detection bias, which vear-round sampling would mitigate. Year-round sampling would also provide ground truth for modeling

studies that explicily include amaospliere, sugfece smow, and sear-gerfice st PIOCESLES,

£ Conclusions

Water isotopes in polar snow have historically been used to infer information about past climates of polar ice sheets, as well
as the integrated history of polar precipitation. These inferences rely on a contiguous physical understanding of the water’s
history, from source to extraction. Weak links in this understanding exist at the snow surface and in the near-surface polar
snow where snow metamorphism can occur rapidly under the infleence of local meteorology. We analyze observations from a
sirategic spatially-distribated data set from the EastGRIP site in NE Greenland with successive views of the same snow layers,
documenting how the surface and near-surface snow age isotopically on two time scales, during summer and interanmually.
Owur data were extracted during summer months of 2007-2019, 20 our conclusions about the

layers are sirongest.

The results show post-depositional isotopic change during individoal summer seasons, as well as interanmually. At this
site, we observe changes in o in opposite directions for summer {(decrease) and interannually {increase). Pliysically-based
madels of these processes confirm that post-depositional isotope-gradient-driven diffusion is important on these time scales.
The masdels also indicate that forced ventilation of the snow may contribae o the observed changes. The magnitude of post-
depositional isetopic change induced by the model atmosphere depends on the air and snow vapor content, air-spow vapor
pressure gradients, wind speeds, sccumulation rate, asd snow properties (e.g. dune and sastrugi dimensions, swow density,
SN graim size).

These results are specific to the present day climate at EastGRIP, but are relevant 1o the interpretation of water isslopes as
proxies for past climates in polar regions. Water isotopes in polar snow require more nuanced imerpretation before they can be
used to guantitatively estimate climate conditions (e.g.. teimperature, surface latent heat fAox, insolation). Their back-diffused
signals not only represent an integrated view the amesgprhers (e.g. source conditions, regional and bocal cloud emperatunes),
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s atrerspliere, toow surface, and seae-serfaee saow. Driving, or coupling, the pear-surface spow maodels with meteorological

TEM:s will greatly advance site-agnostic, process-categorized interpretation of past climates using polar snow.

Dhate availehilive. Snee prodide data are freely avatlable a1 hbps=fdoiorgd 101 59 0PANGAEA 958540, The full citation is in the reference

section {Town et al 2023,

Appendix A: Ancillary information about snow profiles
Al Extra 30-cm cores taken in 2017

Figure | indicates that some profiles from 2017 were not used. These profiles were 3-cm in depth, and s0 do not contain a
full annual eycle of sccumulation at EastGRIP. They are statistically equivalent to the top 30 em of the 1-m coses. They wene

removed 5o as not o over-weight the top 30-cm of our analysis.
A2 Age-depth model determination and uncertainty

The age-depth model was determined based on presumed correlations between air temperature and isolopic content of smow.
This study challenges some basis of that assumpdion. bat by and large we see the same patterns in mean monthly air temperature
as the S50 spow profiles, In assigning dates to 5% O-values, we take into sccount evidence-based shifts in 51560 during sumier
due to sublimation, as well as the uncermainty induced in assigning winter dates when minimum temperatures may not be the
SOIME 4% MInLmEm temperatiores dunng precipitalion evenis.

The date assigned summer maximum S50 was 31 July for each year. Maximum mean daily temperatures occur consistently
during mid-July at EastGRIP. However, maxima in £ have been observed 1o trail temperature maxima by as much as a
manth at EagtGRIP (Hards Stwart et al., 2023 likely due 1o post-depositional seblimation (Wahl enal., 2022) Similar patterns
lave been observed at Dome C, Antarctica, a musch bower accumulation, bot colder, site (Casado et al, 2008} We assign the
peak summer §°50 date assignment a 2o uncemainty of +£7 davs.

