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Abstract. Dating of ice cores from temperate non-polar glacig challenging and often problematic. Yet, gpgraimescale
is essential for a correct interpretation of thexgs measured in the cores. Here, we introducenamethod developed to
obtain a sub-seasonal timescale relying on stzibti measured similarities between pollen speotrtained from core
samples, and daily airborne pollen monitoring s&smollected in the same area. This approach wadaped on a 10 m
core retrieved from the temperate firn portion dfoAdell'Ortles glacier (Eastern Italian Alps), favhich a five-year
annual/seasonal timescale already exists. The a@sntavconsiderably improve this timescale, reachieghighest possible
temporal resolution, and testing the efficiency #ndts of pollen as a chronological tool. A tedttbe new timescale was
performed by comparing our results to the outpatdaf layer formation) of the mass balance mod8Model, during the
period encompassed by the timescale. The correspordf the results supports the new sub-seasomeddale based on
pollen analysis. This comparison also allows tondiaportant conclusions on the post depositionfdaté of meltwater

percolation on the pollen content of the firn cas well as on the climatic interpretation of tledign signal.

Keywords: cryopalynology, ice core, chronology, paleoclimatpt

1. Introduction

Ice core dating is crucial for the interpretatidntlve paleo-climatic and paleo-environmental prexientained in glacial

archives. When combined with the detection of alisotemporal horizons, annual layer counting is n@st accurate

technique to date ice cores (Thompson et al., 2H8)ever, low snow accumulation and/or post-defmsieffects (e.g.

meltwater percolation) hamper the detection of ahtayers, especially in temperate glaciers wheraual signals are most
1
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often smoothed (Eichler et al., 2001). In addition,proxies had so far a level of temporal precisiat allows studying past
seasonal changes in detail, while a sub-seasanpbt@l resolution would be desirable to reconsttiuese changes in detail.
Several studies conducted on glaciers worldwide Ipgwven that pollen (Nakazawa et al., 2011, 22064, 2015; Santibafiez
et al., 2008; Uetake et al., 2006) and stable e ¢Gabrielli et al., 2008; Haeberli et al., 1988pmpson, 1980; Dansgaard,
1964; Vareschi, 1934) are valuable proxies to deteasonality in ice cores. However, annual lagemtng from oxygen
and hydrogen isotopes ratios is a far more comrhoonological tool than the palynological approable, potential of which
remains largely unexplored. The reason for theescase of cryopalynology has functional and cone#giasis. The main
issue is that pollen analyses requires a minimwsample size of up to 1 L (e.g., Burogois, 20@®)ich is problematic to
obtain because sample volume from ice cores is Wited, especially when working at high resoluatioret, studies from
the Altai (Nakazawa et al., 2015, 2011, 2005 arf@#2@nd the European Alps (Festi et al., 2015; @wthlager, 1970a and
b; Vareschi et al., 1934) suggest that this i$ atlimit for clean samples obtained from polar éaps, whereas in low and
middle latitude glaciers, the minimum sample siae be reduced to 10-30 mL (Festi et al., 2015; Kaka et al., 2011 and
2005), thanks to the proximity of the source vatieh and the consequent much greater pollen digrasAn additional limit
is that pollen analyses are time-consuming and swddasive, because they imply manual identificatmd quantification of
pollen grains. In order to overcome this latteues®akazawa et al., (2011, 2005 and 2004) adopse@lified approach,
focusing on three main taxa (Pinaceae, Betulaced@raemisia) that are representative of the three correspgritimvering
seasons (spring, early summer, late summer). Bygdso, they were able to detect seasonal changes wores from the
Altai (Nakazawa et al., 2015, 2012, 2006 and 20BBlly, there is little knowledge about the effeof percolating water on
the palynological signal and only two studies direaddressed this issue, obtaining contrastinglte¢Ewing et al., 2014;
Nakazawa and Suzuki, 2008).

In Festi et al. (2015) we developed an efficienthrod to detect seasonality employing a 10 m shatlowe extracted in June
2009 from the Alto dell'Ortles glacier (South Tyrtihly) (Fig. 1) and we improved the existing tgnale based on the isotopic
composition of the core (Gabrielli et al., 2010).Hesti et al. (2015) we conducted accurate taxacaridentification and
implemented a statistical approach consisting ifiopeing a principal component analysis (PCA) ottigro concentration
values, and extracting the three principal compt@PC) indicative of the three flowering seasdseach PC summarizes
the seasonal information of the pollen assemblagete values of PC indicate seasonal/annual pati@nd enable the
identification of seasonal and annual firn layétig 2 a). In Festi et al. (2015) we also discugkatithe main pollen input on
the glacier likely comes from the near valleysttas pollen spectra from the ice samples and frolieywdloor at Solda’s
monitoring station (Fig. 1) are very similar.

