Answers to reviewer 1

We thank the reviewer for the detailed comments, and apologize for the confusion in the description of
the thinning function. We found that answers to some of the issues were present in previous drafts of
these sections but had been cut in accordance with the desire for a shorter and more streamlined text
from the first set of reviews, so we appreciate the opportunity to explain them more. We have changed
the description in the main text and added a new section in the supplementary material. We chose to put
much of the detail in the supplement because out of the four reviews, only this referee showed particular
interest in the thinning function. Therefore, we elected to keep the main text streamlined without adding
too many details on the ice-flow modeling.

See below for detailed responses.

The paper estimates a record of snow accumulation for the last 2,700 years at Roosevelt Island, Antarctica.
The record shows a decrease in accumulation since the mid-1960s that Bertler et al (2018) relate to an
increase in sea ice extend.

The authors extract the information from an ice core following two main steps:

- Obtaining a detailed chronology that combines annual-layer counting, that follows the seasonality traces
of a few chemical constituents, and a few historical constrains, like well dated volcanic eruptions.

- Estimating the past-accumulation records from the thickness of annual layers. For this, the authors have
to estimate the influence of ice-flow from the time of deposition on the surface to the present:
compaction from snow to ice, and compression.

In general, the document is clear and well written. | find a strong difference in level of detail between the
sections related to ice-core analysis and establishing a chronology, and the sections related to ice-flow
and deriving an accumulation record. More of that later.

| am not an expert on ice-core analysis so | will only say that the description of the methods in those
sections reads well and they seem to be referenced. | have however serious concerns related to the
reconstruction of past accumulation rates. | will group my concerns in terms of clarity, methodology and
uncertainty.

Clarity
Sections 5.2 and 5.3 are simply not clear. Technical terms are not explained or referenced. For example:
Raymond stack, divide migration, divide/flank flow transitional type flow or thinning function.

Indeed, the reference to Raymond 1983 had gotten cut from this section, and we have added it back. We
have rewritten sections 5.2 and 5.3, and also added a more detailed description of divide and flank flow,
and reference Nereson and Waddington (2002), which provides much greater detail on how divide
migration affects the internal layering in an ice sheet.

A few important steps are not described or referenced. For example:
-How do the authors extract the information about the divide migration from the radar stratigraphy.

We infer the divide migration from the location of peak amplitude of the Raymond arch. The peakis nearly
beneath the modern divide in the shallowest layers, but by about 120m depth is about 500m east. We



have revised and added to the paragraph describing this line of argument, and reference Nereson and
Waddington (2012) on the interpretation of internal layering in terms of divide migration.

-How do they derive the thinning function from a vertical velocity that varies in depth and in time.

We have more fully described that we use a transient 1-D model which tracks layer thinning with an annual
time step. We iterate to find consistent values of the time-varying accumulation history and the modeled
thinning.

-How do they calculate the present surface thinning. The authors state that they use an ice-flow model to
match the dated architecture of the Raymond stack. What ice-flow model? 1D, 2D? Using the velocity
profile that they describe below and the time-varying vertical velocity implied by the time-varying
accumulation?

A full response to this comment will require a manuscript of its own (which we are working on), but we
consider this to be beyond the scope of a paper focused on the timescale. To answer, we have two lines
of support for the current thinning rate.

The first is from the fitting of the pRES vertical velocity profiles. The vertical velocity at the surface is equal
to the sum of the accumulation rate and the ice-sheet thinning rate. We know that the current average
accumulation rate is approximately 24cm ice eq/yr. So when fitting the vertical velocity profile to the
measurements, any difference between the surface velocity of the fit and the accumulation rate is the
ice-sheet thickness change. Kingslake et al. (2014) obtains the best fit for the divide with a surface velocity
of 27cm/yr, implying 3-5cm/yr of thinning. However, with this profile, the Lliboutry fit yields too low
vertical velocities at mid-depths (40-70% of ice thickness) compared to the measurements. The fit
improves with more negative values of the Lliboutry parameter p, but this also requires a higher vertical
surface velocity, which becomes unrealistic (more on that below). Kingslake et al. (2014) noted that there
is a region of near-linear vertical velocity change in the pRES measurements (Kingslake, Figure 5). We
found that continuing the slope starting at approximately 80% of the ice thickness yielded a surface
velocity of 26 cm/yr, in line with the current accumulation rate and modest ice-sheet thinning.

The second line of support is from ice-flow modeling. We have used both 1D and 2D models, with both
constant and time-varying accumulation rate histories. For 1D, we matched the bump amplitude (as in
Conway et al., 1999, Figure 3). For 2D, we have matched the layers directly as well as the bump amplitude.
The overall conclusion is that the divide was established at about 3ka and that there is a small amount of
thinning; a couple of cm. However, a unique solution is elusive. The lack of velocity measurements near
the surface creates uncertainty in the development of the Raymond Arch (and even if there were
measurements in the firn column, distinguishing the effect of ice-flow thinning from firn compaction
would be tricky). During development of the Raymond Arch, different choices of the vertical strain profile
near the surface can be balanced by varying the accumulation history, these forming a similar depth-
amplitude relationship. The lack of a strong constraint on the surface vertical velocity is a particular
challenge. In addition to impacting the inference of ice-sheet thickness change and the vertical strain
profile, it also impacts the implementation of the vertical velocities in 2D. For instance, the variations in
near-surface vertical velocity inferred by Kingslake et al. (2014) in Figure 5 could be due to either spatial
variations in the ice dynamics or in the accumulation rate at the surface.

Methodology

It is difficult to assess the quality of the methods without fully understanding them. However | want to
make a few points with my current understanding of the methods but, in any case, the authors should
discuss these points further.



-Divide Migration. The authors make a strong assumption about a divide migration of 500m amplitude
between 500yr and 250yr ago. It has a strong effect on accumulation records, particularly when combined
with the arbitrary vertical velocity profile assumed. | believe this is the main difference between the
accumulation records between the initial and the revised version of the manuscript. ‘The correction’.

The ‘correction’ referred to by the reviewer was the correction of a simple miscalculation of the
accumulation rate uncertainties in the original manuscript. In the previous manuscripts, the uncertainty
on the thinning rate was given as a percentage of the total thinning. By mistake, instead of using it as a
percentage, in the first version of the manuscript these uncertainties were used as absolute values.
Correspondingly, with the correct calculation in the revised manuscript, the uncertainties on the past
accumulation rates were significantly reduced. There was no change in the most likely thinning function
or accumulation history between the two manuscripts.

The assumption on the divide migration history does not impact the inferred accumulation rate history
that much, as will be discussed more below. In the new version of the manuscript, we have expanded and
recalculated the uncertainties on the thinning function, and here include the possibility that there has
been no migration of the divide over time. The obtained uncertainties are reasonably similar to those
previously estimated.

The authors assume that this should be evident by looking at Figure 6c¢. | disagree. In this particular case,
we have radar-derived englacial strain-rates (Kingslake et al, 2014; Fig. 6b). The stronger near surface
strain-rates are indicating where the weak strain-rates near the bed are at the present. Curiously enough,
that area coincide in Figure 6b with the location of the Raymond stack. This shows that a) no migration
has occurred as present Raymond area is on top of the bottom-most Raymond bumps and the tilt in
Raymond stack is consequence of other factors, or b) the divide has gone back and forth recently. In any
case, it is not evident what the authors are assuming and | have bough a new argument to the table.

We believe a recent migration of the divide, and divide-flow, is the most likely scenario given the observed
tilt in the Raymond arch (e.g. Nereson & Waddington, 2002). However, we agree that the offset in the
Kingslake et al. (2014) region of inferred maximum near-surface strain rate from the present topographic
divide introduces complexity into the interpretation - the physical topographic divide and the location of
maximum divide flow are not necessarily the same. We note that Kingslake find the strongest near-surface
strain rates ~200m east of the drill site, whereas the peak of the Raymond arch is located ~500m east.
However, as described below there is significant uncertainty in the derivation of near-surface strain rates
from the pRES measurements.

In developing our most likely scenario, we first assessed the uncertainty of the vertical velocity profiles
and inferred near-surface strain rates from the pRES measurements (Kingslake et al., 2014). We noted
that different radar polarizations resulted in large differences in inferred near-surface strain (Figure 6 in
Kingslake et al., 2014), with one near-maximum value west of the summit. Given that there are few
measurements in the upper 150m (none in the upper 90m) and the near-surface strain rate is an
extrapolation from the upper half of the ice sheet, we could not exclude that the current topographic
divide has a vertical velocity and near-surface strain rate very similar to the representative divide vertical
velocity profile. Thus we considered the most likely scenario that the divide and divide-flow are co-located
and the tilt in the peak of the Raymond Arch reflect the divide migration.

For the purpose of this manuscript, the larger point raised by the reviewer is not the specifics of divide
migration, but the impact on the inferred thinning function and hence accumulation rate history. We have
expanded the uncertainty on the accumulation rate following a more detailed analysis of possible
scenarios, as discussed in the supplement. As part of the new uncertainty estimate, we have recalculated



the thinning function using the assumption of stable divide-flow, with the maximum strain rates located
slightly east of the ice core drill site. The bump amplitude at mid-depths beneath the core site today is
approximately 70% of the peak amplitude and the inferred (by Kingslake et al., 2014) near-surface vertical
strain is also approximately 70% of the maximum measured surface strain rate. If the center of the divide-
flow has been consistently offset from the physical divide, the ice in the core would have experienced
transitional flow (70% divide-flow, 30% flank-flow) for all of the past 3ka, including the past 500 years.

A comparison of the new uncertainties to our previous estimates is shown in the figure below. For some
sections, the new uncertainty estimate is smaller than our previous estimate, where we in a simple (and
conservative) way accounted for the uncertainties associated with the vertical velocity profile. The
uncertainties in the deeper part of the core has become slightly larger compared to the previous estimate,
but otherwise the two uncertainty estimates are fairly similar.
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-Vertical velocity at the divide. The authors assume that the ice-core site is currently at the divide position
and they assume that that corresponds with the divide-type velocity (p=-1.22 in this paper; p=-0.78 in
Kingslake et al (2014)). However a close inspection to Figure 6b reveals that the ‘divide flow’ in Figure 4
of Kingslake et al (2014) and Figure 6a in this paper is taken from about 500m east in the Figure of the
summit position (green marker in Kinslake et al 2014). This position corresponds currently with the
bottom-most position of the Raymond stack and not the ice-core location. This raises an important
concern as, in summary, they are assuming that for the last 250yr the strain-rates are distributed following
a distribution that does not correspond with the current conditions at the ice core site.

The divide-type flow profile is taken approximately 200m, not 500m, east of the ice core location.

As previously mentioned, the strain rates in Kingslake et al (2014), Figure 6b, have considerable
uncertainty and were obtained from the depth interval ~130m-400m. Thus, we considered the vertical
velocity profile presented by Kingslake et al. (2014) in Figure 5 as representative for the divide flow
velocity profile at Roosevelt Island, regardless that it is not co-located with the current ice-divide. As
discussed above, we have also presented scenarios that do not assume a recent transition to full-divide
flow for the ice core.



-Vertical velocity at the flank. The authors use an arbitrary combination of two measured vertical
velocities. From a combination of 0.7 this and 0.3 of that. Why? There is no explanation and it has a strong
impact on the results before 250yrs ago.

For flank-flow, we use the flank-flow velocity profile found by Kingslake et al (2014), figure 4. For flow that
is a mix between flank flow and pure divide flow, we use a linear combination of the velocity profiles
appropriate for the two flow regimes, following Nereson and Waddington (2002). This allows a smooth
transition as the flow regime transitions from partial to full divide-like flow.

The weighting of the two velocity profiles (70% divide flow, 30% flank flow) during the early period, is
found from the relative amplitude of the Raymond Arch at the site: The ice core intersects the Raymond
Arch at mid-depths at about 70% of the maximum arch amplitude, which we use as an indicator for the
importance of divide-like flow. This is now better explained in the manuscript.

-Combination of flank/divide velocities. | have argued that | don’t think there is a migration. However,
even in that case, why do the authors use the wrong shape functions? There are, according to Kingslake
et al (2014), 35 englacial profiles at Roosevelt Island, one of them is really close to the ice-core site.
Wouldn’t it make sense to use the englacial velocity from the site that is closest to the ice-core site?

First of all, there is considerable noise in individual englacial pRES velocity profiles. Secondly, what we
want to obtain from the data in Kingslake et al. are typical “flank-flow” and “divide-flow” velocity profiles.
We therefore choose to use the divide and flank profile that were presented in detail in Kingslake et al.
(2014), both because these are the cleanest profiles and because they are the most accessible being
shown explicitly in their Figure 4.

-Vertical velocity to thinning function. | mentioned earlier that the authors do not explain how do they
calculate the thinning function. | just want to highlight here that this is not a trivial point as thinning
function includes the cumulative effect of vertical compression from the surface that, in turn, depends on
the time-varying accumulation that is unknown (e.g., Parrenin et al (2007) suggest an iterative method).
The authors however assume a vertical velocity related to present values of surface accumulation and a
varying shape function.

This is now more fully explained in the text. We use a 1-D model with an annual time-step with one
iteration. In the first model run, we use a constant accumulation rate. We use the inferred thinning
function to calculate the time-varying accumulation rate and then rerun the model. In this second
iteration, at each timestep, the vertical velocity profile is scaled by the annual accumulation rate (plus the
thickness change rate). We found that additional iterations yielding insignificant changes. While the
surface vertical velocity likely does not vary at annual timescales, the resulting thinning functions are
smooth, and no significant differences came from using a smoothed accumulation rate history.

Uncertainty.
It is difficult for me to predict the cumulative effect of all the factors | have just mention but,
independently of them, the propagation of uncertainty has to be improved.

- | see no problem with the paper showing a favourite hypothesis, a divide migration, but the uncertainty
should cover other other hypothesis: from no migration to a more recent migration. All this should be
covered by repeating the estimation of accumulation with flank and divide velocities and showing them
as two extreme cases within a range of scenarios.

- Also, | reiterate that | don’t know how the authors estimate the thinning function. However, they should
include in the uncertainty the effect of assuming constant the present accumulation rate and thinning



rate in the derivation of the time-dependent accumulation. The authors currently estimate sensitivity by
comparing the effect of assuming (0.24+0.02) m/yr with 0.24 m/yr. My view is that this is a clear
underestimation of uncertainty. It should include, at least, the variability of the derived accumulation
records through the time of interest, around 0.2m/yr to 0.28m/yr, to capture the uncertainty induced by
this assumption.

As recommended by the reviewer, we have expanded our discussion of the uncertainty, and now calculate
the uncertainty from an ensemble of different scenarios, including changes in the divide migration history
over time, the extreme being no migration at all. As shown, the resulting uncertainties on the
accumulation history are, however, relatively similar to our previous estimate.

The thinning function is calculated with a time-varying accumulation history which scales the vertical
velocity profile. This is now explained better in the text, and we think we have satisfied this
recommendation.



Answers to reviewer 2

We thank the reviewer for the thorough comments, and have revised and improved the manuscript
accordingly. We have e.g. added a figure showing the annual layer counts for different depth sections,
and expanded our discussion on the volcanic matching process in the manuscript. The paper now also
includes two additional figures showing the volcanic matching in other depth sections (in the
supplementary), and we have added to table 2 a measure for the statistical significance of peak size of the
individual volcanic match-points in RICE.

See below for detailed responses.

Review of revised manuscript "A 2700-year annual timescale and accumulation history for an ice core
from Roosevelt Island, West Antarctica" by Mai Winstrup et al.

In their revised manuscript the authors made a serious effort to address the issues raised in the first round
of reviews. The manuscript has been restructured for clarity and several potential sources of
misunderstanding have been eliminated. In particular the independence of the RICE17 age scale w.r.t the
WALIS Divide ice core chronology is now made clear. Likewise the manuscript benefits from several related
publications now being published or accessible in their discussion stage. This especially concerns the
companion paper of Lee et al.

However, there are still two fundamental issues to be fully resolved before the manuscript can be
considered for final publication in CP.

1) The automated annual layer counting by the StratiCounter algorithm is the backbone of the RICE17
chronology, but the authors provide no evidence of its performance in identifying annual layers, especially
for the deeper and more thinned core sections. At present, the manuscript only contains one figure (Fig.
4) showing the manual assignment of annual layers in a very shallow section of the core, which is not
enough. A separate figure would be needed showing exemplarily the automated layer identification. Of
special interest here would be the depth section that has been manually counted to initialize the
algorithm, as well as part of the deep sections with thinned layers.

As an added benefit, such a figure would also provide evidence of how clear an annual signal can be
counted in the various proxies - here referring to the discussion in the first round of reviews about using
BC vs. H+ for counting.

Although the main text would be adequate, | suppose the figure could also be placed in the supplement
part S2 if the authors would not like to further increase the volume of the main manuscript.

We agree with the reviewer that the automated layer counting and the CFA data, on which it is based,
ought to be illustrated in the manuscript. We have followed the reviewer’s suggestion to add a figure
showing the layer-counts in three different depth sections of the core, including a deep section and a
section with manual layer counts (these also being shown). We eventually decided to place the figure in
the main text, and now refer to it when discussing the clarity of annual signal in the various proxies.

The performance of StratiCounter has been thoroughly documented in several previous papers, e.g.
Winstrup et al, 2012, Winstrup 2016. It has here been shown that the algorithm is able to produce an
unbiased counting even in very noisy data series, for which it is hard to manually count layers in an
unbiased fashion. We note that we initiated the algorithm on basis of a set of layer counts, which was



known to have a bias, since according to this initial timescale, the age of the Pleiades tephra was
significantly (25 years) younger from that in the WAIS Divide core. However, all StratiCounter timescales
placed the age of this tephra layer within a narrow age interval (+10 years) around the WAIS Divide age.
We took this as a sign that StratiCounter performed well in producing a layer counted timescale for RICE.
This was further supported by the volcanic matching to WAIS Divide, described in the next comment.