In assigning a date to the winter 7150 minimum, it is important to recognize that the interior Greenland ice sheet ean experi-
ence moderately coreless winters similar in character 1o the interior Antarctic ice sheet (Putnins, 1970; Schwerdifeger, 1970).
So, the minimum mean moathly temperature may occur inany month from December through Apeil. In sddinon, although
diarsond dust does oceur on the Greenland jee sheet. most precipitation does not come during the minimum temperatures; the
minimum #1500 values represent the coldest precipitation events. We assame that these coldest precipitation events happen
during the coldest months, but assigning a date to the coldest precipitation events overreaches the power of our meteorology
data. S0, we set the date for minimum 6% values o the first of each coldest month, resulting in a 20 uncertainty of 415 days.

The peaks in the snow profiles are not always in sharp relief from their neighbors. If we assume that the choice of the 51800
maximaminima values might be off by as much as one sample level in a spow profile, then the vertical sampling resolution

resulis in an erroe of 1 cm for the top 10 cm of each profile and +2 cm for the rest of each prodile. If the accumulation rate is
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bt also show sefece processes (e.g., accumulation rate, air-snow latent heat flux, mechanical transport), and near-sugfoce
srow processes and propenties (e.g., dune and sastrugi dimensions, spow density, interstitial snow metamorphism).
Generalized tools for assessing near-surface post-depositional modification of water isotope proxies at ice core siles are
critical for interpretation of water-isotope-hased climate records. Further field work and modeling of the anmsal evolution and
spatial variability of the near-surface snow is needed 1o act a5 a raining ground for the development of process-based, isolope-
enabled models that connect the aveosphiere, smow swdface, and dear-snuface snow. Deiving. or coupling, the rear-surface spow
madels with meteorological IEMs will greatly advance site-agnostic, process-categorized interpretation of past climates using

polar L.

Dhara availebility. Snow profile data are freely avaslable at htpscidoiorg/ 10, I59GPANGAEA 958540, The full citabion is in the refereno:

section { Town et al., 20235

Appendix A: Ancillary information about snow profiles
Al Extra 30-cm cores taken in 20017

Figure | indicates that some profles from 2017 were not used. These profles were 30-cm in deph, and 50 do not contain &
full anmual eycle of sccumulation at EastGRIP. They are statistically equivalent to the top 30 e of the [-m cores. They were

remioved 5o @s ot o over-weight the twop 30-cm of our analysis.
Al Age-depth model determination and uncertainty

The age-depth model was determined based on presunsed correlations between air temperature and isotopic content of ssow.
This study challenges some basis of that assumpaion, bt by and large we see the same paitierns in mean monthly air temperature
a5 the &' "0 anow profiles. In assigning dates &% 0-values, we take into account evidence-based shifts in 4702 during sumrer
due to sublimation, as well as the uncerainty induced in assigning winter dates when minimum temperatures may mot be the
same as minkmum temperatures during precipitation events.

The date assigned summer maximum 53 was 31 July for each year. Maximum mean daily temperatures occur consistently
during mid-Tuly at EastGRIF: However, maxima in 870 have been observed to teail temperature maxima by as mch as a
maonth at EastGRIP (Harris Stwart et al., 2023) lkely due to post-depositional sublimation (Wahl eval | 2022). Similar patterns
have been observed at Dome C, Antarctica, a msch lower sccumulation, bat colder, site {Cazado et al., 2008). We assign the
peak summer () date assignment a 2o uncertaingy of £7 days.

In assigning a date to te winter &0 minimum. it is imposant 1o ecognize that te interior Geeenland ice sheet can experi-
ence moderately coreless winters similar in character to the interior Antaretic ice sheet (Putnins, 1970, Schwerdifeger, 1970).
S, the minimum mean moathly emperature may occur in any month frem December through Apeil. In addition, although

diaromd dust does occur on the Greenland ice sheet, psost procipitation does not come during the minimum emperatures; the
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approximately 40 cm- " of snow. then the resulting unceriainty in age-depth is approximately +9 days for the top 10 cm and
=18 days for the rest each profile.

