
Authors' response to referee comments 
[references in brackets indicate changes made in the revised manuscript and supplement] 

 
Anonymous Referee #1 
 
General Comments: 
 
The authors present valuable new BC data from the severely under-sampled Arctic. Historical BC 
records from different locations within the Arctic are essential for reliable model validation, and 
generally to understand the spatial and temporal variations in BC trends and processes affecting 
BC concentration and deposition patterns. Furthermore, discussion on post-depositional factors 
affecting BC records, such as wind scouring, is particularly welcome, as these are currently quite 
superficially known. The manuscript is well written and easy to follow. The used methods are 
appropriate, and the presented hypotheses are well justified and thoroughly discussed. I 
recommend publication if the following points are addressed in the revised manuscript.  
 
Specific comments, and authors' responses: 
 
Page 2, Line 14: Is the citation to Koch et al., 2011 and Lee et al. 2013 appropriate here, as these 
modelling papers don’t present new ice core BC observations, as currently suggested by the 
sentence? For clarity, I’d suggest to replace these references with other appropriate work (e.g. 
McConnell 2010; Zennaro et al. 2014; Sigl et al. 2015) or modify the sentence. For instance, the 
Koch et al. (2011) cite McConnell et al. (2007), McConnell (2010) and McConnell and Edwards 
(2008) for the ice core observation data used in their modelling study. 
P 6, l 27: Please, remove the citation to Koch et al. 2011, and replace e.g. with McConnell 2010 
(if you like). Also, on P 6, l 28, Skeie et al. 2011 doesn’t present any own BC emission inventory 
data, so please remove this citation as well. 
 
Changes in the citations were made as suggested. [p. 3, L66-67] 
 
P 12, l 12: The citation to Ruppel et al. (2014) is incorrect in this context. 
 
Removed. 
 
P 3, l 19-23: Could you clarify what these microparticles are, i.e. for instance give examples on 
what type of particles are meant? 
 
We decided to remove the microparticle data from the revised manuscript, and focus solely on the 
rBC data.  
 
Section 3.3 discusses impressively the uncertainties caused by stochastic spatial variations of 
deposition of the aerosols in snow, and post-depositional modifications (e.g., by wind scouring) in 
the ice core record, while actual measurement uncertainties of the nebulizer and SP2 
instrumentation are not included. However, there is reason to believe that the chosen analysis 
methodology itself may cause significant uncertainties for the rBC record as well. As the authors 
discuss in the last paragraph of Section 4.2 (P8, l 18-31) it is known that the used nebulizer doesn’t 
effectively aerosolize larger rBC particles which however may constitute a notable part of the total 
BC in the studied ice core, as it is shown to be affected by post-depositional processes (e.g. 
summer melt) which are known to increase the BC particle size in snow (e.g. Schwarz et al., 2013). 
The manuscript should therefore determine clearly which size fraction of rBC is quantified here. It 
is understandable why the nebulization and SP2 quantification efficiency is only discussed in 



Section 4.2, after discussing summer melt of the ice core. However, these uncertainties should at 
least be mentioned (if they are too difficult to be quantified) already in Section 3.3, and Section 
4.2 referred for further discussion. Currently, in Section 3.3 the reader is erroneously led to believe 
that all uncertainties of the BC record are unrelated to the used rBC quantification methodology. 
 
Uncertainties in the SP2 measurements, and from other sources, are now discussed in section 
3.3 [p. 7, L201-211], with additional material on the analytical data and quality control in the 
supplement to the revised article [Supplement, p. 1-4]. The size range of rBC particles measured 
by the SP2 instrument in the DV99.1 core is unfortunately not know at present.  
 
Finally, it would be good if the authors would present a total estimate (in numbers, %) of how large 
the uncertainties of the results are. P 5, l 27-28 says “Because the magnitude of εs is independent 
from that of errors that arise from ice core dating uncertainties (εt), the combined uncertainty was 
calculated as the quadratic sum of these terms (± 2σ).”.Is the uncertainty seen in any of the 
figures? How large is the combined uncertainty? If these uncertainties ("s and "t) cannot be 
combined with the analytical method uncertainties, it would be good if these uncertainty 
percentages were presented separately (currently no uncertainty is given for the analytical 
methodology). 
 
See response to above comment. On Fig 4 of the revised manuscript, we chose to remove the 
confidence limits, because they overcrowded the plots and made trends in the data (where they 
occur) difficult to see. However, we added plots of estimates for different sources of uncertainties 
(due, for e.g., to age model errors) in the supplement to the revised article [Supplement, Fig. S8].  
 
P 12, l 16: For clarity, I’d suggest the following addition (in parenthesis): “The time series differs 
from the Greenland records (measured with the same analytical methodology as used here) in 
that it. . .”. The addition could clarify that the differences of the Devon Island BC record to the 
Greenland records are surprising as they are analyzed with the same methodology, while 
differences to the Svalbard record may be expected due to different methodology. 
 
The revised text as been modified as suggested [p. 17, L486-489]. 
 
  



Anonymous Referee #2 
 
General Comments: 
 
The authors present a reconstruction of black carbon and microparticle concentrations from an ice 
core from Devon Ice Cap in Canada covering the time period 1810-1990 AD. Where direct 
observations of atmospheric BC are scarce and limited to the most recent decades, ice-cores can 
– in principle – act as surrogates for direct observations and provide valuable information on the 
composition of the pre-industrial atmosphere and serve as benchmarks to assess the capabilities 
of models to realistically simulate the aerosol life-cycle and resulting forcing of past climate. In 
order to use such proxy reconstructions such glaciochemical records need to realistically 
represent the atmospheric impurity content through time. In this respect, the current manuscript 
falls short in providing sufficient evidence for the reasons summarized below: The authors provide 
virtually no information that would allow to assessing their ability to achieve reproducible BC 
concentrations from ice cores or to repeat their experiments. They fail to report how they calibrated 
their measurements and omit to discuss any metrics (e.g., detection limit, stability, linearity, 
stability, repeatability, reproducibility) commonly considered necessary when introducing new 
instrumentation in analytical chemistry (see for example (Lim et al., 2014; Wendl et al., 2014; Mori 
et al., 2016; Bigler et al., 2011). The same is true for the age-scales. The entire dating depends 
critically on the correct identification of the Laki signal in 1783 AD at this specific ice-core site and 
also for the other ice cores from Devon, but I can find in none of their cited papers a graph showing 
the full EC or SO4 record used to make this attribution. The same is true for the proxy signature 
of the 1963 AD nuclear bomb testing fallout. With no electrical or glacio-chemical signature of Laki 
provided in the manuscript and with having a huge sulfate spike recorded in 1847 AD which is not 
recorded in any other ice core from nearby Greenland, I consider it equally likely that the latter 
signal may as well be from Laki 1783, and your timescale off by over 60 years. 
 
I consider it very unfortunate and not sufficiently well explained why you chose to limit your 
analyses to 1810-1990 AD and to only two new parameters. As stated above, Laki is crucial for 
the depth-age scale; the past 10 years would allow to have overlap with aerosol observations (e.g. 
from Alert); and analyzing additional aerosols in DV99.1 would allow you to 1) assess the effects 
of melting on your impurity records, 2) improve the relative dating among the different ice cores 
and timescales, and 3) to attribute specific sources to BC using for example NH4+ and SO42- as 
unique source tracers. The fact that the ice is fractured (>38m) or not consolidated (>4m) does 
not make measurements impossible, and half of an ice-core minus 2.5 x 2.5 cm consumed for 
your CFA measurements should provide you with enough material for additional analyses. 
 
Authors' response:  
 
First, some context needs to be provided. This has no incidence on the revisions to the paper as 
such, but it may help explain to the reviewer some of the shortcomings identified in the study. The 
analysis of the DV99.1 core for rBC was, to some extent, part of a "rescue operation" of the 
Canadian ice-core collection which, in 2011, was in danger of being permanently moth-balled as 
a result of the shutting down of the GSC ice-core laboratory in Ottawa (what remains of the 
collection eventually found a new home at the University of Alberta in 2017). At the time, an open 
call was sent to researchers interested in obtaining cores for various analyses. One outcome was 
that parts of the DV99.1 core were shipped to Curtin University for rBC analysis. Under more 
favorable circumstances, the core would also have been sampled and analyzed for ionic chemistry 
by IC at the GSC ice-core laboratory, where a core melter-sampling system had been set up. This, 
however, was not possible, which explains why we do not have co-registered ionic chemistry data 
to accompany the rBC and microparticle data for this core. This is admittedly not optimal, and it 



reflects the conditions under which the study was initiated. Since the submission and review, we 
have been able to use additional, previously unprocessed analytical results, and to extend the rBC 
record to 1735, spanning the period including the Laki 1783 volcanic marker. Extending the record 
required a large additional effort. These new data are now included in the manuscript, and the 
plots and discussion have been updated accordingly. The title of the manuscript was also changed 
to aknowledge the extended record.  
 
The description of methods in the revised manuscript has been expanded, and additional include 
additional details are provided about instrumental settings, calibration, etc. [p. 4-5, L113-143]. A 
discussion of uncertainities in the SP2 analyses has been added in section 3.3 [p. 7, L201-212]. 
Some specific questions regarding data quality are answered below. 
 
A number of minor mistakes and discrepancies in the paper were also corrected in the revised 
version. For example, the elevation of the DV99.1 site was incorrectly reported as 1750 m a.s.l. 
This has been revised to 1903 m a.s.l., and the altitude of the true summit of Devon ice ca, where 
the DV98.3 core was recovered, is actually 1930 m a.s.l.. These figures, and the coordinates of 
the coring sites, were verified with a recent detailed digital elevation model of the ice cap, and the 
correct values are now listed in Table 1. 
 
Reviewer # 2 identified shortcomings and/or inconsistencies in the discussion of the age models 
of the DV99.1 and DV98.3 cores. To address some of these issues, we contacted Dr David Fisher, 
formerly with the GSC (now retired), who initially developed the age models for these cores. Dr 
Fisher kindly helped to clarify matters. To acknowledge his contribution, we added him as a co-
author of the revised version of the manuscript.  
 
Briefly: whenever an age model for a core is being developed, several iterations of the model are 
tested by choosing various plausible candidate volcanic marker peaks in EC and/or SO4

2- profiles 
(as the case may be). The choice of the most plausible model is determined by several 
considerations. For e.g., the model should not result in changes in the age-depth relationship that 
would imply unrealistic changes in the mean accumulation rate at the coring site. And the model 
should be compatible with other information about conditions at the coring site such as the 
estimated snow accumulation rate obtained by radioactive measurements (when such data are 
available). Preference is also given to the model that provides the greatest coherence in the low-
frequency variations of δ18O records between cores and coring sites, as these variations are 
expected to be coherent and synchronous at regional scales (even if details may vary). The 
inconsistencies in the age model descriptions given in the submitted paper arose from some 
confusion between two different iterations of the age model used for the DV98.3 core. This was 
clarified in our exchanges with D. Fisher.  
 
A more thorough and explicit description of the age models, with additional references, is now 
included in the revised manuscript, and the accompanying supplement [p. 6-7, L157-189; p. 8, 
L213-242; Supplement, Fig. S5-S6]. The key points are discussed below, in order to avoid 
unnecessary repetitions in our response to the reviewer's detailed comments.  
 
The age model of the DV99.1 core was developed in the manner described in Zheng et al. (2007), 
using a combination of ice flow model, EC measurements to identify volcanic signatures, and, at 
greater depth, the characteristic δ18O step that marks the transition from glacial conditions into the 
early Holocene. The EC profile starts at a depth of 12.38 m: section of cores above this were of 
brittle firn that provided inadequate electrode contact for the hand-held instrument we used [Fig. 
2, and Supplement, Fig. S5]. An EC peak that was tentatively assigned to the Katmai 1912 
eruption occurs at a depth of 25.50 m, but it is neither particularly large nor a truly distinctive peak, 



as it is superimposed on a "shoulder" in the baseline conductivity (starting at ~40 m depth) which 
likely corresponds to the rise in acidifying aerosol deposition on Devon ice cap during the industrial 
era. It is known from other Canadian ice cores that this rise began ca 1870 on southern Baffin 
Island, and slightly later (ca 1900) on northern Ellesmere Island (Goto-Azuma et al., 2002; Goto-
Azuma and Koerner, 2001), so it probably occurred sometime between these dates on Devon 
Island. We did not show the presumptive 1912 Katmai marker in the DV99.1 age model plot of the 
submitted version of the paper, as its identification is uncertain, but it was used nonetheless to 
constrain the age model. This has now been added to the revised age model plots [Fig. 2]. The 
Katmai 1912 signal stands much more clearly in ice cores from Penny ice cap on Baffin Island 
(Goto-Azuma et al., 2002). The EC peak in the DV99.1 core that was assigned to the Laki 1783  
eruption is at a depth of 42.6 m (29.6 m ice-equivalent). It is the highest and sharpest peak in this 
part of the profile, and it clearly precedes the rise in baseline conductivity, just as it does in cores 
from Penny ice cap. There are no deeper EC peaks of comparable magnitude in this part of the 
DV99.1 core. There are a few shallower peaks between 33 and 40 m depth, but these are of lower 
magnitude, and could be ascribed to other eruptive events in the early 19th century, such as 
Tambora (1816), but they are not sufficiently distinctive to be confidently assigned to specific 
events. Hence we have no strong reasons to revise our assignment of the ECM peak at 42.6 m to 
Laki (1783 ). This identification is more reliable than that of the presumed Katmai 1912 EC marker 
at 25.5 m. Based on this assignment of the Laki 1783 marker, the mean accumulation rate at the 
DV99.1 site was estimated to be 0.14 m ice a-1 (~0.16 H2O a-1) over the period 1783-1992. (Note 
that in the submitted paper, the figure of 0.14 m a-1 was erroneously given as being in water 
equivalent).  
 The best fit of the ice-flow age model to the various volcanic (EC) and δ18O markers in the 
entire DV99.1 core gives a predicted depth of 41.6 m for the 1783 layer, which is offset my one 
meter from the actual depth (42.6 m) at which the EC peak assigned to Laki occurs. This offset 
falls within plausible dating error limits if one allows for random interannual variations in the local 
snow accumulation rate. There is a larger (3.1 m) discrepancy between the model-predicted depth 
for Katmai 1912 (21.3 m) and the EC peak assigned to it (24.5 m), but as the identification of this 
EC marker is tentative at best, this discrepancy may not be meaningful. The manner in which the 
uncertainty of the age models were estimated (for both the DV99.1 and DV98.3 cores) is described 
below under our response to the reviewer's comment about page 5, L9-18, as well as in the revised 
manuscript [p. 8, L213-232]. 
 