2. The volcanic identification and matching against WAIS remains elusive to me and needs to be clarified
further. The detection of a presumably volcanic signal in the various proxies seems to rest on manually
selecting even small peaks in the signals. The manual approach appears somewhat arbitrary by
comparison to the automated annual layer counting procedure. This is especially so since the authors are
aware of the difficulties associated with the high background of non-volcanic sulphur/sulfate and acidity
and state to have removed a number of peaks previously considered as volcanic markers. At present, it
appears questionable and unclear from the manuscript how reliably volcanic signals are in fact recorded
at RICE. Hence, selecting volcanic signals would benefit from a more quantitative detection technique, or
at least from employing clearly stated criteria.

First, we note that the majority of peaks (>80%) that were removed from the original table were peaks in
the RICE acidity/sulfur records, which were not related to any counterpart in the WAIS Divide core. These
were removed from table 2, as they were of no use for evaluation the timescale, and as they may possibly
originate from an oceanic rather than volcanic emission source. As we do not include volcanic peaks that
— for one reason or another — could not be unambiguously matched to a corresponding peak in WAIS
Divide, many peaks of likely volcanic origin in the RICE records are not included in table 2. This has been
clarified in the manuscript.

The volcanic matching was indeed difficult for RICE, as also stated in the paper. The matching relied
significantly on having accurate layer-counted timescales for both cores. Comparing the ice core records
on their respective timescales, we were able to find in both cores a similar series of acidity peaks spaced
with similar age differences. In other words, it is predominantly the pattern of acidity peaks that were
matched between the two cores, rather than the individual peaks themselves. A similar approach was
previously used to synchronize ice cores from Greenland and Antarctica by annual layer counting and
linking of bipolar volcanic reference horizons (Svensson et al., 2013; now referenced in the text). In the
manuscript, we have revised and extended the description of this approach, and for better illustration of
the method, we have added to figure 9 (now figure 10) the age differences between the volcanic match-
points in the two cores.

As the reviewer points out, a quantitative approach to identifying and matching volcanoes between the
two cores would have been ideal, but a simple “over-the-threshold” technique would have identified
many peaks of non-volcanic origin. Furthermore, no simple threshold method is able to account for e.g.
changes in baseline and variability of the signal with depth as well as it is possible to do by eye. Even more
importantly, a quantitative technique for selecting volcanic marker horizons to be matched to WAIS Divide
should, as previously mentioned, not simply be based on the individual peaks, but combining this with
some sort of pattern matching technique that could account for their relative age spacing, and the
associated age uncertainties. To develop such a rigorous method is a significant undertaking, which we
consider far beyond the scope of this work.

Instead, we have added to table 2 a measure for the average peak prominence in the RICE records
corresponding to each of the volcanic match points. To account for changes in baseline and variability of
the signals with depth (due to varying measurement quality as well as changes in signal with depth),
smoothed versions of the four volcanic proxy records (acidity, nss-cond, nssS, ECM) were standardized
using z-scores within a running 50-year window. The records were smoothed over a depth section



corresponding to 1/4 year to remove noise while amplifying the volcanic signal. The average value of the
peak prominence in the four volcanic proxy records is provided in Table 2. However, we observed that in
some cases, the mean value provided in table 2 was not the best indicator for the peak prominence. In
some cases, the volcanic peaks were clearly observed in some proxy records, but not others, which
significantly decreased the associated average significance level.

The majority of the match points are associated with peaks exceeding two standard deviations of the
overall variability of the record. However, while the majority of the volcanic marker horizons are
prominently observed in the RICE records, also some smaller peaks were deemed reliable match points,
where these formed part of a matching sequence of volcanic events in the two cores.

The development of the non-sea-salt conductivity (nss-cond) may provide remedy in this context, but is
not convincingly shown to record volcanic signals. For instance, Figure 9 shows three distinct peaks in nss-
cond (around 162, 164 and 168 m RICE depth). The other match points, however, have little or no sign of
a peak, including the Pleiades tephra horizon. There is an additional peak around 169 m not considered.
Moreover, judging from Figure 9 the signals of H+ and ECM appear to perform equal or even better (less
noise) in indicating peaks at the presumed volcanic markers - which would argue against the need to use
nss-cond. Based on Figure 9, | am not convinced that the acidity signal provides more information than
the nss-S signal, other than its higher depth resolution.

While the non-sea-salt conductivity record would not necessarily be sufficient for identification of volcanic
marker horizons on its own, the record adds valuable information to the other data series. In order to
obtain the best volcanic matching of the RICE record, we used the information in all four records: ECM,
nssS (available down to 249m), H+, and non-sea-salt conductivity. This has been clarified in the
manuscript. Not only do the various records contain complementary information, the existence of
multiple data series also helps to identify variability caused by measurement errors in a single data series,
as well as to retrieve volcanic match points in sections where other data series are missing (we note in
table 2 the peaks that are not based on all 4 data series due to missing data).

With the high depth resolution of the non-sea-salt conductivity and H*-records, the combination of these
two were particularly useful for distinguishing between measurement noise and acidic signal. However,
the usefulness of the individual records varied with depth, as well as it depended on the individual volcanic
horizon. For the deeper part, the nssS-record became significantly less useful as the much lower depth
resolution became critical. During our revisions, we realized that the ECM record shown in the figure in
the previous draft was not the ECM record, but a smoothed version of H+. This has now been corrected.
The ECM record is generally very noisy, but some sections are better than others. This was primarily due
to variability in the ice core quality, but variation between ECM operators was also a factor.

Regarding figure 10 (previously fig. 9):

For the Pleiades horizon: The identification of this match point was not based on chemical signals in the
core, but was found by visual identification of a dusty layer in the core, later confirmed to be tephra.
Indeed, the horizon cannot be observed in the CFA data for a very good reason: The section with tephra
was removed before the CFA analysis, meaning that we do not have chemistry data for exactly this depth
interval. We have made sure that this is now clear from the figure, which no-longer shows interpolated
values across the missing data interval.

As the reviewer points out, two of the volcanic peaks are less prominent in the nss-conductivity record.
We have changed the color of the two less prominent marker horizons mentioned by the reviewer (161m,
166.7m) to illustrate that in terms of peak height, these peaks are among the less significant peaks of all
identified volcanic match points in the core, and they do not exceed a 2o threshold for peak significance.



Our reasoning behind nevertheless identifying them as volcanic horizons (and match points to WAIS
Divide) is as follows:

At 161m, we observe a broad peak in the nssS-record, which we identify as very likely to be a volcanic
horizon: At this depth, the layer thickness (~¥17cm) is sufficiently large that ~3 IC measurements of S exist
per year. As the biologic S-component is a summer signal, an extreme biological influx event should not
express itself as a series of successive data points with elevated sulfur values, also through winter, as it is
present here. In the remaining records, there is a (smaller) peak in the H+ and nss-cond records, with e.g.
the peak in the normalized nss-conductivity record reaching 1.8c. Since further this peak is located at
exactly the right spot according to the respective timescales and the surrounding match points, we believe
that we can safely assume this to be a reliable match point.

Also at 166.7m, nss-cond is the record out of the four, which, after smoothing and normalization, has the
largest peak (1.50). However, we would not have identified this as a reliable match point, had it not been
surrounded by two very clear match points, and being located exactly at the right spot between them.

The above illustrates the importance of looking for patterns of volcanic peaks to obtain reliable match
points, as well as the ability of non-sea-salt conductivity to record volcanic marker horizons, even if the
peaks do not always exceed a 2c threshold.

The “peak” around 169m mentioned by the reviewer is very likely an artifact from the calculation of the
non-sea-salt conductivity, and caused by a slight discrepancy in the depth alignment of the calcium and
conductivity records, this causing a “heart-beat” pattern: a very thin peak immediately followed by very
low (here: negative) values. There were several similarly shaped “heartbeat” patterns in the same figure
(e.g. at 161.5m, 164.5m, 167m) and even more of smaller size. We emphasize that only broad peaks in
the nss-cond should be considered possible volcanic horizons. In the revised version of the figure, we now
show a more smoothed version of the nss-conductivity record. The smoothing removes these heart-beat
shaped patterns, and hopefully makes the broader peaks more apparent to the reader. As in the previous
version of the figure, we also have colored the area under the graph in order to focus the attention of the
reader to the broader peaks.

The authors are aware of potential pitfalls associated with nss-cond calculated as a secondary quantity,
but do not quantify how much (or how little) the signal is affected by these problems. For example, this
concerns potential false peaks produced by uncertainty in depth-alignment between Cond and Ca++, as
well as peaks through very low Ca++.

As mentioned in the previous comment, an incorrect depth alighment of the conductivity and Ca?* records
gave rise to a very particular heart-beat pattern, which easily could be recognized. We further used several
approaches to account for the various issues associated with the non-sea-salt conductivity being a
secondary quantity: 1) We focused on the broader peaks as these are not affected by depth-scale issues,
2) We used smoothed versions of the conductivity and Ca®" records before calculating the nss-
conductivity, since this reduces the impact of depth-scale differences, and, finally but most importantly,
3) we always double-checked against a direct plot of the two records overlaying each other to identify
whether peaks in non-sea-salt conductivity were caused by obvious errors in alignment or measurement
issues. The conductivity-to-calcium excess is now also shown as a green area on the figures.

Indeed, often peaks in the conductivity-to-calcium excess could often much easier be recognized when
comparing the two records directly. This is perhaps best illustrated in Figure S4, second panel from the
top, where e.g. the Krakatau volcanic horizon is visible as a distinct peak in conductivity (grey) that is not
present in the Ca?* record (green). This peak cannot be explained by e.g. depth alignment issues or



different smoothing in the two records, which may account for many of the other smaller peaks in the
derived non-sea-salt conductivity record.

Consequently, | believe the volcanic identification and matching needs to be expanded and clarified,
ideally including: i) a quantitative approach to peak detection, e.g. by employing a local "peak-over-
threshold" criterion, ii) a more convincing demonstration of the new volcanic proxy nss-cond, including
addressing the pitfalls of a secondary quantity, and iii) showing a more extended version of Figure 9 as a
side-by-side comparison between RICE and WAIS volcanic signals, also at depths not including the distinct
tephra marker of Pleiades.

Replies to i) and ii) were provided above. Regarding iii) we now have added an extra figure to the
supplementary showing the volcanic matching of the two cores for a deeper section. For this section, the
marker horizons are significantly more sparsely located, making it harder to see the details of the various
records. The nssS-record for RICE does not exist below 249m, and is therefore not shown.

Detailed comments:

Introduction: The companionship to the Lee et al. paper should be mentioned explicitly when stating the
scope of this work.

This has been included.

P6 L37-38: " Some uncertain layers were counted as a year in the timescale, while others were not."
This procedure remains unclear. As | am sure the authors are aware, a typical approach here is to count
uncertain layers as 0.5+/-0.5 years. Why was this procedure not adopted in this case? It is also not clear
what uncertainty estimate was obtained and why this should be a 95% confidence interval.

Always increasing the timescale uncertainty by 1/2 year when encountering uncertain layers would give
rise to an always-increasing uncertainty estimate with depth, which is not appropriate for timescales
constrained by known-age marker horizons (as those present in the upper part of RICE).

Instead, our approach for estimating the uncertainty on the manually-layer counted part of the timescale
was as follows: We identified the most likely set of layers, while any uncertainties in the layer identification
(layers that possibly could be added or removed from the most likely set of annual layers, while still
adhering to the age constraints) were reflected as an increase in the associated age uncertainty. The
resulting age uncertainty is largest midways between two age constraints. We have revised the
description of the process in the paper. We believe this to be a very conservative estimate of the
uncertainty, roughly corresponding to a 95% confidence interval. We chose this approach as it produces
an uncertainty estimate most similar to that obtained from StratiCounter (which is a 95% confidence
interval), and we desired to keep the definition of the counting uncertainty along the core as similar as
possible.

P8 L5-6: "The calcium and conductivity records frequently displayed multiple peaks per year, limiting their
contribution to the annual layer interpretations."

This is another reason why it would be very important to see the performance of StratiCounter in such a
case.

Sections of the calcium and conductivity records have been included in the new figure 6, along with the
inferred annual layers from StratiCounter.



P8 L20-23: "Using ... the modelled density profile fits well the observed values". How were the parameters
used here obtained, i.e. why these values selected? Also, from Figure S2 it can be seen that this statement
is true only for the top 50 m. Below that depth there is a substantial misfit in the lower core - including
depth of the firn-ice transition. This should at least be mentioned - | assume consequences of the misfit
would be negligible if only an extrapolation of near-surface values was concerned.

The parameters used are observed values for accumulation rate, surface temperature, and initial snow
density. This has now been clarified in the manuscript. Indeed, there is a small misfit between the model
and the observations below 50m, but the top part fits well. It is unclear why there is this difference
between modelled and observed densities, but as mentioned briefly in the supplementary (S3), it could
potentially be due to the additional vertical strain present at divide locations.

Because of the misfit between model and observations, we have used the observed density values to
correct the layer thickness for density changes with depth. Since we use the model only for correcting for
the density in the very top part of the core, the misfit between modelled and observed densities in the
deeper part should have no impact on our results.

P9 L15: "estimated using an ice-flow model to match the dated architecture of the Raymond stack"
This is rather vague. What ice-flow model was used? Is this work done by the authors or the approach of
Kingslake et al. (2014)? Please clarify.

This ambiguity in the text was also pointed out by reviewer #2, and we have provided a detailed answer
there.

In short, we have used both 1D and 2D models, matching respectively the bump amplitude and the
internal layering directly. This work will be presented in a paper by itself (which we are working on). For
the present paper, we have added a comment that this is on-going work (see supplementary).

P9 L19-20: "a linear combination with divide-type velocities weighted by 0.7 and flank-type velocities
weighted by 0.3."

Please state why these values were used. Was this an arbitrary selection? If so, would uncertainty in these
values contribute to the uncertainty in thinning function? This approach remains unclear.

As requested by reviewer #2, we have rewritten the section on the ice-flow modelling to clarify our
approach. We use a linear combination of flank and divide-like flow profiles to account for the migration
of the ice divide, which causes the flow to become increasingly divide-like over time. The specific weights
come from the relative magnitude of the Raymond arch at the ice core site: The amplitude of the Raymond
Arch at the core site is approximately 70% of the peak amplitude, and we use this number to indicate the
relative importance of the divide-like flow profile in the deeper part of the core.

Following the suggestions from reviewer 1, we have recalculated the uncertainty in the thinning function.
It is now calculated based on the envelope of thinning functions obtained from 12 different scenarios,
which includes the uncertainty in divide-migration over time, and how it has impacted the vertical velocity
profile. The resulting uncertainties are in reasonable agreement with our previous estimates.

P9 L29-30: "Except for the uppermost part of the record, uncertainty in the thinning function dominates
the total uncertainty, and only this factor will be considered here."

This is an important statement but is not supported by any evidence. Please explain.

Additional uncertainties could be caused by the density profile or misinterpretation of annual layers.



With regard to density: Except for the top 8m, we use measured densities, and the uncertainty associated
with these should be minor. The extrapolation of densities to the surface is aided by the measurements
of surface density in nearby snow pits. This, and the good agreement between modelled and measured
densities in the top 50m, ensures that the density correction only causes minor uncertainty for the
estimation of past accumulation rates.

Misinterpretation in annual layers may give rise to the annual accumulation for some years being
significantly too high (e.g. twice as high if a layer is missing) or too low (e.g. half the actual amount, if there
is a layer too many). However, due to the negligible bias of the timescale (as backed up by the volcanic
matching to WAIS Divide), the uncertainty on average accumulation rates will be very small throughout
the core. This argumentation has been added to the manuscript.

In the top part, the uncertainty in the thinning function is zero (no stain thinning has taken place), and
hence the other two factors, while small, will dominate here. However, for the deeper part, it is a very
good assumption to neglect the uncertainties of other factors than the thinning rate.

P9 L31 ff: This paragraph has some vague statements making it hard to fully comprehend. E.g. Was the
near-surface uncertainty in density (it is only extrapolated) considered here? And: "(b) variation of the
vertical velocity profile over time in ways not accounted for." E.g. | assume you are referring here to your
change in weights of the linear combination?

The section only concerns the uncertainty associated with the thinning function, not the density
correction. This section has been rewritten, and a section has been added to the supplementary,
discussing the derivation of new estimates of the uncertainty on the accumulation rates.

P10 L3-4: "We suggest to interpret this uncertainty as a 95% (20) confidence interval."
It is not clear why this needs to be exactly a 95% confidence level, or why this confinement to 95% is even
needed.

We believe that our uncertainty bound is rather conservative, as it is calculated as the envelope of 12
scenarios, each of which represent (at least one) extreme parameter or scenario. As we wish to convey to
the reader that this is a conservative estimate of the uncertainty, we have elected to keep the above
sentence that we interpret the uncertainty as a 95% confidence interval.

P10 L13-14: "The CFA acidity record is driven primarily by the influx of non-sea-salt sulfur-containing
compounds, as evident by its high resemblance to the IC non-sea-salt sulfate and ICP-MS non-sea-salt
sulfur records in the top part of the core (Fig. 4)."

This may be true, but how can it be reconciled with the later statements about using acidity as a more
reliable tracer of volcanic events, e.g. the statements about halide acids from regional volcanism? See
comment for P19 L23 below.

Comparing the CFA acidity record with the non-sea-salt sulfur record, we observe more or less the same
overall signal in the two records. However, at times there are peaks of excess acidity in the acidity record.
We consider it likely that some of these peaks are caused by halogenic acids originating from regional
volcanic eruptions. The two statements are therefore not contradictory. See also our reply to the last
guestion, where we have provided some examples of distinct acidity peaks that are less prominent in the
sulfur-record, although the remaining part of the records show fairly similar variability.

We note that we used all the available records for identifying volcanic eruptions in the RICE records. We
do not as such consider the acidity record the most reliable tracer of volcanic events, but it was among
the most useful records due to its high depth resolution.



P10 L28 and L33: Should be now Figure 9, not 8.

Corrected.

P13 L24: Please give a definition of how the conductivity-to-calcium excess was calculated.
The conductivity-to-calcium excess was calculated as follows:
nss-cond = cond — (a*Ca+b),

with the coefficients a and b found from a linear fit for a running 2m window around the specific depth
section. This definition has been added to the manuscript. The resulting record was subsequently
smoothed in order to eliminate false peaks caused by slight differences in depth alignment between the
two records.

