RC2 Comments and Responses
“This paper presents new measurements of water isotopic composition from the site of Summit in
Greenland where several ice cores have been drilled. The results compare precipitation isotopic
composition to an ice core record and highlight a peculiar relationship between δ18O and δD (greater
than 8), leading to values of d-excess singularly lower to what is usually found in Greenland. They
interpret this different behaviour to the impact of sublimation on the snow isotopic composition, and
thus suggest that a large part of the d-excess signal represent the sublimation over the ice sheet, and not
the evaporation conditions as commonly interpreted.
I read the manuscript with great interests, it rises an interesting and plausible alternative explanation of
the slope between δ18O and δD affecting the interpretation of the isotopic paleothermometer. However, I
have several concerns of major and minor nature, which address a few methodological aspects as well as
the description of the relevant processes.
General comments:
1. In this manuscript, the authors suggest that the slope between δ18O and δD found at summit is an
anomaly basing their studies on the results of Feng et al, 2009. The new results from summit seems to
present positively correlated variations of d-excess against δ18O while GNIP data (Feng et al, 2009)
indicate that the normal behaviour is negatively correlated at the seasonal scale.
The negatively correlated relation between d-excess and δ18O is normal for low isotopic composition
areas due to the Rayleigh distillation. Typically, for a Rayleigh distillation process, the local variations of
and can be calculated by:

where α18 and αD are the respective equilibrium fractionation coefficients (or effective if you include
kinetic fractionation). For very low temperature conditions, αD-1/α18-1 ≈ 10 (typically for -30°C, you
would have 9.65). Yet, for low isotopic composition such as found at summit (δD ≈ -300‰, δ18O ≈-35‰),
This means the expected slope between δ18O and δD would be 7‰/‰. This effect has been described in
multiple papers such as (Touzeau et al., 2016;Casado et al., 2016).
This generalise to any time scales the results of Feng et al (2009), and thus is key for your manuscript
where you compare precipitation isotopic composition at the seasonal scale to an ice core records
spanning more than 30 years. It also shows that in both winter and summer, the slopes you obtained are
larger than expected by the Rayleigh distillation.”
-

It is not clear to us what this reviewer is trying to say. Do they mean that we obtained seasonal
slopes that do not agree with the expected slope of Rayleigh distillation and we should address
that, or do they mean that we, or Feng et al. (2009), are over-interpreting the observed d-excess
vs. δ18O relationship? In either case, we argue that the simple relationship for the slope given by
the reviewer is just an approximation. First, its derivation is based on constant-alpha (, the
fractionation factor) Rayleigh distillation, which never happens in nature. Second, the derivation

-

from the Rayleigh distillation curve to this expression again assumes that alpha values are
constant with respect to F (the fraction of distillation). Since d-excess is a very small quantity
compared to δD and δ18O, these assumptions result in significant errors in the slope estimate.
Additionally, the effect of Rayleigh distillation on precipitation at Summit, Greenland is
discussed at length in Kopec et al. (2019). As described in Kopec et al. (2019) and in what is
presented in this manuscript, Rayleigh distillation can explain some of, but not all of, the
relationships observed in the precipitation isotopic data.

“2. There are previous observations of positively correlated d-excess and δ18O (or δD) in Greenland. For
instance, Barlow et al. (1993) present data from Summit where δD and d-excess are correlated at the
seasonal scale in an ice core. This seesaw variation was later attributed before to variations of SST in the
north atlantic (Hoffmann et al., 2001) using a Rayleigh distillation model. In depth discussion on the
difference between your results and their results are necessary.”
-

While we did not cite either of these manuscripts here, the concepts presented in those
manuscripts and written here by the reviewer were discussed at length in Kopec et al. (2019),
where marine source variations and Rayleigh distillation cannot explain the variations we
observe at Summit, particularly the anomalously high summer d-excess. In the revised version of
the manuscript, we will cite these studies and more clearly emphasize our point.