The age model of the 302-m long DV98.3 core (drilled near the true summit of Devon ice cap) was 
previously described in Kinnard et al. (2006) and also, more succinctly, in Krachler et al. (2005). 
No EC measurements were performed on this core, but there were measurements of radioactivity 
as well as high-resolution measurements of δ18O and ionic chemistry data, including SO4

2-. The 
radioactivity profile in firn/ice was measured by total beta (β) activity in the borehole, as well as by 
tritium (3H) concentration and 137Cs activity in the core itself. The 3H profile can be seen in Clark 
et al. (2007), and the β and 137Cs profiles in Pinglot et al. (2003). All of these profiles agree very 
well and show two clearly-separated peaks, the larger and shallower one centered at a depth of 
16.6 m below the 1998 surface. This was assigned an age of 1963, in accordance with the 
chronology of Dibb et al. (1992) and Kudo et al. (1998) for radioactive fallout in the Arctic. The 
deeper, smaller peak is assumed to correspond to the earlier, mid-/late 1950s peak in radioactive 
fallout. The reviewer asked whether the radioactive peak in the DV98.3 core could be used to 
assess the effect of post-depositional melt on the glaciochemical records in this core. This analysis 
was in fact already done and reported by Pinglot et al. (2003), who derived a proxy melt index 
from the radioactive profiles in Arctic ice cores. This index should be equal to 1 in the absence of 
post-depositional changes in radionuclide distribution in snow and firn, and increase with higher 
melt rates. For the DV98.1 core site, the derived index value was 1.2. For comparison, it was 
estimated to be 2 at low-elevation Svalbard ice coring sites, where summer melt rates are far 



higher than on Devon ice cap. Comparison of the radioactivity profiles in the DV98.3 borehole/core 
and the 210Pb activity profile at Summit, Greenland (Dibb et al., 1992), shows very good 
agreement, suggesting limited post-depositional "smearing" at the DV98.3 site, although the 
possibility remains that the position of the peaks at DV98.3 could have been slightly offset by melt 
relative to their initial stratigraphic location (See also discussion on estimates of melt-percolation 
effects, below). 
 Based on the 1963 radioactive peak age assignment, the estimated mean accumulation 
rate at the DV98.3 coring site over the period 1963-1998 is ~0.25 ± 0.2 m ice a-1 (Kinnard et al., 
2006; Clark et al., 2007). Seasonal or pseudo-seasonal variations in the δ18O and SO4

2-  profiles 
are only recognizable in the uppermost part of the DV98.1 core (top ~15 m). Hence their 
usefulness for annual layer identification is limited [see Supplement, Fig. S7 and S11]. However, 
performing a cross-spectral analysis of these data (normalized to ice-equivalent depths) allows us 
to identify the frequencies at which most of the spectral power is concentrated. Applying this 
approach to the top ~11 m of the DV98.3 core (5 m in ice equivalent) reveals an unambiguous 
spectral peak at a frequency of 0.042 cm-1, which corresponds to an approximate annual layer 
thickness of 0.24 m ice-equivalent, or an annual mean net accumulation rate of 0.26 m H2O a-1 for 
the most recent decades in the record (see Kinnard et al., 2006). In addition, there are over 50 
years of continuous annual winter mass balance measurements available from the summit of 
Devon ice cap, and these constrain the mean accumulation rate there to 0.25-0.28 m H2O a-1 for 
the latter part of the 20th century.  
 As described in Kinnard et al. (2006) one of the SO4

2- peak that was used to constrain the 
age model for the DV98.3 occurs at an ice-equivalent depth of 25.5 m, and this was assigned to 
the 1912 eruption of Katmai. Using this marker gives an estimated mean accumulation rate for the 
1912-1998 period of 0.29 m ice a-1, or 0.32 m H2O a-1. Two other large SO4

2- peaks occur at 61.55 
and 81.55 m depths, respectively. The shallower one is narrow and sharp [Supplement, Fig. S5], 
and the deeper one is of lesser amplitude and much broader. One of these peaks likely represents 
fallout from the Laki 1783 eruption. The atmospheric SO4

2-  flux in snow from this eruption over 
southern and western Greenland was much larger than that of other early 19th century eruptions 
such as those from 1809 and of Tambora in 1816 (Gao et al., 2007). In SO4

2- profiles of cores 
drilled on Penny ice cap (Baffin Island), the Laki 1783 signal is particularly prominent (Goto-Azuma 
et al., 2002; Zdanowicz et al., 2015). The same is expected to be true on Devon ice cap, as it lies 
in the same broad latitude band of 65-75°N where maximum SO4

2- deposition rate were detected 
in Greenland cores. There are arguments for, and against, each of the SO4

2- peaks (61.55, 81.55 
m) in the DV98.3 core as a potential marker for Laki. If we assign the deeper (81.55 m)  peak to 
1783, the inferred mean accumulation rate for 1783-1998 is 0.28 m ice a-1 (0.30 m H2O a-1). This 
agrees closely with the estimated mean accumulation rates for 1963-1998 and 1912-1998 based 
on radioactivity measurements and the Katmai SO4

2- peak. If we assign instead the shallower 
(61.55 m), narrower SO4

2- peak to 1783, the estimated accumulation rate for 1783-1998 is 0.21 m 
ice a-1 (0.23 m H2O a-1). This is lower than the figure for 1963-1998 and 1912-1998, but falls within 
the range of values obtained at various sites across the upper accumulation area of Devon ice 
cap (0.17 to 0.25 m H2O a-1; Colgan and Sharp, 2008).  
 In the age model that was finally developed, the shallower and sharper of the SO4

2- peaks 
(at 61.55 m depth) was ascribed to Laki 1783 (as stated in Kinnard et al., 2006). The nature of the 
deeper, broader SO4

2- peak is uncertain: we found no corresponding broad peak in the DV99.1 
EC profile within the range of depths at which it should have plausibly been detected. The choice 
of the 61.55 m EC peak for Laki was partly guided by the fact that resulting age model gave the 
best overall fit to other, deeper time EC markers in the core, and also resulted in a better 
agreement of the δ18O profiles between the DV98.1 and DV99.1 cores [Supplement, Fig. S6], and 
with other cores previously drilled on Devon ice cap in 1972-73. The confusion in the submitted 
manuscript arose from the fact that we used an earlier age model iteration in which the Laki 1783 
signal had been assigned to the deeper (81.55 m) SO4

2- peak. It is important to stress, however, 



that regardless of which of the two SO4
2- peaks is assigned to Laki 1783, the main features of the 

DV98.3 SO4
2- profile remain the same (see figure below), partly because the age model is also 

constrained by the 1963 radioactive marker. With either time scale, the profile shows a rise in 
SO4

2- in the mid-20th century, peaking in the 1970 or 1980s, followed by a decline. For the 
argumentation in the present study, this is the relevant point.  
 

 
 
Above: The DV98.3 SO42- profile, averaged over depth intervals corresponding to ~annual increments, and 
plotted using two different age models. Model (a) assigns the SO42- peak at 61.55 m depth to the Laki 1783, 
while model (b) assigns the SO42- peak at 81.55 m depth to this same eruption. The sharp SO42- peak ca 
1847 in (b) is the one that is assigned to Laki in (a).  

 
The 63.72-m long DV2000 core was drilled at the same location (within GPS position error; ± 20 
m) as the DV98.3 core. This core was used entirely for the analysis of trace metals such as Pb, 
and the mechanical decontamination protocol used (described in Zheng et al., 2006) did not leave 
archive material for other analyses such as major ions or δ18O. The DV2000 core was correlated 
with the DV98.3 on the basis of measurements in the DV2000 that allowed identification of the 
1958 (16.5 m depth) and 1963 (13.5 m depth) radioactive layers (Krachler et al., 2005). The 
DV2000 core was estimated to extend back to 1842. In the detailed comments, the reviewer 
questions the validity of using the age model of the DV98.3 core for the DV2000 core. This would 
be a serious issue if our aim was to correlate interannual-scale (or higher-resolution) features in 
parallel cores, as the signal-to-noise ratio in δ18O or glaciochemical signals can be large even with 
only a few meters of separation (e.g., Fisher et al., 1998). However in this paper we are chiefly 
concerned with the longer-term (lower-frequency) variations in the ice-core data, which is why we 
present 10-year averages of the data in Fig. 4 of the manuscript. The reason we discussed the 
DV2000 Pb record was to emphasize the fact that both SO4

2- and Pb ice-core records from the 
summit of Devon ice cap show clear evidence of enhanced anthropogenic aerosol deposition 
related to fossil fuel combustion emissions in the 20th century, peaking approximately in the 1970 
or 1980s. Even if the chronology of the DV2000 was offset relative to that of the DV98.3 core by 
a few years, it would in no way invalidate this observation.  



Regarding the potential effects of summer percolation on the signals in the DV99.1 core:  
 
The long-term (~55-year) mean altitude of the equilibrium line (the ELA) in the summit region of 
Devon ice cap, based on mass balance measurements going back to the early 1960s, is 1150 m 
a.s.l.. The highest ELA measured in any given year during this period was 1700 m a.s.l. (D. 
Burgess, GSC, pers. comm.). Hence for most of the period considered in this study, the DV99.1 
site probably lied above the ELA, but within the percolation zone where ice layers can be formed. 
A detailed core stratigraphic log of the DV99.1 core compiled by R. Koerner indicates that, apart 
from discrete ice layers and occasional ice glands, most firn layers did not have an icy matrix, i.e. 
they did not show evidence of being permeated by percolating meltwater. It is therefore likely that 
the DV99.1 site is, and has been, above the saturation zone for the time period considered here, 
and also above the superimposed ice zone, which only extends up to ~1400 m a.s.l. presently 
(Gascon et al., 2013), and probably lower during the colder 19th century. At the summit of Penny 
ice cap (1930 m a.s.l.), where the firn is of comparable thickness as at the DV99.1 site (> 60 m) 
but summer melt rates are much higher, all meltwater refreezes in the firn, and there is no net less 
by runoff (Zdanowicz et al., 2012). So it is very unlikely that there was any net loss of meltwater 
and impurities at the DV99.1 site in the late 1990s, or over the longer time interval considered in 
this study. Any summer meltwater produced at this site would have refrozen in situ inside the firn.  
 
Note that the melt record in the DV99.1 core was incorrectly presented the submitted manuscript: 
the cited melt rates were too large. The original data can be found as an electronic supplement to 
Fisher et al. (2012) Glob. Plan. Change 84-85: 3–7. The record consists in data averaged over 
depth intervals corresponding to ~5-year steps, and extends to 1992. These data have been 
replotted on the correct scale in the revised manuscript, see Fig. 4. The estimated 5-year mean 
volumetric percentage of icy features in the DV99.1 core (the proxy used for summer melt rates) 
increased from 5 % (median 4 %) between 1783 and 1850, to 21 % (median 20 %) from 1850 to 
1992. Within the latter period, there were three 5-year intervals during which the melt feature 
percentage exceeded 50 %. This information is now in the revised manuscript, p. 11, L319-330. 
 
The depth at which meltwater could percolate in firn at the DV99.1 site is not known precisely over 
the time period covered in the rBC record. As mentioned above, the thickness of the firn zone 
there is >60 m. This is much more than the ~25 m of the firn zone at Lomonosovfonna summit, 
Svalbard, for example (Kekonen et al., 2005). If we accept the estimated depth range of 0.5-2 m 
for meltwater-induced ion relocation at Lomonosovfonna summit for 2000-07 reported by Vega et 
al. (2016), then it is highly unlikely than ion relocation could be deeper at the DV99.1 site. The 
summit of Devon ice cap is >600 m higher than the Lomonosovfonna summit (1250 m a.s.l.), has 
a much lower mean annual surface temperature (-22°C, compared to ~-10 to -12 °C at 
Lomonosovfonna; W. van Pelt, pers. comm.), and the 10-m firn temperatures on Devon ice cap 
were, in 2012, < -15 °C (Bezeau et al., 2013), while those at Lomonosovfonna were within -2 to -
3° of zero C in 1997 (van de Waal et al., 2002).  
 
