
In the manuscript titled “Combined and autonomous online measurement of water isotopes in 
precipitating snowflakes and atmospheric water vapor in East Antarctica” Thomas Lauwers  et al. 
describe a new method to measure stable water isotopes of precipitation in coastal East Antarctica. 
Potentially this method could replace very labor intensive and unreliable manual sampling of 
precipitation while also improving time-resolution. With calibration and post-processing both water 
vapor and snow precipitation can be analysed quasi in-situ with one single instrument.  

We thank the reviewer very much for this constructive assessment and for the pertinent questions 

that helped improve the manuscript. The answers are inserted in red and citations from the 

manuscript are indicated in blue. 

 

General comments 

This new instrumentation together with post-processing is a great addition for process 
understanding of the water cycle. In Antarctica precipitation is known to be difficult to sample and to 
avoid fractionation or mixing with older snow or hoar. It is clearly pointed out to be a prototype and 
event-based study. Still, it would be helpful to discuss some points more comprehensively, e.g. by 
answering the following questions throughout the discussion: 

• Could the instrument replace a dedicated instrument to measure stable water vapor isotopes? 

Yes, we think that this method can be used to measure stable water vapor isotopes. We added 
this sentence in the first paragraph in section 4.1.2: 

“The present setup can also provide continuous water vapor isotope measurements, although 
interruptions occur during snowflake sampling (~15 min every hour). These gaps are not expected 
to affect long-term observations, including annual, seasonal, diurnal variability studies. At the 
event scale, abrupt variations reaching 0.5 ‰/h in water vapor δ18O have been reported [Landais 
et al., 2024] and typically last a few hours, making the setup also suitable for capturing such 
variability.” 

• Could the instrument replace manual precipitation sampling? 

In the long term, this may become possible, but for now we consider the instrument as 
complementary to manual sampling rather than a full replacement. Autonomous sampling is 
particularly well suited for remote environments and low-precipitation conditions where manual 
sampling is difficult or not feasible, as already mentioned in the conclusion:  

“Compared to manual collection, the automated approach offers clear advantages: it requires no 
human intervention and is sensitive enough to detect very small precipitation volumes, making it 
well-suited for deployment in the low-precipitation environments of the Antarctic plateau.” 

In stations with larger precipitation amounts, manual sampling remains interesting because it 
provides lower measurement uncertainty and allows the retrieval of second-order parameters 
such as d-excess. To clarify this point, we added the following sentence at the end of the first 
paragraph of the conclusion: 

“At this stage, the method is complementary to manual sampling rather than a full replacement, 
especially in places with large precipitation amounts, where manual collection provides lower 
uncertainty and access to second-order parameters.” 



• Is the instrument suitable for all kinds of precipitation (drifting snow, blowing snow, diamond dust, 
agglomerates)? What kind of “snowflakes” are expected to be able to be sucked into the sampling 
line with the status quo? 

In principle, the instrument can sample all types of “snowflakes”, including drifting snow, blowing 
snow, diamond dust, and agglomerates. However, the main limitation arises from the inlet 
geometry and wind direction, as discussed in section 4.1.2 (second paragraph). In the current 
configuration, large agglomerates (> ~3 mm) may not efficiently enter the sampling line or may 
partially fragment at the inlet, which could introduce a sampling bias.  The second paragraph of 
section 4.1.2 has been modified to include these details. 

• What would be your recommendations for the optimal instrumentation? 

The optimal instrumentation setup is summarized in the last paragraph of section 4.1.2. It would 
include i) an adjustable and orientable inlet to maximize snowflake collection efficiency, ii) a water 
vapor analyzer adapted to the range of humidity measured both on snowflakes and vapor at 
Dumont d’Urville station, and iii) a dual-analyzer configuration to enable continuous, high-
frequency measurements of snowflakes without interruptions associated with vapor 
measurements. 

To me, the measurement set-up is missing the option of a standard injection unit to calibrate 
precipitation measurements. At this point the comparison to manually sampled precipitation looks 
rather convincing, but I think a future version of the instrument would benefit a lot on the 
opportunity to independently calibrate the precipitation measurements. A syringe injection unit, like 
Affolter et al. (2014, https://doi.org/10.5194/cp-10-1291-2014) used, could help to optimise post-
processing and design of the inlet line. Did you do any experiments to characterise sublimation in the 
snowflake line or liquid evaporation to optimise post processing? 

Thank you for this relevant suggestion. We agree that the implementation of a standard injection 
unit to mimic a snowflake sublimation would be valuable for the system optimisation, for calibrating 
precipitation measurements and better quantifying instrumental uncertainties. 

At this stage, however, implementing such a setup in Antarctica would be technically challenging and 
likely require regular human intervention, reducing the advantage of a fully autonomous 
measurement system, which is the aim in this study.  

We already performed preliminary syringe injection tests in the laboratory to validate the concept 
before deploying the prototype in the field, but with a different setup which is not representative of 
the prototype running in Antarctica (different sampling volume, heating temperature, material, etc). 
More robust laboratory experiments with a realistic setup would be highly valuable to help 
disentangle instrumental noise from natural variability discussed in section 3.2.1. We have added the 
following sentence at the end of section 4.1.2 in the manuscript: “In addition, controlled experiments 
using standard injection systems would be valuable to better characterize the setup, in particular to 
disentangle instrumental noise from natural variability (section 3.2.1) and to assess the influence of 
external parameters (e.g. snowflake water content and isotopic composition, background humidity).”  

In section 2 Methodology, I would prefer a subsection with a site description, where the climatic 
conditions (temperature, wind direction and speed, typical conditions for precipitation, drifting 
snow, blowing snow) the sampling sites (also in relation to prevailing wind direction) and also the 
remote sensing instruments can be described. It could be restructured a bit to make clear which 
instruments have been there before and what and when instruments were newly used for this study.  