“3. Section 4.1 is essentially a second introduction. I recommend that you to consider integrating it into
the introduction and removing it from here.
Oppositely, what is missing from the discussion is the comparison of your results with time series and
slopes from other study at summit and in other neighbouring sites in Greenland.”
-

-

We choose to include this information in 4.1 rather than in 1. Introduction, and prefer to keep it
in this section, because the discussion of slope here is written in the context of our result that
the δD-δ18O slope is greater than 8, rather than the typical one less than 8 that is observed at
most sites around the world. Why slopes are less than 8 is discussed in the introduction in the
context of seasonally changing d-excess in association with changing marine moisture sources.
In other words, the focus there is seasonal variation of d-excess. But here the focus is the slope
itself; we attempt to describe all possible factors that can affect the slope. In the revised
manuscript, we can certainly make more clear connections between the d-excess annual cycle
and the δD-δ18O slope in the Introduction, while keeping the detailed discussion of slope
variations where it is now. Alternatively, we can move all the material in 4.1 to 1, but this may
make the introduction too long, and less focused. We prefer the current organization, but are
willing to change if this reviewer and editor feel strongly that we should do so.
Regarding discussing slopes in context of neighboring sites, we will include some discussion in a
revised manuscript to address how Summit δD-δ18O slopes are similar or different than nearby
locations, such as at NEEM as observed in Steen-Larsen et al. (2011). We emphasize that the δDδ18O slopes of neighboring sites support the main argument and conclusion of our paper.

“4. Section 4.2 is essentially a method sub-section, except for the first two paragraphs which are
introduction material. Consider integrate it into the methods and removing it from here.”
-

We disagree with this point. We consider the Monte Carlo simulations a test of our hypotheses
that are not proposed until discussion. Most of the remaining components of the paragraph
provide the setup for that test, and are not introduction material. We are sympathetic that this
reviewer may be frustrated by the detailed description of how we did it, but moving this
material to the Method and/or Introduction section would lose its context. We prefer to keep it
this way, but are willing to consider moving it to an appendix if so demanded.

“5. The arguments in section 4.3, which are central to the arguments of this manuscript, are developed
with unsatisfactory level of details.
First, it is not clear what data are used to calibrate the multi-linear regression problem in section 4.3.3.
and in Fig. 5. Only 16 diffusion corrected slope data points appear on the plots while you initially have 32
years obtained from the owen ice core. Were the data selected to cover the period observed in Box et al,
2006 ? If yes, is this period representative of the entire period ?”
-

Yes, this is the period observed in Box et al. (2006). This will be made more explicit in the revised
version of the manuscript. The study by Box et al. covers approximately the middle 17 years of
our 32-year analysis. The observed δD-δ18O slopes during this time window are similar to the
average of the whole dataset. Thus, we consider this period representative and will emphasize
this point in the revised manuscript.

“Second, is the SPI over the entire surface of Greenland representative of the SPI across the area where
moisture travels from the North Atlantic to Summit? As there is a significant surface north of Summit
where one does not expect any summer precipitation travel path to go to, it would be important to
evaluate how this impacts the data. Are the precipitation also coming more generally from trajectories
from the Davis Straight of the Denmark Straight? Considering that the patterns observed are very
different for the South East, the South West, and the North, one would expect this to impact the results.
In general, changes of origin of the air masses from the west or the east of Greenland would be expected
to impact the results, and is not discussed here relatively to the impact of sublimation.”
-

-

We agree that there are uncertainties in the representativeness of SPI to capture the moisture
sublimating from the ice sheet and traveling to Summit. As presently discussed in the
manuscript, SPI is described as a quantitative estimate of how much sublimation sourced
moisture is contributing to Summit precipitation. We recognize that we should present the
concept of SPI as much more of a proxy of this contribution rather than a rigorous quantitative
measure of the sublimation contribution, and plan to alter the discussion in the revised version
of the manuscript.
Regarding the transport of moisture from marine sources, it is discussed at length in Kopec et al.
(2019) how marine sourced moisture alone cannot explain the observed annual cycle of dexcess at Summit. This index is not refined by the moisture source and path, but reflects, on
average, interannual variations of the potential for sublimation moisture to contribute to

Summit precipitation. The question by the reviewer asking which of these pathways the
moisture takes from the marine source, or additionally which of these pathways potentially
incorporate more sublimated moisture, is certainly an interesting one, and would be important
in ultimately quantifying the sublimation contribution. However, these differences are beyond
the scope of our discussion here, and thus not included.
“Third, how good is ERA-interim precipitable water amount? In general, the amount of precipitation over
the ice sheets is quite biased.”
-