P13 L27-28: "Nevertheless, peaks in the conductivity-to-calcium excess showed high consistency with
peaks in total acidity, and it proved to be a reliable tracer for volcanic activity." Referring to main comment
2., this needs to be shown in more convincing detail. For instance, how does the excess signal look for the
recent historical eruptions used in the paper, such as Krakatau?

We have added a figure to the supplementary showing the volcanic records (and the matching to WAIS
Divide) in the top part of the record, including the Krakatau and Makian volcanic horizons. Both display a
very distinct excess of conductivity relative to the calcium, which is especially visible when comparing the
two records directly. The same peaks are visible in the acidity record.

P13 L36: The Kalteyer, 2015 reference is not accessible without a login from the University of Maine.
The reference has been removed.

P14 L44: "Fig 9a" should be Figure 10.

Corrected

P15 L40: "It has been suggested that this shift is due to other factors than temperature (Bertler et al.,
2018),..."
Vague statement, please clarify what "other factors" are.

In Bertler et al, it is suggested that this change in isotope level may be related to changes in regional sea
ice extent and atmospheric circulation. This has been added.

P16 L35-36: "Present accumulation rates show a distinct decrease on the downwind (western) side of the
ice divide with a gradient of ~5 10-3 m w.e./km yr-1, although muted around the summit area."
Where does this data come from? Is there a missing citation?

Citation has been added.

P19, L23 ff. "The halide acids are highly soluble, and will be removed from the atmosphere relatively
quickly during transport. Hence, they will contribute to increased ice acidity in ice cores located close to
the eruption site, whereas only sulfate is deposited from distant volcanic eruptions. By focusing on acidity
as volcanic tracer instead of sulfur, the RICE volcanic proxies may thus be more sensitive to regional
volcanism than to larger far-field eruptions."

As pointed out above, if acidity is dominated by non-sea-salt sulfur as claimed earlier in the manuscript,
how would additional, presumably volcanic acids, leave a detectable imprint? In other words, if the H+



data shown in Figure 9 would be down-sampled to the depth-resolution of nss-S shown in the same Figure,
would there be in fact a discernible difference between the two datasets, especially at the locations of
the assumed eruptions? The reader is unable to evaluate this based on the presented data in Figure 9.

We have rewritten the section so that it becomes clear that while this is suggested from our preliminary
investigations, we do not attempt to quantify the importance of the effect on the RICE records.

When comparing the acidity record, down-sampled to the same depth resolution as nssS, we observe a
tendency towards a larger relative size of peaks in acidity for volcanic horizons that were not classified as
originating from far-field eruptions. However, any further quantification is tricky due to: 1) changes in
baseline with depth due to calibration issues, 2) the low resolution of the down-sampled records, and 3)
a limited number of non-bipolar volcanic horizons for which both data sets are available.

Below is shown the nssS record and the acidity record down-sampled to the same depth resolution for
two depth sections. We selected these two sections, as they both contained a volcanic horizon that could
be matched to a non-bipolar volcanic horizon in the WAIS Divide ice core, i.e. the horizon was likely to
represent a regional eruption. We would therefore expect the acidity peak for these eruptions to be
relatively larger than the peak in nssS.

This is also what we observe: Comparing the two peaks at 164m (Samalas; bipolar) and 162m (not bipolar),
the two peaks are of the same size in the acidity record, whereas the Samalas bipolar horizon is
significantly larger in sulfate than the horizon at 162m. The second depth section contains only a single
volcanic match-point horizon, namely at 180m. Compared to the overall range of variability in nssS and
H+, there is also here an indication that the volcanic horizon has additional acidity compared to its sulfur
content. We also observe that in general, the nssS and acidity show fairly similar (though not identical)
variability throughout both sections.
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Abstract

We present a 2700-year annually-resolved chronology and snow accumulation history for the
Roosevelt Island Climate Evolution (RICE) ice core, Ross Ice Shelf, West Antarctica. The core
adds information on past accumulation changes in an otherwise poorly constrained sector of
Antarctica.

The timescale was constructed by identifying annual cycles in high-resolution impurity records;
. and it constitutes the top part of the Roosevelt Island Ice Core Chronology 2017 (RICE17).
The—timeseale—was—vValidation ed—by volcanic and methane matching to the WD2014
chronology from the WAIS Divide ice core shows that -and-tthe two timescales are in excellent
agreement. In a companion paper, gas matching to WAIS Divide is used to extend the timescale
for the deeper part of the core where annual layers cannot be identified.

Based on the annually-resolved timescale, we produced a record of past snow accumulation at
Roosevelt Island.

The RICE-—snew—accumulation history shows that Roosevelt Island experienced slightly
increasing accumulation rates between 700 BCE and 1300 CE, with an average accumulation
of 0.25+0.02 m water equivalent (w.e.) per year. Since 1300 CE, trends in the accumulation
rate have been consistently negative, with an acceleration in the rate of decline after the mid-
17™ century. The current accumulation rate at Roosevelt Island is 0.2104+0.002 m w.e. y'!
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(average since 1965 CE, +20), and rapidly declining with a trend corresponding to 0.8 mm yr-
2. The decline observed since the mid-1960s is 8 times faster than the long-term decreasing
trend taking place over the previous centuries, with decadal mean accumulation rates
consistently being below average.

Previous research has shown a strong link between Roosevelt Island accumulation rates and the
location and intensity of the Amundsen Sea Low (ASL), with significant impact on regional
sea ice extent. The decrease in accumulation rates at Roosevelt Island may therefore be
explained in terms of a recent strengthening of the ASL and expansion of sea ice in the Eastern
Ross Sea. The start of the rapid decrease in RICE accumulation rates observed in 1965 CE may
thus mark the onset of significant increases in regional sea ice extent.

1. Introduction

Accurate timescales are fundamental for reliable interpretation of paleoclimate archives,
including ice cores. Ice-core chronologies can be produced in a variety of ways. Where annual
snow deposition is sufficiently high and reasonably regular throughout the year, seasonal
variations in site temperature and atmospheric impurity deposition lead to annual cycles in the
ice-core water isotope and impurity records (Dansgaard, 1964; Hammer et al., 1978). By
identifying and counting the annual cycles, an annual-layer-counted ice-core timescale can be
produced (Sigl et al., 2016; Steig et al., 2005; Svensson et al., 2008). This technique is
commonly employed for producing ice-core timescales at sites with moderate to high snow
accumulation, including coastal Antarctica. Annual-layer-counted ice-core timescales have
traditionally been obtained by manual counting, but this task can now be performed using
machine-learning algorithms for pattern recognition (Winstrup et al., 2012).

Where possible, identification of annual layers allows the development of a high-resolution ice-
core chronology, but unless constrained by other data, the uncertainty of such a timescale will
increase with depth, as the number of uncertain layers accumulate to produce some age
uncertainty (Andersen et al., 2006; Rasmussen et al., 2006). Marker horizons found in the ice-
core records can be used to evaluate the accuracy of a layer-counted timescale, or, alternatively,
to constrain the timescale. Such marker horizons carry evidence of events of global or regional
nature, and may be; (a) layers of enhanced radioactivity resulting from nuclear bomb tests
(Arienzo et al., 2016); (b) sulfuric acids (Hammer, 1980) and/or tephra (Abbott et al., 2012)
from volcanic eruptions; or (c) enhanced flux of cosmogenic radionuclides caused by changes
in solar activity, reduction of the Earth’s magnetic field, or cosmic events (Muscheler et al.,
2014; Raisbeck et al., 2017; Sigl et al., 2015).

Ice cores can also be stratigraphically matched using records of past atmospheric composition
from trapped air in the ice (Blunier, 2001; Blunier et al., 1998; EPICA Community Members,
2006). Variations in atmospheric composition are globally synchronous. Accounting for the
time required to sequester the air into the ice, the ice-core gas records can be used also for
stratigraphic matching of records measured on the ice matrix. Even during periods of stable
climate, the atmospheric composition displays multi-decadal fluctuations (Bender et al., 1994;
Mitchell et al., 2011, 2013) allowing synchronization on sub-centennial timescales.

Annually-resolved ice-core chronologies provide long-term reconstructions of annual snow
accumulation (Alley et al., 1993; Dahl-Jensen et al., 1993): Annual layer thicknesses can be
converted to past accumulation rates by applying corrections due to density changes during the
transformation from snow to ice (Herron and Langway, 1980), and thinning of annual layers
caused by ice flow (Nye, 1963). Reconstructions of past accumulation rates are important for
improving our understanding of the natural fluctuations in snow accumulation and their climate
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drivers. Such knowledge is essential to accurately evaluate the current and future surface mass
balance of glaciers and ice sheets, a critical and currently under-constrained factor in sea level
assessments (Shepherd et al., 2012).

Here we present an ice-core chronology (RICE17) and accumulation history for the last 2,700
years from Roosevelt Island, an ice rise located in the Eastern Ross Embayment, Antarctica
(Fig. 1). The ice core was extracted as part of the Roosevelt Island Climate Evolution (RICE)
project (2010-2014) (Bertler et al., 2018). RICE forms a contribution to the Antarctica2k
network (Stenni et al., 2017; Thomas et al., 2017), which seeks to produce Antarctica-wide ice-
core reconstructions of temperature and snow accumulation for the past 2000 years. The
chronology presented here was produced by annual-layer counting. In a companion paper (Lee
et al., 2018), we extend the timescale to cover the deeper core by gas matching to the WAIS
Divide ice core on the WD2014 chronology{teeet-al-2648) (Buizert et al., 2015; Sigl et al.,
2016).

Roosevelt Island is strongly influenced by the Amundsen Sea Low (ASL) and associated
ridging (Raphael et al., 2016), and anti-correlated with precipitation in Ellsworth Land and the
Antarctic Peninsula (Bertler et al., 2018; Emanuelsson et al., 2018; Hosking et al., 2013). These
differences emphasize the need for high spatial and temporal coverage when reconstructing
regional mass balance patterns. With few other ice cores from the Ross Sea region, the RICE
accumulation history adds information on past changes in mass balance from an otherwise
poorly-constrained sector of the Antarctic continent.

2. Site characteristics

Roosevelt Island is located within the eastern part of the Ross Ice Shelf (Fig. 1), from which it
protrudes as an independent ice dome that is grounded 214 meters below sea level. Snow
accumulates locally on the ice dome, with ice originating from the Siple Coast ice streams
flowing around the island in the Ross Ice Shelf. Geophysical and glaciological surveys across
Roosevelt Island in the 1960s established ice thickness, surface topography, surface velocity
and accumulation rate (Bentley and Giovinetto, 1962; Clapp, 1965; Jiracek, 1967). The island
was revisited during 1974-75 as part of the Ross Ice Shelf Project. During this project, shallow
cores (up to 70m) were collected across the ice shelf, including two firn cores from Roosevelt
Island summit (Clausen et al., 1979). The shortest (11 m) firn core from near the summit was
measured for water isotopes and total B-activity in high resolution; we here refer to it as RID-
75 (Table 1). Results from the shallow cores show that seasonal signals of stable isotopes and
ionic chemistry are well preserved in the ice (Clausen et al., 1979; Herron and Langway, 1979;
Langway et al., 1974).

Ice-penetrating radar surveys of Roosevelt Island that took place in 1997 revealed a smoothly
varying internal stratigraphy of isochronal reflectors (Conway et al., 1999). There was no
evidence of disturbed internal layering that would indicate high strain rates or buried crevasses,
suggesting the summit of the island to be a good place for an ice core. Of special interest was a
distinctive arching pattern of the internal layers beneath the divide. This pattern has implications
for the ice history, since isochronal layers arch upward beneath divides that are stable and frozen
at the bed (Raymond, 1983). Analyses of the geometry of the internal layering is-se-ealed
Raymend-stack-indicate that the current divide-type ice-flow regime started about 3000 years
ago (Conway et al., 1999; Martin et al., 2006), and thus has been in existence throughout the
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w%éwd%w&st—eeﬂ%uﬂes—Combmed w1th a—recently—measured Vertlcal ice VGlOClty proﬁles
3

[ Field Code Changed




135
136
137

138
139
140
141
142
143
144
145
146
147
148
149
150

151

152

153
154
155
156
157
158

159
160
161
162
163
164
165
166
167
168
169
170
171
172

173
174
175
176
177
178
179
180

acrossat the ice divide (Kingslake et al., 2014), the stability of the ice flow regime at Roosevelt
Island facilitates interpretation of past accumulation rates from annual layers in the RICE ice
core.

The RICE deep ice core was drilled at the summit of Roosevelt Island (79.364S, 161.706W,
550 m above sea level (Bertler et al., 2018)), and less than 1 km from the old RID-75 shallow
core. It was drilled in austral summers of 2011/12 and 2012/13. During the first season, the core
was dry-drilled down to 130 m, and then the borehole was cased. An Estisol-240/Coasol drilling
fluid mixture was used to maintain core quality during the second drilling season. The ice
thickness is 764.6 m. The upper 344 m of the core spans the past 2700 years; the period for
which an annual-layer-counted timescale can be constructed. In addition to the deep core,
several shallow cores were drilled in the vicinity. During the 2012/13 field season, a 20 m firn
core (RICE-12/13-B) was drilled near the main core, and it was used to extend the records up
to the 2012/13 snow surface. Table 1 provides an overview of the relevant firn and ice cores
collected at Roosevelt Island. An automated weather station near the RICE drill site recorded
mean annual temperatures of -23.5°C over the duration of the RICE project (2010-2014), and
an average snow accumulation of approximately 0.20 m w.e. yr'! (Bertler et al., 2018).

Methods

3. Ice core processing and impurity analysis

The RICE ice cores were processed and analyzed at the GNS Science National Ice Core Facility
in Lower Hutt, New Zealand. The cores were cut longitudinally to produce a 15x35 mm
triangular piece for water isotope analysis and two 35x35 mm square sticks for continuous flow
analysis (CFA) (Fig. 2). The second CFA piece was for use in case the core quality of the
primary piece was compromised, or for repeat measurements to test measurement accuracy and
system stability.

In parallel with ice core cutting and processing, CFA and electrical conductivity measurements
(ECM__Hammer; (1980)) were carried out. ECM (Hammer; 1980y was measured using a low-
power hand-held instrument from Icefield Instruments Inc. directly on the ice-core surfaces
after the initial cutting of the core. In 2012, the uppermost section (8.57-40 m) of the RICE
main core was processed and analyzed using the GNS Science melter system, with continuous
measurements of stable water isotopes (8D, 8'0) and black carbon, and discrete sampling of
major ion and trace element concentrations. The following year, this set-up was replaced by an
expanded version of the Copenhagen CFA system (Bigler et al., 2011), providing high-
resolution continuous measurements of liquid conductivity, calcium (Ca?"), insoluble dust
particles, acidity (H"), and black carbon (BC), as well as stable water isotopes (8D, 8'30) and
methane gas concentrations (Table 1). The RICE-12/13-B firn core was analyzed using this
system. Next, the RICE main core was melted and analyzed from 40 m to 475 m, at which depth
the ice brittle zone was reached. Subsequent repeat measurements of the top section (8.57-40
m) of the main core were made using the second, parallel CFA stick.

Primary adaptations to the Copenhagen CFA system involved: 1) Depth assignment via a digital
encoder using a 1-second sampling rate (Keller et al., 2018); 2) Continuous analysis of stable
water isotopes (8'%0, 8D) using a Los Gatos Research (LGR) analyzer (Emanuelsson et al.,
2015); 3) Black carbon analysis by a Single Particle Soot Photometer (Droplet Measurement
Technologies, Boulder, CO; DMT SP2) following the method reported by McConnell et al.
(2007); 4) Acidity measurements based on direct registration of H* concentrations using an
optical dye method (Kjer et al., 2016); 5) Continuous methane concentration analysis using a
Picarro Cavity Ring-Down Spectroscopy (CRDS) instrument (Stowasser et al., 2012); and 6)
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Inclusion of three fraction collectors for discrete sample analyses by, respectively, ion
chromatography (IC), Inductively-Coupled Plasma Mass Spectrometry (ICP-MS), including
measurements of 22°Pu using an ICP-SFMS technique (Gabrieli et al., 2011), and measurements
of stable water isotopes on the LGR. Figure 3 shows a diagram of the CFA system set-up.

The ice was melted at a rate of 3 cm min’!, producing approximately 16.8 mL contamination-
free water and gas mixture per minute of melting. Air bubbles were separated in a debubbler,
dried, and sent to the Picarro CRDS instrument for methane analysis. Each minute, 5 mL
meltwater was directed to each of two fraction collectors (IC and ICP-MS aliquots) and 1.1 mL
was used for continuous measurements of water isotopes (0.05 mL) and black carbon (1.05 mL)
by the LGR and DMT SP2 instruments. The remaining 1.8 mL was sent to flow-through liquid
conductivity and insoluble particle analyzers (Bigler et al., 2011), and then split for continuous
analysis of soluble calcium (Traversi et al., 2007) and acidity (Kjer et al., 2016). A third
fraction collector was used to collect discrete samples for water isotopes from the melt-head
overflow lines originating from the outer core section, these being used for quality assurance
of the continuous measurements.

On average, 20 metres of ice were melted during a 24-hour period, including measurements,
calibrations and routine maintenance. Calibrations for water isotopes, calcium, acidity and
black carbon were carried out before and after each melting run, which comprised the
continuous analysis of 3x1 m long ice rods. Calibrations for methane, based on standard gases
with methane concentrations corresponding to glacial and preindustrial Holocene levels, were
carried out twice daily. Core breaks and/or contamination in the system caused some sections
of missing data. The percentage of affected core varied between chemistry species, ranging
from <1% (BC) to 17% (H") (see supplementary Table S1), the majority being small sections
of missing data that did not severely impact annual layer interpretation.