The present study uses the palynological data seclin Festi et al. (2015) to develop a new eeffiand innovative pollen-
based method to date ice core samples at a subrs¢assolution. The aim was to improve the chrogglenhancing
resolution, dating efficiency, coherence of seakpatierns (i.e. overlapping of components).

Combined with mass balance modelling, the new higgolution results also provide new insights irtte processes

controlling the formation and preservation of tladypological signal in firn and ice.

2. Study site

The Alto dell'Ortles is the highest glacier of Sodiyrol (Italy) in the Eastern European Alps (46° 32" N, 10° 32’ 41" E)
(Fig. 1), ranging in altitude between 3018 and 380&.s.l. and covering an area of 1.07 km2. Theimmaix glacier thickness
is about 75 m (Gabrielli et al., 2012) and encorspaghe last ~ 7 kyr (Gabrielli et al., 2016)ittnupper part the glacier is
polythermal, with temperate firn and cold ice umaath (Gabrielli et al., 2012). The local climasedry and continental,
characterized by a mean annual precipitation of 8D mm y* at the valley floor in Solda (Adler, 2015). Thisdy focuses

on the uppermost 10 meters of firn accumulatechergtacier from spring 2005 to June 2009, that lmeen retrieved using
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a lightweight hand auger at 3830 m a.s.l.. Our ipte/research (Festi et al., 2015; Gabrielli et20.10), proved that the
seasonal/annual signature of pollen and stablepsstis well preserved in these shallow firn layEigure 2(a) shows the
formerly published timescale (Festi et al., 20M#jch is based on the palynological analyses of d@®&inuous ~10 cm
samples along the core.

In this study, we also use air temperature datardec! by a standalone data logger placed on th®©Mes at 3835 m a.s.l.,
as well as meteorological (air temperature andipitation) and airborne pollen data collected &t theteorological station
of Solda (Festi et al., 2015). The station is ledat.5 km northeast of the Mt. Ortles at an alétoé 1850 m a.s.l. (Fig. 1).

3. Methods

This section describes i) the novel pollen-basethatk“from depth-to-day” developed to obtain a higholution timescale
for the 2009 Mt. Ortles shallow firn core, ancthig approach used to obtain a core layer datingslmg a mass balance model

(EISModel), which serves as a comparison for thelyeeveloped palynological timescale.
3.1 High resolution pollen-based timescale: the depthetday method

Details on the composition of the Mt. Ortles andd& pollen assemblages are reported in Festi é2@l5). Here, we use
these data to develop an enhanced resolved chgynatosub-seasonal timescale. The extensive paltaiyses carried out
on the 103 samples obtained from the 10 m coreigec high diversity of 64 pollen types, includithg main pollen types
characterizing the forest vegetation in the redimg.,Pinus sp.,Picea, Fagus, Corylus, Betula, Fraxinus, Quercus), as well
as herbs (e.g. Poaceae, Chenopodiaceae, AsterG@egmabaceae). The Ortles pollen assemblages probedepresentative
for the regional vegetation, and to be comparalitle airborne assemblages recorded at the Soldhiatrgical station during
the years 2008 to 2010 (Festi et al 2015). Soldat®rne pollen data provided crucial daily infotioa about the timing of
local flowering of different plant taxa and of tbaily changes in airborne pollen concentrationtfer years 2008 to 2010.
Every plant in the region releases pollen duriregi@ain period of the calendar year, and thispeaged on an annual cycle.
However, the onset of flowering may differ by salatays (1 to 7 depending on the species; Feati,62015) from year to
year, due to different weather conditions.