Quantifying the ability for ERA-Interim to accurately represent the precipitable water amount is
not in the scope of this study, but it is one of the most commonly used reanalysis products, and
so we chose to use this dataset. Another commonly used reanalysis dataset is the NCEP/NCAR
Reanalysis product. The precipitable water estimate from ERA-Interim is quite similar to that
estimated by the NCEP/NCAR Reanalysis product. Additionally, ERA-Interim data gives us a
higher spatial resolution than the NCEP/NCAR Reanlaysis data, so we decided to use ERA-Interim
to give us the best estimate of the precipitable water at Summit. However, we recognize that
there is uncertainty in these reanalysis products and we will add discussion of this point in the
revised manuscript

“There is no interpretation of the various regressions in Fig. 5. For instance, earlier in the manuscript, you
describe the temporal slope of the diffusion corrected slopes as not significant. So how are the trends
compared to the original trend?”
-

We wonder if the reviewer may have confused Figure 3 with Figure 5. Figure 3 is the temporal
trend, while Figure 5 is the result of the multiple regression. Each panel of Figure 5 is part of a
multiple regression showing the effect of each of the three explanatory variable leverages
labelled as the x-axes, which is described in section 4.3. These are not plots of slope over time;
those plots are in Figure 3.

“It seems also that the vertical axes of the three different sub-figures of figure 5 are different as the
horizontal levels of the larger and smaller vertical values do not match (I can’t judge for the other
points).”
-

The scale of the vertical axes is the same in each leverage plot. The vertical values shown in each
plot differ slightly as the leverage plots show the relationship between a given explanatory
variable and the response variable with the effect of the other explanatory variables removed.
See Sall (1990) for a discussion on how these leverage values shown in Figure 5 are calculated.

“How crucial is the diffusion correction for these results?”
-

Without the diffusion correction, the results are still significant (overall r2 = 0.67, p = 0.0018) and
each partial coefficient is significant (p < 0.05) and in the same direction. This suggests that the
results are robust even if there is uncertainty in the diffusion correction. We will provide
addition discussion of this point in the revised version of the manuscript.

“How good would be a prediction from the multi-linear regression using the best fit to actually predict
your slope time series?”
-

Figure 5 and Figure 3 are two different regressions. One cannot easily estimate the error of one
regression using the statistics of another. The multiple regression in Figure 5 yields an r2 = 0.61,
indicating that the regression explains 61% of the total variance in the slope variations. This 61%
variation includes both interannual variations (which does not contribute to the trend) as well as
the temporal variations (that does include the trend), but primarily the former. In addition, after
diffusion correction, the temporal trend is not statistically significant, and thus we did not
pursue it further.

“6. It is not clear to me how you discard the change of trajectory of the air masses between summer and
winter, which could also explain the offset between summer and winter values.
For instance, have you performed any back-trajectory analysis that shows that for the period from 1979
to today, the air masses originates and travel roughly across the same areas and are under the same
level of distillation?”
-

In Kopec et al (2019), the authors discuss at length how changing marine-sourced air mass
trajectories are unlikely to create the offset between summer and winter values. They also
perform backtrajectory analysis of the precipitation data from 2011 to 2014 that shows
trajectories are consistent with sublimation contribution. Since we do not have storm by storm
data all the way over the time period of the ice core, we assume that the same processes are at
work. We will make this assumption more explicit in the revised version of the manuscript.

“7. As you mention the large impact of sublimation across the Greenland ice sheet to the moisture that
leads to the formation of precipitation, I think you need to mention the impact on the surface snow (see
the comments of the other reviewers).”
-

The isotopic compositions of the surface snow would definitely be impacted by sublimation.
However, assessing this impact is not trivial and is beyond the scale of this study. To quantify the
changes in surface snow, one would need to do high-resolution sampling of the surface snow.
Because of wind-blown mixing and new snow deposition, it is not easy to tease out the
sublimation signal. We hope that future investigations can be directed to this question, which
will provide additional support to this study. This point is discussed in Kopec et al. (2019); and
will also be expanded upon here in a revised version of the manuscript.

“8. Alternatively, there are measurements of vapour isotopic composition at Summit (Berkelhammer et
al., 2016) which would provide an estimation of the vapour d-excess value which can be of interest to
validate the hypothesis that sublimation from the ice sheet provides a significant amount of moisture
into the precipitation. The impact of the exchanges between the snow and the vapour could also affect
the surface d-excess.”