The CFA chemistry records were very densely sampled (1 data point per mm). Mixing in the
tubing as the meltwater sample travelled from melt head to the analytical systems caused
individual measurements to be correlated, and hence the effective depth resolution of the system
was significantly less than the sampling resolution. This was particularly espeeials~important
the—ease—for the RICE CFA set-up owing to the relatively small fraction of total meltwater
directed to the continuous measurement systems. Following the technique used in Bigler et al.
(2011), the effective depth resolution for the CFA measurements was estimated to range from
0.8 cm (conductivity) to 2.5 cm (Ca?*) (Table S1).

4. Constructing the Roosevelt Island Ice Core Chronology,
RICE17, for the last 2700 years

The Roosevelt Island Ice Core Chronology 2017, RICE17, was constructed using multiple
approaches, as necessitated by changing properties and availability of data with depth. Here we
TFhis—seetion—describes the methodology used to construct the most recent 2700 years of
RICE17, the period for which annual layer identification was feasible. For the deeper part of
the core, RICE17 was constructed by gas matching to the WAIS Divide ice core on the WD2014
chronology, as reported in Lee et al. (2018).

4.1. Overview of the annual-layer counting strategy

The uppermost section (0-42.34 m) of the core was dated by manual identification of annual
cycles in records of water isotopes and chemical impurities from the RICE main core as well
as the RICE-12/13-B shallow core. For this most recent period, several distinct marker horizons
from well-known historical events were used to constrain the chronology (section 4.2).
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Below 42.34m (1885 CE), the timescale was augmented using the StratiCounter layer-counting
algorithm (Winstrup, 2016; Winstrup et al., 2012) applied to multiple CFA impurity records
from the RICE main core (section 4.3). A previously-dated tephra layer at 165 m (Pleiades;
1251.6+2 CE according to WD2014) was used to optimize the algorithm settings, but other than
that, RICE17 is a fully independent layer-counted ice-core chronology.

The layer-counted part of RICE17 stops at 343.72 m (700 BCE). At this depth, the annual layers
became are-too thin (<6 cm, i.e. less than 8 independent data points/year in the best resolved
records) for reliable layer identification in data produced by the RICE CFA set-up. The
timescale was e-extended back to 83,000 years before present the RICE}7timesealefurther
baek-the-layer-counted-timeseale-was-combined-withusing the gas-derived timescale, which
covers the entire core with lower resolution (Lee et al., 2018). Excellent agreement (+3 years)
between the layer-counted timescale and the independent gas-derived age at 343.7m allows us
to produce the combined Roosevelt Island Ice Core Chronology 2017, RICE17, by joining the
two without any further adjustments.

4.2. Manuallayer interpretation with historical constraints (0 - 42.34 m;
2012 - 1885 CE)

The top 42.34 m of the RICE17 chronology was obtained by manually counting annual layers
in the combined set of discretely-measured IC and ICP-MS data, where available, as well as the
continuous water isotope and chemistry records produced by the RICE CFA system. The RICE
main core starts at 8.65 m depth, so the top part of the timescale is based exclusively on the
RICE-12/13-B shallow core. At 12.5 m, both cores display a distinct peak in their isotope
profiles, showing that they can be spliced directly without need for any depth adjustments.
Layer marks for the top 12.5 m were placed according to the RICE-12/13-B shallow core; lower
layer marks refer to the main core. In the overlap section (8.65-19.55m), we used the combined
data set from both cores to reduce the risk of timescale errors caused by core breaks or bad data
sections.

Layer identification in this section of the core relied predominantly on annual signals in non-
sea-salt sulfate (nss-SO4%), acidity (H") and iodine (I), as these records displayed the most
consistent annual signals (Fig. 4). Extreme sea-salt influx events occasionally caused large
sulfate peaks, necessitating the removal of the sea-salt sulfate fraction before layer
identification. For the top 20 m, the water isotope records also significantly strengthened the
annual layer interpretations. Smoothing through diffusion of water molecules in the firn,
however, caused es—tthe annual signal in the water isotope records to diminish with depth,
resulting in a loss of annual signals below 20 m.

Summers could be identified as periods with high stable water isotope ratios, high
concentrations of nss-SO4% and associated acidity [originating from phytoplankton activity in
the surrounding ocean during summer (Legrand et al., 1991; Udisti et al., 1998)], and low iodine
concentrations [due to summertime photolysis of iodine in the snowpack (Frie8 et al., 2010;
Spolaor et al., 2014)]. Layer marks were placed according to the depths of concurrent summer
peaks in water isotope ratios, nss-SO42- concentrations, and acidity levels, and assigned a
nominal date of January 1.

The uppermost 42.34 m of the RICE17 chronology was tied to several distinctly identifiable
marker horizons found in the ice-core records relating to well-known historical events (sections
4.2.1-4.2.3; Table 2)._The timescale was obtained by identifying the most likely set of annual
layers, while accounting for age constraints from marker horizons (Fig. 4). We conservatively
estimated the age uncertainty of the marker horizons to be +1 year, thereby allowing for some
uncertainty in timing of deposition of e.g. volcanic material. We further kept track of uncertain
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layers (i.e. layers that possibly could be added or removed from the most likely set of layers
while still adhering to the age constraints), thereby producing an uncertainty estimate for the
timescale. nfidence interve ¢ timescale assitvi in

allowing £ ainty o -g—voleanic-materiak-We interpret it

as the 95% confidence interval of the age at a given depth, similar to that obtained from

automated layer identification deeper in the core (section 4.3). Seme-uneertaintayers—were
| ; - b .

4.2.2.4.2.1. The 1974/75 snow surface

The uppermost age constraint was established by successfully matching the RICE water isotope
profile to that from the RID-75 firn core (Fig. 5). Drilled in austral summer 1974/75, the snow
surface in RID-75 provided the first tie-point for the RICE17 chronology at a depth of 14.62m
(Table 2).

4.2.3.4.2.2. _Nuclear bomb peaks

High-resolution 2?Pu measurements on the upper part of the RICE core show a significant rise
in plutonium levels, starting from very low background levels at 22m and reaching peak values
at 21.6m. This increase can be attributed to atmospheric nuclear bomb testing during the Castle
Bravo Operation, Marshall Islands, in March 1954, which globally caused large amounts of
nuclear fallout over the following year (see-e.g. Arienzo et al.. 2016)).

Total specific B-activity levels in the RID-75 core show the same evolution (Clausen et al.,
1979), confirming both the isotopic matching between the two cores, and the age attribution of
this event (Fig. 5). The abrupt increase in °Pu-fallout at 22m was used as age constraint for
the RICE17 chronology (Table 2). Subsequent peaks in the 2*Pu and B-activity records can be
attributed to successive nuclear tests and subsequent test ban treaties(Fable-2). These changes
were much less distinct, and were therefore-not used during development of the timescale.

4.2.4-4.2.3. Recentvolcanic eruptions

A couple of volcanic horizons in RICE during this most recent part could be related to well-
known volcanic eruptions. Rhyolitic tephra located between 18.1-18.2m was found to have &
similar geochemical composition toas a tephra layer found in the WAIS Divide core deposited
late 1964 CE (Wheatley and Kurbatov, 2017). The tephra likely originates from Raoul Island,
New Zealand, which erupted from November 1964 to April 1965. This is consistent with the
RICE17 chronology, according to which the tephra is located in early 1965 CE (Table 2).

Only two volcanic eruptions could be unambiguously identified in the acidity records over this
period; the historical eruptions of Santa Maria (1902 CE; 37.45m) and Krakatau (1883 CE;
42.34m) (Table 2). These two horizons were used to constrain the deeper part of the manually-
counted interval of RICE17, which terminates at the Krakatau acidity peak. Deposition age of
volcanic material for these events was assumed identical to those observed in the WAIS Divide
ice core (Sigl et al., 2013). Imprints from other large volcanic eruptions taking place during
recent historical time, such as Agung and Pinatubo, did not manifest themselves sufficiently in
the RICE records to be confidently identified.
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4.3. Automated annual layer identification (42.34 - 343.7 m; 1885 CE -
700 BCE)

For the section 42.34-343.7 m (1885 CE - 700 BCE), the RICE17 annual layer-counted
timescale was produced using the StratiCounter algorithm (Winstrup et al., 2012), extended to
interpret the annual signal based on multiple chemistry series in parallel (Winstrup, 2016).

StratiCounter is a Bayesian algorithm built on machine-learning methods for pattern
recognition, using a Hidden Markov Model (HMM) framework (Rabiner, 1989; Yu, 2010).
StratiCounter computes the most likely timescale and the associated uncertainty by identifying
annual layers in overlapping data batches stepwise down the ice core. For each batch, the
layering is inferred by combining prior information on layer appearance with the observed data,
thereby obtaining a posteriori probability distributions for the age at a given depth. The output
of StratiCounter is the most likely annual timescale, along with a 95% confidence interval for
the age as function of depth. The confidence interval assumes the timescale errors to be
unbiased, implying that uncertainties in layer identification partly cancel out over longer
distances. Previous research has documented the skill of StratiCounter to produce accurate and
unbiased layer-counted ice-core timescales (e.g. Sigl et al., 2015; Winstrup, 2016).

StratiCounter was applied to the full suite of CFA records: black carbon, acidity, insoluble dust
particles (42.3-129m), calcium, and conductivity. See sSupplementary S2 for the specifics of
the algorithm set-up. Figure 6 shows three depth sections of CFA data and resulting layer
counts. Annual cycles in the high-resolution black carbon (BC) record became more distinct
prior to 1900 CE, and it was one of the most reliable annual proxies in the core-{seetion-6). As
observed in the topmost part of the core, acidity also displayed an —distinet-annual signal,
although the relatively-lower effective depth resolution of the acidity record (Table S1) made it
mueh—less useful with depth. The calcium and conductivity records frequently displayed
multiple peaks per year, but contained complementary information to the other proxies, and
hence were also useful for layer identification (Fig. 6). From 0 to 129 m, an irregular annual
signal was also observed in the insoluble particle record, but data below 129 m was corrupted
by the presence of drill fluid in the CFA system, which forced us to exclude the deeper part of
this record. The discretely-sampled ICP-MS data records did not have sufficient resolution to
resolve annual layers.

Decreasing layer thicknesses caused the annual signal in the impurity records to become
increasingly difficult to identify with depth, and the layer-counted timescale stops at 343m (700
BCE).

5. Reconstructing past accumulation rates

The accumulation rate history at Roosevelt Island can be inferred from depth profiles of annual-
layer thicknesses in the RICE core, when corrected for firn densification and thinning of layers
due to ice flow.

5.1. Changes in density with depth

Bag-mean densities were measured on the main RICE core for the interval 8-130 m, at which
depth ice densities were reached (see sSupplementary S3). A steady-state Herron-Langway
density model (Herron and Langway, 1980) fittedto-the-measurements-was used to extend the
density profile to the surface. Using observed values for an-initial snow density ef(410 kg m-
3),; a-surface temperature ef-(-23.5°C), and an-accumulation rate ef-(0.22 m w.e yr'!),; the

8
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modelled density profile fits well the observed values, especially for the top 50m (Fig. S21). At
8 m depth, the model agrees with the measured values, providing a smooth transition between
observed and modelled densities.

5.2. Thinning of annual layers due to ice flow

To obtam past accumulatlon rates. the annual layer thlckness proﬁle must be corrected for the

%mg—fuﬂeﬁeﬂ—whieh—m—fefms—eﬂ—the cumulatlve effects of ice ﬂow on the thlckness of an

ice layer after-since it was deposited at the surface (this being the ice equivalent accumulation
rate at that time). The observed layer thickness relative to its initial thickness as a function of
depth, i.e. the “thinning function”, -depends on the history of vertical strain at the core site. The

vertical strain rates can vary significantly over short distances near ice divides, with near-

surface ice flow being more compressive at the divide than at the flanks (Raymond, 1983). As
a result, the divide flow causes an upward arch in the internal layers beneath stable ice divides.

This is termed a Raymond Arch, and one is present beneath the Roosevelt Island ice divide
(Fig. 7c; Conway et al., 1999). The vertical strain pattern was measured across Roosevelt Island
(Kingslake et al., 2014) using repeat measurements of phase sensitive radar (pRES). These
measurements show significant spatial variation in the vertical velocity pattern and provide

important constraints for developing the RICE thinning function.

The RICE ice core was drilled at the topographic summit of Roosevelt Island. The shallowest

layers in the Raymond Arch peak below the current summit, but by mid-depth, the maximum
bump amplitude of the arches is offset by approximately 500 m towards east (Figure 7¢).

Following Nereson and Waddington (2002). we interpret this slant in Raymond Arch position
as a slight migration of the Roosevelt Island ice divide during recent centuries, with the divide
previously being located 500 m east of its present position. The ice core intersects the Raymond
Arch at mid-depths (~120 m; ~1500 CE) at about 70% of the maximum arch amplitude. Thus
it has experienced a transitional flow regime, i.e. a mixture between pure divide flow and flank
flow, for much of the past 2700 years. We consider a recent migration of the ice divide towards

its present position to be the most likely scenario, with ice flow at the core site becoming

increasingly divide-like over recent centuries. For this scenario, we prescribe the following
history of divide migration history: Prior to 500 years before 2013 CE, the divide was located

500 m east of its present position. Since then, the divide migrated westward, arriving at its
present position 250 years ago. During the migration period, the ice flow regime linearly
transitioned to full divide flow, and subsequently remained as full divide flow until present. An
alternative, although less likely, scenario is that the location of maximum divide-flow has

always been offset from the topographic summit, in which case the ice in the core has

experienced transitional flow throughout the entire period. The uncertainty on the thinning
function associated with the divide history is explained in detail in the supplement (S4).

We used a one-dimensional transient ice-flow model with annual time steps to integrate the
vertical strain experienced by an ice layer, and thereby track the cumulative layer thinning as
function of time and depth. At each time step, the full-depth vertical velocity profile was found
by scaling the shape of the vertical profile (as discussed below) with the surface velocity: The
vertical surface velocity was determined as the sum of the time-varying accumulation rate and
the rate of change in ice-sheet thickness. The ice-sheet thickness change was prescribed, and
assumed constant in time. Model iterations were run to get an accumulation history consistent
with the cumulative thinning computed by the model.

The shape of the vertical velocity profile was found by fitting an ice-flow parameterization

(Lliboutry, 1979) to the measured englacial velocities (Kingslake et al., 2014) corresponding to
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divide flow and flank flow, respectively (Fig. 7a). Details are given in the Supplementary S4.
The present vertical velocity profile was constrained to match within uncertainty the current
vertical velocity at the surface. During the period of transitional flow, the shape of the vertical
velocity profile was taken as a linear combination of the velocity profiles for divide and flank
flow, following Nereson and Waddington (2002). We used the relative amplitude of the
Raymond Arch as indicator for the importance of the two flow regimes, and during the early
period of transitional flow, the vertical velocity profile was weighted as 70% divide-type and
30% flank-type flow.
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Figure 76b shows the resulting thinning function derived for the RICE core site. It decreases
from 1.0 at the surface (no strain thinning) to 0.24 at 344 m depth. Past annual accumulation
rates in water equivalents can be calculated as the annual layer thicknesses divided by the
thinning function and multiplied with the firn/ice density.

5.3. Uncertainties in the accumulation history

Uncertainties in the inferred accumulation history originate from three sources: (i) identification
of the annual layers; (ii) the density profile; (iii) the derived thinning function. Since the
RICE17 timescale was found to have negligible bias (Section 7), average layer thicknesses are
also not biased, and uncertainties in accumulation history due to layer identification are minor.
Uncertainty associated with the density correction is also small. Hence, Eexcept for the

uppermost part of the record (with essentially no strain thinning), uncertainty in the thinning
function dominates the total uncertainty, and only this factor will be considered here.

At the surface, uncertainty in the thinning function is zero—(ne-strain—thinning). Increasing
uncertainty with depth (Fig. 76b; grey area) arises from: (a) the-a lack of measurements in the
upper 90 m of the ice sheet to constrain the present near-surface vertical velocity; (b) variation
of the vertical velocity profile over time as the divide may have migrated; and (c) tin-ways-net
aceounted—forhe amount of ice-sheet thickness change that has occurred. Some of the Fhe
second-seuree-ef-uncertainty is mitigated by the information contained in the internal layering
of the Roosevelt Island ice dome. beeause-tThe amplitudes of the Raymond stack eenstrain
indicate that the onset of divide flow was approximately te-abeut-3000 years ago (Conway et
al., 1999; Martin et al., 2000), i.e. prior to the period considered here; that there has been only

modest ice-sheet thinning; and that flow conditions have been relatively stable.

;—ah HORa eVe t S Ba oRSHaveoeeh ao

We develop an estimate for the uncertainty by calculating the thinning function using an
ensemble of model assumptions: two different parametrizations of the vertical velocity profiles,
two assumptions about the divide migration history, and three values of ice-sheet thickness
change. See Supplement S4 for an extended discussion. The uncertainty was defined as the full
range of these 12 scenarios, which we suggest to be a 95% confidence interval. The uncertainty

on the thinning function is substantial for the older portion of the record as the layers have
thinned to a quarter of their initial thickness.

11



498

499
500
01
02
503
504

505
506
507
508
509
510
511
512
513
514

515
516
517
518
519
520
521

522

523
k24
525
526

527
k28
529
530
531
532
b33
534
535

536

537
538

39
40

Results

6. Seasonality of impurity influx to Roosevelt Island

Using the RICE17 timescale, we can quantify the seasonahty of 1mpur1ty 1nﬂux to Roosevelt
Island visible in the five-RICE CFA records:— :
insoluble-dustparticles. Figure 87 shows the average seasonal pattern of the various impurities
at different depths, assuming constant snowfall through the year.

6.1. Acidity

The CFA acidity record is driven primarily by the influx of non-sea-salt sulfur-containing
compounds, as evident by its high resemblance to the IC non-sea-salt sulfate and ICP-MS non-
sea-salt sulfur records in the top part of the core (Fig. 4). Sulfur-containing compounds have a
variety of sources, one of which is dimethylsulfide (DMS) emissions by phytoplankton activity
during summer (Legrand et al., 1991; Udisti et al., 1998). Correspondingly, acidity displays a
regular summer signal, with maximum values in late austral summer (January/February), and
minimum values from June through October. This is similar in timing to the seasonal pattern of
non-sea-salt sulfate at Law Dome (Curran et al., 1998) and WAIS Divide (Sigl et al., 2016).
The acidity contains an annual signal even in the deepest part of the layer-counted timescale
(Fig. 87a-c).