Alogether, we conservatively assess the 2o uncertainty as a minimum of £9% days for the wop of each profile, £25 days
arpund each surmmer peak below 10 cm, £33 days around each winter trough below 10 em. Duning bigh accumulation rate
time periods and events, the dating wcertainty will be much smaller, and vice versa Surface height changes from PROMICE
somie ranger data (Favsto et al., 2021) indicates duar sccumulation rate at BastGRIP i ot constant. Surface height changes ane
higher in summer and autumn than winter and spring, with approximately 30 percent of the surface height changes come from
I percent of the observied events.

Figure 2 shows data from Teansect 2 in 2009, Here, the depth adjustments provide a strong start for the age-depth model,
and the age-depth model does not vary much from peofile-to-profile. The age-depth model varies more between snow profiles
taken during the 2007 season when the depth adjustment used 1o align profiles was wol as strong.

The age-depth model is reliable when clear 650 maxima and minima exist in the snow profiles, which is tae for the
majority of each profile. However, 10-20 percent of each profile remaised unconstrained at the bottom of most cores because
siviw profiles rarely end in clear extrema. To date the lowermost ends of the snow profiles. we started with the cacliest date
asaigmed (ie. deepest maxima or minima) and estimated the mean aceumulation rate Tor the semaining soow from the sonic
ranger data for that time period (Fausto et al.. 2021 ). The age-depth model for this snow is the inverse of the mean accumulation

rate, We manually quality-controlled the sesulting £ peofile against the entire data set.
A3 Missing data and other spurces of uncertainty

Tranaect line 4 was impacted by waffic or resampling during the 2017 Aeld season. [t was keft out of these analysis.

Tranzect lings 2-5 were shifted inadvenently wp one transect in the middke of the 2018 field season due to a change in field
personnel. This was corrected during post-processing.

In addition to the 1-m prodiles used here, nine shaorter profiles (30 cm in length) were taken in 2017, As stated earlier, we do
it wse these data here as they do not provide interannual information, are difficule to date, and would statistically overweight
the top-of-core averages. Sampling of shallow profiles induced distance wraveled along each transect in 2007, approximately 50
cm between each shallow profile. 5o, the total distance traveled along the 2017 transects is estimated as a conservative 13 m.

Compeession often occurred during the extraction of the snow. Standard procedure would be o apply a corection for this
compression evenly across cach profile, paricularly in deeper fien or ice. However, we believe that the location of compression
is more likely localized in near-surface swow (e.g. ot fragile faceted lavers). Ina 1-m siow profile from this site, there are at
least five locations where compression might have occourred, at the surface or the spring or autumn depth hoar layers. It is also
certain that the compression did mot eccur evenly across any profile. The compression values ase small relative 1o the profils
lengths and identifying the boar lavers is difficult afier extraction, and impossible after bagging and shipping. So, we leave the

Compression amount as an uncertainty in the dating. with a probable maximum value of 9 days.

Al

minimum #5600 values represent the coldest precipitanion events. We assume that these coldest precipitation events happen
during the coldest months, but assigning a date to the coldest precipitation events overreaches the power of our meteorology
data. So, we set the date for minimuwm 53 values to the first of each cobdest month, resulting in a 2o unceriaingy of 15 days.

The peaks in the snow profiles are not always in sharp relief from their neighbors. If we assume that the choice of the 5%
maxima'minima values might be off by as much as one sample level in a snow profile, then the vertical sampling resolution
resulis i an ervoe of =1 cm for the top 10 cm of each profile and +2 cm for the rest of each profile. If the sccumualation rate is
approximately 40 cm-y " of snow, then the resulting uncertainty in age-depth is approximately % days for the top 10 em and
=+ |8 days For the rest cach profile.