-

Berkelhammer et al. (2016) only present measurements of δ18O and not δD or d-excess so we
cannot make estimates of sublimated vapor values to compare to our analysis.
Conversely, Bailey et al. (2015) present water vapor isotope measurements from Summit that
includes d-excess. These water vapor measurements show that d-excess is largely in phase with
δD and δ18O, and thus suggest a slope that is greater than 8. However, the standard error of dexcess measurements is large during the summer and presented at a low resolution, and thus
prevent us from extracting the sublimated moisture d-excess end members. These findings are
discussed in Kopec et al. (2019), but some additional discussion will be added to the revised
version of this manuscript.

“9. The study presented here focuses mainly on seasonal and interannual time scales. The previous study
of the authors (Kopec et al, 2019) focuses on the synoptic time scale. In general, I do not believe it is
possible to generalise the results from these time scales to large time scale without further studies and
recommend caution to the authors to really assess at which time scales they results can be applied.”
-

The primary results and discussion in Kopec et al. (2019) focus on seasonal/annual timescale
where the authors explore the anomalously high summer d-excess values in the same storm-bystorm precipitation data that is presented here. We are discussing the exact same timescales
here as was presented in that manuscript.

“10. In general, the authors need to include a greater representation of the relevant literature. There are
a lot of papers that would be relevant for this study that have been overlooked, which as a result weaken
the manuscript.”
-

The relevant literature will be discussed at a greater extent in a revised version of the
manuscript.

“Specific comments:
Page 2 – Line 17: “Over the past half century, variations of hydrogen (δD) and oxygen (δ18O) isotopic
ratios of precipitation have served as increasingly powerful tools in a wide range of disciplines of
research, including paleoclimate, hydrology, and atmospheric sciences.”
While this is generally true, there is a large body of litterature, including review papers that you can cite
here to your point…”
-

We are not sure what literature this reviewer had in mind in this particular context. We did cite
15 studies in this first paragraph. We will go through the reference list provided by this reviewer
and add the relevant ones that we missed in the original manuscript.

“Page 2 – Line 19: “One of the most striking features of these two paired isotope ratios is that they are
remarkably well correlated over time and space, and this relationship is defined as the meteoric water
line (MWL).”

At this stage, one of the early reference could also be used, for instance: (Dansgaard, 1964). You could
also add one of the GNIP paper (Schotterer et al., 1996).”
-

We cite Dansgaard (1964) three sentences later when introducing the concept of deuterium
excess, which is one of the primary outcomes of that study. We cite Craig (1961) when
discussing the meteoric water line in the quoted sentence as that is one of the primary
outcomes by Craig. We will add Schotterer et al. (1996).

Page 2 – line 26: “In the field of paleoclimate studies, for example, δD or δ18O variations in ice cores
have been used to infer temperature changes at ice core drilling sites (e.g. Jouzel et al., 1987; Dansgaard
et al., 1989; Johnsen et al., 1995, 2001; Blunier et al., 2001; Petit et al., 1999) and deuterium-excess
variations in ice cores have been used to infer changing marine moisture source conditions over a range
of time scales (e.g. Johnsen et al., 1989; Barlow, et al., 1993; Vimeux et al., 1999, 2001; Uemura et al.,
2004, 2012; Masson-Delmotte, et al., 2005; Jouzel et al., 2007).”
For temperature reconstruction, there are a large number of recent reference that could be included,
including from Greenland: (NEEM, 2013;NorthGRIP, 2004)…
For the d-excess variations and the link with marine moisture source conditions, I would also recommend
including more recent references
-

We used “e.g.” to suggest that this is only a subset of the literature. While it is impossible to
include all literature related to this subject, we will add a few recent ones as suggested.

“Page 3 – Line 1: “There are relatively fewer studies focusing on how the slope of the MWL changes over
space and time, and determining how such variations may contain climate information.”
This sentence needs to be more precise:
1. the slope of the MWL in the isotopic composition of precipitation is what you’re focusing on, as the
MWL slope can change in the snow for instance due to diffusion, and thus is not containing any climatic
information
2. Fewer than what ?
3. I’m not convinced that there are few studies which have looked at the spatial variations of the slope
δ18O vs δD, for instance (Masson-Delmotte et al., 2008;Touzeau et al., 2016;Landais et al., 2017;Werner
et al., 2018;Jouzel et al., 2000), for the temporal variations (Oyabu et al., 2016;Masson-Delmotte et al.,
2015;Werner et al., 2001;Steen‐Larsen et al., 2011;Persson et al., 2011) and for the space-time
(Hendricks et al., 2000;Risi et al., 2013;Sodemann et al., 2008;Ekaykin et al., 2002)”
-