6.2. Sea-salt derived species: Calcium and conductivity

As previously noted by Kjer et al. (2016), the RICE conductivity record is almost identical to
the mostly sea-salt-derived calcium record (see e.g. EFig.s—4; 6-8), suggesting sea spray to be
responsible also for peaks in liquid conductivity. We hence consider these two records to be
representative of sea salt deposition at Roosevelt Island.

Both records typically peak during early-to-mid-winter (June/July), but with large spread in
magnitude and timing from year to year (Fig. 78d-i), and oftentimes there are multiple peaks
per year. The timing of peak values is approximately similar to sea-salt tracers in WAIS Divide
(Sigl et al., 2016), and a few months earlier than peak values in Law Dome (Curran et al., 1998).
During the most recent period (1900-1990 CE), we observe a summer peak in the average
seasonal conductivity signal, which is not present in the calcium record. This is likely the steady
summer contribution te-cenduetivity-from biogenic acidity, the seasonality of which being
sufficiently prominent to show up in seasonal averages of conductivity in the top part of the
core.

6.3. Black carbon

Seasonal deposition of black carbon (BC) in Antarctic snow is primarily driven by biomass
burning and fossil fuel combustion in the Southern Hemisphere, modulated by changes in
efficiency of the long-range atmospheric transport- (Bisiaux et al., 2012). Southern Hemispheric
fossil fuel emissions have increased since the 1950s (Lamarque et al., 2010), but are stilt
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believed to be a minor contributor to total black carbon deposition in Antarctica (Bauer et al.,
2013).

Biomass burning in the Southern Hemisphere peaks towards the end of the dry season, e.g. late
summer (Schultz et al., 2008). Given the distinct annual signal in the black carbon record (Fig.
78j-1), StratiCounter was set up to assign peaks in BC a nominal date of January 1% (mid-
summer). We note that peaks in BC approximately coincide with peaks in acidity (similar to
observed in WAIS Divide), thus ensuring consistency of nominal dates throughout the core.
Minimum concentration-vataes of BC are reached in Austral winter (June/July).

The annual signal in black carbon changes with depth in the RICE core. During the 20t century,
annual cycles exist, but are not very prominent (Fig. 87). Prior to 1900 CE, the signal is much
more distinct, with larger seasonal amplitude as well as higher annual mean concentrations (Fig.
87k-1). A recent decrease in BC concentrations has been observed also in the WAIS Divide and
Law Dome ice cores, and attributed to a reduction in biofuel emissions from grass fires (Bisiaux
et al., 2012). At WAIS Divide and Law Dome, however, the shift takes place several decades
later than observed in RICE.

With increasing depth in the ice core, thinner annual layers cause the amplitude of the seasonal
signal to slowly be reduced. Yet, aided by the high effective depth resolution of the black carbon
record, the seasonal cycle persists to great depths in the RICE core, with the deepest part of the
layer-counted RICE17 timescale primarily relying on the annual signal in this parameter.

6.4. Dust

The seasonal pattern in insoluble dust particle concentrations showed a weak annual signal,
with a tendency to peak in summer. The simultaneous deposition of black carbon and dust is
consistent with both tracers arriving via long-range transport from southern hemispheric
continental sources. h : tabh HiH

7. The layer-counted RICE17 chronology

The layer-counted timescale was constructed back to 700 BCE (0-343.72 m), and it forms the
most recent part of the Roosevelt Island Ice Core Chronology 2017 (RICE17). It is an
independent timescale, constrained only by a few well-known historical events over the last
hundred years. Its independence is reflected in the timescale uncertainty: Age confidence
intervals show an approximately linear increase with depth (Fig. 98b), reaching a maximum
age uncertainty of £45 years (95% confidence) at 700 BCE;—the—end-of-thelayer-counted
chmeenlk,

RICE17 was evaluated by comparing to the highly—aeeurate-annual-layer-counted WD2014
chronology from WAIS Divide (Sigl et al., 2015, 2016). Timescale comparison was aided by
the relative proximity of the two ice cores, and accomplished using two complementary
approaches: 1) matching multi-decadal variations in the RICE methane record to a similar
record from WAIS Divide; and 2) by matching volcanic marker horizons in the two cores. The
two matching procedures were performed independently, and are described in the following
sections.

Volcanic matching allows very precise age comparisons, but suffers from the risk of incorrect
event attribution. Erroneous alignment is less likely to occur when matching records of methane
concentration variability. This approach does not allow as high precision, however, due to the
multi-decadal nature of the methane variations, as well as the need to account for the gas-age-
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ice-age difference. Combining the two lines of evidence, the methane match points were used
to confirm the independently-obtained volcanic match points, and to validate the absolute ages
of the timescale (relative to WD2014);—and-to—confirm-the-independenthy-obtained—veleanie
mateh-points. Based-on-the-voleanie-matehes; aA high-precision comparison to WD2014 was
achieved based on the volcanic matches, allowing an in-depth quality assessment of the RICE17
chronology.

7.1. Timescale validation using multi-decadal variability in methane
concentrations

Centennial-scale variations in methane concentrations observed in the RICE gas records can
also be found in similar records from WAIS Divide (Mitchell et al., 2011; WAIS Divide Project
Members, 2015). Stratigraphic matching of these records allowed a comparison of the
respective ice-core timescales.

The gas records from RICE and WAIS Divide were matched using a Monte Carlo technique
reported in Lee et al. (2018). The feature-matching routine employed discretely-measured
records of methane as well as the isotopic composition of molecular oxygen (8'%Oatm). Over
recent millennia, however, the 8'80.m concentrations have been stable, and hence provided
minimal matching constraints. An average spacing of 26 years between successive RICE
methane samples contributed to the matching uncertainty. The matching routine identified 18
match-points over the past 2700 years, i.e. an average spacing of 150 years. Subsequent visual
comparison of the methane profiles suggested minor manual refinements of the match-points
(8 years on average, maximum 23 years; all within the uncertainty of the automated matching).
These adjustments resulted in a slightly improved fit.

Through the methane feature matching, WAIS Divide ages could be transferred to the RICE
gas records, i.e. provide an estimate for the RICE gas ages. During the snow densification
process, there is a continuous transfer of contemporary air down to the gas lock-in depth,
resulting in an offset (Aage) between the ages of ice and gas at a given depth (Schwander and
Stauffer, 1984). To obtain the corresponding ice-core ice ages relevant for this study, Aage was
calculated using a dynamic Herron-Langway firn densification model (Herron and Langway,
1980) following Buizert et al. (2015). The approach is described in detail in Lee et al. (2018).
The model is forced using a site temperature history derived from the RICE stable water
isotopes, and the firn column thickness is constrained by the isotopic composition of molecular
nitrogen (8N of Nz). In addition to Aage, this formulation of the Herron-Langway
densification model produces as output a low-resolution accumulation rate history (section 8.3).

Compared to most other Antarctic sites, the relatively high surface temperature and
accumulation rate at Roosevelt Island give rise to low Aage values (averaging 160 years over
recent millennia) associated with small uncertainties (~36 years; 15). Combined with the feature
matching uncertainty (average: 48 years), total age uncertainty (1o) in the transfer of WD2014
to the RICE core is on average 64 years (maximum: 101 years) over the last 2700 years.

The RICE17 timescale is consistent with the WD2014 age of the methane match points (Fig.
98b). Based on the automatic matching routine, agreement of RICE17 to the gas-matched
WD2014 ages is better than 33 years for all age markers, with a root-mean-square (RMS)
difference of 17 years. Agreement between the two timescales is even better when using the
manually-adjusted match-points, for which the RMS difference is reduced to 13 years. We
observe, however, that all methane match points below 275 m are associated with older ages in
WD2014 than in RICE, suggesting a small bias in the deeper part of RICE17.
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7.2. Timescale evaluation from volcanic matching

Using the layer counts in RICE17 as guide, volcanic horizons identified in RICE could be linked
to the WAIS Divide volcanic record (Sigl et al., 2013, 2015), allowing a detailed comparison
of their respective timescales. However, a high background level of marine biogenic sulfuric
acids preluded a straight-forward itdentification of volcanic eruptions in the RICE records-was
non-trivial;, Based on multiple volcanic proxy records, including —but—feasible—after—the
introduetion—of-two new volcanic tracers; described below, —match points were found by
identifying common sequential patterns of acidity spikes in the two cores.

72:2-7.2.1. New and conventional ice-core tracers for volcanic activity

With its coastal location and low altitude, the RICE drilling site receives significant seasonal
influx of sulfuric acids from biological oceanic sources. Biogenic peak values of up to 200ppb
non-sea-salt sulfate are of the same order as the expected sulfate deposition from large volcanic
eruptions, causing the seasonal signal to partly obscure the episodic deposition of sulfuric acids
from volcanic eruptions. Volcanic signals appeared more distinct in the acidity record (Fig. S4),
primarily due to the higher resolution of this record.

—whichtendsto-obscure-sulfy ar—from—voleante—erup ! H—Traditional
volcanic ice-core tracers, ECM and sulfur, were not sufficient -senerally-oflimited-valae-for
identifying volcanic horizons. The ECM record was very noisy, with few peaks extending
above the noise level. Resolution of the discretely-sampled sulfur record was tee-low (below
67m: 5 cm, i.e. less-than-<4 samples/year), and it was therefore most valuable in the top. Even
here, ;-and-even-large volcanoes only left a vague imprint in form of slightly increased sulfur
levels over a multi-year period (e.g. Fig. 109a), with their most distinct feature being elevated
sulfur concentrations also during winter. —Detection of volcanic horizons in the RICE core
therefore primarily relied on two new high-resolution tracers for volcanic activity: direct
measurements of total acidity (Kjer et al., 2016) and estimated non-sea-salt liquid conductivity.

Peaks in the RICE liquid conductivity record were caused primarily by sea salts, and thus this
record could not on its own be used as volcanic tracer. However, from the close similarity of
the conductivity and the mostly sea-salt-derived calcium record (e.g. Figs. 6-4-9), we could
extract a signal of non-sea-salt conductivity, obtained as the conductivity-to-calcium excess
(nss-conductivity = conductivity — (a-[Ca?*]+b), with a and b calculated from linear regression).
—Being a secondary product, this tracer is prone to measurement errors, calibration and co-
registration uncertainties, and further complicated by differences in measurement resolution.
We therefore always double-checked by direct comparison between the two records (Fig. 10a;
green and grey lines), allowing peaks caused by misalignment and obvious measurement issues
to be identified. We observed high consistency between peaks in Nevertheless;-peaks—in-tthe

non-sea-salt conductivity-te-ealeivm-exeess and the total acidity records.

i - A sequence-_of volcanic signals isis shown in Figure 109a. Additional sections
are found in the supplementary (S5). Compared to acidic peaks resulting from unusually high
biogenic summer activity, volcanic imprints could be distinguished as more prominent and/or

broader features. Small and short-lived volcanic eruptions, however, were not easily identified.
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7-2-3-7.2.2. The Pleiades: A tephra-chronological marker horizon

A visible tephra layer was found in RICE at 165m depth, with a RICE17 age of 1251.5+13 CE.
Geochemistry of the tephra particles is consistent with an eruption from the Pleiades (Kurbatov
et al., 2015), a volcanic group located in Northern Victoria Land, Antarctica (Fig. 1). Tephra of
similar geochemistry has been found in several other Antarctic cores dated to approximately
the same time, including WAIS Divide (1251.6£2 CE; Dunbar et al. 2010) and Talos
Dome/TALDICE (1254+2 CE; Narcisi, Proposito, and Frezzotti 2001; Narcisi et al. 2012). The
Pleiades tephra horizon allowed a firm volcanic matching of the RICE and WAIS Divide ice
cores at this depth (Fig. 109).

The Pleiades tephra horizon was used to select the optimal settings for the StratiCounter
algorithm, seeking to reproduce the WD2014 age of the tephra layer as well as possible. The
observed compliance of the two age-scales at this depth is therefore to be expected. However,
we note that our use of this layer as chronological marker had little impact on the resulting
RICE17 timescale: All StratiCounter solutions produced very similar ages for the tephra
horizon, and, within the age-scale uncertainties, all were in agreement with the WD2014 age of
the tephra.

724-7.2.3. _Volcanic matching to WAIS Divide

Based on the layer counts in RICE17, sequences of volcanic horizons in RICE werewe eeuld
matched-up to veleanic-horizons-ebservedinRICE-with-the WAIS Divide volcanic record (Sigl
et al., 2013, 2015). Using an approach similar to the one applied in e.g. Svensson et al. (2013),
tFhe matchlng relied on identifying successive equenees—ef-volcanic events in the two cores
with similar age spacing_(within the associated uncertainties), according to their respective
timescales (Fig. 10, see also Supplement S5). By taking advantage of the information contained
within the annual layer counting, we were able to -identify common patterns of volcanic spikes
in the two cores, allowing a unique match between them (Table 2).

-Taking this approach was especially important due to the few-prominent-veleanie-horizensin
the RICE-eore;and-therisk of confounding volcanic and biogenic signals_in the RICE records.
Indeed, for some sections an unequivocal sequence could not be identified; Sections with too
few or too many closely-spaced acidity spikes in either core were particular problematic. Most
match points are associated with peaks exceeding two standard deviations of the overall

variability of the record (Table 2). However, also some smaller peaks were useful, where these
formed part of a matchlng sequence of volcanic events —Rehabmty—mere&sed—wrth—dens%ef

areprewded—m—?&blé—l\/lultlple addmonal events in the RICE records of 11kely volcamc origin

are not included in Table 2, since they could not be unambiguously matched to a peak in WAIS
Divide.

The volcanic matching was in excellent agreement with the independently-obtained methane

matching, especially when using the manually-adjusted match points (Fig. 9b).

the Volcamc lmks 1dent1ﬁed between the RICE and WAIS Divide ice cores have previously
been classified as bipolar signals, originating from large tropical volcanoes (Sigl et al., 2013,
2015). This further strengthens our trust in the volcanic matching, since these large eruptions
usually deposit acids over an extended area and period, and therefore are expected to be
recognizableexist also in frem-the RICE volcanic records.
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7-2-5:7.2.4. _Quality assessment of RICE17

The volcanic matching to WAIS Divide allowed a detailed evaluation of RICE17. The WD2014
counting uncertainty is merely 7 years over the last 2700 years, much less than the uncertainty
associated with RICE17, and we hence consider it to be the more accurate of the two. Within
their respective uncertainties, the RICE17 and WD2014 chronologies are in full agreement at
all volcanic marker horizons (Table 2; Fig. 98b). Indeed, the age differences are much less than
the accumulated RICE17 age uncertainties. We hence conclude that the inferred confidence
bounds on the RICE17 chronology are reliable, if somewhat conservative.

Agreement between the two ice-core timescales is particularly remarkable down to 285 m (~150
CE). For this most recent part of the RICE17 timescale, the age discrepancy is less than 7 years
at all marker horizons, with a RMS age difference of 3 years. Below 285 m, the volcanic
matches indicate that RICE17 has a slight may-be-slightly-biased-(~3%) bias towards younger
ages. This is corroborated by the methane match points (section 7.1). At 285 m, the effective
depth resolution of the CFA impurity records (1-2 cm) becomes marginal compared to the
annual layer thicknesses (7 cm at 285 m), and we suspect that this has caused the thinnest
fraction of annual layers to be indiscernible in the ice core records.

Consequently, the deepest section of the layer-counted RICE17 chronology slowly diverges
from WD2014, reaching a maximum age difference of 30 years at the oldest identified volcanic
marker horizon (343.3 m, 691 BCE +45 years; Table 2). This age offset is of similar magnitude
to the uncertainty of the methane-derived RICE17 ages at this depth.

8. Roosevelt Island accumulation history

Annual layer thicknesses in the RICE ice core smoothly decrease with depth, starting from more
than 40 cm at the surface to ~6 cm at 344 m (Fig. 99a). After corrections for density changes
and ice flow thinning of annual layers with depth (section 5), an annual accumulation rate
history for Roosevelt Island over the last 2700 years was obtained (Fig. 161f).

8.1. Long-term accumulation trends

Mean accumulation rates at Roosevelt Island over the entire 2700 year period was 0.25+0.02 m
w.e. yr'l. From 700 BCE to ~1300 CE, the accumulation rate at Roosevelt Island shows a
slightly increasing trend (Fig. 101f; Table 3), and in 1250 CE, the 20-year running mean
accumulation rate reached its maximum over the last 2700 year (0.32 m w.e. yr'"). Since then,
accumulation rates have decreased: very slowly until ~1650 CE, then more rapidly (0.10
mm/yr? from 1650-1965 CE; Table 3). A continued acceleration in the decline of accumulation
rates is observed towards the present. Change points and trend estimates with their associated
uncertainties were identified using a break function regression analysis (Mudelsee, 2009).
However, tThe analysis—revealed—that-high inter-annual variability in accumulation rates
prohibited a-very accurate determination of the breakpoints.

8.2. Significant decrease in recent accumulation rates

The Roosevelt Island accumulation history reveals a distinct and rapid accumulation decrease
in recent decades-(Fig—: Since the mid-1960s, the annual accumulation has decreased with
a rate corresponding to 0.8 mm/yr?, i.e. 8 times faster than the-average-over previous centuries.
We note, however, that the relatively short time period for conducting the trend analysis,
combined with the large inter-annual variability in accumulation rates, causes significant
uncertainty in the precise timing of the change-point as well as the trend estimate.
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Considering the period since 1700 CE_(Fig. 12), the lowest decadal mean value of the
accumulation rate is observed in the 1990s (0.194 £+ 0.001 m w.e. yr'!). Except for very low
accumulation rates during the 1850s and 1800s, the remaining top six decades of lowest mean
accumulation take place after 1950 CE (Table 4). Indeed, over the last 50 years, only one decade
(1960s) stands out as not having experienced below-average accumulation at Roosevelt Island.