Solda’s airborne pollen samples are characterigatidir specific pollen content on a specific dayhe year (DOY), while
each of the 10 cm sequential Mt. Ortles samplebasacterized by its pollen assemblage at a spaigfpth in the firn core.
The three-year palynological dataset of the Soldai®biological station has been considered aprasentative calibration
data-set to define the flowering DOY for in theienperiod covered by the 10 m Ortles firn core0&@ 2009). For every
10 cm sequential Mt. Ortles sample, the three Solagiaborne samples with the highest similaritydgrer each year of the
three years Solda dataset) were selected, usintatiward similarity index (Jaccard, 1901). Thisidias chosen because it
is asymmetrical and hence avoids the double zexiolgam, i.e. it excludes similarity in case of alzmenf a pollen type from
pairs of compared samples. The Jaccard similaritgx was calculated with the SPSS software obigaimatrix of similarity
indices. Indices typically presented values schlaah zero to one: the higher the value, the greatsimilarity between two
samples. The lower boundary for the Jaccard index set at 0.5 to ensure high similarity and avaisisiple mismatches.
Three potential DOYs were obtained for every Mttl&r sample. For each sample, the average DOY acekrtainty (one
sigma) have been calculated (Table 1, Fig. 2 @)) Ortles samples having pollen concentrationkeotihg “winter” season
(<0.5 grains mt,) were excluded from the analyses, as Solda'®aigstation observes only pollen distributionsiruithe
vegetation period (March - October). Therefore,atided value of the sub-seasonal dating methodyriest in spring and
summer months, i.e. the ablation season on gladiéis time matching between flowering and ablatoane of the reasons

why we implemented this procedure.
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In summary, by coupling the Mt. Ortles firn sampleith the most statistically similar assemblageha Solda’s airborne
samples, we establish a link between pollen depasitt a specific sample depth on Alto dell’Ortée®l a specific DOY. This
“space-for-time” substitution (depth-to-day) by lgol is the key concept of the new dating technigreeloped. This method
is based on the assumption that there is no tigpidddween the flowering in Solda and the pollenodén on the glacier,
thanks to the efficient uplift of pollen grains thermic wind (Barry and Chorley, 2009). Depth valueere converted to water
equivalent values to enable comparison with EISNegkults, using a polynomial function fitted t@tR009 firn core density
sampled at 10 cm depth intervals. Samples are end@iablel) according to their increasing deptbmfthe top of the core,

and increasing w.e. from the bottom of the core.
3.2. EISModel

Here we briefly describe the essential parts ofthaes balance model used in this study (Carturain, @012a). The cumulated
mass balance from 2005 to 2009 at the coring site ealculated using EISModel (Carturan et al., 20TAzorzi and Dalla
Fontana, 1996). Before being included in the moithel,raw meteorological data recorded on Mt. Ordled at Solda, were
checked and validated against other meteorologieather stations located in the proximity of Mttl€s (Madriccio at 2825
m and Cima Beltovo at 3328 m). The precipitatiotadacorded at Solda were corrected for gauge aatr errors, using
the procedure described in Carturan et al. (2012b).

The mass balance model simulates accumulation aftdonocesses at hourly time steps. Snow accurounlatas calculated
from the precipitation data recorded at Soldaagdlated to the elevation of the study site usiRgezipitation Linear Increase
Factor PLIF (% kntl), to account for the increase of precipitationwatltitude. Combining Solda’s precipitation with
measurements of snow water equivalent performeatierarea of Madriccio weather station at the endiater 2013 and
2014, at an altitude of 2700-2800 m (Carturan hpublished data), has enabled the calculation @fvanagePLIF of 50%
kmL, which was assumed to be valid also for the pe2ia@b-2009. Effects from preferential snow depositisumblimation
and erosion by wind were not taken into accourgxtrapolating precipitations at the core site, agag they compensate
each other. In absence of direct observationsjdtasreasonable assumption and its possible sfégetdiscussed further on
in the paper. Internal accumulation due to refmegzf percolating water was not calculated because negligible in
temperate-firn layers (March and Trabant, 1997;I68ogt al., 2011; Zemp et al., 2013)

Ablation was calculated by means of an enhancegedeamure-index approach, using the clear-sky skomwadiation
computed from a Digital Elevation Model (LIDAR s of 2005, provided by the Province of Bolzano)adistributed

morpho-energetic index (Carturan et al., 2012a fielt rateMLT; (mm h') was calculated for each hour (t) as follows:

MLT, = RTMF - CSR,(1 — a,) - T; (1)

whereT; (°C) is the air temperatureGSR; (W m?) is the clear sky shortwave radiation ands the surface albedo (calculated
in function of Ty, Carturan et al., 2012aRTMF is a calibration coefficient called Radiation-Temgiare Melt Factor (mm
h™°C*W™ m?). TheT: at the study site was calculated from the air &Enafnre measured at Solda, applying a monthly-
variable lapse rate ranging from -4.6°Ckin November to -6.8°C krin July (mean value = -5.9°C k¥ as calculated
between Solda and the air temperature logger placttk core site at 3835 m on Alto dell’Ortleghie period from October
2011 to May 2014. The RTMF value was obtained bygimass balance measurements (snow depth souratidgdensity
measurements in snow pits) carried out at the sitgeon June 12 and August 31, 2009.