-

1. Any climate proxy is affected by non-climate variables and thus have systematic and random
noise. Does that mean we should not use proxies at all in climate studies? Slopes can be altered
by diffusion, but that does not mean they contain no climate information.
2. This is referring to the (only) paragraph immediately preceding this sentence, in which we
cited abundant uses of δD, δ18O and d-excess. We will make this clearer in the revised version.

-

3. It is true that there are not “few” studies on the slope of the δD-δ18O line, however we wrote
“fewer” relative to individual isotope ratios discussed in the prior paragraph. However, we will
cite more manuscripts in this paragraph as many of these studies are relevant to the work
presented here.

“Page 3 – Line 3: “For example, if the slope of a LMWL with seasonally resolved observations is less than
8, then d-excess and δD (or δ18O) would have an anti-phase relationship, and the opposite is also true “
I believe this is generally true, regardless of the seasonal resolution.”
-

In the revised version, we will start with the general statement, and then give a specific example
of the season cycle.

“Page 3 – Line 6: “This out-of-phase relationship between the two is equivalent to the fact that, in these
locations, the LMWL (with a monthly or higher resolution) has a slope less than 8. “
Here, the relationship is in “phase opposition”, not out of phase. Out of phase could mean everything as
completely random, to in phase opposition.”
-

We will clarify that in the revised manuscript.

“Page 3 – Line 10: “To our knowledge, this is the only work that described the slope distribution of
LMWLs on a hemispheric scale and discussed the climatological significance of these slopes.”
This is a very strong statement. For instance, this study (Pfahl and Sodemann, 2014) seems to do
something quite similar using d-excess, which is equivalent to the slope δD-δ18O.”
-

Yes, this is a fair statement that many of the same arguments can be seen in Pfahl and
Sodemann (2014). We will change our language in this statement and acknowledge their work
as well.

“Page 3 – Line 11: “Temporal changes, e.g., seasonal or inter-annual, in the δD-δ18O relationship for a
given location have not been explored and can potentially provide information and understanding of
seasonal or interannual variations in the planet’s climate system.”
There is body of research exploring for a given location the δD-δ18O relationship. In Antarctica: (Touzeau
et al., 2016;Dittmann et al., 2016;Stenni et al., 2016). In Greenland: (Landais et al., 2012;Steen-Larsen et
al., 2011)”
-

We thank this reviewer for pointing to us many publications we should acknowledge. These
studies do discuss controls of the δD-δ18O slope, especially on the seasonal scale, and should be
cited in our study. However, they do not discuss observations of inter-annual slope changes. We
will modify our language here to include these studies and discuss the difference between these
studies and ours.

Page 3 – Line 14: “Summit, Greenland is one of the most important sources of deep ice cores that provide
valuable paleoclimate records, particularly through the measurement of water isotopes. “
I think the term “most important source of deep ice cores” is not very precise. Please reformulate.
-

We will reformulate this statement to be more specific in the revised manuscript.

“Page 3 – Line 17: “While Feng et al. (2009) demonstrated that almost all sites in the mid- to highlatitudes of the Northern (and Southern) hemisphere exhibit an out-of-phase relationship between δD
and d-excess, and the mechanisms controlling this pattern are relatively well understood, Kopec et al.
(2019) recently reported a nearly in phase relationship between δD and d-excess of event-based
precipitation measurements at Summit, Greenland.”
The demonstration from Feng et al (2009) is at the seasonal scale from GNIP data. δD and d-excess are
there anticorrelated.
Your previous study (Kopec et al, 2019) presents results across the synoptic scale and the seasonal scale.
Both results are not necessarily opposed considering the different time scales.”
-

Both studies examine the seasonal scale. Although Kopec et al. (2019) studied data that were
obtained for events, the correlation of δD and δ18O largely represents the seasonal co-variations
of these two variables. The discussions in Kopec et al. are all focused on seasonal scale
processes, so we disagree that there is a difference in time scale.

