Dear editor,

Thank you for your response and the chance to clarify our previous response. Please find attached the revised version of the
article, as well as the responses to reviewers, with our comments in red (in the submitted version, it was not clear where or
responses starts). We did address all queries at length (especially the ones of reviewer #1), included the suggested references
and also expanded the discussion on ice formation and stable isotopes in ice (including reference to the Sancho et al., 2018
paper). The manuscript was thoughtfully checked and corrected by two native speakers of English (one by a Sr lecturer in the
UK, dr. Simon Hutchinson, who also suggested a slight rearrangement of the title).

We are looking forward to the comments of the reviewer on the new version of the text.

Dear reviewers,

On behalf of the authors, we thank you for the time spent on reading our article and for the constructive comments. In the
attached document we present our point-by-point responses (in red) to the comments and the subsequent modifications of the
text.

Response to reviewer #1

1) The preselection of the samples entered or excluded from age-depth modelling needs additional consideration. It is written
in Table 1 that the sample collected at 63 cm was a fragment of a large wood. It was recently discussed that there is a notable
risk related to the C-14 dating of large wood fragment because they can origin from reworked trunks so their radiocarbon age
could predate the actual age of the hosting ice layer (Kern 2018). The C-14 age of sample at 63 cm shows the most pronounced
old bias, so I think it is an example of the above discussed situation and there is a good reason to omit the obtained C-14 age
from age-depth modelling.

Kern, Z. (2018) Dating cave ice deposits. In: Persoiu, A. and Lauritzen, SE (eds) Ice Caves, Elsevier pp.109-122.

Indeed, dating cave ice deposits is extremely challenging, due to possible incorporation of young organic material in old ice
(during melting) or viceversa, redeposition of old organic material in young ice. As correctly pointed out by the reviewer, this
was the reason behind rejecting the sample at -63 cm.

2) Comparing the new C-14 ages to an independent set of C-14 ages (Maggi et al., 2009) is principally a good idea. However,
as fa as | know, the ice core of Maggi et al., 2009 was extracted in May 2004. | am pretty sure that the equal depth values
below the ice surface in 2004 and in 2014 do not represent the same stratigraphic situation. There are two factors which should
be considered: - Basal melting has been documented practically at each major cave ice block where it was monitored.
Assuming a similar basal melting rate as reported from the nearby Scarisoara Ice Cave (1.54 cm/yr, Persoiu 2005) ~15.4 cm
should be subtracted from the depth belonging to the C-14 ages of the samples collected in 2004 before the two set of ages
are compared. Negative mass balance at the ice surface over the past decades has been reported practically from all cave ice
deposits in Europe. For instance, in the previously mentioned Scarisoara Ice Cave the complete loss of 20 century ice
accumulation was assumed (Persoiu et al., 2017). | think it is very likely that some degree of surface melting took place also
in the Focul Viu Ice Cave during the past decades. The difference between the 2004 and 2014 ice levels should be quantified
and it should be used to establish a corrected depth scale before the two set of ages are compared.

We thank the reviewer for this comment; we did ponder ourselves for long on the age of ice. We will discuss basal and surface
melting separately.

First, the depths along both cores (“Maggi core” and ours) were measured from the 2004 and 2016 ice surfaces, respectively
(one of us - AP - was involved in both drilling efforts). We mention this, because the position of a certain horizon inside a
cave glacier can be measured both against the ice surface at the time of drilling or against a fixed point on the cave’s
walls/ceiling (a situation not encountered in polar and most mountain glaciers). As such, if a horizon at a certain depth is
measured several years later, its depth below the ice level will be affected by changes at the surface only (melting or
accumulation), whereas the same depth below the cave’s ceiling will be affected by changes at the surface and also by the
general lowering of the ice block due to basal melting (lateral flow, although present for example in Scarisoara Ice Cave
(Romania) and Dobsinska Ice Cave (Slovakia), has a very limited role on lowering the ice surface against a fixed point).
Now, the ages reported by Valter et al (2009) were measured against the 2004 surface, whereas ours were measured against
the 2016 surface. The surface of the ice block was affected by melting and accumulation processes between these two dates,
but we have no means to quantify them (see also the response below). We can only make assumptions on how much ice
melted or how much accumulated. Our data from Scarisoara (as pointed put by the reviewer) shows that all the ice that
accumulated since ~1860 AD melted away, most of this melting occurring between AD 1947 (when monthly measurements
in the cave started) and ~AD 1982 (this was due to changes in the cave’s morphology, with ice levels being = constant since).
Contrary, tritium data from the nearby Bortig Ice Cave (Kern et al., 2009) indicates no important melting since at least AD
1950.



Summing up this information, we conclude:

1. Basal melting resulted in the lowering of horizons dated by Maggi et al (reported in 2009, drilled in 2004) compared to the
cave ceiling, but did not result in changes between the depths measured by them and the surface of ice

2. Depth along the core drilled in 2016 (this study) were measured against the 2016 ice surface, and very likely this was not
the same as the 2004 surface.

Consequently, we agree that numerous assumptions would be required to combine the two chronologies. Based on our
knowledge of cave ice processes and dynamics and assuming “normal” melting conditions between 2004 and 2016, we
estimate that the depths reported by Maggi et al in 2009 should now be some 10-20 cm lower (for example, the depth of
sample SO5-13 reported by Maggi et al at 213 cm below the 2004 surface would now be at ~193 cm below the 2016 surface,
exactly matching our depth-age model. The same would also be true for Maggi’s sample SO9-5. The other samples

by Maggi et al (wood samples) are already outside our depth-age model. Now, at this point we are facing two possibilities: 1)
incorporate Maggi’s ages in our depth-age model and thus improving it by increasing the number anchoring points and 2) use
Maggi’s ages to independently support or model (“all depth-age models are wrong...”). We tested the first possibility and the
change in the modeled ages was between 0 and 30 years, thus within the limits of the dating uncertainty. Nevertheless, we did
lose the independent verification of our model and therefore we decided to keep the depth-age model as is, except modification
of the topmost age (see p. 3 below).

3) As an additional consequence of the above mentioned surface melting (i.e. negative mass balance at the ice surface) the
collection year should not assign to the top of the core during the age-depth modelling.