For each snow layer deposited (i.e. the water edgin that accumulates at the surface of the snckgbaring an hourly time

step), the model provides its time and date of &irom as well as the air temperature during itsodéjon.

4, Results
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4.1. Pollen based timescale

Results of depth-to-day match of firn and Soldasgles are shown in Table 1 and Fig. 2(b). Each idastrates the time
period encompassed by the sample, with the amplitdidhe error bars indicating the number of daytemptially included in
each sample. The surface sample was dated td'tbhedsine 2009, in good agreement with the factttiatore was extracted
in the first half of June. The dates cluster inrdups representing 5 vegetation periods, and atdliited in chronological
order within each year. Few inversions are pre@ent samples at 78 cm w.e. in 2006; 175 cm vn@007; 324 cm w.e. in
2008; 434, 448 and 452 cm in 2009), but the estichdates are generally within the uncertainty ghe@eht samples. Such
inversions are reported in Table 1, as they pabytiepresent disturbances in the snow depos{ser discussion paragraph
5.2). We observe a substantial difference in théepdistribution patterns in the snow, both witliind among flowering
seasons. Flowering seasons stand out distinctagelgyers with high pollen concentration, variabter-annual thickness and
seasonality patterns. According to their thickreass vertical distribution of pollen, the floweriggars cluster in two groups:
2005 and 2006 vs. 2007, 2008 and 2009. In dethitsflowering seasons of 2007 and 2008 corresponery thick firn
layers (76 and 65 cm w.e. respectively), into wigohen is distributed with a clear seasonal pattkr contrast, the flowering
seasons of 2005 and 2006 are characterized bgignéicantly lower firn thickness (12 and 34 crrewrespectively), ii) the
occurrence of a thin lower layer with a distinctrisg pollen content, and iii) a thin upper layerntmining mixed
spring/summer pollen. On the contrary, the non-lang seasons (October to February) are clearlglgias firn layers which
are free (or nearly free) of pollen and presemtificant differences in thickness. Winter 2007/68he thinnest, with only 33
cm w.e., followed by 2006/07 with 44 cm w.e., 2@ bvith 60 cm w.e. and finally 2008/09 with 91 crew

4.2 EISModel ouput

The cumulated mass balance simulated by the modeishigh variability of accumulation and melt satkuring the period
from 2005 to 2009 (Fig. 3). In particular, theraistrong difference between the first two yea@®&and 2006), during which
show accumulation mostly occurred in late summegrafieeks with high ablation, and the last threarydfrom 2007 to
2009), characterized by higher accumulation ratesaamuch lower summer ablation. In 2005, the abatemoved snow
layers accumulated between tHe April and the 3% of July. The same happened in 2006 to the snoersagccumulated
between the end of March and the end of July.

Given that the precipitation regime in the Mt. @stlarea is characterized by a winter minimum asdramer maximum
(Schwarb, 2000), corresponding maxima and minintaénsnow accumulation rate are expected at thiy site, in absence
of significant ablation. This behaviour was indeeddelled in the hydrological years 2006 - 2007 20@7 - 2008. In 2008 -
2009 the modelled accumulation rate was high alsind winter, as a result of abundant winter prgatjpn in the Italian

Alps.

5. Discussion
5.1. Improvements in the pollen timescale

The depth-to-day method and the PCs approach (@edti 2015) provide converging evidences thatctre encompasses 5
vegetation periods, that can be assigned to sps@#rs by counting back from the core’s extractiate in June 2009 (Fig.
2, panels a and b). However, the new method shéeas itnprovements at various levels: i) it providesub-seasonal time
resolved dating; ii) it estimates the timespan emzassed by each dated sample (represented by phiiual® of the error);

and iii) it resolves the main issue of the PCs mwe@timamely extracting a coherent chronological sssion when PCs overlap,