Altogether, we conservatively assess the 2o uncertainty as a minimun of £9 days for the op of each profile, £25 days
around each summer peak below 10 em, £33 days around each winter wrough below 10 cm. During bigh accurmulation rate
time periods and events (Le.. summar and autumn), the dating wecertainty will be mech smaller, and vice versa (Le., winter
and spring). Surface height changes from PROMICE sonic ranger data (Fausto et al.. 20217 indicates that aceurnulation rate a
EastGRIP is not constant, Surface beight changes are higher in summer and awtumn than winter asd spring, with approximately
50 percent of the surface height changes come from 20 percent of the monthly accumulation.

Figure 2 shows data from Teansect 2 in 2009, Here, the depth adjustments provide a strong stam for the age-depth model,
and the age-depth model does not vary much from peofile-to-profile. The age-depth model varies more between snow profiles
taken during the 2007 season when the depth adjustment used to align profles was not as strong.

The age-depth model is reliable when clear #1500 maxima and minima exist in the spow peofiles, which is tue foe the
majority of each profile. However, 10-20 percent of each profibe remaived unconstrained at the bottom of most cores because
snowy profiles rarely end in clear extrema. To date the bowermost ends of the snow profiles. we started with the earliest date
assigned (ie. deepest maxima or minima) and estimated the mean accumulation rate for the remaining snow from the sonic
ranger data for that time period (Fausto etal., 2021). The age-depth model for this snow i the inverse of the mean accomulation

rate. We manually guality-controlled the resulting 776 peofile against the entire data set.
A Missing data and other sources of uncertainty

Transect live 4 was impacted by traffic or resampling during the 2007 Aeld season. It was kefi out of these analysis.

Transect lines 2-5 were shifted inadventently up one transect in the middke of the 2018 field season due to a change in field
personnel. This was corrected during post-processing.

In addition to the |-m profiles used here, nine shorter profiles (30 cm in length) were taken in 2007, As stated carlier, we do
ol use these data here as they do not provide interannual information. are difficult 1w date, and would statistically overweight
the top-of-core averages. Sampling of shallow profiles induced distance waveled along each transect in 2017, approximately 50
cm between each shallow profile. So, the total distance traveled along the 2017 transects is estimated as a conservative |3 m.

Comperession often occurred during the extraction of the snow, Standard procedure would be o apply a correction for this
compression evenly across each profile, pamicularly in deeper firn or ice. However, we believe that the location of compsession

ix more likely localized in near-surface spow {eg. & fragile faceted layvers). Ina l-m spow profile from this site, there are at

33
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T25

Fimally, we did not adequately assess the relative starting heights of the transects at the beginning of each season. This
induces relative errors of around 3-5 cm in our depth adjustment between cach snow profile based on May surface roughness

estimates from Zubr et al. (20215, The missing information dees not impact the age-depth model.

Appendix B: Tables of snow profile statistles
Tables of statistics for the snow profiles and their changes presented in Figuses Ted and Sc.d composited by season or year.

Tubde AL Table of annual statistics for 4*°CF from the EastGRIP spow profiles shown in Figure 7. Columns ane the vear of extraction, e.g.
2009 represents July-July annual average from snow extracted during the M09 summer Beld season (also the dark Mue curve in Figure Te).

Rivws are the age of the snow. The annual cycle is winter-centric. and computed from 31 July t 31 Fuly. Units are in 7., and uncertainty is

2y,

EXtracrion vemr T I E 0

Annual layer age

O72015 - 72016 65+ 10

WTI016 - T2 T ITE 11 WBT4 10

OT201T - 07 2018 357410 6.0 4 0.8
U7201E - 72019 M9+ 14

75

least five locations where compression might have oceurred, at the surface or the spring or anturmn depth hoar layers. It is also
certain that the compression did not eccur evenly across any profile. The compression values are small relative o the profile
lengths and identifying the boar layers is difficult afier extraction, and impossible after bagging and shipping. So, we leave the
COMPression amount as an uncertainty in the dating. with a probable maximum valoe of 9 days.