We agree, up to a point. While we do not have detailed monitoring data from the cave, observations made during (almost)
annual trips show that in some years melting affects more ice that has accumulated in the previous winters, while in others,
less. Accordingly, it is impossible to precisely establish the age of the upper (most recent) layers of ice (well, technically,
before melting starts during the summer of a given year, the age of the uppermost layer of ice is exactly that of the year, being
formed in the previous winter). Monthly measurements in the nearby Scarisoara Ice Cave (with pauses, since 1947) have
shown that annual melting could result in the loss of up to 20-25 years worth of ice accumulation. Our observations have
shown that the two caves (~10 km apart, same elevation, same morphology of the cave and ice block) behave similarly in
terms of response to external climate (qualitatively, but perhaps not quantitatively). Consequently, while assigning a modern
age for the topmost layer of ice is wrong, it would be equally wrong to assign any other age in the absence of precise age
determination. For simplicity (Occam’s razor) we keep a modern age of this layer. However, the top age for the depth 0 cm
is now modeled as a uniform distribution between 1991 and 2016 AD, allowing for a 25 years’ time interval. This range is
similar to that of the radiocarbon-based ages and it also reflects the uncertainty related to the melting — see above.

4) Finally a comment on the presentation and discussion of the model ages: Keeping in mind that the uncertainty of model
ages ranges from ~10 to ~40 yrs (according to fig6) reporting dates with annual precision (e.g., P4 L14 ”...the maximum age
of the ice is . . .1099 cal BP. . .”, P3L17 “ice accumulation rate between AD851 and 947”) is misleading. Please round the
modeled dates to the nearest decade and refrain presenting the model dates with annual precision.

We rounded all ages throughout the text to the nearest decade (and in some case, half-decade).

Page2 Line7 Colucci et al., 2016 and Colucci & Guglielmin 2019 could be cited also to support this statement.

The statement was actually discussing the influence of the AMO on climate in Europe, not specifically on cave ice. We have
nevertheless added a sentence to the introduction ” Studies of'ice caves in southern Europe have also highlighted the sensitivity
of cave glaciers to summer climatic conditions (Colucci and Guglielmin, 2019; Colucci et al., 2019”.

Page2 Line8 The statement “In such caves, ice is deposited as layers of frozen water...” needs revision. This is not the only
origin of ice in temperate climatic region. Mavlyudov 2018 can be recommended as a recent review on ice genesis and types
of ice caves.

Of course. We have changed the text and now it reads (see also the response to the first comment by rev 2): “In such caves,
ice forms either by freezing of water or direct snow deposition in the entrance shafts (e.g., Mavlyudov, 2018). [...] Regardless
of the deposition style, the ice records the original stable isotope composition of precipitation that further reflects changes in
air temperature and thus is an important archive of past temperature and moisture source variability”.

P3L13 “mL” instead of “ml”
Corrected.

P3L15-18 This part is neither drilling nor stable isotope analysis. You should move this paragraph to another place or change
the title of the subsection, please.

We added a new paragraph entitled “3.3 Climate data” and moved the text of climate-related analytical methods there.

P3 L31-32 probably better to say that small carbon yield instead of small sample mass was the problem for AMS analysis



Indeed, carbon yield sounds more proper here.
Corrected.

P5 L9 I think the citation in this line should be Nagavciuc et al, 2019b
Yes. Corrected.

P5 L39 The current statement is triviality. The AMO index is indeed strongly associated with the prevailing SST since it is
defined based on the SST pattern. The sentence needs revision.

Yes. We have deleted the redundant part of the sentence and modified the text: “Further, we have computed the correlation
map between the summer mean air temperature at SB station (with the longest instrumental record) and the summer SST as
indicator of AMO variability (Sutton and Dong, 2012).”

PS5 L42 Probably “the” instead of “de”
Corrected

P6 L9-10 Please consider replacing “at our site location” with the excat site information e.g.”in cave ice deposit in the FV ice
cave” to avoid any potential confusion.
Indeed. The text now reads “high 6180 values in the FV ice core”

P7 L5 probably “maxima” instead of “maxim”
Corrected

P7 L7-9 Cited references need some revision here. Moberg et al 2005 is not a summer temperature reconstruction; Seim et
al., 2012 is again not a pertinent reference because there is no summer temperature reconstruction in the study. Finally, I’ve
comment on the citation of Dragusin et al., 2014. The sentence lists warm decades, however the temporal resolution of
speleothem record of Dragusin et al. 2014 is insufficient for the past 1000yrs to be able to see decadal warm peaks.

Finding seasonally distinct climate proxies is always difficult and we thank for the suggestions of the reviewer. First, we have
removed the reference to Dragusin et al. (2014), due to the very low temporal resolution of the record during the investigated
period. Further, we have used the Moberg et al (2005) data as it summarizes both high resolution records biased towards the
growing season (summer), and low-resolution ones that include several summer records (Moberg et al., 2005). However, not
being specifically a summer temperature record, we have decided — as suggested by the reviewer — to eliminate it. Seim et al
(2012) — while not specifically a temperature record, it is nevertheless the result of the combination of summer precipitation
and temperature climatic conditions, i.e., summer droughts (Seim et al., 2012). Our present and previous work (Nagavciuc et
al., 2019a, cited in the main text) shows that both Western Romania (where Focul Viu Ice Cave is located) and Albania (from
where the Seim et al data originated) are influenced to the same extent by the AMO and summer droughts and thus we have
used this record in our analysis. Figure 7 has been modified accordingly, by removing the Dragusin et al (2014) and Moberg
et al (2005) records, but we have kept the Seim et al (2012) record and changed the caption to specify that it is a summer
drought record.

P7L13 “with” instead of “woth”
Done

There are some easily correctable small mistakes or strange points in the reference list: -There are few places where the text
is in red for a few characters (P10L6, P11L20) -P11L7 a space is missing between “and” and “predicting”
Corrected

The figures are clear and illustrate well the paper however if Authors accept my suggestions on age-depth modelling then
Fig2 should be modified.
Please see our first comments on depth-age modeling.