Attempts were also made to quantify post-depositional deposition of ions and/or particles by 
melt/percolation on Penny ice cap on Baffin Island (66° N; Grumet et al., 1998; Zdanowicz et al., 
1998), where estimated summer melt rates over the last 150 years were much higher (40-100 %) 
than at the DV99.1 site (Zdanowicz et al., 2012). On Penny ice cap during the mid-1990s, ions 
and particles were estimated to be redistributed over depths of 3-5 m. A plausible, conservative 
estimate of the maximum melt-induced relocation depth at the DV99.1 site for the time period of 
interest might therefore be 3 m (firn depth). With a mean accumulation rate of 0.16 m H2O a-1 at 
the site, this would imply that impurities could be offset by meltwater percolation in the core by 5-
8 years relative to their true depositional depth/age, and probably less for rBC particles given their 
hydrophobicity. In this paper, we focus on inter-decadal variations in the ice-core parameters (10-



averages of the rBC data). With such a wide time-averaging window length, the effects of impurity 
relocation by meltwater largely even out. Of course, melting-refreezing in the snow/firn may have 
impacted the rBC record otherwise, by reducing the detection sensitivity of large rBC particles in 
the melt-affected sections, as discussed in the paper. However we do not find a simple correlation 
between the rBC concentrations in the DV99.1 core and the melt index (see Fig. 4 in manuscript). 
Without additional evidence, we can not easily separate the possible effects of melt on the rBC 
record from those of possible changes (or lack thereof) in aerosol inputs. We therefore try to 
account for both types of factors in the paper. The considerations presented in the two paragraphs 
above are also in the revised manuscript, pp. 12-13, L. 343-364. 
 
As a footnote to the discussion above, decades of experience working with ice cores from 
Canadian Arctic ice caps have taught us that these records should mostly, if not only, be analyzed 
for temporal trends at decadal or longer time scales, owing to low accumulation rates, or the effects 
of melt, or both (see Koerner, 1997). Only in the uppermost few tens of meters of some cores from 
Devon and Ellesmere Island are isotopic or glaciochemical signals sufficiently well-preserved to 
allow for analysis of these records at interannual time scales (e.g., Kinnard et al., 2006).  
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Clark et al. (2007), J. Geophys. Res. 112, D01301, doi:10.1029/2006JD007471. 
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van de Waal et al. (2002) Ann. Glaciol. 35: 371-378.  
Vega et al. (2016) The Cryosphere 10: 961–976. 
Zdanowicz et al. (1998) Tellus 50B: 506-520. 
Zdanowicz et al. (2012) J. Geophys. Res. 117, F02006, doi:10.1029/2011JF002248  
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Specific comments, and authors' responses: 
 
Note: Many of the specific comments below are addressed in our discussion of the age models 
for the cores, given above. Therefore, where appropriate, we refer the reviewer to this discussion 
to avoid unnecessary repetition.  
 
Page 2: L. 25: How deep was the core, did you reach bedrock. Is this the same 170.6 m long core 
as described by (Zheng et al., 2007) as D1999 core? 
 
Yes it is. This information is now in Table 1 of the revised paper. 
 
Page 3: L. 6: Surprising to see half of the core consumed for EC measurements and low resolution 
δ18O analyses. What is the diameter of the cores?  



To clarify: Few analyses were performed on the DV99.1 core at the time it was drilled (1999). 
Coring at the DV99.1 site had been done chiefly as a technical test for a drilling rig. The original 
core diameter was 9.8 cm. The topmost few meters were of very brittle firn and were not preserved 
at the time of drilling. Electrical conductivity (EC) measurements were done as a matter of routine 
using a hand-held device in the field, chiefly with the goal of detecting potential volcanic 
signatures. Sub-sections of the core wer e cut by band-saw and sent to the Univ. of Copenhagen 
for δ18O analysis. This consumed about 1/3 of the core diameter. Later, in 2007, some archived 
cores were sampled at irregular depth intervals below 29 m by J. Zheng for trace metal analyses 
(see Zheng et al., 2007; Glob. Biogeochem. Cyc. 21, GB2027, doi:10.1029/2006GB002897), and 
this consumed >1/2 of some parts of the remaining cores. Sampling for these trace metal analyses 
was done without an ice-core melter, and involved a lengthy decontamination procedure that used 
up a considerable volume of firn and ice for these sections, such that what remained of those 
sampled core sections for rBC/microparticle analysis was very limited. These clarifications are 
now integrated in the revised manuscript, p. 4, L99-112.  
 
L. 9: What is the reference for the initial age estimate?  
 
See discussion of age models above. The initial age model development for the DV99.1 core is 
described in Kinnard et al. (2006) and Krachler et al. (2005), cited in the paper.  
 
L. 10-11: Zheng et al., (2007) report that the core quality was good for the entire core D1999? Is 
this the same core? If so, which statement is correct? Why don’t you add a table with all meta data 
for ice cores and analyses you discuss in your manuscript?  
 
There was an error in the submitted manuscript on page 3, L8: The part of the DV99.1 archive 
core that was shipped to Curtin University for rBC analyses reached 48 m depth (not 38 m as was 
wrongly stated). This depth range was chosen based on the age model for the core to ensure that 
the rBC record thus produced would extend back to the early to mid-18th century. The uppermost 
2.8 m of the DV99.1 core were made of very crumbly firn, and could not be preserved. Below this, 
the core was recovered in increments of length varying from 0.4 to 1.1 m (average 0.9 m for the 
part of the core considered in the present study). At depths greater than 48 m, some of the core 
archive pieces were fractured in many pieces inside the layflat bags. The corrected information is 
now in the revised manuscript [p.4, L99-112].  
 
A table with the metadata on ice cores and analyses was added to the revised manuscript, as 
suggested. [Table 1] 
 
L.10: Why should unconsolidated snow not be useable for analyses? It is virtually impossible to 
contaminate with BC and analyses could have easily been performed with an SP2 on discrete 
samples.  
 
The topmost 2.8 m of the core were not preserved at the time of drilling, as they were in poor 
condition. Hence they were simply not available for analysis. Concerning the physical state of the 
cores, see responses to previous three comments above. The reviewer's assertion that “it is 
virtually impossible to contaminate analyses with BC” is  incorrect. BC aerosols are everywhere. 
Because BC has an atmospheric residence time on the order of days, the concentrations found in 
and on the polar ice caps are of course much lower than at other locations closer to sources, and 
extreme care is therefore required for these analyses. 
 
 
 



L12: When did the analysis take place? Over how many days, weeks, months? Did you observe 
sublimation on the ice surface after >15 years of storage?  
 
Analyses were conducted between 6-11 December 2012 [p. 4, L113]. Despite being packed in 
thick, close-fitting lay-flat, sublimation/refrost was observed as is to be expected after >15 years 
of storage. The ice core pieces were therefore carefully cleaned with acid-cleaned ceramic knives 
and any loose refrozen material was scraped off prior to analysis [Supplement, p. 1]. The core 
runs had also broken into several smaller pieces over time which were carefully measured and 
recorded. The ends of each core piece were also carefully cleaned to avoid contamination by 
particles. This work was carried out in a class 100 cold room (see below).  
 
L13: What was class 100? The cold room? The lab space?  
 
See below.  
 
L12-14: I am missing references and I have never heard of an Advanced Ultra-clean 
Environmental facility. Is this the first time you are performing this kind of analyses in this lab?  
 
The name of the clean room facility changed from the  Advanced Ultra-clean Environmental (ACE) 
facility to the Trace Research Clean Environmental facility (TRACE). A number of publications 
refer to the space as ACE and the newer publications as TRACE (see below). The facility consists 
of a large class 100 space containing multiple class 10 laboratory modules including a -20ºC walk-
in freezer within a general lab space (also class 10). The space was specifically designed for trace 
metal and particle work on ice cores (e.g., Burn-Nunes et al. 2011, Ellis et al., 2015, 2016; Tuohy 
et al., 2015; Vallelonga et al., 2017). Ice core preparation was carried out in the walk-in freezer, 
while processing in the CFA system was conducted in the general lab class 100 space. An 
extended description of the facility is now provided in the Supplement, p. 1 and Fig. S1. 
 
Tuohy et al. (2015) J. Geophys. Res. Atmos., 120, 10,996–11,011, doi:10.1002/2015JD023293. 
Burn-Nunes et al. (2011) Cosmochim. Acta. 75, 1-20, doi:10.1016/j.gca.2010.09.037. 
Ellis et al. (2015) Atmos. Meas. Tech., 8, 9, 3959-3969, doi:0.5194/amt-8-3959-2015. 
Ellis et al. (2016) Geophys. Res. Lett., 43(22),11875-11883, doi:10.1002/2016GL071042 
Vallelonga et al. (2017)  Clim. Past., 13, 171-184, doi:10.5194/cp-13-171-2017. 
 
L14: At which melt rates did you melt the ice? How do you assure the flowrate is constant? It must 
be difficult with the frequent change of sold ice lenses (40-60% on average) and soft firn. If the 
flowrate is not constant, how do you correct for this?  
 
On each day of analysis, a log journal was created. Every piece of core was carefully measured 
in its length prior to analysis. During CFA, the time of each break between two ice core pieces was 
recorded, allowing us to adjust the rBC record of each piece based on the time-depth log. This is 
the same method that has been used for thousands of meters of ice core analysis in the USA at 
the Desert Research Institute in Reno Nevada and at other ice core analysis facilities within the 
USA and internationally. The flow rate to the nebulizer is controlled by oversupplying a <1 mL 
debubbling vessel with excess water allowing the instrument to maintain a very constant flow rate. 
Air bubbles from the ice core help to limit dispersion in the tubing up until the point that the ice 
core water reaches the debubbling vessel next to the BC instrumentation. The system is essential 
the same as described in McConnell et al. (2002) with the exception that the SP2 desolvation 
system replaces the ICP-MS. These details are now included in the revised manuscript [p. 4-5, 
L113-143; and Supplement, p. 1-4]. 
 



 
L14-21: Provide a chart with the analytical setup of all instruments. Provide information on 
calibration (standard material, linearity, stability) and reproducibility of the results.  
 
This has been added in the description of methods, discussion of uncertainties and in the paper's 
supplement. [p. 4-5, L113-143; p. 7-8, L201-212; and Supplement, p. 1-4]. 
 
L.17-18: These citations are all for a lab in the USA. 
 
See responses to the four previous comments.  
 
L.20: How does the microparticle content connect to your scientific problem? What is the 
motivation?  
 
We decided to remove the microparticle data from the revised manuscript, and focus solely on the 
rBC data.  
 
L. 24-25: Why did you not analyze these other aerosol species directly in DV99.1? There should 
be half of a core minus 2.5 x 2.5 cm of cross section left. This would allow you attribute with more 
confidence sources to biomass burning and coal burning. Comparisons to other ice cores drilled 
at different sites only allow you to compare some general trends. According to your age model 
you have but one common age marker between these ice-core records (the alleged 1783 signal), 
strong spatial gradients in accumulation caused by wind erosion and/or melting. 
 
See discussion of age models above.  
 
Page 4: L. 4-12: Is any of this age models published? If so, please add the citation and the 
timescale name for the ice cores, respectively. It appears 2 of 3 citations at the end of this section 
are based on Agassiz ice cap. I do not find any figure showing the signatures attributed to Laki 
and Katmai in Kinnard et al. (2006).  
 
See discussion of age models above.  
 
L. 4-12: Since your study is critically dependent on the correct identification of the two reference 
horizons 1783 and 1963, I expect to see all the data that was used for these attributions. It is very 
plausible that very large acidity in the Arctic were caused by the Laki eruption (Kekonen et al., 
2005) but there may also other large acid layers recorded in the Arctic in e.g., 1765, 1815 (Wendl 
et al., 2015). Equally, the Arctic nuclear fallout signals are in general much broader (1954-1963, 
(Arienzo et al., 2016)) than described here. How sharp is your signal compared to these other ice 
cores? Maybe this could tell you something about potential redistribution of impurities caused by 
melting.  
 
Most of these questions are addressed in our comments about the development of the age models 
(see above). The radioactive fallout signature in the DV98.3 core does not show strong evidence 
for post-depositional "smearing" due to melt (Pinglot et al., 2003). However we do not have a 
corresponding radioactive profile at the DV99.1 coring site where the annual melt percentage is 
larger, so we can not use such information to quantify the possible effect of melt on ice-core 
impurities at the DV99.1 site.  
   We are aware that there are other plausible candidates for some of the SO4

2- or ECM peaks 
seen in the DV98.3 and DV99.1 cores. The assignment of specific eruptions/dates to these peaks 
is of course presumptive in the absence of glass shards (a search done by S. Kuehn, Concord 



Univ., failed to produce any from these cores). The assignments are usually made in such a way 
as to provide the greatest degree of coherence across cores and coring sites (for e.g., to 
synchronize Agassiz ice cap and Greenland cores; Vinther et al., 2008, J. Geophys. Res. 113, 
D08115, doi:10.1029/2007JD009143), and also to produce depth-age models that are as smooth 
as possible (i.e., that do not, for example, require unrealistic changes in historical accumulation 
rates). It is the best that can be achieved in the absence of additional data to support these age 
assignments.  
 
L. 15: Provide these EC measurements for the DV99.1 ice core. How reliable is this peak, if it was 
recorded in the fractured ice-core sections >38m. Was it reproduced by sulfate analyses?  
 
As discussed above, neither SO4

2-, nor any other major ions, were analyzed in the DV99.1 core.  
 
L. 17: What accumulation rates to you get between year of drilling, 1963 and 1783 for each of the 
DV ice cores? Consider providing this information in supplement. 
 
See discussion of age models above.  
 
L. 24-26: Please show these common signatures from DV99.1, DV98.1, DV98.3  
 
There is no core DV98.1. This was a typing error in the text. The SO4

2- and EC signatures in the 
DV98.3 and DV99.1 cores are shown in the revised manuscript [Fig. 3 and 4; and Supplement, 
Fig. S5].  
 
L. 26: What do you mean with adopted? How much depth-age models exist? Where are they 
published? Are there any isochrones between these age-models and ice cores?  
 
See discussion of age models above.  
 
L. 28: How much meters apart were DV98.3 and DV2000 drilled? Is it appropriate to use the same 
chronology for two different cores given that snow fall and snow conservation on summits are 
varying on very small spatial scales. I would only adopt a timescale for another ice core if this was 
supported by a number of isochrones.  
 
See discussion of age models above.  
 