The current accumulation rate at Roosevelt Island of 0.2104+£0.002 m w.e. y'! (average since
1965 CE, £20) is 34% less than the peak accumulation rates around 1250 CE, and 16% below
the average of the last 2700 years.

8.3. Comparison to the gas-based accumulation rates

The RICE17 accumulation history is in reasonable agreement with the low-resolution
accumulation rate output from the dynamic Herron-Langway firn densification model (seetier
7++-Fig. 161f, dashed line). The gas-based accumulation rate history does not resolve high-
frequency variations, but shows a slow increase in accumulation rates of 0.02 mm/yr2, similar
to the trend obtained from the annual layer thicknesses prior to 1300 CE. However, in contrast
to the accumulation rate history derived here, the firn-based accumulation rates continue to
increase until present. Further, the absolute value of the inferred gas-based accumulation rates
tend to generally underestimate the accumulation rates by ~0.04 m w.e. yr'! (16%).

We speculate that the discrepancies may have to do with the shift in RICE water isotope levels
occurring around 1500 CE (Fig. 181g), which in the firn model is used to represent temperature
change. It has been suggested that this shift is due to other factors than temperature (e.g. changes
in atmospheric circulation patterns and/or regional sea ice extent (Bertler et al., 2018), and the
shift #-also coincides with commencement of the divide migration period). By using 6D to
estimate temperature change, the firn densification model will produce an increase in
accumulation rates towards present in order to preserve a constant thickness of the firn column,
as indicated by relatively steady values of 8'SN-N; (Fig. 181f, black dots). Further, the model
showed a tendency to underestimate the firn column thickness during the earlier part of the
period, which may explain the generally lower level of the modelled accumulation rates here.

8.4. Spatial consistency in recent accumulation rates

Spatial representativeness of the RICE accumulation rates was evaluated by comparing year-
to-year profiles of layer thicknesses obtained for the overlap sections of the three available
cores: RICE main core, RICE-12/13-B, and RID-75 (Fig. 123), with RID-75 located less than
1 km away from the two RICE cores. All cores were corrected for density changes and ice flow
thinning using the density and thinning profile from the main RICE core.

Annual accumulation records from the three cores are very strongly correlated (correlation
coefficients ranging between 0.85 and 0.87), indicating the spatial accumulation pattern across
Roosevelt Island to be stable through recent time. The spatial consistency of snow deposition
at Roosevelt Island is furthereonfirmedcorroborated by the agreement between their measured
water isotope records (Fig. 5a). We may therefore disregard depositional noise, and consider
the temporal variability in RICE annual layer thicknesses as representative of local snow
accumulation.

This consistency in accumulation history is in contrast to a high spatial variability in mean
accumulation rates across Roosevelt Island ice divide. Repeat surveys over three years (2010-
2013) of 144 survey stakes set across Roosevelt Island showed a strong spatial gradient in snow
accumulation across the ice divide: Accumulation rates of up to 0.32 m w.e. yr'! were measured
on the north eastern flank, decreasing to 0.09 m w.e. yr! on the south western flank (Bertler et
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al., 2018). In accordance with these stake measurements, the absolute accumulation rate is
found to be significantly less (~7%) for RID-75 than for the &we-RICE cores. Insignificant
dDifferences in accumulation rate between the two RICE cores were_insignificant—present
between-the-two-RICE-ceres. Spatial variability in mean accumulation rates, combined with
different averaging periods, may explain why previous estimates of Roosevelt Island
accumulation rates have varied quite significantly (Bertler et al., 2018; Conway et al., 1999;
Herron and Langway, 1980; Kingslake et al., 2014).

The representativeness of the Roosevelt Island accumulation rates is corroborated by high
spatial correlation of the RICE accumulation rates to gridded ERA-interim precipitation data
during recent decades (Bertler et al., 2018). These results suggest that precipitation variability
at Roosevelt Island, as observed in RICE, is representative for an extended area, which includes
the Ross Ice Shelf, the Southern Ross Sea, and the western part of West Antarctica.

8.5. Influence of ice divide migration on the accumulation history

The recent period (~1500-1750 CE) of divide migration at Roosevelt Island may impact
interpretation of the climate records from the RICE core. Ice recovered in the deeper part of the
RICE core, deposited before divide migration, have originated west of the ice divide. Present
accumulation rates show a distinct decrease on the downwind (western) side of the ice divide
with a gradient of ~5-103 m w.e./km yr'5(Bertler et al., 2018), although muted around the
summit area. Assuming a stable snowfall pattern through time relative to the divide, the divide
its-migration would have caused reduced accumulation rates to be observed during the early
part (until 1500 CE) of the RICE accumulation history. With the ice originating up to 500m
west of the divide at time of deposition, our estimates of Roosevelt Island accumulation rates
during this early period may therefore have a small negative bias of up to 2.5-103 m w.e. yr'l.

Correcting for the influence of ice divide migration, the main impact on the Roosevelt Island
accumulation history is an earlier onset of the period with more rapid decrease in accumulation
rates. The differences are small, however, and the overall pattern of trends in accumulation rate
through time remains the same. In particular, ice divide migration has no impact on
accumulation rate trends observed before and after the migration period.

Discussion

9. The RICE accumulation history in a regional perspective
9.1. Pastaccumulation trends across West Antarctica

Regional differences in accumulation, from Northern Victoria Land across West Antarctica to
Ellsworth Land, may be evaluated by accumulation reconstructions based on ice core records
(Fig. 181).

The RICE accumulation history (Fig. 110f) is much more variable on inter-annual and decadal
scales than the accumulation rate reconstruction from e.g. WAIS Divide (Fig. 101d). Snowfall
at Roosevelt Island is dominated by large and episodic precipitation events (Emanuelsson et al.,
2018), which likely contributes to the high inter-annual variability in RICE accumulation rates.
A highly dynamic synoptic-scale system brings this precipitation to Roosevelt Island: Positive
RICE precipitation anomalies have been linked to the increased occurrence of Eastern Ross
Sea/Amundsen Sea blocking events associated with a weak state of the quasi-stationary
Amundsen Sea Low (ASL) pressure system. These blocking events impede the prevailing
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westerly winds, and direct on-shore winds towards the Eastern Ross Sea, thereby increasing the
precipitation at Roosevelt Island and Western Marie Byrd Land (Emanuelsson et al., 2018).

Only the WAIS Divide and RICE ice cores are available for evaluating multi-millennial-scale
accumulation trends and corresponding change points in West Antarctica. Over the past 2700
years, WAIS Divide accumulation rates (Fudge et al., 2016) have continuously decreased from
a level approximately 25% higher than today (Fig. +0€11d). Accumulation rates declined
slowly (-0.01 mm/yr?) until around 900 CE, after which the decline became more rapid (-0.04
mm/yr?). This change took place a few centuries before the trend in RICE accumulation rates
turned from positive to negative (1300 CE). Covering the last 800 years, the Talos Dome
accumulation record (Fig. 10el1c) shows a relatively constant level during this early period,
albeit with large decadal variability (Stenni et al., 2002).

Considering accumulation changes over the last century, more ice-core accumulation records
are available from across West Antarctica; from Victoria Land through to Ellsworth Land. Most
West Antarctic ice cores display decreasing accumulation rates over recent decades, but timing
and strength of the decrease is location-dependent. The strongest and most recent decrease is
observed at RICE (rate change at 1965 CE, this work), with Siple Dome accumulation rates
starting to decrease slightly later (1970 CE, Fig. +0elle; Kaspari et al., 2004). The WAIS
Divide site displays the latest and weakest change of rate (ca. 1975 CE; estimated from nearby
firn cores; Burgener et al., 2013). An extension of the Talos Dome accumulation record to
2010CE using snow stakes (Fig. 08¢l 1c), suggests a recent decrease in accumulation rate also
at this location (Frezzotti et al., 2007). In contrast, significant increases in accumulation rates
are observed in ice cores from Ellsworth Land, where accumulation rates have shown a steady
and marked increase during the 20 century (Fig. 1801b, Thomas et al. 2015).

The difference in accumulation rate trends across West Antarctica may to a large extent be
explained by changes in location and intensity of the ASL over time. The ASL influences
precipitation aceumulationrates in a dipole pattern: By reducing the number of blocking events,
a strong state of the ASL leads to less precipitation acenmulation-over the Ross Ice Shelf area,
and greater precipitation acewmulation—over Ellsworth Land and the Antarctic Peninsula
(Emanuelsson et al., 2018; Raphael et al., 2016). Thus, imposed on West Antarctic-wide
accumulation trends, the RICE accumulation history likely reflects the state of the ASL back in
time. The precipitation aceumulation-dipole is centered at the West Antarctic ice divide. Hence,
the WAIS Divide ice core should be minimally influenced by the strength of the ASL, and may
therefore be eonsidered-most representative for West Antarctica as a whole (Fudge et al., 2016).
The Northern Victoria Land region, located west of the Ross Ice Shelf, appears to be relatively
unaffected by this ASL-induced dipole effect in precipitation which influences Ellsworth Land
and West Antarctica. The recent accumulation decrease observed at Talos Dome has been
suggested to be caused partly by increased wind-driven sublimation after deposition, due to an
increase in mean wind velocities associated with the deepened ASL (Frezzotti et al., 2007).

9.2. Connection to sea ice variability in the Ross Sea

Throughout the satellite era, RICE accumulation rates are strongly correlated Bertler—et-als
20148)-with sea ice extent in the Ross-Amundsen Sea (Jones et al., 2016): Years of reduced sea
ice extent are associated with higher accumulation of more isotopically enriched snow and
above-normal air temperatures (Bertler et al., 2018).

The expansion of sea ice in the Ross Sea during recent decades has taken place concurrently
with a marked reduction of sea ice in the Bellingshausen Sea (Comiso and Nishio, 2008), and
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both trends have been associated with a strengthening of the ASL: The deepened pressure
system causes warm poleward-flowing air masses to cross the Bellingshausen Sea, while the
returning cold air passes over the Ross Sea, allowing conditions favorable for sea ice expansion
(Hosking et al., 2013; Raphael et al., 2016; Turner et al., 2016). The strength of the ASL
conenrrently—affects RICE accumulation rates (section 9.1), with a deep pressure system
causing less precipitation acewmulation-at Roosevelt Island. In addition, an extended regional
sea ice cover reduce the availability of local moisture sources. With ~40-60% of the
precipitation arriving to Roosevelt Island originating from local sources in the Southern Ross
Sea (Tuohy et al., 2015), the relationship between sea ice extent and precipitation acevration
rate at Roosevelt Island may also be ascribed a longer distillation pathway of moist air masses
during periods of extended sea ice (Kuttel et al., 2012; Noone and Simmons, 2004).

The rapid recent decline in Roosevelt Island accumulation rates likely reflects the recent
increase in regional sea ice extent, and we hence suggest 1965 CE to mark the modern onset of
rapid sea ice expansion in the region. Further investigations are required to determine if the
strong relationship between Roosevelt Island accumulation rates and Western Ross Sea sea-ice
extent holds over longer timescales. However, the decline in RICE accumulation rates observed
since 1300 CE is consistent with previous research indicating that the present increase in sea
ice extent in the Ross-Amundsen Seas is part of a long-term trend, having lasted at least the
past 300 years (Thomas and Abram, 2016).

9.3. Large-scale circulation changes and implications for recent and
future trends in Roosevelt Island accumulation

The ASL is sensitive to large-scale circulation patterns, in particular the Southern Annual Mode
(SAM) [positive SAM: stronger ASL (e.g. Hosking et al., 2013)] and via teleconnections to the
tropical El Nifio-Southern Oscillation (ENSO) [stronger ASL during La Nifia phase (e.g. Yuan
& Martinson 2000)], and the degree to which the two are acting in phase (Clem and Fogt, 2013).
A recent strengthening of SAM has been reported (Marshall 2003), consistent with the recent
deepening of the ASL (e-g—Raphael et al. 2016).

It is not clear whether the recent trends in ASL and Ross Sea sea-ice extent can be ascribed to
natural variability. Some studies have attributed the positive trend of SAM in recent decades to
Antarctic stratospheric ozone depletion and/or global warming from greenhouse gas emissions
(Kushner et al., 2001; Turner et al., 2009), thus suggesting that anthropogenic forcing may play
a role. In the future, the competing effects of the two (Arblaster et al., 2011) may define the
future state of the ASL, and thereby the accumulation trends observed at Roosevelt Island and
across West Antarctica.

Most other coastal Antarctic sites have experienced a significant increase (~10%) in
accumulation rates since the 1960s (Frezzotti et al., 2013). The broad similarities and
differences noted here raise the question of whether West Antarctic accumulation, as a whole,
is decreasing, or whether the observed trends merely represent a redistribution of precipitation.
It highlights the issue that the current trend in total Antarctic mass balance can only be fully
understood pending large spatial data coverage.

10. The RICE volcanic record
10.1. AreecordbBiased towards regional volcanism

The volcanic proxy records from RICE were significantly different from those from e.g. WAIS

Divide. At Roosevelt Island, the Fhe—eeastal—setting—of RooseveltIsland—challenged—the
identification-of-voleanie-eruptions—in-the RICE records;-as-high background levels of marine
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sulfate efficiently masked the presence of sulfate from volcanic eruptions. Furthermore, the -
The RICE woleanteproxyacidity recordss contained a large number of significant peaks without
counterpart in WAIS Divide. While some of these may be explained-ascaused by extreme
seasonal influx events-of marine seasenal-biogenic sulfuric acidsur-influx, others may have
been produced by regional volcanism.

Apart from sulfate, many volcanoes emit acidic compounds based on halogens, e.g. bromine,
chlorine and fluoride. The halide acids are highly soluble, and will be removed from the
atmosphere relatively quickly during transport. Hence, they will contribute to increased ice
acidity in ice cores located close to the eruption site, whereas only sulfate is deposited from
distant volcanic eruptions_(e.g. Clausen et al., 1997). ByBy- usingfeeusing-on -acidity as the
primary volcanic tracer (instead of sulfur), we would therefore expect -the RECE-resulting
volcanic prexies-record to may-thus-be particularly sere-sensitive to regional volcanism-than
to-larger—far-field-eruptions. This may be a disadvantage of using acidity as volcanic tracer
since a high number of regional volcanic horizons will tend to complicate volcanic matching to
other cores.

Such geographical bias may be especially partientarty-important for the Roosevelt Island ice—-
core records, since there is a prevalence of quiescent regional volcanism with relatively high
halogen content in West Antarctica (Zreda-Gostynska et al., 1997)._Indeed, preliminary
investigations suggest that the RICE volcanic records may be biased towards regional
volcanism: Comparing down-sampled acidity to the discrete sulfur measurements, we observed
a tendency towards a larger relative size of peaks in acidity for volcanic horizons that were not
classified as originating from far-field eruptions. Some of the peaks distinctly observed in the
RICE acidity records, but not present in the WAIS Divide sulfur records, may therefore be due
to regional volcanism. This may be part of the explanation why the volcanic records from the
two sites are so different.

02—

10-3:10.2. Dipole effect in deposition of volcanic tracers across West
Antarctica

Differences in snow deposition across West Antarctica, influenced by the ASL, may further
complicate volcanic matching between ice cores in this region. The ASL dipole acts to direct
storm systems either toward the Antarctic Peninsula/Ellsworth Land region, or toward the
western Marie Byrd Land/Ross Ice Shelf region. As these storm tracks are associated with
snowfall and wet deposition of ions, this is likely to favor deposition and preservation of
volcanic signals in one location (e.g. Antarctic Peninsula) at expense of the other (RICE, Siple
Dome).

An anti-phase in snow accumulation may thus be part of the explanation for the difference
between the WAIS Divide and RICE volcanic records. While most of the major volcanic signals
in WAIS Divide also exist in RICE, they are not necessarily associated with a prominent signal.
Absence of volcanic signal in the RICE core from these-large far-field volcanic eruptions may
be due to a particularly strong ASL state at the time, directing precipitation and sulfate ions
away from Roosevelt Island. A detailed comparison of volcanic records from multiple ice cores
is required to evaluate the importance of the ASL for deposition of volcanic tracers across West
Antarctica.
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10:4:10.3. Volcanic synchronization of low-elevation coastal ice
cores

A range ofver obstacles were overcome to carry out volcanic identification in the RICE core.
Similar difficulties will likely challenge volcanic synchronization for other low-elevation
coastal Antarctic ice cores (e.g. Philippe et al., 2016), for which many drilling projects are
planned within the near future. The methods proposed here may be relevant also for these cores.

Robust volcanic matching of RICE and WAIS Divide was possible only by the aid of accurate,
high-resolution ice-core timescales for both cores. This demonstrates the importance of
building an Antarctic-wide network of accurately-dated volcanic reference horizons, based on
tephra, sulfate and acidity. Particular emphasis should be placed on the production of annually-
counted timescales for Antarctic ice cores, especially as new and/or improved measurement
methods allow the production of high-resolution impurity records for relatively high-
accumulation Antarctic sites, such as RICE.

Conclusions

The upper part of the RICE ice core from Roosevelt Island, Ross Ice Shelf, West Antarctica,
was dated by annual layer counting back to 700 BCE based on multiple high-resolution impurity
records. The timescale covers a period of stable ice flow after establishment of an ice divide at
Roosevelt Island. The chronology was validated by comparison to the timescale from the WAIS
Divide ice core, West Antarctica, by matching sequences of volcanic events visible primarily
in direct measurements of ice-core acidity and non-sea-salt conductivity. The maritime
environment at Roosevelt Island gave rise to challenging conditions for identifying volcanic
signatures in the ice core, and the volcanic matching was confirmed by matching centennial-
scale variability in atmospheric methane concentrations measured in the two ice cores. The
RICE17 and WD2014 timescales were found to be in excellent agreement.

Based on the layer thickness profile, we produced an annual accumulation record for Roosevelt
Island for the past 2700 years. Similar accumulation histories are observed in three Roosevelt
Island ice cores covering recent times, giving confidence that RICE is a reliable climate archive
suitable for further understanding of climate and—geophysieal—variability across West
Antarctica.