In the caption of Fig7 (P19 L5) probably “Northern Hemisphere” should be written instead of “Nordic Hemisphere”
Done

Tablel: First and foremost, the typo in the title should be corrected (“Table” instead of “Tabel”).
Done

-9th column: Please follow recommendations of Millard 2014 reporting calibrated ages and present all calibrated intervals
with associated probability.
Corrected.



-10th column: The current header sounds strange. Please revise. In addition, the +sign suggests that accompanied uncertainties
are also presented in the cells but it is not mentioned neither in the title nor in the header. Finally, the header suggests mean
model ages are presented. Why did you used mean age? According to my experience using median ages, which belong to the
highest probability, is more usual.

Indeed, for interpretation of separate probability age distributions the median would be more suitable. However, the ages
modelled by P_Sequence have all normal distribution. In fact, this assumption is made in the underlying statistical algorithm
(Bonk Ramsey 2008, Appendix, p. A.2.3). As such, the modeled ages are calculated as means and standard deviations. We
clarified it in the table header.

Response to reviewer #2

Besides comments directly highlighted in the corrected pdf, | have only one point that in my opinion could/should be better
addressed. What is missing is a wider discussion com- paring other results recently obtained in ice cave core campaigns
conducted in other regions of Europe. For instance, a very recent and interesting paper by Sancho et al. 2018 “Middle-to-late
Holocene palaeoenvironmental reconstruction from the A294 ice-cave record (Central Pyrenees, northern Spain)” gives
interesting results in high- lighting a link with NAO in this area. Do you think there could be or there is also a link with the
NAO in the ice accretion of this cave ? The paper would benefit in terms of interest for a wider audience if comparison with
other studies will be presented from ice cave coring programs. The ice cave community is not so big and thus not many papers
dealing with such evidence exist. It wouldn’t be a huge effort to discuss other results in this field, but a great improvement to
the paper with a small commitment

Indeed, there are but a very few reconstructions of pats climate variability, and the one by Sancho et la (2018) is singular in
Western Europe. We have deliberately left this record out of discussion as we 1) were focusing on summer climate variability
and 2) strongly support analysis of paleoclimate records not by archive or proxy type, but by the climate variable they are
recording and the season these variables represent. The ice in the A294 cave records winter climate conditions (the ice in the
cave formed by snow diagenesis (and to a lesser extent water freezing), strongly influenced by NAO variability. Now, the
NAO is influencing European climate during winter (Hurrel et al., 1995; Bojariu and Paliu, 2001), having an almost
imperceptible influence of summer climatic conditions (also some annually-sensitive records “see” the NAO influence, likely
due to the fact that they incorporate winter signals). Nevertheless, we have expanded the introduction to include information
on more ice-caves studies. The text now reads:

“In such caves, ice forms either by freezing of water or direct snow deposition in the entrance shafts (e.g., Mavlyudov, 2018).
Several studies have shown that these deposits host a wealth of information on past climate variability. Thus, Persoiu et al.
(2017) and Sancho et al. (2018) have shown that proxies in cave ice forming during winter months record changes in
temperature and moisture sources, likely influenced by the dynamics of the North Atlantic Oscillation. Other studies have
used pollen and plant macrofossils recovered from cave ice to reconstruct past vegetation dynamics (Feurdean et al., 2011;
Leunda et al., 2018) while others used the accumulation rate of ice as indicators of past climatic variability (e.g., Kern et al.,
2018) or atmospheric processes (Kern et al., 2009). Studies of ice caves in southern Europe have also highlighted the
sensitivity of cave glaciers to summer climatic conditions (Colucci and Guglielmin, 2019; Colucci et al., 2019, Persoiu et al.,
2020).”

P1 L31 - I would say that temperature and precipitation are of course important, but specifically the ones we have for the
longest period. . . other parameters would be important as well, but we don’t possess long records

Yes, indeed. We have changed the text: “Especially important are high-resolution reconstructions of the past variability of
different climatic variables — seasonal air temperatures, precipitation amounts, moisture sources — that allow for direct
comparisons with the dynamics of natural forcing and further deciphering the mechanisms of past and present climate
dynamics.”

P2 L15-20 Here the authors already give conclusions. . . | would prefer to read here the goals of this work and find the
conclusions at the end of the manuscript

We have rephrased the text according to the suggestion. It now reads: “Here, we present a reconstruction of summer climate
variability and large-scale circulation drivers during the last 1000 years in East Central Europe based on the %0 and §°H
values measured along an ice core drilled in Focul Viu Ice Cave (Western Carpathian Mountains, Romania).

P4 L 30 Precipitation and not Precipitations
Corrected

P4 L37 it is “now”, “low” or “no” winter accumulation ? I guess it is “low”, in such a way the sentence is reasonable



Typo. Corrected to “no” from “now” so that the text reads “no inflow of water and thus no winter ice accumulation”. The
point here is that ice in winter forms as dripping water freezes to form layers of ice on top of the existing ice block. Cold
winters result in frozen soils and cap rock above the cave and hence no infiltration, resulting in lack of winter ice accumulation.

Figure 1a - letters and font are too small, impossible to read them... omit "Mts" for the mountan chains which is unuseful
We have corrected figure 1.

Figure 5 legend of scale is missing
Thank you for spotting this, we added the legend.

In addition to these corrections we have updated and visually improved all figures and the spelling and grammar of the main
text was checked and corrected by a native speaker of English.

References cited (apart from those cited in the main text)

Bojariu, R. & Paliu, D. NAO projection on Romanian climate uctuations in the cold season In Detecting and Modelling
Regional Climate Change and Associated Impacts (eds Brunet, M. & Lopez Bonillo, D.) 345-356 (Springer, 2001).

Hurrell, J.W.,Kushnir,Y.,Ottersen,G.&Visbeck,M.An overview of the North Atlantic Oscillation In North Atlantic
Oscillation: Climatic Significance and Environmental Impact-Geophysical Monograph 134 (eds Hurrell, J. W., Kushnir, Y.,
Ottersen, G. & Visbeck, M.) 1-35 (American Geophysical Union, 2013).