“Page 6 – Line 22: “This result is consistent with the observations of Kopec et al. (2019), where they
reported dexcess measurements in phase with δD or δ18O values.”
Why don’t you present the slope and the correlation? “In phase” is vague to describe the link between dexcess and δD.”
-

The precipitation dataset is the same in Kopec et al. (2019) and in this manuscript. The phase is
calculated and presented in Kopec et al. The slope, which is based on the correlation, is
presented in this manuscript.

“Page 7 – section 3.2: As you are comparing results obtain from precipitation samples and from an ice
core, it would be important to transpose the diagnosis made in section 3.1 to section 3.2. In particular, I
think presenting the equivalent of figure 1.b) for the Owen ice core would be beneficial. In the
precipitation, you show that the slopes are actually smaller than 8 if you look at winter and summer
separately, but there is a shift between the cloud of winter points and the cloud of summer points. Is the
same shift visible in the Owen ice core if you do the slope on all the summer points (high δ18O points) and
all the winter points?”

-

This is a good question, and something that we have considered. However, for the ice core, the
within-year dating is much less precise so separating measurements into bins of summer and
winter samples has substantial uncertainty as opposed to precipitation samples where we know
the exact date the snow fell.
However, we have examined the seasonal separation between samples that are estimated to
represent summer and winter. If we attempt to recreate Figure 1 for the ice core data, the dexcess vs δ18O relationship looks quite similar to that of precipitation (see Figure r1 below). We
see that the summer data is separated from the winter data where the summer values are more
enriched and/or have higher d-excess than those of the winter samples. To do this analysis, we
assume constant snow accumulation within each year in the ice core and thus each sample
within a year represents the same amount of time. From there we can define the year fraction
and delineate summer and winter with the same year fraction we used to separate summer and
winter samples for the precipitation dataset (i.e. summer = June, July, and August, or from year
fraction 5/12 to 8/12). Given the uncertainty in defining the time of year, we would prefer not to
include this figure in our revised version of the manuscript, but would be willing to include as
Supplemental material if desired.

Figure r1: Plot of d-excess vs. δ18O for Owen ice core dataset broken down seasonally into
summer (red), winter (blue), and spring and fall (gray) points. The annual regression line is
shown (black line) in addition to seasonal regression lines for summer (red line) and winter (blue
line), respectively.
“Page 7 – Line 23: “Correction for the diffusion effect on the isotopic record produces some significant
differences, most prominently, the elimination of the temporal trend in the δD-δ18O slope”
Did you realise any sensitivity tests for this? Considering this is widely used after, it would make sense to
make sure that this is pertinent.
Also, considering other ice core have been drilled at summit in the 90’s, can you compare the values with
these ice cores? It would be interesting as then, the values at the top of these old ice core would not have
had time to be diffused, and thus, you can validate how much the back diffusion is not creating any
artefacts.”

-

As stated above in response to an earlier comment, the multiple regression of SPI, PDI, and
SPI*PDI is robust across a range of diffusion corrections. It is certainly possible the tuning
parameters for the diffusion correction defined by Johnsen et al. (2000) have changed, or will
change for future analyses, but it is beyond the scope of this study to re-examine these factors,
particularly as the primary analysis of this study appears to be relatively robust against
variations in those parameters.

“Page 10 – Line 5: “Sublimation from the snow surface has been shown to reduce the d- excess of the
remaining snow, while the vapor removed by sublimation has a high d-excess (Moser and Stichler, 1974;
Stichler et al., 2001).”
There are more recent studies studying these processes (Sokratov and Golubev, 2009;Steen-Larsen et al.,
2013;Steen-Larsen et al., 2014;Casado et al., 2016;Ritter et al., 2016)”
-

We agree that some additional discussion on the impact to the surface snow can be helpful. We
will incorporate the conclusions of these studies into the revised discussion.

“Page 13 – Line 15: As figure 6 does not have a colour scale for the δD-δ18O slope, it is very difficult to
understand this paragraph. In general, I would recommend a more detail explanation.”
-

We will add a statement describing the contour plot in the caption of Figure 6 in a revised
version of the manuscript.