Roosevelt Island accumulation rates were slightly increasing from 700 BCE until 1300 CE,
after which accumulation rates have consistently decreased. Current accumulation trends at
Roosevelt Island indicate a rapid decline of 0.8 mm/yr?, starting in the mid-1960s. The modern
accumulation rate of 0.214+ m w.e yr'! (average since 1965CE) is at the low extreme of observed
values during the past several thousands of years. The low present-day accumulation rate has
been linked to a strengthening of the Amundsen Sea Low, and expansion of sea ice in the
Western Ross Sea. The current increase of sea ice in the Ross Sea is therefore likely part of a
long-term increasing trend, although the rapid increase since the mid-1960s may have an
anthropogenic origin.

Data availability:

The following data will be made available on the Centre for Ice and Climate website
(http://www.iceandclimate.nbi.ku.dk/data/) as well as public archives PANGAEA and NOAA
paleo-databases: RID-75 isotope and beta-activity records; RICE-12/13-B and RID-75
accumulation rates; RICE17 timescale; RICE accumulation rates; and volcanic match points
between RICE and WAIS Divide. Roosevelt Island GPS and radar data have-beenare archived
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at the U.S. Antarctic Program Data Center, available
at: https://gemd.gsfc.nasa.gov/search/Metadata.do?entry=US AP0944307 &subset=GCMD.
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Figure 1: a, b): Roosevelt Island is located in the eastern sector of the Ross Ice Shelf
embayment. Locations discussed in the text are represented by circles (ice cores) and by
triangles (volcanoes)—and—cireles—(ice—cores). RS: Ross Sea; AS: Amundsen Sea; BS:
Bellingshausen Sea. ¢) MODIS image of Roosevelt Island (Haran et al. 2013), protruding as an
ice dome from the surrounding Ross Ice Shelf. The RICE ice core was -is-drilled on the ice
divide of Roosevelt Island.
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Figure 2: The RICE main core cutting plan included 2 CFA sticks of size 35x35mm.
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Figure 3: The RICE CFA set-up. A 1m long ice-core rod (light blue) is placed on a melt head,
which separates melt water from the pristine inner part of the core from that of the more
contaminated outer rim. Meltwater from the outer stream (red) is used for discrete
measurements of water isotopes, while the melt water stream from the inner core section (dark
blue) passes through a debubbler (D), which separates air from the melt water. The air
composition is analyzed for methane concentration, while the meltwater stream is channeled to
various analytical instruments for continuous impurity analysis of dust, conductivity (cond),
calcium (Ca?"), acidity (H"), black carbon (BC), and water isotopes (Iso), as well as collected
in vials for discrete aliquot sampling by IC and ICP-MS. W denotes waste water. Diamonds
represent injection valves used for introduction of air or water standards when the melter system
is not in use. Arrow boxes indicate liquid flow rates in mL min!. Green boxes represent
analytical instruments.
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Figure 4: Assignment of annual layers in an upper section of the RICE core. All units are in
ppb, except for 3130 (in %o), H™ (in peq L), and conductivity (in uS cm!). The CFA chemistry
records are smoothed with a 3-cm moving average filter. The timescale is constrained by two
tie-points within this interval: the isotope match to RID-75 (blue bar; 14.6 m) and the Raoul
tephra horizon (red bar; 18.1 m). At two locations, the annual layering is unclear (shorter bars),
but can be mostly resolved on basis of the tie-point ages. As a result, the uncertain layer at 16.6
m (short grey bar) is included as a year in the timescale, whereas the uncertain layer at 19.7m
(short white bar) is not. For the second layer, the sulfate record suggests that it is an annual
layer, but this is not supported by iodine and §'80. As we assume an uncertainty of £1yr for the
tie-point ages, the layer at 16.6m could possibly be removed from the timescale, while still
adhering to the age constraints. The existence of this uncertain layer therefore gives rise to a 1-

year increase of the tlmescale uncertamtv ?we—uﬂeefmm—hyeﬁ—ems{—w%ﬂmﬂ—ﬂ&e—see&eﬂﬁ%
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Figure 5: a) RICE water isotope profile (8D) compared to isotope data (3'%0) from the RID-
75 core for the period 1950-1975. Diffusion causes the isotope record to smooth over time, and
a smoothed version of the RID-75 isotope profile (thick blue) highlights its similarities to the
RICE isotope record (black). b) Total specific B-activity (in disintegrations per hour, dph) for
the RID-75 core compared to 23°Pu measurements (normalized intensities) from the RICE main
core. Both cores show a sharp increase in nuclear waste deposition starting in 1954 CE, and
several broader peaks hereafter.
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1478 Depth (m)
1479 Figure 6: CFA data and annual layer counts (grey bars) in three 3m-long sections (a-¢) of th g - W Formatted: Font: (Default) Times New Roman, 12 pt,
1480  RICE core. In general, the most distinct annual signal is found in the BC record, but the other Bold
1¥81  records also contain valuable information on the annual layering. Due to contamination from
1482 drill fluid. the dust record was not used for layer counting below 129m. For the top section (a),
1483  the preliminary set of manual layer counts used for initializing StratiCounter are shown: Crosses
1¥84  (x) indicate certain layers and circles (0) indicate uncertain layers. For this section, the manual
1485  layer counts have a bias towards counting too few layers in total. This is a general tendency of
1486  the manual timescale, resulting in a manually-counted age for the Pleiades tephra that is a few
1487  decades younger than observed in WAIS Divide.
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Figure 67: a) Vertical velocity profiles for divide-like flow and flank flow (Kingslake et al.
2014). For divide flow is plotted the preferred Lliboutry-fit along with the measured vertical
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Radar echogram (Kingslake et al., 2014) with traced layers (red) and location of maximum
amplitudes of the stack of Raymond arches (blue circles). The location of the modern
topographic ice divide (and the RICE drill site) is marked by the returns from a pole. The core
site is located west of the maximum bump amplitudes at depth;-as-indicated-with-an-arrewh.
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Figure 87: Average annual signals of 2 successive years in RICE-a-c) acidity (H"), d-f)
conductivity (Cond), g-i) calcium (Ca2"), and j-I) black carbon (BC) during three centuries,
calculated under the assumption of constant snowfall through the year. The main RICE CFA
data only extends to 1990_CE. The line shows_the monthly-averaged median value of measured
concentrations, and colored area signifies the 50% quantile envelope of the value distribution.
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Figure 98: a) Depth evolution of RICE17 ages (black), including the associated 95%
confidence interval (grey area, almost invisible due to scale), and corresponding mean layer
thicknesses (50 year running mean; green). b) Comparison of RICE17 ages and is-confidence
interval (grey area) to WD2014 from volcanic (red) and gas (blue) matching to WAIS Divide.
A negative age difference implies fewer layers in RICE17 than in WD2014. Blue vertical lines
represent-indicate 16 age uncertainties on Monte Carlo methane matches. TheA solid red
triangle indicates the Pleiades tephra layer at 165m depth.
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Figure 109: a) The RICE volcanic proxy records: non-sea-salt-sulfur (nss-S; orange), ECM
(purple), acidity (H*; red), and non-sea-salt conductivity (nss-cond; blue) based on the
conductivity-to-calcium_(grey, green) excess—{grey—greeny. Green and blue areas are sections
of positive excess. b) Matching of the RICE records to the WAIS Divide non-sea-salt sulfur
record (Sigl et al., 2015). Vertical bars indicate volcanic match points (Table 2), with the
number of annual layers between match points in the two records given according to their
respective timescales. tThe red bar representings the Pleiades tephra horizon (1251 CE). Two
match points (grey bars) had prominent peaks in most records. and an average significance
exceeding two standard deviations of the general variability of the signal, while the peaks
corresponding to two other match points (white bars) were less significant. However, direct
comparison of calcium and conductivity records revealed significant conductivity excess also
at these depths.
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Figure 181: a) Measured methane concentrations from RICE (blue, on the RICE17 timescale)
and from WAIS Divide (red, on the WD2014 timescale). b) Bryan Coast (BC11, grey),
Ellsworth Land (Thomas et al., 2015), ¢) Talos Dome (TD96, orange), Northern Victoria Land,
(Frezzotti et al., 2007; Stenni et al., 2002) (no thinning function applied, extended to 2010 CE
using stakes measurements), d) WAIS Divide (WDC, red), Central West Antarctica (Fudge et
al. 2016) (corrected for ice advection), e) Siple Dome (SDM-94, pink), Marie Byrd Land
(Kaspari et al. 2004), and f) RICE (blue) accumulation histories over the past 2700 years, in
annual resolution and 20-year smoothed versions (thick lines). The shaded blue area indicates
the 95% confidence interval of the RICE accumulation rates. The short-lived peak in
accumulation rates around 320 BCE is likely to be an artefact caused by timescale inaccuracies
in this period, during which RICE17 diverges from WD2014 (Fig. 9b). Also shown are the gas-
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1548  derived accumulation rates for this time interval (f, blue dashed line), and measurements of
1549 35N of Ny informing on past firn column thickness (f, black dots; on the RICE gas timescale).
1550  g) RICE stable water isotope record (6D). Thick green line is a 20-year smoothed version of
IESI the isotope profile. Grey horizontal lines denete-indicate mean values of the respective
1552  accumulation rates and 8D over the displayed period. Note that the scale changes at 1900_CE
1553 (thick vertical line). The migration period of the Roosevelt Island ice divide is marked with a
1554 grey box.
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IESS Figure 142: Decadal accumulation rates at Roosevelt Island since 1700 CE. Grey shadows

1659  indicate the 95% uncertainty bounds_on the accumulation rate reconstruction due to
1560  uncertainties in the thinning function.
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1%63 Figure 123: Accumulation reconstructions since 1950 CE for the three Roosevelt Island ice
1564  cores described in Table 1.
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1566

1567
1568 Tables
Ice core: RID-75 RICE RICE-12/13-B
Drilled 1974/75 2011/12 (0-130 m)
Jan 2013
2012/13 (130-764.6 m)
0-10.68 m
Depth 8.57-764.60 m 0-19.41 m
Location 79°22'S, 161°40' W 79°21.839'S, 161°42.387'W  79°21.726'S, 161°42.000' W
Data sets:
B-activity 16 cm resolution ) )
(Clausen et al., 1979)
8180, 5D Only §'%0; 4 cm . Continuous and 2 cm
. Continuous and 2 cm X
resolution (Clausen et resolution (Bertler et al., 2018) resolution (Bertler et al.,
al., 1979) ? 2018)
+ 2+ F
CFA H*, Ca’ ,.conductlvlty., dust, H*, Ca®", conductivity, dust,
) BC; 8.57-344 m; BC; continuous (this work)
continuous (this work) ’
ECM ) 49-344 m; continuous (this )
work)
(¢ Na®, Ca*", Mg?*, SO4*; Na*, Ca®", Mg?", SO4*;
- 8.57-20.6 m; 4 cm resolution 4.5 cm resolution (pers.
(pers. comm., N. Bertler) comm., N. Bertler)
ICP-MS S, Na, Ig 8.57-249 m; 2-7 cm S.Na. I: 9.5 cm resolution
- resolution (pers. comm., P. (pers. comm., P. Mayewski)
Mayewski) pers. - b VA,
Pu®®; 8.64-40m; 4 cm
- resolution (pers. comm., R. -
Edwards)
CH4 ) Discrete samples (Lee et al., )
580, 2018)
1569
1570  Table 1: The Roosevelt Island ice and firn core records used in this study.
1571
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1572

Depth (m) RICE17 age Significance Event WD2014 age
¢CE) of volcanic (CE)
peak (o)
0 2013.0+0 - Snow surface in RICE- -
12/13-B (Jan 2013)
14.62 1975.1£1 - Isotope match to RID-75 -
snow surface (winter
74/75)
16.18 1970.9+1 - Radioactivity peak (winter -
1970/71")
18.10-18.20* (1965.0-1965.2) - Tephra likely from Raoul (1964.7-1964.9)
+1 Island, New Zealand (Nov +1
1964)
21.98 1954.7+1 - Onset of high radioactivity -
levels from Castle Bravo,
Marshall Islands (March
1954)
37.45 1903.8+1 2.7 Santa Maria, Guatemala 1904.0+1
(Oct 1902)
42.34 1885.0+1 1.3 Krakatau, Indonesia (Aug 1885.0+1
1883), bipolar
47.90 1863.3+2 >3 Makian, Indonesia (Dec 1863.9+1
1861), bipolar
59.46% 1817.0+4 1.9 Tambora, Indonesia (April 1816.4+0
1815), bipolar
80.09% 1722.3+6 2.0 Unknown 1723.5+1°
85.99 1695.0+6 1.0 Unknown, bipolar 1695.8+1
97.12 1641.2+7 2.0 Parker Peak, Philippines 1642.4+1
(Jan 1641), bipolar
105.58* 1599.3+8 2.3 Huaynaputina, Peru (Feb 1600.9+1
1600), bipolar
122.67 1507.0£10 1.9 Unknown 1506.7+2
125.19 1493.4£10 2.8 Unknown 1492.442"
131.04 1458.4+10 >3 Kuwae, Vanuatu, bipolar 1459.8+2
145.15 1376.2+11 2.0 Unknown 1378.7+2
161.02 1277.3£12 1.2 Unknown 1277.2+2
162.17 1269.9+13 >3 Unknown 1269.7+2
164.06 1257.3x13 >3 Samalas, Indonesia, bipolar 1258.9+1
165.01-165.02* 1251.5+13 - Tephra from the Pleiades, 1251.6+2
West Antarctica
166.68 1242.3+13 1.0 Unknown 1241.9+2
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168.32 1231.4+13 >3 Unknown, bipolar 1230.7+2
174.50 1190.1+14 1.2 Unknown, bipolar 1191.9+£2
180.01 1152.3£16 1.9 Unknown 1153.0+2
194.81 1043.3£18 2.9 Unknown 1040.3+2
203.44 974.5+19 2.8 Unknown, bipolar 976.0+2
208.11 937.14£20 1.0 Unknown 939.6+2"
211.02% 912.6+20 2.0 Unknown, bipolar 918.1+2
212.03* 903.94+20 2.6 Unknown 909.0+2"
212.88* 896.3+20 1.9 Unknown, bipolar 900.9+2
222.94 813.2+20 23 Unknown, bipolar 819.9+2
232.66 720.3+21 >3 Unknown 726.142
235.78 693.1+£22 2.0 Unknown, bipolar 698.0+2
236.94 683.0+£22 1.7 Unknown, bipolar 685.9+2
237.25 680.1+£22 >3 Unknown, bipolar 682.9+2
247.49 575.1£27 2.1 Unknown, bipolar 576.2+2
250.93 539.2+£27 14 Unknown, bipolar 541.7+3
260.59 4343429 >3 Unknown, bipolar 435.4+3
264.19 394.4+30 2.5 Unknown, bipolar 395.5+3
267.41 356.9+£30 >3 Unknown, bipolar 360.8+3
276.06 264.3+31 >3 Unknown, bipolar 266.6+3
278.41 236.4+31 14 Taupo (New Zealand), 237.1+£3
bipolar

280.82 205.3+32 2.5 Unknown 207.1+3
283.361 170.9+33 1.5 Unknown, bipolar 171.0+£3
284.97 148.1+34 1.1 Unknown 143.943
286.17 131.6+35 2.8 Unknown 125.3+4
286.40 128.1+35 2.8 Unknown 121.9+4
287.49 113.4+35 1.5 Unknown 105.5+4
288.11 105.2435 23 Unknown 97.8+4"
288.35 102.3435 1.8 Unknown 96.0+4

289.18 90.8436 2.6 Unknown 83.8+4

289.54 86.2436 1.4 Unknown 77.5+4"
292.80 41.2+37 2.2 Unknown 31.7+4

296.12% 3.1437 1.8 Unknown -7.5+4

297.24% -10.4+37 2.2 Unknown -20.3+4
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1573

55
1578
1679
1580
1581
1682
1583
1584
1585
1E86
1687
1588
1589
1590
1591

1592

299.30% -34.0+37 1.8 Unknown -46.3+4 - ‘{ Formatted: Centered
306.39 -130.9+39 23 Unknown -143.1x47 = { Formatted: Centered
306.89 137.9439 >3 Unknown -148.1+4 = { Formatted: Centered
317.30 295.9+41 >3 Unknown -307.2+47 = { Formatted: Centered
320.87 -344.4+41 >3 Unknown -357.045 - { Formatted: Centered
322.15 -362.8+41 18 Unknown -376.5+5 - { Formatted: Centered
323.14 -376.7+41 2.1 Unknown -392.145 - { Formatted: Centered
323.84 -385.7+42 1.6 Unknown -402.7+5 - { Formatted: Centered
325.25 -405.7+42 >3 Unknown 426157 - { Formatted: Centered
328.05% -446.6:42 31 Unknown -469.145" -- { Formatted: Centered
33121 -496.4+43 23 Unknown 519.945° - { Formatted: Centered
334.94 -554.7+43 >3 Unknown -581.0+5 = { Formatted: Centered
335.84 -567.5+43 >3 Unknown -596.6+5 - { Formatted: Centered
343307 691.5+44 2.7 Unknown 722.046" - { Formatted: Centered
Jl: Age from Clausen et al. (1979). *Depths indicate the tephra sampling interval. #: CFA acidity is missing for _ { Formatted: Danish

relevant interval, attribution is based on remaining records. fSignificant peak only in nss-conductivityCFA-aeidity

. x: Conductivity and Ca records missing for interval. 38: CFA and IC data missing, depth
annotatlon based on ECM only. *: Eruption not identified in existing compilation of volcanic eruptions in WAIS
Divide (Sigl et al., 2013).