L. 31: I doubt the true effective resolution of the measurements is at a mm scale. You may be 
recording data at a rate equivalent to mm in depth, but you need to account for the uncertainty in 
the depth registration and dispersion of the signals through mixing (Bigler et al., 2011). 
 
This is probably correct, and the statement has been modified accordingly in the text [p. 4, L101-
102]. However since we subsequently average discrete measurements over depth intervals 
representing years to decades, the effect of the uncertainty in the specific depth registration of 
individual data points is negligible in the interpretation. We are not attempting to interpret features 
in the rBC record at sub-annual scales.  
 
Page 5: L. 4-12: Add analytical uncertainties as well.  
 
The analytical uncertainties are now discussed in the revised manuscript [p. 7, L201-211] and in 
the Supplement [p. 3-4].   
 



L. 6: (e.g. wind scouring, melt induced relocation). According to Kinnard et al. (2006) average melt 
rates in D99 are 50% after 1850 AD, which appears to me a significant factor that could modify 
the impurity records one way or the other.  
 
See discussion of melt-percolation effects above.  
 
L. 9-18: This approach assumes the layer thickness variation is the only source of uncertainty in 
estimating the age error. It assumes the Laki event is correctly attributed, and must take into 
account some prior knowledge of the snow accumulation rates and its variability. I don’t see how 
you can estimate the variability “between reference layers of known age” without being able to 
count annual layers. 
 
As we made clear in the submitted manuscript, when constructing estimates of the uncertainty for 
time-averaged ice-core parameters (rBC or other), we took into account multiple sources of error, 
not just the natural variability of the snow accumulation rate and its effect on dating. Dynamically-
induced variations in the vertical strain rate over time at the coring site can also result in errors in 
the estimated ages, but we have no data for quantifying such effects over centuries. The density 
profiles in the DV98.3 and DV99.1 cores indicate that attenuation (layer-thinning) rates are very 
nearly linear over the range of depths of interest for this paper, so we have no basis for assuming 
important variations in vertical strain rate, such as those that might occur, for example, in the 
accumulation zone of a surging or tidewater-terminating mountain glacier.  
      The procedure for estimating the uncertainty in the core chronology between reference 
horizons of known or assumed age does not actually require that annual layers be identified. What 
we have done do is simulate, by a Monte Carlo procedure, how interannual stochastic variations 
in snow accumulation (with a plausible frequency spectrum) would cause the age-depth 
relationship to deviate from that predicted by either a constant accumulation rate model, or some 
other prescribed age model. By repeating the procedure thousands of times, a population of 
possible alternative age models is produced, and from these, an envelope of probability for the 
age of layers between reference horizons is constructed. Although this was not specified in the 
submitted manuscript (for brevity's sake), we also assigned, in this procedure, possible depth 
registration errors to the 1963 and/or 1783  age markers, and these errors were taken into account 
when building envelopes of age probabilities. The probability envelopes bracket, for each possible 
age, the depth interval within which the layer of corresponding age is most likely to be found (or 
the probable age interval that brackets each given depth). We then used these probabilities as 
input to a separate Monte Carlo simulation, in which we calculated, for each alternative age model, 
a resulting time-averaged data series (for example, or rBC). One issue that is not explicitly 
included in the procedure described above is the possible existence of discontinuities (hiatus) in 
the stratigraphy of the ice cores due to wind scouring. But since we allow for a broad range of 
possible variations in the accumulation rate, and we are only interested in the dominant features 
of the ice-core records at interdecadal scales, this is unlikely to have a large impact on our 
interpretation.  
 
Note: To make Fig. 4 more easily readable, we removed, in the revised manuscript, the lines that 
represented the 95 % confidence limits which overcrowded the figure. For the rBC data, these are 
shown instead in the supplement to the revised manuscript [Fig. S8].  
 
Page 6: L. 17-18: Microparticle concentrations do not follow the same trend than nssS and Pb but 
have a clear step-function. On which observation do you base your attribution of “anthropogenic 
pollution”?  
 
We removed the microparticle data from the revised manuscript, and focus solely on the rBC data.  



L. 22: Such source attributions would strongly benefit of having all parameters analyzed on the 
same core.  
 
Agreed, which is why we recommended, in our concluding comments, that this be done in a future 
ice-coring effort.  
 
L. 23: Black carbon concentrations 
 
Text has been changed [p. 9, L263].  
 
Page 7: L. 12: Necessary not only legitimate  
 
Text has been changed [p. 10, L297-298].  
 
Page 8: L. 6-17: Are the sections in the ice with the increased melt layer occurrence believed to 
be the periods experiencing more melting? Or are they accumulating the meltwater (plus 
impurities) from the ice sections above? In other words: how deep does percolation go? Is there 
surface runoff carrying impurities away?  
 
See discussion of melt-percolation effects above.  
 
Given that DV is only 700 km away from NEEM and Humboldt ice cores and all ice cores agreeing 
on showing strong BC deposition in early 20th century I tend to believe the differences in BC 
deposition is not from differences in atmospheric burden, but from some aspect specific to the 
Devon ice cap. The low elevation and observed melt features appear to make a strong case that 
the impurities along the ice core may be subject to severe loss and/or redistribution in particular 
during warmer time periods (e.g. Arctic warming 1920-40s (Yamanouchi, 2011), which would 
smear and bias any atmospheric information.  
 
There is a risk, in making such an argument, of assuming the answer. Our own analysis of air 
trajectories, presented in the paper, suggests that Devon ice cap is actually affected by a different 
mixture of aerosol sources than Greenland. In preparing this manuscript, we have tried to avoid 
making any presumptions about what the DV99.1 rBC record over the past two centuries should 
look like. We did not take it for granted that it should conform to what is observed in Greenland 
records. It is possible, as the reviewer suggests, that the DV99.1 record differs from the Greenland 
records due to post-depositional processes, and we acknowledged this possibility in the paper 
(see also discussion of melt-percolation effects above). But there are also reasons (described in 
the paper as well) to think that it may differ from Greenland records because of different aerosol 
source mixture and/or deposition history. Hence we can not simply dismiss the DV99.1 record on 
the grounds that it differs from those in Greenland. At present, this is the only ice-core record of 
rBC deposition available from the Canadian Arctic. Future efforts to duplicate it may prove it to be 
unreliable, or they may not. We present the DV99.1 rBC record for what it is, with its limitations 
and caveats, and offer possible competing explanations for why it should contrast with the 
Greenland records.  
 
L. 18-28: Post-depositional coagulation moving BC sizes out of the detectable range also seems 
a very plausible explanation for reduced BC recovery during especially warm periods. Low 
reproducibility of replicate measurements when samples were subject to melting and freezing 
cycles is reported by several research groups performing BC analyses in ice and snow (apparent 
“loss” rates in the order of 50%); as a result performing BC analyses on samples that have been 
refrozen is strongly discouraged (see e.g. (Lim et al., 2014;Wendl et al., 2014)). 



 
The ice-core samples used in this study were not subject to refreezing in the sense that they were 
not melted, then refrozen, prior to analysis. However the core itself contained melt features, which 
may have reduced the detection sensitivity of rBC particles, as we discussed. If this implies that 
any core containing substantial melt features is unsuitable for rBC analysis by the SP2 method, 
then similar rBC records that would be developed from Svalbard ice caps (for example), where 
annual mean temperatures are much higher than the Canadian High Arctic, should in the future 
be regarded as even less reliable than the DV99.1 record. But one way to establish if this is the 
case, or not, is to develop such records and compare them in order to establish their degree of 
coherence.  
 
Page 9: L. 2-9: This may be true if you compared Devon Ice Cap with Central and Southern 
Greenland ice cores, but NEEM and Humboldt are just 700-800km away from Devon and are 
thought to have largely similar source regions for aerosols and precipitation (Zennaro et al., 2014). 
 
See our response above to comment about page 8, L 6-17.  
 
Page 10: L. 2-26: How meaningful is such a comparison given the low degrees of freedom 
(resulting from decadal data), dating uncertainties and the inability to differentiate industrial from 
BB BC in the Devon ice core? Are these correlation stables if you varied binning, removed the 
common declining trend over most of the 20th century?  
 
We chose to remove the correlation maps and the corresponding part of the discussion (incl. Fig. 
10) from the revised paper, as the correlations were weak, at best.  
 
L. 29-31: This is not surprising; as you outline below: K+, NH4+ and BC have multiple sources 
and probably also different chemical properties making them more or less susceptible to melt-
induced relocation. 
 
The sentence was modified to express this more clearly [p. 15, L443-448].  
 
Page 11: L. 2: Could these low numbers for the most recent time period indicate some loss from 
melting caused by the rapid warming of the Arctic? To my knowledge and supported by Figs. 5 
and 6 concentrations of rBC lower than during the pre-industrial baseline are not recorded for any 
other ice-core in the Arctic. 
 
The situation is not as unique as it seems: In the ACT2 record from southern Greenland (shown 
in our manuscript), average rBC levels in the first three decades of the 19th century (1800-1830) 
were lower than in the late 20th century (1960-2000). It is difficult to establish detailed comparisons 
because only annual averages of the arithmetic mean rBC concentration in Greenland cores have 
been reported. Comparing geometric mean concentrations would be more revealing. Net losses 
of water by runoff at the DV99.1 site are unlikely: see discussion of melt-percolation effects above. 
Also, in the 1960-1990 part of the core where the lowest rBC concentrations were measured, the 
frequency of ice layers was lower than in deeper core sections with higher rBC concentrations 
(see revised manuscript, p.13, L384-387). 
 
 L. 15: Given the potential limitations from inadequate nebulization, potential loss and  
redistribution of impurities, I strongly doubt that this value is a realistic approximation of the true 
atmospheric BC influx.  
 
We stressed in the text that our figures are likely lower-bound estimates [p. 16, L464-474].  



 
L. 25: Note that you use the same abbreviation EC for both electrical conductivity and elemental 
carbon. 
 
This has been corrected by avoiding EC to designate elemental carbon.  
 
Page 12: L1-2: Does Humboldt show similar melt features than Devon Ice cap? The agreement 
between Humboldt and the other Greenland records (in both BC and nssS) seems very high.  
 
This part of the text was removed to shorten and simplify section 4.4. of the manuscript. We are 
not aware of any published physical stratigraphic record from the Humboldt ice-coring site, or, for 
that matter, for many other Greenland cores in which rBC has been measured, so we can not 
comment on this aspect.  
 
L9-12: None of the emission inventories or any ice core suggests that mean BC emissions from 
1960-1990 were below preindustrial (i.e. before 1850) levels, as the Devon core seems to imply. 
 
See response to comment about page 11, L2, above. 
 
Figures:  
 
Fig. 4: Extend the x-axis to include your only reference marker in 1783 AD. Units in panel b are 
missing and it is nssSO42-.  
 
Figure 4 has been modified considerably to show the extended rBC record back to 1740, and also 
the 1783 marker which was used to correlate the DV99.1 EC profile with the DV98.3 SO4

2- profile. 
The total SO4

2- and nssSO4
2- profiles in the DV98.3 are virtually identical over the part of the record 

considered here, so we have chosen to simply show the total SO4
2- profile.  

 
I do not see any signature related to the largest VEI 6 eruptions of Katmai, Krakatao, Tambora 
and 1809, but a huge SO4 signal around 1847 AD. Do you have any explanation? How do you 
know this is not from Laki 1783 or Tambora 1815?  
 
The SO4

2- peak at 1847 was the one that was ultimately assigned to Laki, as dicussed above. 
Unfortunately, we can not have absolute certainty concerning the identification of volcanic EC or 
SO4

2- peaks since we do not have volcanic glass to confirm these assignments. Even if the SO4
2- 

peak assigned to Laki is incorrectly identified and turned out to be from the 1809 or 1816  
eruptions, this would have but a minor effect of the main features of the DV98.3 SO4

2- record (see 
for e.g., figure in discussion of age models above). 
 
How do you calculate K+

BB?  
 
The method that was employed was that of Legrand et al. (2016), as was specified in the submitted 
manuscript (p. 3): [K+]bb = [K+] - (0.038 x [Na+]) - (0.04 x [Ca2+]).  Legrand et al. (2016) Clim. Past. 
12, 2033–2059, doi:10.5194/cp-12-2033-2016.  
 
We have chosen not to show the NH4

+ and K+
bb profiles on the revised version of Fig. 4. These 

are, however, included these plots in the supplement.  
 
 



Fig.4 and Fig.6: DV98.3 nssSO4 (panel b, Fig 4) appears to be different from nssS (Fig. 6), the 
latter is peaking in the 1960-1980s, the first starts to peak only after 1980. Which one is correct?  
 
The discrepancy was due to a plotting error in one of the figures, and has been corrected.  
 
Fig. S3: Check the lower panel. There should be only one y-value for a given depth value 
 
Corrected in revised paper [Fig. S11].  
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Abstract.  