Kern, Z., Molnar, M., Svingor, E., Persoiu, A., and Nagy, B.: High-resolution, well-preserved tritium record in the ice of
Bortig Ice Cave, Bihor Mountains, Romania, The Holocene, 19, 729-736, https://doi.org/10.1177/0959683609105296, 2009.
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table isotopes suggest summer temperatures in
East-Central Europe to AMO variability

Carmen-Andreea Badilutid?3, Aurel Persoiul*, Monica lonita®, Natalia Piotrowska®

Stable Isotope Laboratory, Stefan cel Mare University, Suceava, 720229, Romania

2Department of Geography, Stefan cel Mare University, Suceava, 720229, Romania

3Institute for Geological and Geochemical Research, Research Centre for Astronomy and Earth Sciences MTA, Budapest,
1112, Hungary

“Emil Racovita Institute of Speleology, Romanian Academy, Cluj Napoca, 400006, Romania

SAlfred Wegener Institute, Helmholtz Center for Polar and Marine Research, Bremerhaven, 27515, Germany

SInstitute of Physics, Silesian University of Technology, Gliwice, 44-100, Poland

Correspondence to: Carmen-A. Badaluta (carmen.badaluta@usm.ro), Aurel Persoiu (aurel.persoiu@gmail.com)

Abstract. The climate of East-Central Europe (ECE) is the result of the combination of influences originating in the wider
North Atlantic realm, the Mediterranean Sea and Western Asia/Siberia. Climate models suggest that these competing
influences will result in difficult to predict responses to the-ongoing climatic changes, thus making mitigation and adaptation
strategies challenging to devise and implement. Previous studies have shown that the complex interplay between the large-
scale atmospheric patterns across the region result in strongly dissimilar summer and winter conditions on time scales
ranging from decades to millennia. To put these into a wider context, long term climate reconstructions are required, but,
largely due to historical reasons, these are lacking in ECE. We address these issues by presenting a high resolution, precisely
dated record of summer temperature variations during the last millennium in ECE, based on stable isotopic analysis
performed on a 4.84 m long ice core extracted from Focul Viu Ice Cave (Western Carpathians, Romania). The data shows
little summer temperature differences between the Medieval Warm Period and the Little Ice Age on centennial
scales, but with well-expressed minima and maxima. occurred synchronously with periods of low and high solar
activity. Further, summer temperatures fluctuated with a periodicity similar to that of the Atlantic Multidecadal Oscillation
suggesting that solar variability-induced climatic changes were transferred locally by atmospheric processes. Contrary to
summer temperatures, winter ones show stronger contrast between the MWP and LIA, thus suggesting that the later were

likely an expression of winter climatic conditions.

1 Introduction

apid global warming (IPCC, 2018) and the ensuing suite of climatic changes that it triggers (Coumou and Rahmstorf,
2012) demands a clear understanding of the mechanisms in order to be able to disentangle natural
and anthropogenic processes (Haustein et al., 2017; IPCC, 2018). Especially important are high-resolution reconstructions of
the past variability of climatic variables — seasonal air temperatures precipitation amounts
that allow for direct comparisons with the dynamics of natural forcing and further
deciphering the mechanisms of past and present climate dynamics. The last 1000 years are particularly significant, as the
European climate changed from, generally, warm to cold (the Medieval Warm Period-Little Ice Age transition, Jones et al.,
2009) and back to warm (the present-day warming, Neukom et al., 2019) hese transitions allow for testing the links
between forcing and climatic response. While several global (Jones and Mann, 2004; Mann et al, 2009) and hemispheric
(Moberg et al, 2005; Neukom et al., 2019; PAGES 2k Consortium, 2019; Ljungqvist et al., 2019) climatic reconstructions
have been published, these made no seasonal differentiation — a task that became recently increasingly necessary to constrain
seasonally distinctive climatic changes (e.g., Ljungqvist et al., 2019), as these are responding to different forcing

mechanisms (e.g., Persoiu et al., 2019). On multidecadal time scales, summer climate over Europe is influenced, mainly, by
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the Atlantic Multidecadal Oscillation (AMO). The AMO is a climate mode of variability associated with periodic
anomalies of sea surface temperatures (SSTs) in northern, extratropical latitudes. The positive phase is characterized by
positive SST anomalies spanning the whole North Atlantic Ocean and is associated with above normal temperature over the
central and eastern part of Europe, while the negative phase is characterized by negative SST anomalies over the North
Atlantic Ocean and is associated with below normal temperatures over the central and eastern part of Europe. Over Europe
the influence of the AMO is clearest during summer (Sutton and Dong, 2012; Ionita et al., 2012; 2017; O’Reilly et al.,
2017).

In temperate climatic region, one of the most sensitive environmental archives are ice caves (Homlund et al., 2005, Kern and

Persoiu, 2013), i.e., rock-caves hosting perennial accumulations of ice. In such caves, ice

the original stable isotope composition of precipitation that further
reflects changes in air temperature and thus important of past temperature and moisture source
variability (Persoiu et al., 2011a, 2011b).
The
Carpathian Mountains host several ice caves (Brad et al., 2018) that preserve a large variety of geochemical information on
past climate and environmental changes (F6rizs et al., 2004; Kern et al., 2004; Citterio et al., 2005; Persoiu et al., 2017).
Here, we present summer climate variability and large--scale circulation drivers
during the last 1000 years based on the 3**0 and 52H values measured

Focul Viu Ice Cave (Western Carpathian Mountains, Romania).