Table 2: Marker horizons used for development and validation of the RICE17 chronology.
Strata in bold were used for constraining the timescale. The statistical significance of volcanic
peaks in the RICE records (column 3) is given in terms of the average peak size in smoothed
and standardized versions of the four records (ECM, H*, nss-cond, nssS (down to 249m)),
computed relative to a running mean and standard deviation. Volcanic matching to WAIS
Divide allows comparison between RICE17 ages (with 95% confidence interval indicated) and
the corresponding WD2014 ages with associated uncertainties (Sigl et al., 2015, 2016).
Indicated depths and ages correspond to peaks in the volcanic proxies. Below 42.3m, decimal
ages have been calculated assuming BC to peak Jan 1st. Historical eruption ages (in-column
43) indicate starting date of the eruption. In column 34 is also stated whether the eruption
previously has been observed to cause a bipolar signal, based on the compilation in Sigl et al.
(2013), here updated to the WD2014 timescale. Since this compilation only identifies bipolar
volcanoes back to 80 CE, volcanoes prior to this are not classified. Three exceptionally large
volcanic signals observed in the RICE core are indicated in italics.
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1593

1594

1595
1596
1597
1E98
16599
1600
1601
1602
1603

1604
1605

1606
1607

1608
1609
1610
1611

Change point Time period Mean accumulation Accumulation rate trend
(rounded) rate [m. w.e./yr] [mm w.e. yr?]
+0.02
1287 CE 700 BCE - 1300 CE 0.25+0.023 (0.020 + 0.003)
(1291 + 135)*
1300 CE - 1650 CE 0.26 +0.032 (_0'0_??'3?).03)
1661 CE
(1675 + 123)*
1650 CE - 1965 CE 0.24 +0.021 (_0.()_3';%.05)
1966 CE
(1969 + 34)
1965 CE - 2012 CE 0.210%+ £ 0.002 (_0'52;8%.76)

*Change point not well-determined from bootstrap analysis.

Table 3: Mean value and trends in RICE accumulation rates during various time periods.
Change points and trends are found using break-fit regression (Mudelsee, 2009). The most
likely change-points and trend values are provided, as well as the associated confidence
intervals (in parenthesis: median and median absolute deviation: Mudelsee(2000)) determined
from block bootstrap analysis. Uncertainties (95% confidence interval2es) on mean
accumulation rates are calculated based on the uncertainty in the accumulation reconstruction.
Accumulation trends estimates from the bootstrap analysis (in parenthesis) includes
uncertainties in determination of the change-point, but not uncertainties associated with the
derived accumulation rate history. The analysis does not account for a potential bias due to ice
divide migration, which may slightly affect the mean accumulation rate values prior to 1750
CE, and the trend during the period of divide migration (~1500-1750 CE).

Rank Decade Decadal mean accumulation
rate [m. w.e./yr]

1 1990-1999 0.194 + 0.001
2 1850-1859 0.1976 + 0.010
3 1950-1959 0.2043 £ 0.0046
4 1800- 0.207 + 0.01309:207+0-00%
18092000~
2009
5 2000- 0.2087 £ 0.00117
20091800~
1809
6 1970-1979 0.2121 £ 0.0048

Table 4: Ranking of decades since 1700 CE according to lowest mean accumulation.
Uncertainties ((2695% confidence interval) on the mean values are due to uncertainties in the
accumulation reconstruction.
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Supplementary material

S1. Effective depth resolution of the CFA records

Effective depth resolution of the CFA records wasere evaluated based on the time it took for
the various measurement lines in the system to respond to an abrupt change in concentration
level. Following the approach in Bigler et al. (2011), response times were calculated as the
average time required for the system to transition from a blank water standard to the highest
calibration standard plateau, using the 10% and 90% levels of the transition curve. From the
employed melt rate of 3 cm/min, response times were then converted to equivalent response
depths as a measure for the effective depth resolution. For the RICE CFA set-up, the
conductivity record has the highest effective resolution of 0.8 cm, closely followed by black
carbon (Table S1).

Response time (s) Response depth (cm) Missing data fraction

Conductivity 15+2 0.8+0.1 6%
Acidity 38+3 1.9+£0.2 17%
Calcium 49+ 6 25+03 9%
Black carbon 20+3 1.0+0.2 <1%
Insoluble dust particles 17£3 1.0£0.2 8%

Table S1: Response times for the CFA system to transition between the blank water level and
a calibration standard plateau, and the equivalent response depths. Core breaks, contamination,
measurement errors etc. gave rise to sections of missing data, these comprising from 1% to 17%
of the total length of the record. Below 129 m, the dust record was extensively contaminated
by drill liquid, and the missing data fraction is calculated for the uncontaminated top part only.

S2. StratiCounter settings and procedure

StratiCounter was initialized based on a preliminary set of manual layer annotations_(Fig. 6a)
within a selected depth interval (40-150 m). The manual annotations were used to produce a set
of generalized templates for an annual layer in the various impurity records. We note that the
manually-counted timescale was observed to have a bias towards counting too few layers,
resulting in an age for the Pleiades tephra that is a few decades younger than observed in WAIS
Divide. Applying the Expectation-Maximization algorithm (e.g. Gupta and Chen 2010),
StratiCounter continuously updates and refines the statistical description of an annual layer,
thereby allowing for changes in layer characteristics with depth (Winstrup, 2016; Winstrup et
al.,, 2012). To further increase the independence of the StratiCounter timescale from the
preliminary manual interpretation, in a final step the entire timescale was reevaluated using an
improved set of layer templates derived from the algorithm output.

Rapid thinning of layers with depth in the RICE—core necessitated slight changes in
StratiCounter settings with depth. We therefore divided the record into four sections: an upper
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(42-180 m), an upper middle (165-250 m), a lower middle (240-300 m), and a lower section
(280-344 m). Overlap sections served as base for comparison between the runs, which were
found to contain only minor differences. Within these sections, the results from the deeper
section were used to produce the final timescale.

For the uppermost section (42-180 m), performance of the algorithm was tested using a variety
of algorithm settings, which all resulted in very similar timescales (+10 years at 165 m). The
final version was chosen as the timescale in best agreement with the WD2014 age of the
Pleiades tephra horizon (Dunbar et al., 2010) found at 165 m depth-Kalteyer; 2045) (Wheatley
and Kurbatov, 2017). Proceeding to the deeper sections, the algorithm settings were kept as
similar as possible to those employed for the upper part-(Fable-S2).

The main change in settings with depth was the averaging distance employed to produce a
lower-resolution record from the original 1--mm resolution CFA records, performed before
automatic layer identification. Section delimitations were selected based on estimated layer
thicknesses obtained from methane matching to the WAIS Divide ice core (Lee et al., 2018),
and chosen so that an average layer consistsed of approximately 10-15 individual data points.
Accordingly, the averaging distance was successively reduced from 1.5 cm to 0.5 cm to account
for the general decrease in layer thicknesses with depth (Table S2). Note that the averaging
distance applied for the deepest section is less than the effective resolution of even the highest-
resolution impurity records (Table S1), meaning that successive averaged data points are
significantly correlated.

StratiCounter was run based on the full suite of CFA records: Black carbon, acidity, calcium,
conductivity, and dust (topmost section only). The dust record was excluded for the lower
sections due to drill liquid contamination. The impurity records were weighted so that records
of large similarity (e.g. the-calcium and conductivity) were not treated as independent data
series, and with added emphasis on the black carbon, which displayed the most pronounced
annual signal (Table S2). Before analysis, extreme peaks caused by measurement noise and
processing errors were removed from the data series. These were further standardized using z-
scores based on the logarithm of the impurity concentrations in order to reduce inter-annual
variability in layer signal.

Section 42.34-180 m  165-250m  240-300 m 280-350 m
(42.34-165m) (165-240m) (240-280m)  (280-343.7 m)

Depth resolution (cm) 1.5 1.0 0.75 0.5

Weights of impurity series

Black carbon 1 1 1 1
Acidity 0.5 0.5 0.5 0.5
Dust 0.5 0 0 0
Calcium 0.25 0.25 0.25 0.25
Conductivity 0.25 0.25 0.25 0.25

Table S2: StratiCounter settings for each depth range: (in parenthesis is given the interval for
which the results were used to produce the final combined timescale): Interpolated depth
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resolution of the impurity records before automated layer identification, and weighting of the
various impurity records in the StratiCounter algorithm.

S3. The RICE density profile

Measured densities for the RICE core (Fig. S1) show good agreement with a modelled density
profile calculated from a steady-state Herron-Langway densification model (Herron and
Langway, 1980) when using appropriate values for the initial snow density (410 kg m™; within
the range measured in adjacent snow pits), surface temperature (-23.5°C; consistent with
borehole temperatures (Bertler et al., 2018)), and accumulation rate (0.22 m w.e yr''). The
measured density profile was extended to the surface using the modelled densities. We note
that the initial densification in the Herron-Langway model is parameterized as a linear function
of depth, depending only on initial snow density and surface temperature.

At intermediate depths (50-120 m), the observed density profile has slightly denser snow than
predicted by the Herron-Langway model, and, as a result, the firn-ice transition is reached at
significantly shallower depths than predicted by the model. This difference may indicate that a
steady-state assumption is invalid, or it may be due to the additional vertical strain present at
divide locations (Kingslake et al., 2014).

20

40 r

60 |

Depth [m]

80

100

* Bag mean densities °

120 ¢
0 Herron-Langway model

140 1 1 1 1 1
400 500 600 700 800 900 1000

Density [kg/m3]
Figure S1: Measured and modelled density profile for the RICE core.

S4: Modeling of the thinning function for reconstructing the
accumulation rate history

Model setup

To calculate the thinning function, we employ a one-dimensional ice-flow model run at an
annual time step, which tracks the cumulative thinning of an ice layer. At each time step, the
full-depth vertical velocity profile is found by scaling the shape of the vertical profile (discussed
below) to the surface velocity. The vertical surface velocity is determined as the sum of the
accumulation rate and the rate of ice-sheet thinning, the latter assumed constant in time. Forced
with a time-dependent accumulation rate, the model computes the thinning function based on

3
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integration of the vertical strain over time. Starting from an assumption of constant

accumulation, we iterate until the accumulation history and thinning function are consistent.
While the surface vertical velocity likely does not vary at annual timescales, the resulting
thinning functions are smooth, and no improvement comes from using a smoothed
accumulation history.

Typical shapes of respectively “pure divide flow” and “flank flow” vertical velocity profiles at
Roosevelt Island (Figure S2) were found by fitting Lliboutry-type ice-flow shape
parametrizations (Lliboutry, 1979) to englacial velocities measured from repeat phase-sensitive
radar measurements (Kingslake et al., 2014). However, no velocity measurements were
possible in the upper 90m due to effects of firn compaction, meaning that some assumptions on
the near-surface velocities were required. We therefore computed the thinning function using
two different parametrizations of the velocity profile.

As discussed in the main text, the divide may have migrated in the past, and the vertical velocity
profiles experienced by the ice in the core may thus have changed through time. To account for
this, we follow Nereson and Waddington (2002) and describe the vertical velocity profiles as
time-varying linear combinations of the divide and flank profiles. This allows a smooth
variation in the vertical velocity profiles through time.

Uncertainties

For RICE, there are three primary sources of uncertainty in estimating the thinning function: 1)
the shape of the vertical velocity profile where no measurements exist in the upper 90m, 2) the
history of changes in the vertical velocity profile as the divide may have migrated, and 3) the
rate of ice-sheet thickness change. Each source of uncertainty is discussed below.

The total uncertainty is estimated by calculating the thinning function using two possible
parametrizations of the vertical velocity profiles, two divide-history scenarios, and three
plausible rates of ice-sheet thinning, described below. The resulting accumulation histories are
shown in Figure S3. We define the uncertainty as the full range of these 12 scenarios, which
we interpret as a 95% confidence interval.

The vertical velocity profile

Following the work of Lliboutry (1979), the vertical ice-flow velocity profiles (w) at
normalized depth ({) can be parameterized using the vertical velocity at the surface (ws) and a
shape factor (p):

— _ p +2 1 p+2)
R e e
Fitting to the vertical velocities measured for divide-like flow at Roosevelt Island (Fig. S2. red
asterisks), (Kingslake et al.; (2014)_found the best fit with a surface velocity (ws) of 0.27 m/yr
and p =-0.78 (Fig. S2. red dashed line). However, this fit has two limitations: 1) it over-predicts
the vertical velocity at mid-depths, and ii) given a recent accumulation rate of 0.24 m ice eq./yr,
it implies a thinning of the ice sheet of 0.03m/yr. This amount of ice-sheet thickness change is
at the upper limit of what is plausible given the observed structure of the Raymond Arch.

A more negative p value, p = -1.22, better matches the vertical velocity measurements, but
requires a larger surface velocity, which can be excluded. As noted by ¢Kingslake et al. (2014),
the vertical velocity profile is near-linear in the upper part of the measurements. We therefore
construct a second parametrization of the velocity profile as follows: We employ the Lliboutry
fit using p = -1.22, but replace the top part with a linear velocity increase towards the surface,
starting at 155m ice equivalent depth (Fig. S2. solid red line). This is our preferred vertical
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velocity profile for divide-type flow at Roosevelt Island. The associated downwards surface
velocity of 0.26m/yr corresponds to an ice-sheet thinning rate of 0.02 m/yr, which is consistent
with the characteristics of the Raymond Arch.

For flank-type flow, the misfit to the measured vertical velocity measurements was minimized
using ws = 0.24 m/yr and p = 4.16 (Fig. S2. blue line), for which good agreement between
measurements and model was obtained (Kingslake et al., 2014).

0 1 1 1 1 1 1 1 -
100 A - B
200 + — - L
3
o 300 - B
RS)
E 400 B
=
% ., +  Divide flow, measured (scaled to wS=O.26)
0 5001 - - - Divide flow, p=-0.78 (Kingslake et al, 2014)
Divide flow, p=-1.22 (preferred)
600 - Flank flow, p=4.16 B
= = = -Transitional flow; 70% divide flow (p=-0.78)
700 - Transitional flow; 70% divide flow (p=-1.22; preferred) [
T T T T T T T T T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Scaled vertical velocity

Figure S2: Vertical velocity profiles (scaled to the surface velocity, wy) used for calculating the
RICE thinning functions. Two shape parametrizations for divide flow were used (red lines),
both derived from fitting to the measured vertical velocities (Kingslake et al., 2014). Our
preferred fit (solid red line) improves the overall misfit and does not have a bias at mid-depth.
For the flank-flow profile (blue), we used the fit from Kingslake et al. (2014). Also shown are
vertical velocity profiles for transitional flow (black lines), calculated as a linear combination
of the two profiles consisting of 70% divide flow and 30% flank flow, as appropriate for the
majority of the RICE core.

Divide migration history
As discussed in the main text, there is ambiguity in the history of divide migration, and how it

has influenced the vertical strain history at the core site. The main cause of uncertainty is the
inference of maximum near-surface strain rates, i.e. the most “divide-like” flow, being slightly
offset to the east of the present topographic divide (Kingslake et al., 2014; Fig 6b), where the
ice core was drilled. It may therefore be that the drill site is not located at the present location
of full divide-like flow. However, we note that there is considerable uncertainty in the pRES
measurements of vertical strain rates, and that these do not extent to within 90m of the surface.
In the near-surface layers, the peak of the Raymond Arch tilts towards to the modern summit,
suggesting that the divide (and the location of maximum divide-flow) has migrated towards the
current topographic summit in the most recent past. We consider this to be the most likely ice-
divide migration and corresponding flow history.

In our preferred scenario with recent divide migration, the older ice in the core experienced a
transitional flow regime somewhere between flank and ice-divide flow. but is now experiencing
full divide flow. Starting from ~120m (~1500 CE), the amplitude of the Raymond Arch at the
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core site is approximately 70% of the peak amplitude. Prior to 1512 CE (500 years before the
core was drilled), we therefore used a vertical velocity profile appropriate for divide-flank
(70%/30%) transitional-type ice flow (Fig. S2: black lines). Over the following 250 years
(1512-1762 CE), the ice divide was assumed to migrate to its present position, while the vertical
velocity profile transitioned to full divide-type flow.

To account for the uncertainty in divide migration during the most recent past, the thinning
function was also calculated for the following second scenario: We assume that maximum
divide-flow has always been offset from the topographic summit, and thus that the ice in the
core has experienced entirely transitional flow.

Ice-sheet thinning rate
A third source of uncertainty is the amount of ice-sheet thickness change. Changes in ice-sheet

thickness will affect the vertical velocity, causing more vertical strain of layers in a thinning
ice sheet. For the deeper part of the ice core, changing the prescribed thinning rate is the most
important source of uncertainty for the accumulation rate reconstruction (Figure S3. blue lines).

We assessed the plausible range of ice-sheet thickness change both by fitting the measured
vertical velocity profiles and by modeling the amplitude of the Raymond Arch. While 2D
modeling of the dated internal stratigraphy of Roosevelt Island is on-going, we find that the
likely range of ice-sheet thickness change is 1 to 3 cm/year, with 2 cm/year being the preferred
amount.

0.3 T T T T P T T

— >

~

0.25

Preferred scenario

No migration

Thinning rate = 1 cm/yr

i Thinning rate = 3 cm/yr

‘ p=-0.78

01 5 | | | | | I
-500 0 500 1000 1500 2000

Time [CE]

Accumulation rate [m.w.eq/yr]

Figure S3: Reconstructed accumulation histories according to the 12 scenarios described in the
text. The 95% confidence interval (grey area) is taken as the envelope of all accumulation
histories. Colored lines show the impact on the accumulation history from the various sources
of uncertainty, when changing one of these at a time relative to the preferred scenario (thick

black line).
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S5: Volcanic matching to WAIS Divide
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Figure S4: Volcanic matching between a) RICE and b) WAIS Divide for a recent section,
including the Krakatau (1883 CE) and Makian (1861 CE) volcanic horizons. Vertical bars
indicate volcanic match points (Table 2), and numbers denote the number of annual layers
between match points in the two records according to their respective timescales. Mean peak
height for Krakatau (white bar) does not exceed 2¢ of the internal variability (mean of all
available records), but is clearly visible when e.g. comparing the Ca®>" and conductivity records
directly. Green area shows the conductivity-to-calcium excess directly from the two records,
with the resulting non-sea-salt conductivity record shown in the top panel.
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Figure S5: Volcanic matching between a) RICE and b) WAIS Divide for the deepest part of
the RICE record considered here. Vertical bars indicate volcanic match points (Table 2), and
numbers denote the number of annual layers between match points in the two records according
to their respective timescales. For this section, the RICE17 timescale shows a small, but distinct,
bias towards counting fewer layers than present in WD2014.
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