e.g. in years 2005 and 2006. For example,in the 2685 the overlapping of principal components (P@skes the
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interpretation of the seasonality problematic. ®a tontrary, the depth-to-day method provides thlisgnctive dates in
chronological order, encompassing a time periochfapril to July (Fig 2b). A similar situation is éimd in the year 2006,
which mainly corresponds to an overlapping of P&svieen 80 and 85 cm w.e. of depth. This overlapfotigws a very low
rise in the spring component and precedes an gdoallincrease in the late-summer component. Thethd® day method
provides a better chronological succession of #repdes, by dating the first sample of 2006 to Magclsecond cluster of
three samples to May-beginning of June (correspantti the PCs overlapping) and the final sampka¢omid-end of June.
The central cluster of dates includes also an Biwar likely indicating disturbances in the polkerd/or in the snow deposition,
possibly caused by melting or wind erosion andsgasition (see also section 5.3). Also in 2007 ghecession of dates
provides a more straightforward timescale tharctimaponents do, solving the case of overlapping comepts between 160-
180 cm w.e. of depth. The ability of the depth-toranethod to produce a detailed dating for layéneravise characterized
by the PCs overlapping suggests that this methawbig efficient in detecting changes in the pollseemblage. In general,
component overlapping can be expected becauséothering of the different plants occurs in a coatim, without pauses
between spring, early-summer and late summer seasdiherefore without sharp changes in the amdppllen assemblage.
The only break in the flowering is representedh®y autumn and winter, as in this period there i®nal pollen production,
leading to firn layers with no, or sporadic polieccurrence. In addition, the PC overlapping mag asult from sampling
two flowering season in a single snow/firn sample.

In summary, the day-to-depth method significantipiroved the timescale by Festi et al. (2015), gliog a clear and intuitive
representation of the chronological successionwsigpa better efficiency in detecting changes iflggpassemblages that
allows establishing a sub-seasonal resolution tiadesand providing the estimation of the numbedayfs included in each

dated sample.

5.2. Comparison of the pollen and modelled timescales

Application of the “depth-to-day” pollen conceptdamass balance modelling provides two independatimgl of the snow
and firn layers of the 10 m firn core drilled im&2009. Layer dating obtained with EISModel anligooanalysis are in very
good agreement (Pearson correlation coefficienta®;@<0.01) as shown in Figui@a4 The chronological development of
snow accumulation as modelled by EISModel matchexy well with the absolute dates provided by thélepebased
timescale (Fig. 3 and 4). This can be partially thue¢he compensating effects of a small overestomadf the modelled
ablation during summer and the higher accumuladiaring winter (Fig. 5). The most likely cause otkwehaviour is the
simplified modelling of snow accumulation, whichedonot account for redistribution processes. Nbaedsss, the modelling
approach appears globally robust following validatiests carried out in the period from August 28®8\ugust 2013.
Without parameter adjustments, the EISModel rejiallculated the mass balance measured in 10 eliffelates at the core
site (+10% cumulated error in 5 years, 23 cm wMSE for single dates).

The two methods provide converging evidence thatdistinct types of warm seasons occurred duriagrhestigated period,
i.e. summers with high ablation in 2005 and 200® summers with high accumulation in 2007 and 2(0§. 43 and 5).
The high agreement between pollen dating and ElSMieesbults further confirms that in the Ortles megpollen grains are
very efficiently transported upward from the vedieta source to the glacier with no/negligible tittag. This is due to the
vicinity of the vegetation to the ice body and e steep altitudinal gradient (Fig.1). Such efficig however, cannot be
assumed to be a common feature for every glaciegipeial environment. In fact, Nakazawa et al. 8P observed a
significant delay (about one month) between poievduction and its deposition on a glacier in thenigolian Altai. In this
context, the application of the depth-to-day methad be problematic, however if the time-lag betwpellen production
and deposition is known it can be integrated ind&ng model.

Comparing the detailed chronological distributiofisained by the palynological methods and by tH&MEldel, helps in the
interpretation of problematic features such aspbien timescale inversionsgecific-color-dotsempty squarasFig.2b).
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Theoretically, chronological inversions can potelhfibe of two origins: a) there might be a stata artefacts due to the
limited time period (three years) covered by thailable data from the aerobiological station ofd&olA longer training

period for our palynological method would probabfve enabled a better dating accuracy;b) on otinedt,ithere can also be
physical processes that have altered the origiejpbsition of pollen and snow: redistribution offage snow layers caused
by wind erosion and redisposition, and mixing oflgroin melting layers. The high-altitude locatiofithe Ortles core site
favors strong wind redistribution because it is stetltered by the surrounding relief, and becausédow temperature keeps
the snow dry (and therefore mobilizable) for lorgipds, also in spring and summer. The effects fsarface melt and water

percolation are discussed in section 5.3.
5.3. Melt water effect on the pollen signal