Fimally, we did not adequately assess the relative starting heights of the tansects at the beginning of each season. This
induces relative emors of around 3-5 con in our depth adjustment between each snow profile based on May surface roughness

estimates from Zubr et al. (20215 The missing information does not impact the age-depth model.
Appendix B: Tahles of snow profile statistics

Tables of statistics for the snow profiles and their changes presented in Figures Te.d and Sc.d composited by season of year.

Tubde AL Table of annual statistics for 8" CF from the EastGRIP snow profiles shown in Figure 7. Columns are the vear of extraction, e.g.
2019 represents July-July annual average from snow extracked during the N9 summer Beld season {also the dark Mue curve in Figure Te)

Ravas are the age of the snow. The annual cycle is winter-centric. and computed from 31 July o 31 July. Units are in 7., and uncertainty is

iz

Extraction yexr LT BT 20lg

Annual layer age

oINS - DTI2016 365 4 10

WTI016 - DTIZ0T 372 L1 I6T4 1.0

OT201T - OTZ01E 357 4% 1.0 260k 08
UTZ01E - DTIZ00Y M9+ 14
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Talle AS. Table of statistics for §**0 and  from the EasiGRIP surface snow, and o From near-surface summer soow less than one wear ohil,

as shown in Figure 7 and B Columns ane the isstopelogues. Bows are the sampling time period. Units are in 7, o uncertainty s 2oy

hl"f.l‘,r. . SUIEmeT

i, yo. SUmMmEr

o, summer snaw pro

fike, < | year old

Fivld sewson

W= R/ 2016

D=0R 20T

D= 0H/ 20 1E

Dh-DH/20]%

JLIE L 1.4

3z 09 14

1630 4 1.4

B55 4 1.5
B2 429
0314+ 25
BAE 4 2.4

T 09

541 £ 0.54

372 & (.59

Talle AS. Table of statistécs for 6% and d from the EastiGRIP surface snow, and o from near-surface summer soow less than one wear ohil,

as shawn in Figure 7 and K. Columns are the isotopelogues. Rows are the sampling time period. Units are in ., and uncertainty is 2o,

|'|"'¢’J‘, fe, SUTEMET

dy yen SUMmEr

o, summer snow pros

fike, < | wear old

Fivld season

W= DH/ 2016

0i-DR2017

Mi-DHZ01E

O6-DR/201%

11T+ 1.2

31.I6 % 1.4

32094 1.4

165,30 4 1.4

BS54 1.5
822429
1031 +£25
BAS 4 2.4

TTa 09

541 £ 0.5

372406
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Tubde Afi. Table of 450 vs 40 compasiled by age and season. summer is June-Tuly. winter is December-April. Units are in (., ¥, b and

unceriamnty is i,

Aupe
Al dat RS =& (1003
age < 1 year TH1 & 0.0
Suraner FAT £ @2
Winier & 10 & @il
1 year < age < I years LR
Sramaner &5 4 a3
Winier 7006 & G2

Tuble Adi. Table of 450k vs 40 compasiled by age and season. summer is June-July. winber is December-April. Units are in (%, ¥, b and

upmceriainty 1s 2.

slupe
Al i BAS & (1003
age < 1 yeur TH1 = (.00
St FAT £ @2
Wanter &0 & @iy
1 year < age < I years HE £ (.00
Stomamer &85 & a3
Winger 7006 & G2

720 Appendix B: Seasonal lsotope-to-temperature sensitivity

Figure B shows the isotope-to-temperature sensitivity as derived from maxima and minima of monthly near-surface iempera-
ture and maxima amd minima of spow iBolopic coment.