2 Site information

Focul Viu Ice Cave (FV, 107 m long, ~30 m deep) is located in the Central Bihor Mountains, Romania (46.27° N; 22.68° E,
1165 m above sea level, Fig. 1a, Persoiu and Onac, 2019). The cave has a simple morphology (Fig. 1b, 1c). with a small
entrance that opens into the Great Hall (68 x 46 m), which, in turn, is followed by a narrow gallery Little Hall, {20 x 5
m). The ceiling of the Great Hall opens to the surface (Fig. 1c). allowing precipitation to reach the cave. Below the
opening, and covering the entire surface of the Great Hall,; a layered ice block developed, with an estimated thickness of
20 m and minimum volume of 30,000 m® (Orghidan et al., 1984; Brad et al., 2018). The descendent morphology of the cave
and the presence of the two openings determine air circulation (Persoiu and Onac, 2019), with cold air inflow
through the lower entrance and warm air outflow through the upper one in winter, and slow convective circulation within the

cave (with no air mass exchange with the exterior) during summer. As a of this air circulation,
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A direct consequence of the predominantly negative air temperatures in the cave is the genesis, accumulation and
preservation of ice (Fig. 1b, 1c). During summer, infiltrating rainwater accumulates on top of the existing ice block and at
the onset of negative temperatures in September it starts to freeze; forming a 1-20 cm thick layer of ice. Infiltration

of water during warm periods in winter layers of ice on top of the

ice block t the onset of melting in April/May, this winter ice melts . The result of these processes is a
multiannual, layered, ice block, consisting of annual couplets of clear ice (on top) and

. Inflow of warm water in wet summers rapid ablation of the ice

at the top of the ice block, partly altering the annual layering . The processes cave ice

formation by water freezing and the registration of environmental signals by various proxies ( stable isotope composition

of ice, pollen content-¢tc) have been described from the nearby Scarisoara Ice Cave (Persoiu and Pazdur, 2011; Feurdean et

al., 2011) and, given the similarities between the two caves, are pertinent Focul Viu Ice Cave . The

one notable difference is the timing of onset of freezing: in Scarisoara Ice Cave, the onset of freezing is delayed until

late-autumn and early winter (Persoiu et al., 2017), whereas in Focul Viu Ice Cave it starts in early autumn.

3 Methods
3.1 Drilling and stable isotope analyses

The FV ice core (4.87 m long, 10 cm diameter) was drilled in May 2016 from the Great Hall of FV Ice Cave (Fig. 1d) using
a modified PICO electric drill (Koci and Kuivine, 1984) manufactured by Heavy Duties S.R.L, Cluj Napoca, Romania. The
ice core was cut into 1 cm layers {considering also the annual layering) in cold room, except for the section
between 290 and 320 cm below surface, where we intercepted a tree trunk. Each samples was sealed in a plastic bags,
allowed to melt at room temperature, transferred to 2 20 mL! HDPE scintillation vial s-and stored at 4 °C prior to analysis.
Precipitation samples were collected monthly between March 2012 and December 2018 at Ghetar (GT, 46°29'28.45" N,
22°49'26.02" E, 1100 m asl, ~15 km SE of the location of FV Cave) using collectors built according to IAEA specification.

Water samples were analyzed for stable isotope composition at the Stable Isotope Laboratory, Stefan cel Mare University
(Suceava, Romania), using a Picarro L2130i CRDS analyzer connected to a high precision vaporizing module. All samples
were filtered through 0.45 pm nylon membranes before analysis and manually injected into the vaporization module multiple
times, until the standard deviation of the last four injections was less than 0.03 for §**0 and 0.3 for 8%H, respectively. The
average of these last four injections was normalized on the SMOW-SLAP scale using two internal standards calibrated
against VSMOW2 and SLAP2 standards provided by IAEA and used in our interpretation. A third standard was used to
check the long-term stability of the analyzer. The stable isotope composition of oxygen and hydrogen are reported using
standard § notation, with precision estimated to be better than 0.16 %o for 3'°0 and 0.7 %o for 52H; respectively, based on
repeated measurements of an internal standard.
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3.2 Radiocarbon dating and age-depth model construction

(Fig. 1c) allows for a
large volume of organic matter to fall into the cave and be-subsequently trapped in the ice. During drilling, we
recovered over 40 samples of organic matter from large tree trunks to pieces of leaves. Only 14 were suitable for radiocarbon
dating, of which 2 were not datable due to extremely small . AMS radiocarbon analyses
were performed at the Institute of Physics, Silesian University of Technology, Poland (Piotrowska, 2013). All samples
were precleaned with standard acid-alkali-acid treatment, dried and subjected to graphite preparation using an AGE-3 system
(by—lonPlus, CH) equipped with a VarioMicroCube elemental analyzer and automated
graphitization unit (Wacker et al., 2010; Nemec et al., 2010). The *C concentrations in graphite produced from unknown

samples, Oxalic Acid Il standards and coal blanks measured by the DirectAMS laboratory, Bothell, USA
(Zoppi et al., 2007). The results are reported in Table 1. The radiocarbon dates calibrat

OxCal v4.3 (Bronk Ramsey, 2009) and IntCal13 calibration curve (Reimer et al., 2013) NH1
curve (Hua et al., 2013) for one post-bomb date.

Because the-organic material can fall into the cave decades to centuries before being trapped in ice (see Fig. 1b), we have
carefully screened the radiocarbon results prior to age-depth modeling with the aim selecting the most reliable dates
forming a chronological sequence and not contradict the previously well-dated core reported by Maggi et al. (2008). In total,
four dates were selected for age-depth modeling

The model was constructed using the OxCal P_Sequence algorithm (Bronk Ramsey, 2008) with variable
prior k parameter (k=1, U(-2,2); Bronk Ramsey and Lee, 2013) and extrapolated to depth of 4.86 m. The agreement
index of the model was %, confirming a good statistical performance when the threshold of 60 % is surpassed. The
sections between dated depths were assumed to have a constant deposition rate. The complete age-depth model is shown
in Fig. 2. For further analysis the mean age derived from the model was used reported in Table 1.

4 Results and discussions
4.1 Ice accumulation in Focul Viu Ice Cave

The results of the radiocarbon analyses performed on organic matter recovered from the ice are shown in Table 1. with the

model shown in Fig. 2. The maximum age of the ice is 10 cal BP at 4.45 m below surface
based on direct dating of organic remains} and cal BP at 4.86 m below surface (extrapolation). A rock embedded
in the ice at 4.87 m below the surface stopped the drilling effort, but previous work in the cave has shown that the thickness
of the ice block exceeds 15 m (Orghidan et al., 1984; Kern et al., 2004; Persoiu and Onac, 2019).