For the year 2005 and 2006 the EISModel calculatiodicate the occurrence of strong summer ablateading to the
removal of spring and early summer layers for akiiéss of about 30 cm w.e. The occurrence of adhthick ice lens at
the bottom of the core, and a thick 6.3 cm ler80atm w.e. (Fig 2d) are indications of water peatioh and refreezing due
to summer melting. Despite water percolation, dpththe 2005 samples provided dates which ardinmological order,
with no evidence of pollen displacement. In the@68quence, the only hint for a minor displaceroétite pollen is a cluster
of three samples dated to May-June, which presan#dl inversions. While it is hard to assign thigiorof such inversions
to either percolating water or a limited trainirgt $or the depth-to-day method, a minor displacenénhe pollen within
these layers cannot be excluded. On the contrangjar displacement can be excluded because thaedvidence of pollen
displacement downward to the early spring layerdsatih 2005 and 2006, as well as in the 2005/06ewistrata, despite the
fact that ablation reached 30 cm w.e.in summer 200@act, pollen concentration in this winter layemains below 0.5
pollens mL!. This value is similar to winter pollen conceniatvalues of the hydrological years characteribgdower
summer ablation (i.e. 2007 and 2008), and it &gireement with the low winter pollen accumulatieparted from the western
Alps (Haeberli et al., 1983). A further indicatiohwater percolation and refreezing comes fromcadice lens detected at
150 cm w.e., corresponding to the first datable@arof the year 2007. According to EISModel caltiolas, summer ablation
in 2007 was lower than in 2005 and 2006, and thezeno clear evidences of downward pollen tranagiort. In 2007 the
dates are, indeed, in chronological order and delmversion of minor entity. Based on these rssitltis possible to infer
that during periods with high summer ablation, asrd) the warm seasons 2005 and 2006, pollen geamsot transported
by percolation to lower layers, but mainly concaterinto surface layers similarly to dust and def@abrielli et al., 2014).
Our results on the resilience of pollen to perdntptvater also agree with observations by NakazaweaSuzuki (2008) in a
showpack study on the Norikura Highlands (1590 Hiaslapan, where these authors found that durielj phases pollen
concentrates on the surface of the snow and isrmogported downward by meltwater. This outcomepstis the idea that
pollen grains are too big (5-200 um) to be easifpldced by percolation within snow or firn (Nakazaet al., 2004).
Nakazawa et al (2015) in their study on the Pot&lacier (Mongolian Altai) postulated that the sigripollen layers could
be enriched in pollen as a result of heavy summadtimy. However, in the same study, no evidencpatien transport was
found in the winter layers. In contrast, Ewing bt(2014) obtained different results in a laborgterperiment, simulating
post-depositional processes with different glasiswpack conditions using Styrofoam coolers (60 x 30 cm) filled with
natural winter snow accumulation. In this studgytlobserved a major vertical displacement of pajiexins concluding that
meltwater highly affects pollen distribution.

These divergent conclusions on the effect of patotd water on pollen grains point to the fact tmatre specific studies on
this phenomenon are needed, as it is likely infteeinby laboratory design conditions, the natur@drilay of local micro-
climatic conditions, physical characteristics obwnand firn, and possibly pollen grain size andpghdor example, on the
Alto dell’Ortles, fresh winter snow usually accuratgls in windy conditions and has a density of 390 (Gabrielli et al.,

2010) similar values are reported by Nakazawa é2@l2, 2015). In contrast, snow deposited at asftes with low wind
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conditions could show lower density (50-70 ki)rand higher porosity, which would facilitate thertical transport of pollen
grains. For the Alto dell’Ortles glacier, a majésmlacement of pollen grains by meltwater percotatian be ruled out during
the studied time period. The few pollen grainsiegtrd in the cold season layers are likely asseditd the occasional input
of redeposited regional pollen grains or long-diseatransport of pollen brought by windy eventsiciwtcould carry pollen
from the near Mediterranean region, where the flavgeseason is longer. A local input of redeposjietien during winter is
unlikely at the study site, because during the selason the local atmospheric boundary layer giyéies below 2000 m
a.s.l., trapping pollen and pollutants in the lomest layers of the troposphere (Gabrieli et al1,130