 

Black carbon aerosol (BC) emitted from natural and anthropogenic sources (e.g., wildfires, coal 

burning) can contribute to magnify climate warming at high latitudes by darkening snow- and ice-

covered surfaces, thus lowering their albedo. ModelingModelling the atmospheric transport and 

deposition of BC to the Arctic is therefore important, and historical archives of BC accumulation 

in polar ice can help to validate such modelingmodelling efforts. Here we present a 190>250-year 

ice-core record of refractory BC (rBC) deposition on Devon ice cap, Canada, spanning calendarthe 

years 1810-19901735-1992, the first such record ever developed from the Canadian Arctic. The 

estimated mean deposition flux of rBC on Devon ice cap for 1963-1990 is 0.2 mg m-2 a-1, which 

is at the low compared to most end of estimates from Greenland ice-core sites over cores obtained 

by the same period.analytical method (~0.1-4 mg m-2 a-1). The Devon ice cap rBC record also 

differs from existing Greenland records in that it shows no evidence of a substantialonly a modest 

increase in rBC deposition during the early-mid 20th century, which, forunlike in Greenland, has 

been where a pronounced rise in  rBC occurred from the 1880s to the 1910s, largely attributed to 

mid-latitude coal burning emissions. The deposition of other contaminants such as sulfate and Pb 

increased on Devon ice cap in the 20th century but without ano concomitant rise in rBC. is recorded 

in the ice. Part of the difference with Greenland maycould be due to local factors such as melt-

freeze cycles on Devon ice cap that may limit the detection sensitivity of rBC analyses in melt-

impacted core samples, and wind scouring of winter snow at the coring site on Devon ice cap. Air 

back-trajectory analyses also suggest that Devon ice cap receives BC from more distant North 

American and Eurasian sources than Greenland, and aerosol mixing and removal during long-

range transport over the Arctic Ocean likely masks some of the specific BC source-receptor 

relationships. Findings from this study underscore thesuggest that there could be a large variability 

in BC aerosol deposition across the Arctic region that may arisearising from different transport 

patterns. This variability needs to be accounted for when estimating the large-scale albedo 

lowering effect of BC deposition on Arctic snow/ice.  
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1. Introduction 

The deposition of light-absorbing carbonaceous particles emitted by the incomplete combustion 

of biomass and fossil fuel can decrease the albedo of Arctic snow- and ice-covered surfaces, 

thereby amplifying high-latitude warming driven by the buildup of greenhouse gas emissions 

(AMAP, 2011; Bond et al., 2013). The widely used expression "black carbon" (BC) designates the 

insoluble, refractory fraction of these aerosols that is largely made of graphitic elemental carbon 

and strongly absorbs light at visible to near-infrared wavelengths (Petzold et al., 2013). Along with 

sulfate (SO4
2-), BC is one of the main short-lived climate pollutants being targeted for mitigation 

and control under multinational legal agreements (Quinn et al., 2008; AMAP, 2015).  

  In order to evaluate how past and future BC emissions have affected, and will affect, climate 

forcing in the Arctic, global atmospheric/ climate models can be used to simulate the transport and 

deposition of BC aerosols in this region (Koch et al., 2011; Skeie et al., 2011; Lee et al., 2013; Jiao 

and Flanner, 2016). At present, simulated BC dispersion suffers from large biases, either positive 

or negative, compared with observational data on BC in Arctic air and snow (Jiao et al., 2014). 

Validating model simulations is difficult because of the scarcity of such observations across the 

Arctic. Direct monitoring of atmospheric BC is so far limited to a few decades and at a few stations 

(Hirdman et al., 2010; Gong et al., 2010), and geographic surveys of BC in snow and ice are rare 

and difficult to conduct over the vast Arctic region (e.g., Doherty et al., 2010).  

 Ice cores drilled from the accumulation area of glaciers and ice caps can be used as surrogates 

for direct atmospheric observations, as they contain archives of BC and other aerosol species 

deposited in snow over many centuries (McConnell, 2010). At present, ice-core records of BC 

deposition in the Arctic region are only available from Greenland (McConnell et al., 2007, 

McConnell and Edwards, 2008; KochZennaro et al., 2011; Lee2014; Sigl et al., 20132015) and 

from Svalbard (Ruppel et al., 2014). Here, for the first time, we present a historical record of BC 

deposition in the Canadian Arctic, developed from a core drilled on Devon Island ice cap, and 

spanning the years ~1810-19901735-1992. The Devon ice cap BC record presents some striking 

differences from Greenland ice-core records of rBC developed by the same methods. We discuss 

the possible reasons for these differences, and consider the implications with respect to regional 

BC transport and deposition patterns in the Arctic region.  
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2. Study site 

 At latitude 75° N, Devon ice cap (14,400 km2) occupies a central position in the eastern 

Canadian Arctic Archipelago and lies 275 km from the Greenland coast across northern Baffin 

Bay. The ice cap has been studied for half a century (Boon et al., 2010) and was previously drilled 

to obtain records of climate and atmospheric contaminants (e.g., Goto-Azuma and Koerner 2001; 

ShotikShotyk et al., 2005; Kinnard et al., 2006). However, no record of BC deposition was ever 

developed from this or any other site in the Canadian Arctic. The core used in the present study 

(DV99.1) was obtained in April 1999 by the Geological Survey of Canada (GSC) at the top of a 

sitedome (75.32° N, 81.64° W, 17501903 m.a.s.l).) located 25 km to the east of the ice cap's main 

dome and true summit ((~1930 m.a.s.l) (Fig. 1). The coring site lies above the present-day 

equilibrium- line which, based on long-term mass balance observations, has a mean altitude (ELA) 

which is >1500of 1150 m a.s.l on this part.. The mean annual air temperature at the summit of 

Devon ice cap, and has an is -22 °C (Bezeau et al., 2013), and the estimated mean net accumulation 

rate (��) of at the DV99.1 coring site is 0.14 m ice a-1 water equivalent, or 0.16 m H2O a-1 (see 

below). 

3. Materials and methods 

 

3.1. Core sampling and analyses 

Few measurements were conducted on theThe DV99.1 core priorwas recovered in 0.4 to this 

study.1.1-m long increments (average 0.9 m), with a diameter of 9.8 cm. The uppermost 2.8 m of 

the core were made of crumbly firn, and could not be preserved. At the time of coring, the solid-

state DC electrical conductivity (EC) of the icecore was measured continuously at mm-scale 

resolution using a hand-held system with parallel electrodes, as described in Zheng et al. (1998). 

Subsequently,The EC profiling started at a depth of 12.38 m, because section of cores above this 

were of brittle firn that provided inadequate electrode contact for the corehand-held instrument. 

The core was shipped and stored in freezers at the GSC ice-core laboratory in Ottawa. There, it 

was sampled at 5- to 20-cm resolution for the determination of stable oxygen isotope ratios (δ18O) 

by mass spectrometry at the University of Copenhagen. Later, 57 discrete sub-samples from depths 

below 29 m were analyzed for lead (Pb) and other trace metals, as reported in Zheng et al. (2007). 
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The remaining half-cores were stored frozen (-20ºC) inside sealed polyethylene bags at the GSC 

ice-core laboratory, until archived core segments between 42.8 and 3848 m depths were selected 

for this study and shipped, still frozen, to Curtin University in Australia for BC analyses. These 

combined core segments were initially estimated to span ~200->250 years, as explained below. 

The uppermost 4 m of the firn core were not sufficiently consolidated to be usable, and were 

discarded. Core segments below ~40 m were micro-fractured during drilling, and were also 

unsuitable for analysis. 

 Sample preparation and analysis was conducted between 6 and 11 Dec. 2012 at the 

Advanced Ultra-clean Environment FacilityTrace Research Clean Environmental facility at Curtin 

University (. The facility consists of a large class 100). space containing multiple class 10 

laboratory modules including a -20ºC walk-in freezer within a general lab space (also class 10). 

The space was specifically designed for trace metal and particle work on ice cores (e.g., Burn-

Nunes et al. 2011, Ellis et al., 2015, 2016; Tuohy et al., 2015; Vallelonga et al., 2017 ). The DV99.1 

core sections (~1 m each in length) were cut into stickssub-samples with a ~2.5 × 2.5 cm cross-

section, which were processed in an ice-core melter coupled to a Continuous Flow Analysis (CFA) 

system (see supplement, Fig. S1).  Ice core preparation was carried out in the walk-in freezer, 

while processing in the CFA system was conducted in the general lab class 100 space. The CFA 

melter system was similar to that described by McConnell et al. (2002) with the exception that the 

ice core melter head was made from aluminum. The method used to quantify BC in the ice core 

was essentially the same as used by others for the analysis of Greenland and Antarctic cores 

(Bisiaux et al., 2012; McConnell et al., 2007, McConnell and Edwards, 2008; Zennaro et al., 2014). 

. The meltwater was aerosolizedMeltwater from the CFA system was aerosolized and desolvated 

with a U5000AT ultrasonic nebulizer (CETAC Technologies, Omaha, NE, USA) and injected into 

a single-particle intracavity laser-induced incandescence photometer (Schwarz et al. 2010; SP2, 

Droplet Measurement Technologies, Boulder, CO), which measured the mass concentration of BC 

particles in the meltwater flow (Bisiaux et al., 2012; McConnell et al., 2007, McConnell and 

Edwards, 2008).. Instrumental settings are given in the supplement (Table S1). Following Petzold 

et al. (2013), we refer to the BC fraction measured by this method as refractory BC, abbreviated 

rBC, reported here in mass concentration units of ng g-1. In addition to rBC, insoluble 

microparticles with diameters between 0.9 and 15 µm were quantified in the meltwater flow using 

an inline Abakus laser particle counter (Markus Klotz GmbH, Bad Liebenzell, Germany), as 
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described elsewhere (Ruth et al., 2003). The recorded microparticle counts per second were 

converted to number of particles per milliliter of meltwater (part. mL-1) by taking into account the 

effect of firn densification and annual layer thinning with depth in the DV99.1 core.  (rBC), 

reported here in mass concentration units of ng g-1. 

  On each day of analysis, a log journal was created. Every piece of the DV99.1 core was 

carefully measured in its length prior to analysis. During CFA, the time of each break between two 

ice core pieces was recorded, making it possible to reconcile the rBC record of each piece based 

on the time-depth log. The flow rate of the CFA to the nebulizer was controlled by oversupplying 

a <1 mL debubbling vessel with excess water, allowing the instrument to maintain a very constant 

flow rate. External calibration of the SP2 nebulizer system was achieved using eight standards of 

100% black carbon ink (Ebony MIS, EB6-4 K; Fig. S2) spanning a concentration range of 0 to 20 

ng g-1. The standards were analyzed each day before and after ice core analysis and the results 

were compared to assess the stability, reproducibility, and measurement uncertainty of the SP2. 

Additional details and calibration curves (Fig. S3) are provided in the supplement, and potemtial 

sources of uncertanties in the results are discussed under section 3.3 below.   

 To compare the DV99.1 record of rBC and microparticles with that of other aerosol species, 

we used glaciochemical data obtained from two other cores drilled from the summit area of Devon 

ice cap in 1998 (core DV98.3) and in 2000 (core DV2000) (Fig. 1; Table 1). The DV98.3 core 

was sampled continuously and analyzed for eight major ionic species by ion chromatography, as 

described in Kinnard et al. (2006). In this study, we used SO4
2-, sodium (Na+), calcium (Ca2+), 

potassium (K+) and ammonium (NH4
+) data obtained from the top 85 m of the core, which had 

been sampled at 3- to 12-cm resolution. The non-sea salt (nss) fraction of SO4
2 and Ca2+sulfur 

(nssS) was estimated from Na2+ using the mean surface seawater composition of Pilson (2012), 

and the biomass burning fraction (BB) of K+ was estimated from Na2+ and Ca2+ as: [K+]BB = [K+] 

- (0.038 x [Na+]) - (0.04 x [Ca2+]), following Legrand et al. (2016). The DV2000 core was drilled 

at the same site as the DV98.3 core, and was analyzed for lead (Pb) and other trace metals by sector 

field inductively coupled mass spectrometry, as reported in Shotyk et al. (2005). The remaining 

archived volume from cores DV98.3 and DV2000 was, however, insufficient to carry out rBC 

analyses, which is why core DV99.1 was used for this purpose. 
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3.2. Depth-age Age models 

Annual layers are not easily resolved in cores from Canadian Arctic ice caps, partly owing to 

relatively low ��, but also to the effects of wind and/or summer surface melt. Therefore, age models 

developed for these cores are commonly based on a variety of alternative methods. For the DV98.3 

and DV99.1 cores, an ice-flow model approximation (Dansgaard and Johnsen, 1969) was used, 

constrained by the total ice thickness obtained from ice-radar measurements or from borehole 

depths, and by the estimated �� at each coring site. For the DV98.13 core, the preliminary age 

model was refinedfurther constrained by approximate layer counting using δ18O and 

glaciochemical data at shallow depths, and, at greater depths, from the identification of using 

reference horizons from bomb radioactive fallout of radionuclides from surface nuclear bomb tests 

(1963; Pinglot et al. 2003) and of acidic aerosols (H2SO4) from dated historical volcanic eruptions, 

including that of Laki, Iceland, in 1783, [All given dates are C.E.], which is the largest and one of 

most recognizable historical volcanic signalsignals recorded in EC and/or SO4
2- records of other 

Canadian Arctic ice caps (Fisher and Koerner, 1994;e.g., Zheng et al., 1998; Kinnard et al., 

2006).Goto-Azuma et al., 2002). The age model in the upper 48 m of the DV99.1 core was 

constrained using a reference horizon provided by a large EC (acidity) spike at a depth of 42.60 m 

(29.56 m ice equivalent), which was attributed to the 1783 Laki eruption (Fig. 2). This model gives 

an estimated maximum age of 1735 for the section of the DV99.1 core used in the present study, 

and the last year in the record is 1992. The age model also gave an acceptable agreement between 

profiles of various measured parameters in the DV98.3 and DV99.1 cores (Fig. S5-S6). The 

DV2000 core was drilled at the same site as the DV98.3 core and used the same age model. The 

two cores were correlated using measurements in the DV2000 that allowed identification of the 

1958 (16.5 m depth) and 1963 (13.5 m depth) radioactive layers (Krachler et al., 2005). The 

DV2000 core was estimated to extend back to 1842.  