The ice accumulation rate was 0.39-0.41 cm/year between AD 850 and 9 ,0.29-0.37 cm/year between AD 9502 and
AD 10005, 0.36-0.38 cm/year between AD 1010 and AD 1215, 0.4-0.44 cm/year between AD 1220 and AD 1970, and 0.56
cm/years in the past 40 years, with an average of 0.42 cm/year for the entire ice core. The variability seen in the ice
accumulation rate during the last 1000 years results from the variable processes involved in the growth and decay of cave
ice. Ice can melt as a result of either warm summers with enhanced conductive heat transfer to the cave or wet summers,
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with rapid ablation resulting from water flowing of the ice block. Subsequently, ice growth is influenced
by the amount of water at the onset of freezing, the timing of this onset and its

duration. Thus, the resulting accumulation rate is a record of the complex interplay of these climatic conditions, being an

indicator of both ice growth and melt. The high accumulation rates registered
between AD 810 and AD 1230 were likely the result of of water available in the cave
the generally wet conditions the Medieval Warm Period (Feurdean et al., 2015). The
highest accumulation between AD 1230 and AD , a period of enhanced

Mediterranean moisture transport to the site and slightly warmer winters compared to the preceding and ensuing periods.

After AD 1400, palaeoclimate records from the region indicate an abrupt increase in {summer
precipitation of Atlantic origin (Feurdean et al., 2015) and drop in winter temperature (Persoiu et al., 2017) likely causing

rapid and sustained summer melting and early onset of freezing, thus resulting in an abrupt reduction of net ice

accumulation. After AD 1450, the climate in the region was dominated by dry summers

and cold winters (Persoiu, 2017) conditions low amounts of water available
for freezing in early autumn and thus now winter ice accumulation enhanced summer
melting in minimal ice accumulation

4.2 Stable isotopes in Focul Viu cave ice - proxy for summer air temperatures and AMO variability

The variability of *%0 (and 8%H) in precipitation at Ghetar, (10 km south of the cave’s location and at the same altitude),
assessed for the 2012-2017 period, follows that temperature (Fig. 3a), with the maximum values (-3.6 %o and -26 %o,
for 3%0 and &2H, respectively) in July/August and (-19.8 %o and -140 %o, for %0 and &°H,
respectively) in January. Similar result found by Bojar et al. (2009) and Ersek et al. (2018) for the same
region, suggesting that the *¥0/**0 (and 2H/*H} ratios in precipitation registers temperature changes on a regional scale. The
Local Meteoric Water Line, defined by the equation 5'°0 = 7.4*5?H + 6.1 (Fig. 3b), has a slope and intercept
similar those Ersek et al- (2018). Precipitation in the region is mainly delivered by weather systems
carrying moisture form the Atlantic Ocean, with the Mediterranean Sea contributing moisture during autumn and winter
(Nagavciuc et al, 2019b). The deuterium excess (d-excess or d) , defined as d = 8°H — 8*51%0
(Dansgaard, 1964) allows for a clear separation of the air masses
close to the global average of 10 (Craig, 1961)

Mediterranean Sea ( resulting from the high evaporative
conditions in the Eastern Mediterranean Sea). Similarly high values of d-excess have been measured by Dragusin et al.
(2017) in precipitation in Romania and Badaluta et al. (2019) in precipitation in Romania; and
linked to air masses originating in the strongly evaporated Mediterranean and Black seas, respectively.

The FV 8%0jc and 8%Hice records span the AD 850 — AD 2016 period, showing generally stable values throughout the
analyzed period, on which decadal to multi-decadal scale oscillations are superimposed. Both records display a remarkable
similarity throughout the entire period: and in our discussion we have used only 50.

Observations on the dynamics of cave ice during the past 18 years have shown that it starts to grow in early autumn by
the freezing of water accumulated during summer. As the ceiling of the cave is opened to the exterior, precipitation directly
reaches the site of ice formation, so that the stable isotope composition of precipitation is not modified in the epikarst above
the cave thus preserving the original %0 (and §?H) values of summer (June-

July-August, JJA) precipitation. Further, 5'%0 and 8%H values in the FV ice core from the past 20 years are similar to values

5
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registered in the summer (JJA) precipitation at Ghetar (Fig. 3b) further supporting our inference that stable isotope values in
cave ice preserve the summer climatic signal. However, while freezing processes in caves could alter the original 5'%0 (and
&2H) values in cave ice, he nearby Scarisoara
Ice Cave that the original climatic signal embedded in the stable isotope composition of cave ice is
preserved and can be used as a proxy for external climate variability.

Overall, our observations of cave ice genesis and dynamics and stable isotope monitoring data clearly indicate that
summer air temperatures are registered and preserved in the ice block in FV Cave. In order to test the long-term preservation
of these connections, we have analyzed the links between the FV §*0jc. record and instrumental data from three nearby
meteorological stations over the AD 1851 — AD 2016 period. On multidecadal time scales, summer air temperature changes
in the region are controlled mainly by the dynamics of the Atlantic Multidecadal Oscillation (lonita et al., 2012). Fig. 4.
shows the JJA air temperature at Baia Mare (BM), Sibiu (SB) and Timisoara (TM) stations, the AMO index and FV §Ojc.
The instrumental temperature data indicates large multidecadal variability, with a cold period between AD 1890 and AD
1920, followed by a warm period between AD 1921 and AD 1960, a slightly colder period between AD 1960 and AD 2000,
and enhanced warming over the last two decades, all following the AMO variability. The 5'®0ic. values show a similar
temporal evolution, the slight offsets between the observational data and 50 being likely due to the dating uncertainty (20 —
35 years).

, we have computed the correlation map

between the summer mean air temperature at SB station (with the longest instrumental record) and the summer SST
. To remove short-term variability and retain only thde multidecadal
signal in our data, prior to the correlation analysis, both the temperature time series and the SST data were smoothed with a
21-year running mean filter. Figure 5 clearly shows that positive (negative) temperature anomalies over the analyzed region
are associated with positive (negative) SST anomalies over the North Atlantic Ocean, resembling the SST anomalies
associated with the positive (negative) phase of AMO (Mesta-Nufiez and Enfield 1999, Latif et al. 2004; Knight et al. 2005).
These results are also in agreement with the results of Della-Marta et al. (2007), showing that extreme high temperatures
over Europe are triggered, at least partially, by the phase of AMO. A recent study of 5'%0 variability in oak tree rings in NW
Romania (~50 km NW from our site) also indicates the influence of the AMO on summer temperatures and drought

conditions (Nagavciuc et al., 2019a). A potential physical mechanisms for the multidecadal variability of 5'%0 in our ice

cave can be as follows: prolonged periods of positive temperature anomalies throughout the summer months to
prolonged warm SST in the North Atlantic Ocean, lead to high 580
via enhanced ice melting, while prolonged cold summers to a cold North Atlantic Ocean, lead

580 values.