The combined use of the pollen and EISModel timesitather corroborates the finding by Festi e{2015), which improved
the dating of the 2009 shallow core obtained frévargistry-based seasonality (Gabrielli et al., 2Qh8) is more likely to be
affected by meltwater percolation. Therefore, aprapch that combines at least two of these methods out to be a more
reliable approach for dating firn cores from tenaterglaciers in the Alps. This may be valid alsodores retrieved from
other ice bodies located in an environmental ssimilar to the European Alps, where the vegetiaiaclose to the glaciers

and leads to abundant pollen deposition.
5.4. The potential of pollen for qualitative climatic reconstruction

The comparison between pollen content of sequefintiedamples and cumulative mass balance moddlkigy 3 and 5), led
us to argue that pollen has a good potential nigtfon dating, but also for inferring the impact jpdist climatic conditions in
firn and ice cores at seasonal resolution, as@reacognized by Nakazawa et al (2015). Based emptitien content in the
Mt. Ortles strata, three main types of pollen asdages can be identified and correlated with theesponding seasonal
climatic conditions inferred by EISModel: i) thaollen rich layers with fairly clear date order BREs overlapping (i.e. 2005
and 2006). EISModel indicates that such layerstareesult of intense summer ablation thus poirnttingarm and dry summer
periods; ii) thick layers with significant polleicentration and well-distinguished successionatésl (i.e. 2007 and 2008).
For these layers EISModel shows a spring/summen sigposition characterized by minimal melting, gated by abundant
precipitation and low temperatures; iii) thick layevith no (or nearly absent) pollen, represensingw deposition during the
autumn and winter seasons.

Figure 5 shows the correlation between the infesgahmer and winter mass balance according to tllenpdates and
EISModel. The pollen based seasonal snow accuronlatis been defined for each flowering year (summgraph) as the
depth in w.e. encompassed between the first andiddable sample of each year, while winter (nomv#iring season) mass
balance has been calculated as the w.e. accumubmsreeen consecutive summer (flowering seasons). aFdirect
comparison, the same dates for each season wetefarseISModel. Figure 5 shows that the thicknekshe warm/cold
season layers dated by pollen analyses and modsll&diSModel gives a fairly good qualitative indican of the amount of
seasonal precipitation: summer 2005 and 2006 siahtbr the low accumulation in w.e. with both medk; on the contrary
summer 2007 and 2008 are inferred by both methetggh accumulation summers. Similarly, among thld seasons winter
2008-09 stands out for its higher w.e. thicknessetated to exceptionally high precipitation.

Undoubtedly, this is only the first step towardsgaalitative climatic interpretation of the pollemgsal and further
investigations on longer climate series and palequences from glacier cores are required in dodeupport this evidence.
Further studies are also required to detect as mmampinations of pollen assemblage types-ice lagsrpossible, and to
further correlate them with the corresponding ctiads of formation. In fact, there are several othessible combinations,
e.g. thin layers with high pollen concentrationnfied during dry (but not particularly hot) summeripés, or thick layers
with high pollen content but inconsistent or mix@tjuence of seasonal components, deriving fronivelia low winter
accumulation and possible blending of two or mogarg. Our results suggest that, combining the icksstable isotope
method with palynological analyses does not onlyagge the accuracy of the ice core dating, but@fsos the potential to

provide a calibration set to obtain qualitativegeatlimatic information at seasonal resolution.atllg the feasibility of this
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approach in deeper ice cores depends on the ambice available for pollen analyses, the resoluta@hievable during
sampling and the condition of no delay betweengmofiroduction and deposition. When applying thiglitgative method to
deeper ice cores a thinning of the layers by cosgioe must also be taken into account while compgaite or firn
accumulated in different epochs.Finally, the fed@wlof the approach in deep ice cores also radiepotential regional shifts
in pollen speciation.