 The DV99.1 core does not have well-preserved annual glaciochemical or isotopic (δ18O) 

signals that could be reliably used for layer counting. Hence, Using the age model developed for 

this core is primarily based on an ice-flow model approximation. For the uppermost ~45 m, a Laki 

1783 reference horizon was provided by a large EC (acidity) spike at a depth of 42.60 m (29.56 m 

ice equivalent), attributed to fallout from the 1783 Laki eruption. Using this markerlayer, the 

estimated value of �� at the DV99.1 site is 0.14 m ice a-1 (0.16 m H2O a-1,) which is lower than at 
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the ice cap summit ((~0.2325-0.28 m H2O a-1) or at sites elsewhere in the accumulation zone (0.17-

0.25 m H2O a-1; Colgan and Sharp, 2008). The most likely explanation is partial scouring of winter 

snow layers by downslope winds at the DV99.1 site, as also observed on parts of Agassiz ice cap 

(Fisher et al., 1983). This is supported by a comparison of the δ18O variations 

measuredmeasurements in the DV99.1 core with those in coreand DV98.3 cores, which shows that 

δ18O variations in the DV99.1 core are truncated of their most negative (''coldest'') values relative 

to the DV98.13 core (Fig. S1S7). An estimate of the amount of snow lost by wind scouring at the 

DV99.1 site can be made from the difference in the amplitude of the δ18O data at the DV98.3 and 

DV99.1 sites, and from �� at the DV98.3 site, following Fisher and Koerner (1988). The calculation 

suggests that ~40-45 % of the annual snow accumulation is removed by wind at this site, compared 

to the summit of Devon ice cap. Based on this assumption, the predicted age of the Laki 1783 

volcanic signal is approximately 29 m (ice equivalent), and this agrees closely with the depth of 

the observed EC peak attributed to the eruption (29.56 m).  

Analyses of rBC in the DV99.1 core (TIME3.D99) are presented on Fig. 2. The DV2000 core was 

drilled at the DV98.3 coring site and used the same age model. Down to the Laki volcanic marker, 

the age models for the DV98.3 and DV99.1 cores are both nearly linear with respect to ice-

equivalent depth. Based on the TIME3.D99 age model, the rBC and microparticle records 

developed from the DV99.1 core are estimated to span calendar years 1810-1990. Analyses for 

rBC and microparticles were both performed at mm-scalehigh depth resolution along the core., 

producing ~55-80 data points per meter over most of the core's length. The data were subsequently 

averaged over discrete depth increments approximately equivalent to ~1- and ~10-year intervals, 

respectively. , based on the core's age model. In this paper, annually-averaged figures are used for 

illustrative purposes only, as discrete, accurate ages individual years can not be confidently 

ascribed to these data (see below).  

3 Quantifying uncertainties in the rBC record 

. Down-core variations of atmospheric impurities (such as rBC) in firn andthe ice corescore are 

the result of a combination of processes, including temporal changes in net atmospheric deposition 

rates (fluxes, abbreviated F), stochastic spatial variations of deposition of the aerosols in snow 

(εs),, and post-depositional modifications (e.g., by wind scouring), to which are added or summer 
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surface melt). Additional uncertainties arising from potential errors in the rBC data come from the 

age model (εt). To determine if measured down-of the ice core (Fig. 2), and from limitations of the 

analytical method.  

 The largest uncertainty with regards to the rBC analysis is due to the nebulization / 

desolvation step before the SP2 analysis. At the time of this study we had adopted nebulizer / 

desolvation systems used as a front end to inductively-coupled plasma mass spectrometers (ICP-

MS). These systems are designed to deliver appropriate aerosol size distributions for analysis in 

the ICP-MS. Schwarz et al. (2012) and Wendl et al. (2014) report rBC size-dependent losses during 

nebulization / desolvation for several types of nebulizer desolvation systems. The study found that 

the system used in this investigation has a poor transport efficiency for rBC particles with a volume 

equivalent diameter >500 nm. Hence rBC data from the DV99.1 core should be considered with 

this limitation (see section 4.2 for a discussion). Other published ice core data sets from Greenland 

(for example Mc Connell et al., 2007) also suffer from this limitation, but are at least comparable. 

Further research is required to assess the true size distribution of rBC deposition to the Devon ice 

cap and other Arctic sites.  

 Uncertainties in the DV99.1 age model are primarily due to the potential dating error of the 

Laki 1783 layer in the EC profile, and to interannual variations in impurities result from the net 

accumulation rate at the ice-coring site. The relationship between true depth and ice-equivalent 

depth is nearly linear in the DV99.1 core down to 48 m, which suggests a steady firn densification 

rate over the corresponding time interval, with no signs of dynamically-induced changes in F 

requires �sthe vertical strain rate. For the 1783 layer, we assumed a possible dating error of ± 5 

years, corresponding to a registration error of ~±1 m at the 42.6 m EC peak. The interannual 

variability in the accumulation rate was estimated from an array of shallow cores (Colgan and 

Sharp, 2008) and��t, as well as the effects of post-depositional changes, to be estimated.   

 Uncertainties in the assigned age of firn or ice layers between horizons of assumed or known 

age can arise due to interannual variations in ��. In order to estimate these errors in the DV98.3 and 

DV99.1 records, we used  from winter mass balance measurements since 1961 (data available 

through the World Glacier Monitoring Service). This information was used in a Monte Carlo 

simulation implemented in Matlab™ (N =with 1000 realizations). to compute confidence limits 

(CL) on the decadally-averaged rBC data. Briefly, the script uses a constrained random walk 
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algorithm was used to estimate the probabilistic distribution of the true age at any depth between 

reference layers of known agein the core from the surface down to the Laki 1783 layer (Kinnard 

et al., 2006). For both the DV98.3 and DV99.1 cores, these reference layers were the surface and 

the Laki volcanic horizon (1783). In the Monte Carlo simulation, interannual variations in �� 

areInterannual variations in �� were considered to behave as a stationary, autoregressive blue noise 

process with a lag-one serial autocorrelation coefficient of -0.5 to -0.3, following Fisher et al. 

(1985). For each realization of the simulation, a new based on empirical data presented by Fisher 

et al. (1985). A population of 1000 alternative age models was thus generated. From each of these, 

10-year averages of the rBC data were computed, and 95 % CL were calculated for the geometric 

mean rBC concentration in each decade (Fig. S8). Expressed as a coefficient of variation (CV), 

the estimated uncertainty on the decadal rBC averages that arise from age model is generated, and 

the cumulative probabilistic error εt on firn age estimates is computed for all depths between the 

reference horizons. One- and 10-year averages of the ice core glaciochemical data were also 

computed separately for each age model iteration, in order to estimate the spread in results caused 

by εt.errors varies from 3 to 23 % (median 6 %), depending on the decade considered.  

 The spatial variability of atmospheric deposition in snow for aerosol species such as ions, 

rBC or microparticles has never been directly measured on BC deposition on Canadian Arctic ice 

caps. However  is unknown. An estimate for Devon ice cap, it can be calculated or estimatedmade 

from major ion analyses performed on an array ofon shallow cores (Colgan and Sharp, 2008; Fig. 

1). The coefficient ofIn these cores, the spatial coefficient of variation for(CV) on the annual net 

deposition of SO4
2- was estimated to be ~42 %.deposition averages 42 % (range 17-100 %) over a 

period of ~40 years. Here, we make the assumption that atmospheric deposition of rBC and 

insoluble particles on Devon ice cap shareshares the same spatial variability as SO4
2-, an aerosol 

species which, like BC but unlike others such as nitrate (NO3
-), is not subject to re-emission from 

snow to air. These estimates of εs were used to generate white Gaussian noise, which was then 

added to the ice core data as part of the Monte Carlo procedure described above, thus integrating 

in the simulation the effects of spatial variability in aerosol deposition over the ice cap. Because 

the magnitude of εs is independent from that of errors that arise from ice core dating uncertainties 

(εt), the combined uncertainty was calculated as the quadratic sum of these terms (± 2σ). The 

possible effects of post-depositional processes, such as wind scouring or meltwater percolation, 

are While the spatial variability may be large on an annual basis, Monte Carlo simulations results 



 

11 
 

show that averaging the rBC data over 10-year intervals reduces its effect on the geometric mean 

rBC uncertainty to a few % (CV) in any decade (Fig. S8). The potential impact of post-depositional 

modifications in the rBC record is discussed under section 4.2 below.  

4. Results and discussion 

4.1. The DV99.1 record of rBC and microparticle deposition 

Depth profilesThe depth profile of rBC and microparticles measured in the DV99.1 core areis 

shown in Fig. 3. Both parameters haveThe probability distributions which aredistribution of rBC 

concentrations is approximately log-normal (Fig. S2S9), and we therefore use both the arithmetic 

and geometric means (µ, µ(µ, µg), as descriptive metrics for these data. Over the entire core length 

of core analyzed, rBC concentrations average 1.58 ± 3.29 ng g-1 (µg = 0.98 ng g-1) with a maximum 

of 74.0 ng g-1, and microparticle concentrations average 500 ± 496 × 103 part. mL-1 (g = 395 × 

103 part. mL-1) with a maximum of 5637 × 103 part. mL-1.. The mean rBC concentration remainsis 

approximately constant between ~3842 and 15 m depths, and decreases gradually at shallower 

depths to reach ~1.0 ng g-1 (µg = 0.5 ng g-1) in the uppermost 1-m core section analyzed. In contrast, 

microparticle concentrations are higher above ~15 m depth, averaging 606 × 103 part. mL-1 (g = 

376 × 103 part. mL-1), compared to 462 × 103 part. mL-1 (geom. mean 325 × 103 part. mL-1) below 

15 m. Through the entire core, most microparticles (98 %) are < 5 m in size, with no significant 

variations in the contribution of larger particles (5-15 m). The observed changes in rBC and 

microparticle concentrations near 15 m depth do not correspond to any clear step change in the 

physical stratigraphy or density in core DV99.1 (Fig. 3meter of core. Concentrations below 42 m 

show a comparatively larger variability and a greater range of values (Fig. S10). 

 

 Reconstructed variations in aerosol deposition from  In Greenland cores, rBC deposition 

rose in the 1880s, peaked in the 1910s-20s, and decreased thereafter (McConnell et al., 2007), in 

step with historical changes in coal-burning BC emissions from North America and Europe 

(Novakov et al., 2003; Bond et al., 2007; Lamarque et al., 2010).  In south-central Greenland, the 

early 20th century rise in rBC and nssS was also accompanied by increased deposition of Pb and 

other trace metals (McConnell and Edwards, 2008). Measurements from the DV98.3 and DV2000 

ice cores spanning calendar years 1800-1990 (Fig. 4) show that Devon ice cap also experienced 

an increase inincreased atmospheric deposition of SO4
2- and Pb and nssSO4

2- during the 20th 
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century, peaking between the 1960s and 1980s, and followed by a decline, consistent with trends 

in mid-latitude anthropogenic emissions from fossil fuel combustion (Lamarque et al., 2010). 

Microparticle concentrations in . However, unlike in Greenland, the DV99.1 also rose in the early 

20th century and remained elevated thereafter, which suggests that the rise was associated to that 

of anthropogenic pollution. Relative to Na+, concentrations of Ca2+ and K+ in the DV98.3 core are 

far in excess of those in surface seawater, indicating these ionic species are predominantly from 

non-marine sources, for e.g., mineral dust. However, there areshows no large enhancements in 

nssCa2+ and nssK+ in the DV98.3 core corresponding to the increase in microparticle deposition 

seen in the DV99.1 core during the 20th century (Fig. 4; only nssCa2+ is shown), indicating that the 

latter increase was unrelated to change in atmospheric dust inputs.  

  There is also no large or , sustained increase in rBC deposition in the DV99.1 core during 

the 20th centuryconcentration concomitant with that of nssSO4
2-,SO4

2- or Pb or microparticles. This 

contrasts with . There is a modest rise in mean rBC concentrations from the early 1800s to the mid-

20th century, but it is much more gradual and of lesser magnitude than the rBC rise observed in 

ice-core records from Greenland, which show noticeably large increases of both rBC and non-salt 

sulfur (nssS) in the early 20th century, although the relative timing and magnitude of these increases 

differ between core sites (Fig. 5 and 6). In Greenland cores, rBC deposition peaked in the 1910s-

20s, and decreased thereafter (McConnell et al., 2007; Koch et al., 2011), in step with historical 

changes in coal BC emissions from the USA and Europe (Novakov et al., 2003; Bond et al., 2007; 

Skeie et al., 2011). At the ACT2 site (66° N), the early 20th century rise in rBC and nssS was also 

accompanied by increased deposition of Pb and other trace metals (McConnell and Edwards, 

2008). The highest the DV99.1 ice core, the highest mean rBC concentrations infor the DV99.1 

core also20th century occur in the decade 1910-1920 ( = 3.61960-70 (� = 4.7 ng g-1, �g = 1.67 

ng g-1) and decrease thereafter,), but the magnitude and duration of this early these are not 

unprecedented, and comparable mean concentrations occur in the earliest part of the record, in the 

decade 1780-1990 (Fig. S10).  

 The DV99.1 rBC record also shows a pronounced decline in rBC concentration in the late 

20th period of enhanced rBC deposition are much lesscentury, but it occurs after the 1960s, which 

is later than in most Greenland cores, except at Humboldt (Fig. 5 and 6). This difference in timing 

could, however, be due to uncertainties in the DV99.1 chronology compared to that of well-dated 

Greenland cores. These differencesThe DV99.1 mean rBC concentrations over the period 1960-
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1990 (µ = 0.6-1.0 ng g-1; µg = 0.3-0.5 ng g-1) are somewhat surprising, given the relative proximity 

oflower than in the early modern industrial period, in the early 19th century (� = 1.0-3.0 ng g-1; 

�g = 0.7-1.6 ng g-1). The only Greenland ice core in which a similar situation occurs is from the 

ACT2 site (66°N,  Fig. 5). Neither winter mass balance measurements, nor reconstructed 

interannual changes in �� on Devon ice cap from Greenland. In order to explain our findings, 

both(Colgan and Sharp, 2008) show any sustained long-term trend since the early 1960s, and the 

decrease in rBC concentration in the DV99.1 core during this period can therefore not be ascribed 

to changing precipitation rates on the ice cap. It seems more likely that the decrease is at least in 

part due to a declining burden of atmospheric BC in the Canadian High Arctic since the 1960s 

(Gong et al., 2010). However, there are several methodological, site-specific and regional-scale 

factors that must be consideredtaken into account when interpreting the DV99.1 rBC record. These 

are discussed below.  

