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Dear Anonymous Referee #2,

We are grateful for your efforts and overall positive evaluation of our manuscript, and
the constructive comments that have helped us to further improve the paper. We find
your comments well-justified and have revised the manuscript accordingly. Below we
give our detailed responses to your comments and describe the revisions prepared for
the manuscript. The Referee comments are cited with REFEREE 2 and our responses
in regular type while revisions prepared to the manuscript are marked with quotation
marks.
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REFEREE 2: Applying the EUSAAR_2 protocol to EC measurements in liquid phase
sample is not straightforward, as eg the sample needs to be filtered, and that the effi-
ciency of filters to capture EC can be limited (Eg Torres et al., 2014; Lim et al., 2014).
Lim et al. (AMT, 2014) have reported that the filtration efficiency (ie the amount of EC
retained on a filter) can be as low as 20% for small EC particle diameters (eg 100 nm
MED). I am wondering if such artifact might partially explain the fact that modeled BC
deposition are higher than observed EC deposition. Overall, any information about the
size distributions of BC in snow/ice would be interesting, as larger particles could drive
larger observed EC concentrations (and seasonal melt at the surface of the glacier
can promote larger BC particles by aggregation). Considering the challenge of mea-
suring BC in snow, combining results from different analytical methods would be more
solid. If additional measurements are not possible (eg involving an SP2 analyzer) for
this study, the manuscript should at least include more discussion about potential un-
certainties related to the analytical method. I understand that discussion on that topic
is included in the 2014 Ruppel paper, but I would recommend at least to refer more
clearly to it.

The reviewer highlights important points and we agree with these uncertainties in the
filter based EC measurements. Undercatchment of small EC particles is a known error
source in these filter based EC measurements, causing a ca. 22 % underestimation of
EC concentrations in the used set-up (Forsström et al., 2013). We agree that we should
discuss this issue more, and have subsequently added this information to Section 2.2.
and made clearer references to the Ruppel et al. (2014) paper where this issue has
been discussed in more detail.

P4, L32-39: “The used methodology includes uncertainties that are described in more
detail in Ruppel et al. (2014). In short, in liquid samples smallest EC particles may
go through the filter leading to a quantified undercatchment of ca. 22 % for the used
filtering set-up (Forsström et al., 2013). In addition, from each filter sample (11.34 cm-
2) only a smaller punch (1.5 cm-2) is analysed for EC. To evaluate the uncertainties
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caused by this subsampling, triplicate analyses were prepared for five ice core sam-
ples. These measurements (Fir. 4 c) showed an average relative standard deviation of
8.5 % (range of relative standard deviation = 5.3–13.7 %) that is smaller than reported
e.g. in Ruppel et al. (2014). Combined (added together in quadrature) these error
sources cause a ca. 23.6 % uncertainty in our current EC measurements.”

However, the reviewer mentions by mistake that the filtrations inefficiency may poten-
tially cause the observed EC deposition to be lower than the modelled BC deposition,
while in fact it is the other way around: the observed EC deposition is significantly
higher than the modelled BC deposition. The fact that observed and modelled BC con-
centrations and deposition very often deviate significantly from one another (e.g. Koch
et al., 2009, 2011) is mostly not related to uncertainties in the observational measure-
ments but the model parameterization (e.g. sizes of BC particles and their definition
potentially deviating from what has been measured, emissions, transportation and age-
ing of BC particles etc.). We have added discussed model limitations and why these
will affect the modelled BC values on P 12, L 16-31, also according to the suggestions
of Referee #1.

We agree with the reviewer that considering the challenges in BC measurements from
snow it would be most solid to combine results from different analytical methods. Un-
fortunately, the SP2 methodology was not available for this study but efforts are taken
to make such measurements in future studies.

REFEREE 2: The EC data should include quantified uncertainties.

Yes, we agree. Quantified uncertainties have been added in Figure 4c for the ice core
measurements. In addition, we have included some new text on the issue on P 4, L
32-39, as cited above.

REFEREE 2: The paper misses a direct comparison between model atmospheric BC
and direct atmospheric observations, eg from Ny Alesund Station. This would support
more clearly the model outputs (as only suggested in the manuscript).
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Thank you, this is a justified concern that was also raised by the other referee. Ac-
cordingly, a new Figure (5) comparing observed and modelled annual average and
monthly atmospheric BC concentrations at Ny-Ålesund has been added, together with
two paragraphs in Section 3.3. for model validation (P7, L 4-19). For more details see
responses to Referee #1.

REFEREE 2: I understand that observed EC deposition does not corroborate directly
with globalscale emission patterns. Can we learn more by considering regional emis-
sions patterns? The emissions description seems to miss details about such regional
patterns, and their relative impacts at the study site.

This is a justified comment by the reviewer. We have included the emission trends of
40◦ N in the manuscript because this region is considered a significant source region
for BC deposited in the Arctic (e.g. AMAP 2011). It is also shown in several back-
trajectory modeling studies that northern Russia is a strong (or even dominant) source
region for BC arriving in Svalbard (e.g. Hirdman et al., 2010 and references therein;
Stohl et al., 2013; Winiger et al., 2015). Therefore, it could be meaningful to compare
the BC concentration and deposition trends at Holtedahlfonna with Russian BC emis-
sions. However, several studies have implicated that the BC emission inventories from
Russia have not been reliable or up to date (e.g. Stohl et al., 2013; Huang et al., 2015).
Huang et al. (2015) published the first regional scale emission inventory for Russia
showing severe underestimation in total BC emissions, particularly from flaring, and
also miss-allocations of emission sources. Furthermore, the up-dated emission inven-
tory was published only for 2010. Consequently, it would not be meaningful to attempt
any deeper comparison of regional emission patterns with our current data, particularly
as the temporal trend of up-dated emission inventories would not be possible.

One of the objectives of this manuscript was to assess whether flaring or any other
individual emission source could have been responsible for the EC deposition increase
observed at Holtedahlfonna from 1970 to 2004. For this, it was important to use con-
sistent emission data available for the whole study period, although it may not have
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been the most up-to-date or accurate. In future, it would surely be fruitful to assess
the emissions on a more regional scale but this was not in the scope of the current
paper. Furthermore, our own study shows the limitations of chemical transport models
to capture regional details such as the seasonal variation in BC at a remote location.
This is why our study focuses on trends over several decades. Other models, such as
the trajectory models (e.g. Grythe et al., 2017), would probably be able to better tackle
this particular research question of how regional emission patterns affect our Svalbard
study site. For clarity, we have added information on the source areas relevant for the
study site in the revised manuscript, while we have not included new discussion on
regional emission patterns affecting the study site due to reasons listed above.

P5, L26-27: “Generally, BC emissions north of 40◦ N are considered significant for the
Arctic (AMAP, 2011).”

P5, L34-38: “The total global BC emissions have increased in the study period while
north of 40◦ N they have decreased (Fig. 3). Svalbard receives atmospheric trans-
portation dominantly from Eurasia (e.g. AMAP, 2011), and anthropogenic BC emis-
sions from this region have decreased in the study period while natural fire emissions
have increased (e.g. Bond et al., 2007; Lamarque et al., 2010).”

Clarification: P11, L8-9: “Notably, however, the modelled annual BC deposition does
not clearly follow (or correlate to) the declining north of 40◦ N BC emissions (Fig. 3b)
or modelled and measured atmospheric BC concentration trends (Fig. 6).”

REFEREE 2: P5-L35 : typo “llike”

Thanks, corrected.

REFEREE 2: P11-l7 typo “second may”

Thanks, corrected.
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