6. Conclusions

In this study, we have proposed a sub-seasonabkdmie for the 10 m Mt. Ortles firn core. The daydepth method
significantly improved the timescale by Festi et(2D15), providing a clear and intuitive represgionh of the chronological
succession, proving a better efficiency in detgctthanges in pollen assemblages that allows esitélgi a sub-seasonal
resolution timescale, and providing the estimatbthe number of days included in each dated sarijiie method can be
applied to all types of glaciers, regardless ofrttieermic state, provided the proximity of the lpal source, with negligible
source —sink lag, the existence of flowering seagtypical of mid-latitudes) or a clear contrastieen a flowering and non-
flowering season (typical of the tropics and equédte to the alternation of dry and humid seasamj,the support of modern
pollen monitoring data. We also show that a thy@ars training set of pollen monitoring is suffiti¢o provide meaningful
comparison with glacier samples. This consideratiecomes particularly relevant when working in gleed regions that are
not covered by the pollen allergy network, whiclthie main source of modern pollen data, e.g. Wallergy Organisation-
WAO (worldallergy.org), European Aeroallergen Netiw@& AN (ean.pollenifo.eu), etc. In this case, athyears monitoring
can be included in the cryopalynological study eand also take plac@seafter the coring. Alternatively, data from the aes
stations in the region can be used and a correftiiothe delay between pollen production and defmsscan be applied to
the dating model. The method is particularly rete\at the moment because of the increasing intérésé cores from non-
polar areas, as witieddedby the recent launch of the “Protecting ice merprgject, which aims at creating the first archive
of glacial ice for future generations. Theoretigabur approach could be applied to date deepercares, if sampling
resolution is sufficiently high and if no significashift occurred in the source vegetation. In scabes our method caul
make a significant contribution to the chronologiwadel by documenting the loss of seasonal sigiithl depth in the core.
The combined use of a mass balance model and pudleed dating methodology brings compelling evidehat on the Alto
dell'Ortles glacier pollen grains are resilientimwvnward transport by percolating meltwater, atsthe case of strong melting
as in 2005 and 2006. The independent dating ofldiyars by mass balance modelling and pollen math and highlight
detectable intra-seasonal and inter-annual diffexenof high altitude snow accumulation rates on ®ittles. More
specifically, we found evidence of peculiar typésollen distribution in firn layers, that may belated to well defined
weather conditions (e.g. warm-dry, warm-humid dddaumid weather). These results reveal the goderpial of pollen for
inferring past climatic conditions at a sub-seabkaasolution in ice core records.. Future studiesla focus on joined
fieldwork observations of meteorological variablé®mperature, snow, wind, etc.) with measuremertssmow
accumulation/ablation, pollen accumulation, signatf isotopes and other chemical species as wehanonitoring of post
depositional effects (snow redistribution, watercpéation, sublimation) on the proxies in ordediectly test the assumptions
made in the present study. This type of approaem®phe possibility of gaining new insights in thaeo-climatic archive

under “borderline” environmental conditions for gies reliability.
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10 Table 1. Results of the depth to date matching obtagd by similarity analyses between Mt. Ortles snovwsamples and pollen
monitoring data from Solda from the years 2008 to @10. DOY= day of the year. Samples are ordered aacling to their depth in

the core.

Depth cm)  E V{Yﬁ‘/ﬁ;m 2008 2009 2010 Mean Date SD
P q om) (DOY) (DOY) (DOY) (DOY) (dd.mm.yy) (+days)

10 459 157 157 - 157.0 06.06.2009
20 456 159 155 154 156.0 05.06.2009
30 452 163 157 187 169.0 18.06.2009 16
40 448 166 159 183 169.3 17.06.2009 12
50 445 - 130 151 140.5 21.05.2009 15
60 441 132 129 145 135.3 15.05.2009 9
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130
145
169
63

160
145
107

138.0
117.3
134.7
116.3
102.7
102.7

226.7
239.0
229.3
203.3
176.7
173.7
157.0
159.0
151.0
148.7
139.7
136.3

2425
211.0
200.3
192.0
160.7
163.0
140.5
146.0
138.3
138.0
135.0

165
135.0
138.3
152.0
70.0

174.3
136.0
115.0

18.05.2009
27.04.2009
15.05.2009
26.04.2009
13.04.2009
14.04.2009

13.08.2008
26.08.2008
16.08.2008
21.07.2008
25.06.2008
22.06.2008
05.06.2008
07.06.2008
30.05.2008
28.05.2008
19.05.2008
15.05.2008

30.08.2007
30.07.2007
19.07.2007
11.07.2007
09.06.2007
12.06.2007
21.05.2007
26.05.2007
18.05.2007
18.05.2007
15.05.2007

14.06.2006
15.05.2006
18.05.2006
01.06.2006
11.03.2006

23.06.2005
16.05.2005
25.04.2005

14
12
12
10
14

15
10

23

17

19