“Page 13 – Line 31: “First and foremost, we show that the slopes of δD-δ18O lines observed over
different timescales and from various records (i.e. precipitation or ice cores) can be valuable tools to
explore hydrological processes through the climatological controls of the isotopic composition of
precipitation.”
In your study, you present results covering the seasonal and interannual scale. The generalisation to
larger time scale is not shown, but hypothesised.
Also, in your manuscript, I was under the belief that you considered ice cores as precipitation (and
diffusion which you are correcting). A discussion on the differences between precipitation and ice core
would be interesting, but I don’t believe it is central to your manuscript.”
-

-

We agree that taking the step beyond the seasonal and interannual timescale is not
demonstrated in this study, but in section 4.1 we want to show some potential applications of
the type of analysis presented in this manuscript for others to examine. We thus think it is
appropriate to keep the thought experiments presented in 4.1 in the manuscript.
Exploring the differences between what is recorded in precipitation and in the ice core would be
interesting to examine, but as the reviewer stated in the comment, is not central to this
manuscript and beyond the scope of the study. An interesting follow-up project would certainly

be to see how the signal of this precipitation record is preserved in the ice in a follow up study
(or studies) after the snow has had time to diffuse.
“Page 14 – Line 2: “Using the slope of this line adds a new method of inquiry as it holds more
information, or at least different information, than simply taking the average δD, δ18O, or d-excess over
a given time window.”
d-excess and the slope δD vs δ18O is the same climatic information.”
-

Taking this logic further, one could also say that d-excess also has the same climate information
as just δD and δ18O since both the slope and the d-excess are calculated from those values.
However, there are certainly additional pieces of information you can learn when looking at dexcess and slope, especially as the slope provides a means to integrate a variety of information
about d-excess, δD, and δ18O together. For example, the slope integrates the annual cycles of dexcess and δ18O into a value that can be compared across time (such as what we did in this
study) and space.

“Page 14 – Line 11: “In order to use δD-δ18O slope measurements in ice cores, it is critical to account for
the effects of diffusion, which we show to have significant impacts on the slope. If done properly, the
method we developed can be applied to deeper cores and/or at other locations.”
I also believe this is very important. I suggest you include tests that evaluate what impact the correction
of effects of diffusion has on the slopes.”
-

This has been studied before, by Johnsen et al. (2000), for example. Generally, the slope
increases with diffusion, and therefore the d-excess- δ18O phase changes (as pointed out by the
other reviewer). Here, we used a published method to correct for diffusion, but the goal is not
to study the effect of diffusion itself.

“Page 14 – Line 33: “Second, while the precise mass balance computations are beyond the scope of this
study, the fact that this moisture source significantly contributes to summer precipitation shows that
moisture recycling is potentially an important component to consider for the mass balance of the
Greenland Ice Sheet.”
This is indeed out of the scope of the study and brings a lot of questions:
- How much moles of water does your result suggest this represent?
- What is the relative proportion that this represent compared to the summer accumulation?
- How do you distinguish surface sublimation from sublimation of the snow flakes by katabatic winds in
coastal areas (Grazioli et al., 2017)? Indeed, the sublimation of the later will not contribute to the SMB.
I suggest to remove this sentence or to go in more details.”
-

The first two questions are discussed to some degree in Kopec et al. (2019). We can cite that
manuscript in this sentence to point readers to those calculations. Regarding the third question,

this is much more complicated to parse out. So long as the vapor sublimation from the snow
surface or from falling/blowing snow flakes has a relatively high d-excess, as it is expected to
have, it would be difficult with this analysis to tease those apart. However, so long as the
moisture is returning to the ice sheet via precipitation at Summit, both scenarios yield net zero
SMB changes, and both of which are lesser understood components of mass balance
calculations.
“Page 15 – Line 30: “Over the measurement period of the Owen ice core, the reduction of sea ice has
caused an increase of Arctic sourced moisture at Arctic coastal sites (Kopec et al., 2016). If this sea ice
effect has also reached Summit, Greenland, we would expect to see the δD-δ18O slope decrease over
time. However, after correcting for diffusion, there is no significant temporal trend in the δD-δ18O slope
(Fig. 3).”
At this stage, I don’t think you can reach such conclusion without evaluating the impact of the diffusion
correction on your data and by using a single ice core while multiple previous studies have proposed
alternative explanations which fit several ice core, and even sometimes 18O-excess.”
-

-

As stated above, the relationships presented in the multiple regression are reasonably robust to
varying diffusion corrections, and thus we believe it is reasonable to present this thought
experiment as an example of a potential application of this work.
Including 17O-excess into this examination would have been great but that information is not in
our data set.
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