Combining all data above, it results that. on time scales ranging from years to decades, prolonged periods of positive
temperature anomalies throughout the summer months, linked to prolonged warm SSTs in the North Atlantic Ocean (and
thus a positive AMO index), could be preserved by the 80 in FV Ice Cave. We have compared the FV §'0jc. with tree
ring width (TRW) reconstruction of JJA temperature anomalies (Popa and Kern, 2009). The highest similarities between the
FV ice core and TRW records were found for the cold periods between AD 1000 — 1050, 1250 — 1300, 1420 — 1680, 1750 —
1850 and 1960 — 1980 and the warm periods during AD 1080 — 1200, 1850 — 1960. In contrast, some differences have been
identified during the period AD 1640 — 1740, when the TRW record indicated above-average summer temperatures while the
580 record shows low values which suggest below — average summer temperatures (Fig. 7). Given the very different nature
of the two archives (trees versus cave ice), of the proxies (TRW and 5'30) and of the chronologies (annual tree ring counting

vs. C dating), the two records agree remarkably well, further supporting the hypothesis that 5'%0 (and &2H) values in FV
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ice core is registering both summer air temperature variability during the past ca. 1000 years in East-Central Europe, as well
as, on a broader spatial scale, the variability of the AMO.

Similar to the AD 1850-2016 interval described above, the stable isotope record closely mirrors the AMO variability over
the entire studied interval (Fig. 6), suggesting a possible link between summer temperatures in Eastern Europe and solar
influence. The relationship between the FV 5'®0ic. and AMO records is strongest between ~AD 1750 and AD 2016 and
between AD 1125 and AD 1525, with decadal-scale variability in the two records being synchronous within the dating
uncertainty (i.e., less than 30 years lag).

The apparent ~50 yrs lag of the FV 5'®0jc. record behind the AMO between AD 1600 and AD 1775 could have resulted
from 1) high (> 50 years) uncertainty between AD 1525 and AD 1750, as well as before AD 1125 (Fig. 7a); 2) uncertainties
in the reconstruction of AMO indexes before the instrumental record. Kilbourne et al. (2013) have shown, by comparing
different proxy records of the AMO, that there is no consensus yet on the history of Atlantic multidecadal variability.
Despite the similarities during the instrumental period, all the records they used in their study are quite different during the
pre-instrumental era, most likely due to a lack of available well-dated, high-resolution marine proxy temperature records; 3)
a less-straightforward link between solar forcing and the AMO (Knudsen et al., 2014) during the LIA. However, we do see
the apparent breakdown of the correlation between summer temperatures and AMO only for a short period between AD
1600 and 1750 around AD 1050, periods when our chronology has the highest uncertainties. Further, the
overall succession of high and low &'®0 values mimics the changes seen in the AMO reconstruction, so that the
discrepancies could be the result of these uncertainties. If so, the record presented here suggest that solar-induced changes in
the North Atlantic are transferred, likely via atmospheric processes, towards the wider Northern Hemisphere, resulting in
hemispheric-wide climatic responses to perturbations in the North Atlantic

Several periods of excursions towards low 80 values (suggesting low summer temperatures) dot the past 1100 years

(Fig. 7), the most notable one being around AD 870-930, AD -1080, AD -13255, AD -14 ,
AD 15205-1550, AD -17320, AD . Significant
maxima occurred between AD -1030, AD -1 0 AD -16

. All these minima and maxima, except for the one centered on AD 1840 coincide (Fig. 7) with the
known solar minima and maxima of the past 1000 years (the Spoérer Minimum between AD 1450 and AD 1550 is split in
two in our record, by a brief interval of possibly high temperatures around AD 1500

).
The FV §%0ic record is in agreement with other summer temperature reconstructions ( Buntgen
et al., 2011) at regional and hemispheric scale (Fig. 7). Further, regional summer temperature ( Popa and
Kern, 2009 )

show warm peaks around AD 1320, 1420, 1560, 1780 and cooling around AD 1260, 1450 and 1820, similar

with reconstructions and models at global level (Neukom et al., 2019) and the FV temperature reconstruction (this study).

Contrary to the summer season temperature reconstructions, a late-autumn through early winter season temperature

reconstructions from the nearby Scarisoara Ice Cave (Persoiu et al., 2017) shows that the MWP was rather warm and also
wet (Feurdean et al., 2011), while the LIA was cold, and likely drier wicth

precipitation . Together, these data suggest a complex picture of climate

variability in the wider Carpathian region, with much of the yearly temperature during the past 1000

years being to the influence of winter conditions, summer temperatures being rather constant. On this

long-term trend, brief “excursions” were likely the result of large-scale circulation influences, with solar variability induced

changes being transferred locally by atmospheric processes.
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5 Conclusions

The analysis of the oxygen and hydrogen stable isotope ratios along a ~5 m long ice core extracted from Focul Viu Ice Cave

( Romania) provided an unprecedented view on the dynamics of summer air temperature and atmospheric

circulation changes during the past 1000 years in the poorly investigated East-Central Europe. The data shows little

millennial-scale summer temperature variability since the onset of the Medieval Warm Period and through the Little Ice Age.

ell-expressed minima and maxima occurred synchronously with periods of low and high solar activity,

possibly suggesting a causal mechanism. Similarly, decadal-scale summer temperature variability follows that of the Atlantic