Appendix C: Supporting simulations

1 Isotope-gradient-driven diffusion simulation scenarie

725  Johnsen et al. (2000) iEotopic-gradient-drven (1GD) diffusion iz osed o explain the pattern and magnitade of the changes we

observe in the near-surface snow at EastGRIP. The model is run on the mean 5150 and 0 profiles from the 2019 field season
using the follewing scenario that roughly approximates the annual cycle at EastGRIP: summer is &0 days with snow at-11°C,
autuinn is 60 days with snow at -28.5°C, wanter is 180 days with snow at -407C, spring is 60 days with snow at -28 5°C. This
seenario is realistic, but may slightly overestimate the amount of diffusion due o the long warm summer used. Sensitivity tests

730 find that applying the diffusion simulations to smoother mean profiles as opposed to individual profiles with shagper features

underestimates the amount of isetopic-gradiem diffusion.
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T30

T35

T40

745

Tulde AT. Table outlining assamptions ancd driving conditions behind the idealized modeling isstopic evalubion of near-surface snow due o

Forced venilation.

Madel snow Panew = 350 kg m~3; r; = W0 pm; £ =22 100" m?; sastrugi kength = | m;
sastruagi half-height = (L] m

Mudel atmosphere Patm = 1.2 tgm"; visoosily of atmosphere = 1.1 kg mt st

F¥ g SO S A0 s 8" D = 0 Y i Tanm = ST fim =159 u=5
ms~ ! ear Wms~?

F¥ap A O rr=aD YL IS MO =0 T =515 Tapm=sll) I a= 5

ms~! car Wms—?

Appendix B: Seasonal lsotope-to-temperature sensitivity
Appendix C: Supporting simulations
Cl  Isotope-gradient-driven diffusion simulation scenario

Tohnsen et al. (2000} isotopic-gradient-driven (1GD) diffusion is used o explain the pattern and magnide of the changes we
observe in the near-surface snow at EastGRIF The model is run on the mean 870 and 4 0 profiles from the 2019 field season
uzing the following scenario that roughly approximates the annual cyele at EastGRIP: sumiser is G0 days with snow at -11"C,
antumn is &0 days with snow at -28.5°C, winter is 180 days with snow at -407C, spring is 60 days with snow at -28.5°C. This
seenario is realistic, but may slightly overestimate the amount of diffusion due o the long warm summer used. Sensitivity tests
find that applying the diffusion simulations to smoother mean profiles as opposed to individual profiles with shanper features
underestimates the amount of isstopic-gradient diffusion.

C}  Forced ventilation of near-surface snow simulation scenarios

Foreed ventilation is simulated based on the snow and atmospheric conditions for the summer season al EastGRIP using an
angmiented version of Town et al, {2008b). We have added fractionation on sublimation and 402 o the model. The ssow surface
strscture in the model is parameterized as rolling undulations as prescribed by Colbeck (19975, using peak-to-peak lengths
af | m, and half-heights of 0.1 m, which reflect summentime observations from EastGRIP (Zuhr et al, 2021, 2023) Spow
denaity is taken from (Kormwro et al., 20215, The oher snow parameters are reasonable asumptions for polar spow (Town
etal., 2008k The summertime isotopic content of atmospheric water vapor over the Greenland Tee Sheet was estimated based
on measurements from NEEM (Steen-Larsen et al.. 2004 and EastGRIP (personal communication, K. Rozimarek, 2023).