4.2. SiteMethodological and site-specific factors  

Observations of atmospheric BC at Alert on Ellesmere Island (82° N, see Fig. 1 for location) show 

a seasonal cycle with airborne concentrations peaking during winter and spring months 

(December-March) and declining to their minimum in summer and early autumn months (June-

September) (Gong et al., 2010). Most BC deposition in snow is thought to occur in spring and 

summer, when increased cloudiness promotes in-cloud scavenging and wet deposition of the 

hydrophilic fraction of BC (Garrett et al., 2011; Browse et al., 2012; Shen et al., 2017). In the 

interior of the Greenland ice sheet, the seasonal cycle of BC deposition is well-preserved in snow 

and firn layers (e.g., McConnell et al., 2007). This is not the case at the DV99.1 core site on Devon 

Island. Even in the uppermost part of the core, where some seasonal δ18O variations can be 

detected, there is no recognizable seasonal pattern of rBC concentration peaks (Fig. S3S11). This 

is likely the result of the combined effects of wind scouring/mixing of surface snow (as described 

earlier) and of summer surface melt. It isThe question therefore legitimate to askarises whether 

thesesuch processes could also have obliterated or masked a 20th century anthropogenic signal in 

the DV99.1 rBC record. 

 The seasonally-resolved ice core record from site D4 in Greenland (71°N; see Fig. 1 for 

location5) shows that during the historical period of enhanced anthropogenic BC pollution in the 

Arctic, from the late 19th to mid 20th centuries, rBC deposition increased in both summer and 
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winter (McConnell et al., 2007). If the Canadian High Arctic was impacted by airborne BC 

pollution in a similar way, one would expect to find a marked increase in rBC concentrations in 

the DV99.1 core during the late 19th to midearly 20th centuriescentury, even if winter snow layers 

were scoured away by wind. To verify this, we performed a simple simulation in which we 

generated synthetic time series of rBC deposition spanning the period 18101800-1990, with a 

seasonal cycle superimposed on baseline interdecadalinter-decadal variations similar to those 

observed in the Greenland D4 ice-core record. Winter rBC deposition peaks in the series were 

represented using a log-Gaussian function, and their amplitude was allowed to vary from year to 

year to produce a range of temporal variations comparable to, or lower than, that seen in the 

Greenland D4 core. Winter deposition peaks were then randomly truncated by 30-60 % (mean 45 

%) to simulate the effects of wind scouring on the record, and 5-year running means were 

computed from the resulting data, the smoothing being used to simulate the possible effects of 

post-depositional snow layer mixing by wind. Results of these experiments showedshow that even 

if the wintertime rBC deposition peaks between November to May were largely truncated by wind, 

the low-frequency baseline variation would still persist, and should be recognizable above the 

remaining interannual signal variance (Fig. 7). It therefore seems unlikely that wind scouring alone 

would completely obliterate this rBC signal in the DV99.1 record, not unless the amplitude of the 

seasonal cycle of atmospheric BC deposition on Devon ice cap is much lower than observed at 

Alert or in Greenland (Gong et al., 2010; Massling et al., 2015).  

 Unlike much of central Greenland, the summit of Devon ice cap is also regularly subject to 

partial melting at the surface during summer months, and meltwater can percolate and refreeze 

into the underlying snow and firn to form infiltration ice features, or, more simply, " ("melt 

layers"."). The volumetric percentage of melt layers in core DV99.1 was measured by Fisher et al. 

(2012) as a proxy for past summer warmth. They foundThese data show that surface melt rates at 

the coring site increased abruptly in the mid-19th century following the end of the Little Ice Age 

cold interval, and have since varied between ~40 and 60 % (average) per 5-year period, with an 

interval of noticeably lower melt rates (down to 10 %) between ~1880 and 1930 (Fig. 4). One must 

therefore consider whether surface melt could account for the apparent limited baselineaveraged 

22 % (median 19 %), occasionally exceeding 50 % in the 20th century (Fig. 4). The DV99.1 coring 

site is above the present-day upper limit of the superimposed zone (~1400 m a.s.l.; Gascon et al., 

2013) and the firn there is >60 m thick, so it is very unlikely that there is any net loss by runoff at 
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this location: any meltwater produced in the summer must refreeze in the firn. However, even 

without net losses, one must consider whether meltwater percolation and refreezing could account 

for the limited variability in the DV99.1 rBC record during the 19th and 20th centuries. 

 The post-depositional mobility of BC particles in melting snow is not well known, and likely 

depends on the hydrophobicity of these particles, which is largely influenced by the presence or 

absence of surface coatings, for e.g., with SO4
2- (Liu et al., 2011, Liu et al., 2013). Doherty et al. 

(2013) investigated the vertical redistribution of BC and other light-absorbing particles in snow 

and firn near Dye 2 (66° N; ~2100 m a.s.l.; see Fig. 1 for location5) in a part of the Greenland ice 

sheet's percolation zone where melt layers up to 20>10 cm thick are now commonly found (de la 

Peña et al., 2015; Machguth et al., 2016). Only a very limited amount of vertical redistribution of 

BC was observed in the snow and firn, and surface melt and percolation did not obliterate seasonal 

variations of BC in the firn stratigraphy. Doherty et al. (2013) attributed this result to the low 

scavenging efficiency of these particles by meltwater (~20-30 %). At the DV99.1 site on Devon 

Island, ice layers >10 cm are comparatively very rare, but ��	(0.14 m a-1) is only half of that in the 

Dye 2 area (~0.32 m a-1; Buchardt et al., 2012), and). Therefore surface melt there could mask 

some seasonal variations of rBC in the firn. However, the findings of Doherty et al. (2013) suggest 

that this should not be sufficient to mask or completely smooth out down-core variations in rBC 

concentrations when these are averaged over decadal intervals.  

 The depth at which meltwater could percolate in firn at the DV99.1 site is not known 

precisely over the time period covered in the rBC record. The thickness of the firn zone there (>60 

m) is much greater than at Lomonosovfonna summit, Svalbard, for example (~25 m; Kekonen et 

al., 2005). If we accept the estimated depth range of 0.5-2 m for meltwater-induced relocation of 

water-soluble ions at Lomonosovfonna summit for 2000-07 reported by Vega et al. (2016), then it 

is highly unlikely than relocation of rBC particles could be deeper at the DV99.1 site. The summit 

of Devon ice cap is ~650 m higher than the Lomonosovfonna summit (1250 m a.s.l.), has a much 

lower mean annual surface temperature (-22°C, compared to ~-10 to -12 °C at Lomonosovfonna; 

W. van Pelt, pers. comm.), and the 10-m firn temperatures on Devon ice cap summit were, in 2012, 

< -15 °C (Bezeau et al., 2013), while those at Lomonosovfonna were within -2 to -3° of zero C in 

1997 (van de Waal et al., 2002). Attempts were also made to quantify post-depositional deposition 

of ions and/or particles by melt/percolation on Penny ice cap on Baffin Island (66° N; Grumet et 

al., 1998; Zdanowicz et al., 1998), where estimated summer melt rates over the last 150 years are 
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much higher (40-100 %) than at the DV99.1 site (Zdanowicz et al., 2012). On Penny ice cap during 

the mid-1990s, ions and particles were estimated to be redistributed over depths of 3-5 m. A 

plausible, conservative estimate of the maximum melt-induced relocation depth at the DV99.1 site 

for the time period of interest might therefore be 3 m (firn depth). With a mean accumulation rate 

of 0.16 m H2O a-1 at the site, soluble impurities could be offset by meltwater percolation in the 

core by 5-8 years relative to their true depositional depth/age, and probably less for rBC particles 

given their hydrophobicity. In this paper, we focus on inter-decadal variations in rBC 

concentrations. At such a time-averaging window length, the effect of impurity relocation by melt 

should largely even out. 

 There is, however, another consideration. Unlike in the Doherty et al. (2013) study, rBC 

concentrations in the DV99.1 core were measured by SP2, and the detection efficiency of this 

method for BC in liquid samples depends on the type of nebulizer used for inflow. As previously 

mentioned, Schwarz et al. (2012) and Wendl et al. (2014) have shown that the relative 

areosolization efficiency of rBC by the U5000AT ultrasonic nebulizer used in the analysis of the 

DV99.1 core drops rapidly at or below 10 % for particles with a volume-equivalent diameter ≥ 

~>500 nm (~ 10% efficiency at a volume-equivalent diameter of 600 nm. Given that coagulation). 

Coagulation and agglomeration is known to increase the size of BC particles during thaw and 

refreezing of snow (Schwarz et al., 2013), and this raises the possibility that the SP2 may have 

underestimatedunderestimate the true mass concentration of BC particles in that partthose parts of 

the DV99.1 core corresponding to the 20th century, since this period has been characterized by 

high rates of melt layer formation in firn at the coring sitethat contain icy layers (Fig. 4h). The3). 

Some of the central and northern Greenland sites (e.g., Summit, NEEM) from which ice-core rBC 

records were developed by the SP2 method (Fig. 5) are comparativelycertainly experience less 

affected byor no summer surface melt and ice layer formation than , compared to Devon ice cap, 

and BCrBC particles in firn at these sites may therefore undergo lesser are probably largely 

unaffected by post-depositional coagulation. Whether this effect alone could explain the lack of 

baseline variability in the DV99.1 rBC record seems unlikelyOther coring sites located in southern 

Greenland (ACT2, D4) or at lower elevations (Humboldt) may experience some surface melt and 

refreezing in summer, but it could have statistics on ice layer frequency at these sites are 

unpublished so this cannot be verified. While melt-refreezing may have contributed to mask some 

of thehistorical variations in atmospheric BC deposition inat the core, andDV99.1 site, it mightis 
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uncertain if this alone can account for the apparent discrepancy between trends inlow rBC and 

microparticle deposition duringconcentrations in the DV99.1 core, when compared to Greenland 

records analyzed using the same methods. One conflicting observation is that the lowest rBC 

concentrations in the core are found in the 20th centuryuppermost 5 m, and this part of the core 

actually contains fewer ice layers than deeper sections (between 7-32 m) in which some of the 

highest rBC concentrations are measured (Fig. 4c,d), if the former are more efficiently detected 

than the latter.3).  

 

4.3. Regional-scale factors  

Other reasons for the contrastdifferences between the DV99.1 and Greenland rBC records (Fig. 5 

and 6) may be found in the atmospheric transport paths that deliver BC to the Canadian High 

Arctic, relative to Greenland. Shindell et al. (2008) used multiple atmospheric transport models to 

investigate the sensitivity of near-surface airborne BC concentrations in the Arctic to regional 

anthropogenic emissions. They found that Europe and North America likely contribute equally to 

BC deposition over Greenland, whereas the central and Russian sectors of the Arctic are 

predominantly affectedmore impacted by European emissions. Atmospheric BC in the Canadian 

High Arctic may be affected by both European and North American emissions, but the region is 

expected to be much less sensitive to changes in these emissions compared to other parts of the 

Arctic, partly because it is very remote from all BC source regions (Shindell et al., 2008; their Fig. 

9 and 10).  

 Sharma et al. (2006) and Huang et al. (2010) used air back-trajectory analyses to investigate 

the probable source regions of BC detected in surface air at Alert in winter and spring, and 

identified Russia and Europe as dominant, followed by North America. The summit of Devon ice 

cap is 1000 km further south and ~1.89 km higher, and could thus be affected by a different mix 

of BC source contributions than Alert. To verify this, and also to contrast the situations of Devon 

ice cap and Greenland, we computed ensemble 10-day air back-trajectories from both Devon ice 

cap summit and from Summit, Greenland, using the HYbrid Single-Particle Lagrangian Integrated 

Trajectory model (HYSPLIT v.4) of the NOAA Air Resources Laboratory (Draxler and Hess, 

2014, Stein et al., 2015). As input, we used meteorological fields of the NCEP-NCAR 50-year 

reanalysis product, which are available on a global 2.5 × 2.5° grid at 6-hourly temporal resolution 
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(Kistler et al., 2001). Back-trajectories starting daily at 12:00 PM UTC were computed over the 

period 1948-1999. Unlike Sharma et al. (2006) and Huang et al. (2010), however, we did not use 

trajectory clustering, because results are highly sensitive to the quality and density of 

meteorological data coverage used in trajectory computations, and to the arrival height of 

trajectories (i.e., starting point of back-trajectories; Kassomenos et al., 2010; Su et al., 2015). 

Instead, we computed probability density maps or air parcel residence time from all combined 

trajectories over an equal area grid with 200 × 200 km resolution, following a methodology analog 

to that of Miller et al. (2002).  

 Results (Fig. 8) show that for 10-day transport periods, air parcels arriving at Greenland 

Summit are more commonly advected from the south-southwest than from other cardinal 

directions, and frequently reach central Greenland after transiting over the North Atlantic, 

consistent with earlier findings by McConnell et al. (2007; Their Fig. S1). In contrast, air that 

reaches the summit of Devon ice cap comes more frequently from the west-northwest, and transits 

over the Arctic Ocean, which agrees with findings from analyses of low-level air transport to 

Devon ice cap by Colgan and Sharp (2008) for the period 1979-2003. It is therefore likely that a 

large part of BC transported to Devon ice cap is from regional emission sources located in 

northwestern North America and/or in the central or eastern parts of Eurasia.  