Multidecadal Oscillation, and we subsequently hypothesize that solar-induced changes in summer climatic conditions over
the Northern Atlantic are transferred through atmospheric processes across the Northern Hemisphere. Similar records

are thus required to test this hypothesis. Contrary to summer temperatures, winter ones show a stronger contrast

between the M W. P and L Ice Age, thus suggesting that the later were likely an expression of winter

climatic conditions.
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Figure 1. Location of the Focul Viu Ice Cave (red peinistar) in Europe (a),-and-transversal-cross section (b) and lengitudinal
map (c) eress-section-threugh-the-caveof the cave (red —Fhe-blue-star (e)-indicates the drilling peintsite in-the-Great-HaH-(d)

ofthecave:) and (d) general view of the Great Hall (person in yellow on the left is standing at the drilling site).
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dates-from-Maggi et al., {2008).
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July- August) air temperature at Sibiu (60 km south of Focul Viu Ice Cave, indicated by the green arrow) over the 1850-2011
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Figure 7. Summer climatic conditions recorded by %0 (and §%H from F\/ ice core (;-panels if and

0. h—bottom) and comparison with proxy indicator from the Nerdic-Northern Hemisphere: a) Total Solar Radiation
(Steinhilber et al., 2009), b) Central Europe summer temperature anomalies (against the 1901-2000 mean, Buntgen et al.,
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Hemisphere air temperature anomalies (against the 1961-1990 mean, D’Arrigo et al., 2006),
) Tree Ring width index from Albania, SE Europe (Seim et al., 2012), g¢) Summer
temperature anomalies in Romania (against the 1961-1990 mean, Popa and Kern, 2009).
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Table 1. Radiocarbon data from the Focul Viu Ice Cave. Agreement indices for individual samples based on P_Sequence algorithm (Bronk Ramsey, 2008) are provided for accepted

dates. Modeled ages for all dated depths are given as mean and sigma values, rounded to the nearest 5.

ek Sl i
ol sk mass | “Cage e el | e
No | GdA- | Samplename | (em) Material | (mgC) | (BP) | Status (AD) age-(AD)
needles-and-leaves;
1 | 4889 | FV-5/19-22 | 215 086 | -1410+25 | aceepted |  1957-1992 1975+13
small fragments
R e B e T I leaf-fragments | 054 | 525+30 | rejected | = 13221442 Lol
R
4 | 5085 | FV15/114-115 | 1145 '92—54;94_%9% 1320-1619 1761+51
FV3-10/155- small wood
5 | 4891 1555 061 | 570425 | rejected e Lo
156 fragment
F\6-4/232- peedles-and-leaves;
6 | 5086 2325 044 | 1045+70 | rejected |  7##8—1158 1489456
235 B et e
7 | 4892 | FV7/276-278 | 277 099 | 960+35 | rejected | 106481158 1386450
fragment
F\/8-3/308- small-plant
8 | 5087 311 0690 | 925425 | rejeeted | = 10321162 130843
310 fragments
FV/9-14/348-
9 | 4893 - 349 | leaves-fragments | 099 | 780+35 | accepted | = 1190-1283 e
FV11-19/428- e
10 | 56089 430.5 061 | 1030420 | accepted 984-1026 100112
s A
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Graphite
mass (mg)

14C age (BP)

Status
and agreement

Calibrated age ranges,

Modeled age mean

index

unmodeled (AD)

(AD) and 1 sigma

4889

FV'-5/19-22

N
[
(6]

needles and
leaves, small

fragments

0.86

-1410£25

Accepted
(A=64%)

68.2% probability
1985AD (68.2%) 1988AD

95.4% probability
1958AD (9.6%) 1959AD

1985AD (85.8%) 1988AD

1975420

5084

FV3/57-59

leaf fragments

525430

Rejected

68.2% probability
1400AD (68.2%) 1435AD

95.4% probability
1320AD (14.9%) 1350AD

1390AD (80.5%) 1445AD

1890+45

4890

FV'/62-64

large wood
fragment

875425

Rejected

68.2% probability
1150AD (68.2%) 1215AD

95.4% probability
1045AD (18.1%) 1095AD

1120AD (4.6%) 1140AD

1145AD (72.7%) 1225AD

1880+45

a1
[e=]
[$2]

FV15/114-
115

needle fragment
small

o
N
(6]

470£50

Rejected

68.2% probability
1405AD (68.2%) 1465AD

95.4% probability
1320AD (4.8%) 1350AD

1390AD (87.1%) 1520AD

1595AD (3.5%) 1620AD

1760+60

FV3-10/155-

156

155.5

small wood
fragment

o
(o2}
-

570425

Rejected

68.2% probability
1320AD (40.2%) 1350AD

1390AD (28.0%) 1410AD

95.4% probability
1305AD (57.6%) 1365AD

1385AD (37.8%) 1420AD

1665+65

()
[ee]
[e2]

FV6-4/232-
235

232.5

needles and
leaves, small
fragments

0.14

1045470

Rejected

68.2% probability
890AD (68.2%) 1040AD

95.4% probability
780AD (1.3%) 795AD

805AD ( 2.6%) 845AD

860AD (91.5%) 1160AD

1490+65
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68.2% probabilit
1020AD (22.4%) 1050AD

FV7/276- large wood . 1080AD (34.5%) 1125AD
4892 278 2 fragment 96035 Rejected 1135AD (11.3%) 1150AD 1390460
95.4% probability
1015AD (95.4%) 1160AD
68.2% probabilit
. 1040AD (42.8%) 1100AD
5087 % 311 %‘% 0.90 925425 Rejected 1120AD (25.4%) 1155AD 1310450
22 Iragments 95.4% probability
1030AD (95.4%) 1165AD
68.2% probability
FV9-14/348- leaves Accepted 1220AD (68.2%) 1270AD
4893 350 fragments 99 780435 (A=72%) 95.4% probability 1225430
1190AD (95.4%) 1285AD
68.2% probability
FVi11- small plant Accepted 990AD (68.2%) 1020AD
5089 | 19/498-433 fragments 0.61 1030420 (A=97%) 95.4% probability 1000+15
980AD (95.4%) 1030AD
68.2% probabilit
885AD (19.7%) 905AD
915AD (48.5%) 965AD
FV12-2/444- small plant Accepted 95.4% probability
2090 446 fragments 041 1140+20 (A=90%) 775AD (3.1%) 790AD 250:25

805AD (1.1%) 820AD

825AD (2.3%) 845AD

860AD (88.9%) 980AD
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