In addition to the simulation shosn in Figure 9, two more simulations of the isotopic impact of forced ventilation on near-

surface snow were performed. The first scenario uses wind speeds of 10 m's, a typical cyclonic event over EastGRIP that may

40

0.4
—— 2019 core
—&— 2018 core
—de= 2017 core
===~ regression
0.3 -
&
2
-
= 0.2
-
0.1 T T T T
0.0 0.5 1.0 1.5
time in snow [ a
Figure BL. The increas: in Bsolope yperalure sensiivity (7 ). a decreasing slope, from EastGRIF based on one-and-a-half years

of seasonal maxima and manima in 4" and mean nmvthly temperature. The regression i 2o amd accounts for errors in both variables. Here
the Line of best fit is A0 AT = U096 & 0036 1, “C o' (lime in snow) + 0,297 & 0,029 7, "0

2  Forced ventilation of near-surface snow simulation seenarios

Forced ventilation is simulated based on the snow and atmospheric conditions for the summer season at EastGRIP using an
augmented version of Town et al. (20080}, We have added kinetic fractionation {Jouzel and Merlivat, 1984), fractionation on
sublimation, and § 1 o the model. The snow surface structure in the model is parameterized as rolling undulations as prescribed
by Colbeck (1997), using peak-to-peak lengths of 1 m, and half-heights of 0.1 m, which seflect summenime observations
from EastGRIP (Fuhr er al, 2020, 2023), Snow density is taken from (Komuwro et al., 20215 The other spow parameters are
reasonable assumptions for polar snow (Town et al., 2008b). The summertime isotopic comtent of amospheric water vapor

aver the Greenland Ioe Sheet was estimated based on measurements from NEEM (Steen-Larsen et al., 2004) and EastGRIP
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0.4
—— 2019 core
—8&— 2018 core
—&— 2017 core
===~ regression
0.3 -
5
2
e
o 0.2 -
-
0.1 T T T

0.0 0.5 1.0 15
time in snow / a

Figure B The increase in seasonal Bsolope-W-emperature sensilivity (7 ). a decreasing slope, from EastGRIP based on ene-anc-a-half years
of seasonal maxima and manima in 4 and mean mwvathly temperature. The regression is 2o amd accounts for errors in both variables. Hene

the line of best fit is A4 0 AT "= 0096 £ (U036 1., "C" a - [ime in snow) +(.297 & 0.029 7., *C "

last 3 days. The second scenario uses wind speeds of 20 mis, a strong evclonic event at BsiGRIP that mav last 24 howrs.

During these sorts of events the snow surface is dynamic. We do ot take this into account in thess simulations.

41

740

745

755

(personal communication, K. Rozimanek. 20231 Mote that during these sons of events the swow surface is dynamic. We do sot
take this into account in these simulations.

In sddition o the two forced ventilation simulstions shown in Figure 9, additional simulations were performed using the
same pairs of snow-air isotope and temperatune contrasts i assess setopic impact of forced ventilation on near-surface smow.
Figure C1 uses wind speads of 100mfs, a typical cyclonic event over EastGRIP that may last 3 days. Figure C2 uses wind speeds
af 20 nw's, a strong evelonic event at EastGRIP that may last 24 hours.

Figure C3 is one using the same conditions as shown in Figure 9, bat all fractionation i at equilibrium, Note that equilibrivm
fractiomation ought to result in no change in o but that does not eccar in owr sinvulation because of te definition of o used here
(Darsch et al., 2007). The resulting changes in o are small, only a few °, and do not impact conclusions based on the forced
ventilation simulations shown in Figure 9.

Tubde C1. Tahle outlining assumptions and driving conditions behind the idealized modeling isstopic evalubion of near-surface snow due

forced vemtalation.

Madel snaw Pansw = 35 kg rn':‘; 0y = LD gem; & =22 - 1 la mJ; sastrags bength = | mg
sasinagi half-height = {L1 m

Mudel stmusphere Paim = 1.2 lgm_"; vizcosity of atmasphere = | 2 kg m~? st

F¥ e § s =30 B O = o) V5 T =0 0 T e =515 w=5
m &~ -are Wl ms~?

F¥ .o 8 0nw =30 Vo B O = Ui T o = 15 °C5 T e = =10 =5

ms  -ar- [l ms
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Figure Al [dealized simulatsons of forced ventilation on isolropic snow under high wind EastGRIP summertime conditions. The smew
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