 Smoke plumes from forest or grassland fires, natural or provoked, can reach the Arctic and 

contribute to BC pollution, particularly during summer (Stohl et al., 2006; Paris et al., 2009; 

Warnecke et al., 2009; Quennehen et al., 2012; Zennaro et al., 2014).; Hall and Loboda, 2017). 

Back-trajectory analyses of BB aerosols detected at Eureka on Ellesmere Island (80° N; Fig. 1) 

indicate, unsurprisingly, that boreal forest/grassland regions of Russia and Canada are the 

dominant source regions for these long-range plume transport events, followed by north-central 

USA and Alaska,  (Viatte et al., 2015). To evaluateinvestigate the impact of forest/grassland fire 

emissions on BC deposition to Devon ice cap, we compared the DV99.1 rBC record with 

reconstructed historical variations in fire frequency and/or burned area across Canada and Russia 

during the 19th and/or 20th centuries (Fig. 9). ; data from Girardin, 2007; Girardin and Sauchyn, 

2008; Girardin et al., 2006; and Mouillot and Field, 2005). On an interdecadalinter-decadal time 

scale, no statistically meaningful correlations (p < 0.05) were foundcould be identified between 

the DV99.1 rBC record and the fire histories from Canada (Girardin, 2007; Girardin and Sauchyn, 

2008; Girardin et al., 2006).. If wildfires in northern Canadawildfire emissions contribute to rBC 
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deposition on Devon ice cap, these contributions do not appearare either too small and/or mixed 

in the DV99.1 record to covary in any simple waybe correlated with variations in fire frequency 

or burned area. However, the decrease in rBC deposition recorded in the DV99.1 core after  in the 

1910s is concomitant with a general decrease in fire frequency in the boreal forests of Russia that 

continued until the 1980s, and which was due to fire suppression measures and land use changes 

in thesesource regions (Mouillot and Field, 2005).  .  

 To investigate this finding more closely, we regressed the decadally-averaged DV99.1 

record of rBC deposition against gridded (0.5 x 0.5°) maps of historical decadal mean BC 

emissions from BB sources (forest/grassland fires) compiled by Lamarque et al. (2010) and 

covering the period 1890-1990 (Fig. 10). We did not perform this analysis for anthropogenic BC 

emissions because geographical inconsistencies in the gridded emission data resulted in correlation 

artefacts. For most of the 20th century, the data on BB emissions from Russia and central Asia are 

largely based on the historical fire inventory of Mouillot and Field (2005). The only geographic 

area where strong (R > 0.5) positive correlations were found with the DV99.1 rBC record 

corresponds with a broad sector between 45-55°N, and 30-90°E, at the southern fringe of the 

Russian boreal forest belt and the steppe/grasslands of Kazakhstan. These regions are particularly 

fire-prone, and have been identified as important sources of CO and of BC aerosols transported 

over Siberia and into the Arctic atmosphere (Vasileva et al., 2011, Cheng, 2014). The spatial 

pattern of correlations on Fig. 10 suggests that forest/grassland fires across south-central Russia 

and Kazakhstan contribute more to the long-range transport of BC aerosols to the Canadian High 

Arctic than wildfires in the North American boreal forest belt. However, only some parts of the 

area of interest have R values that pass a test of field significance at the 10% level of confidence 

(Wilks, 2016; Benjamini and Yekutieli, 2001). This is unsurprising, considering the uncertainties 

inherent to the DV99.1 rBC record (§ section 3.3) and to the fire inventories used for the gridded 

BC emission maps (Mouillot and Field, 2005).  

 Aerosol species such as K+ or NH4
+ are commonly associated with BB emissions, and as 

such are often used as BB tracers in polar snow (Simoneit, 2002; Legrand et al., 2016). Cheng 

(2014) identified sectors of south-central Russia and Kazakhstan as source regions for both BC 

and K+ aerosols transported to Alert between 2000 and 2002. However, we did not find any 

significant correlations (p >< 0.05) between interdecadalinter-decadal variations of rBC in the 

DV99.1 core and either (K+)BB or NH4
+ in the DV98.3 record (Fig. 4f,gS12). Whatever 
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contributions BB emissions make to (K+)BB or NH4
+ deposition on Devon ice cap, these do not 

covary directly with rBC deposition, possibly due to different post-depositional relocation of these 

impurities in the DV98.3 and DV99.1 cores, but also to mixing from multiple emission sources. 

For example, ammonia (NH3) emissions from seabird colonies near Baffin Bay may be a larger 

regional source of NH4
+ to Devon ice cap than distant wildfires (Wentworth et al., 2016).  

4.4. Atmospheric BC deposition rates 

In 90 % of the analyzed DV99.1 core, rBC concentrations are < 3 ng g-1, and in the uppermost 

section of the core (depths 3-4 m), they are mostly < ≤1 ng g-1. These numbers concentrations are 

very low compared with estimated median BC concentrations ofthe 8-14 ng g-1 reported by 

Doherty et al. (2010) for seasonal snow sampled across the Canadian Arctic in 2009. Such a large 

difference is surprising, given that atmospheric monitoring at Alert has shown a continuous 

decrease in airborne BC levels since 1989 (Hirdman et al., 2010). One would therefore expect 

higher, not lower, rBC concentrations in snow that accumulated in the 1980s, relative to 2009. Part 

of the apparent discrepancy may be due to differences in analytical methods: The estimated BC 

concentrations in snow reported by Doherty et al. (2010) are based onwere measured using a 

spectrophotometric technique which tends to yield larger mass concentrations relative to the SP2 

method (Schwarz et al., 2012). Also, as stated earlier, rBC levels measured in the DV99.1 core 

may underestimate actual deposition due to wind scouring of winter snow, or to inadequate 

aerosolization of some rBC by the ultrasonic nebulizer. It is also likely that atmospheric. 

Atmospheric BC deposition over the summit region of Devon ice cap iscould also be lower than 

near sea level, where most of Doherty et al.'s (2010) snow samples were obtained, because most 

of the ice cap's accumulation area (≥ ~15001150 m a.s.l.) is above the typical altitude range of 

low-level Arctic stratocumulus cloud decks which promote aerosol scavenging (Browse et al., 

2012).  

 WeDespite the aforementioned uncertainties, we estimated the average late 20th century 

mean atmospheric flux of rBC (FrBC) over the summit region of Devon ice cap using measurements 

of rBC concentrations in the DV99.1 core for 1963-1990, and data on spatial and temporal 

variations of �� from Colgan and Sharp (2008) and from winter mass balance surveys carried out 

over the ice cap since the early 1960s (Fisher et al., 2012).. The period 1963-1990 was selected 

because the 1963 radioactive layer found in Devon ice cap firn provides a firm reference level to 
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constrain estimates of ��	(Colgan and Sharp, 2008). Our calculations yield a mean FrBC of 0.2 ± 0.1 

mg m-2 a-1. If �g, rather than �, is used as anto estimate of average rBC concentrations, the 

estimated FrBC is only slightly lower (0.1 mg m-2 a-1). And if the annual mean 

concentrationmeasured concentrations of rBC is assumed to beare underestimated by 20-40 % due 

to selective wind scouring of winter snow layers and/or to inadequate detection by the SP2 

instrument, the adjusted figures for FrBC are only slightly higher, ranging from 0.2 to 0.3 mg m-2 

a-1 .  

 These estimates are at the low end of calculated FrBC in Greenland cores over the same 

period, which vary from ~0.1 to ~4 mg m-2 a-1 (Lee et al., 2013). They are also much lower than 

historical fluxes of ECelemental carbon in the Norwegian Arctic inferred from a Svalbard ice core, 

which range from ~3 to nearly 40 mg m-2 a-1 between 1960 and 2004 (Ruppel et al., 2014; see Fig. 

5 for location). Overall, rBC or ECelemental carbon concentrations in Arctic firn and ice cores 

increase with mean �� (Fig. S4S13), likely reflecting the amount of precipitation scavenging in 

different geographic sectors (Garrett et al., 2011; Browse et al., 2012). The remarkably Hence the 

low FrBC at the DV99.1 site is probablymay be partly due, at least in part, to the very low ��	on 

Devon ice cap (0.14-0.25 m a-1; Colgan and Sharp, 2008), notwithstanding the added effectseffect 

of wind scouring. However, it is noteworthy that between 1960 and 1990, the estimated FrBC at the 

Humboldt site in northern Greenland (78 °N; Fig. 5) was ~0.8 mg m-2 a-1 (Lee et al., 2013), which 

is is 3-4 times larger than at the DV99.1 site over the same period, although the two sites are only 

distant by 750 km, lie at comparable altitudes (1985 and 1750 m a.s.l., respectively), and have the 

same mean �� (0.14 m a-1; Bales et al., 2009). This suggests that the differences in FrBC between 

these sites are related to spatial gradients in atmospheric BC burden in this sector of the Arcticother 

factors.  

 As noted earlier, rBC concentrations in the DV99.1 core decreased gradually in the latter 

half of the 20th century, the change becoming most noticeable after the 1960s  (Fig. 4). During 

this period, anthropogenic BC emissions decreased in Europe and North America, and air 

monitoring at Alert show that BC concentrations in surface air continued to decline following the 

early 1990s in response to reduced BC emissions (Gong et al., 2010). Reconstructed interannual 

changes in �� on Devon ice cap by Colgan and Sharp (2008) do not reveal any sustained long-term 

trend for the period 1963-1990, and it is therefore unlikely that the decrease in rBC concentration 

registered in the DV99.1 core in this period can be ascribed to changing precipitation patterns on 
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the ice cap. It is more probable that it reflects a declining burden of atmospheric BC in the 

Canadian High Arctic since the 1960s. In turn, this decline can be attributed to lower BC emissions, 

both anthropogenic and from BB, in dominant source regions, and, possibly, greater scavenging 

efficiency and wet deposition of BC during transport under a warming Arctic climate (Ruppel et 

al., 2014).  

 

5. Summary and conclusions.  

We developed a 190>250-year time series of atmospheric rBC deposition from Devon ice cap 

spanning calendarthe years 1810-1990~1735-1992. The rBC ice core record (core DV99.1) is the 

first from the Canadian Arctic, and it supplements existing ice-core records of BCrBC or EC 

depositionelemental carbon from Greenland and Svalbard. The time seriesDV99.1 record differs 

from the Greenland records developed by the same analytical methods in that it only shows no 

evidence of a substantial increasevery modest and gradual rise in rBC deposition duringthrough 

the 19th and early-mid 20th century, which, forunlike most Greenland, has been associated with  

ice cores, in which there is large, well-defined rise in the 1880-90s, peaking in the 1910s. This rise 

was attributed to BC emissions from coal combustion , which also emitted SO2 and trace metals 

such as Pb (McConnell et al., 2007). TheIce cores from Devon ice cap (DV98.3, DV2000) show 

that the deposition of other contaminants such as SO4
2- and Pb did increase on the Devon ice cap 

in the latter half ofalso increased there during the 20th century, but without a the DV99.1 core 

shows no concomitant rise in rBC.   

 We attribute the low baseline variability in rBC deposition insuggest that differences 

between the DV99.1 core to bothand Greenland rBC records are due to a combination of 

methodological, site-specific and regional-scale factors. The site from which the core was 

retrievedDV99.1 coring site is subject to summer melt-freeze cycles, and this may lead to 

underestimation of true rBC concentrations by the SP2 method. There is also evidence of wind 

scouring and summer melt, and these combined effects probablyof snow at the site, which may 

lessen the amplitude and resolution of historical variations in rBC deposition recorded in firn at 

the site. Also, aircore. Air back-trajectory analyses suggest that, compared to Greenland, rBC 

deposition on Devon ice cap is less sensitive to temporal changes in BC emissions from the North 
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Atlantic sector (eastern North America and western Europe) than Greenland). is. We 

postulatehypothesize that BC aerosols reaching Devon ice cap originate more frequently from 

north-central/northwestern North America, and/or from Russia and central Asia. The relatively 

long transport trajectories over the Arctic Ocean allow for greater atmospheric mixing and 

deposition of aerosols to occur during transit, thus obscuring source-receptor relationships. If 

correct, this interpretation implies that historical trends in BC deposition over the Arctic, and the 

resulting albedo-climate forcing, are likely subject to large spatial variability, even over the 

relatively short distance that separatesbetween Devon ice cap fromIsland and Greenland. This 

variability, which is probably linked to differences in BC aerosol transport patterns and 

atmospheric residence time (Bauer et al. 2013), must be accounted for when attempting to model 

the impact of past and future BC emission trends on the Arctic climate system.  

   The discussion presented above   This study also underscores the challenges of 

interpreting records of aerosol deposition developed from firn or ice cores drilled on small ice caps 

or glaciers, where local topographic and climatological effects can have a large impact on the 

preservation of atmospheric signals, when compared with the central regions of large ice sheets. 

A limitation of our study stems from the fact that the DV99.1 record of rBC deposition comesis 

from a different site than records of other aerosol species (SO4
2-, Pb) previously obtained from 

Devon ice cap'scap summit. To verify our interpretation of the DV99.1 rBC record, a new core 

should be drilled from the ice cap'scap summit, or from another ice cap less affected by wind 

scouring and melt-percolationfreeze effects (e.g., on northern Ellesmere Island), and on which co-

registered measurements of rBC and other aerosols could be made. This is particularly important 

when one considers the large amount of spatial variability inherent in ice core records, even in 

areas of optimal preservation (e.g., Gfeller et al., 2014). Our study also raises questions on the 

potential effect of post-depositional coagulation of rBC particles on their detection by SP2 

measurements in melted snow and ice samples. Experimental work is needed to clarify these 

effects.  
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