Thank you for this helpful suggestion. In response, we have added a subsection (Section 2.1) 
providing general information about the site, including climatic conditions, as well as a bri ef 
description of the meteorological and remote sensing instrumentation. We also clarified the 
positioning of the ATMOS building with respect to the prevailing wind. In addition, the first paragraph 
of Section 2.2 has been revised accordingly to avoid repetition regarding the isotopic measurements.  

Specific comments 

Line 35: Be careful with the word “first”, I would prefer “early”. 

Correction done 

Line 36: Again “first”. Do you mean precipitation was measured before vapor? The title of Dansgaard, 
1953, Tellus V is “The Abundance of O18 in Atmospheric Water and Water Vapour”, so cryotrap 
sampling was also used early on. 

Thank you for the clarification. We have removed “first” to avoid implying a chronological sequence, 
as early studies (e.g., Dansgaard, 1953) already included both precipitation and atmospheric water 
vapour. And in the following paragraph, we specified that laser spectroscopy made possible the 
“continuous” measurement of water vapor isotopic composition. 

Line 78: Please replace “weird” with a more precise expression, maybe “extreme”.  

“weird” has been replaced by “anomalous” 

Line 85: DDU abbreviation, please introduce every abbreviation first. 

Correction done 

Line 91: See General comments. Please make a section with site description and introduce all 
abbreviations (e.g. also ATMOS). Add some details on the meteorology of the site and describe the 
remote sensing instruments.  

Thank you for this remark, this has been included in the new section 2.1 

Line 92: Which Picarro model is used? 

It is a L2130-i Picarro. Text was modified accordingly. 

Line 94: See above, what is the ATMOS building? 

This is now detailed in section 2.1 

Line 96: I think it is low-humidity level generator. 

Thank you, this is corrected 

Line 99: When was the new sampling line installed? 

The new sampling line was also installed during the summer season 22-23, this has been added in the 
text. 



Figure 1/Right: All valve symbols except valve 6 have to be rotated by 90 °. 

There are arrows drawn where the water vapor and snowflake inlet lines meet the sample lines of 
the analysers. I do not understand the meaning and would expect a simple T-connection.  

Thank you for your remarks, Figure 1 has been modified as follows: 

- The two arrows were removed 
- A detailed view of the snowflake inlet was added 
- “Snowflakes inlet” was replaced by “snowflake inlet” 
- The valves were rotated by 90° 
- Valve V0 was removed, as it did not provide any additional information  
- Ports A, B, and C were added to V6 

Are there any open splits upstream of the analysers? 

There is no “open splits” upstream of the analysers, only the two flushing pumps are situated 
upstream. 

Line 109: What kind of filter (material and size)? 

This is a sintered filter made from stainless steel with a 16 mm diameter, this has been added in text.  

Line 112: What is meant with aperture? Is it just the end of the 1/8” tube? Is there a detail picture of 
the snowflake inlet available? 

The aperture is a 1/8” hole made on a stainless steel Swagelok cap mounted on the 1/4” tube, see in 
the modified figure 1.  

Line 112: What is meant with “to be pumped”? 

I removed this expression with this new sentence: “The second inlet (“snowflake inlet”) is oriented 
upward with a small aperture (1/8") to allow snowflakes collection.” 

Table 1: V6 is illustrated as a three-way valve, so it is not clear what open/closed means. 

We changed open/close by the position with the three ports A, B and C.  

Line 125: What is the height of the sampling devices? Does the wind sock also collect drifting snow? 
Where is the sampling place in relation to wind obstacles? 

The sampling systems (tray and wind sock) are installed at an approximate height of 1 to 1.5 m above 
the surface, this is now added to the legend of Figure 2. The wind sock may indeed collect drifting 
snow, but this contribution has not been specifically quantified in this study. We have added the 
following sentence in Section 2.3 to clarify the sampling conditions: 

“The collection device location was constrained by logistical requirements (easy winter access) but 
oriented toward the dominant wind direction (south-east), minimizing potential shielding by nearby 
building.” 

Line 132: What were the criteria of event selection? 



For this first study aimed at testing the performance of the sampling method, we did not propose a 
particular protocol for event selection. A new sentence in section 2.3 has been added: 

“The events selection was based on practical criteria (availability of the winterover staff) and 
meteorological conditions. The winterover staff ensured that continuous manual sampling could be 
performed without interruption when forecasts indicated precipitation lasting more than 24 hours, in 
order to obtain a few long and high-resolution datasets. Outside of these events, manual sampling 
was performed only during standard working hours.” 

Line 149: This would mean that the Picarro would be a more suitable instrument to measure both 
stable water isotopes, at least for sufficiently high vapor backgrounds – later you mention that. Did 
you try the snowflake inlet with the Picarro at some point? 

Thank you for this remark. We have indeed recently tested the snowflake inlet with the Picarro 
L2130-i (in 2025), following the validation of the method with the AP2E instrument presented in this 
manuscript. This new dataset will allow us to evaluate the performance of the Picarro under high-
humidity conditions and to investigate second-order parameters (d-excess). However, the data 
processing and comparison with individually collected snow samples are still ongoing and require 
additional time (snow samples are not back yet in Europe). 

Line 176: In this set-up you can get the background humidity and isotopes from the Picarro also, or 
not? Does it change the results? 

This is a very interesting question, and we provide here clarifications based on tests we conducted. 
We indeed evaluated a two-instrument configuration, in which the background humidity and isotopic 
composition are measured with the Picarro L2130-i during the snowflake sampling phase, instead of 
being estimated from the average of the last 5 minutes of the preceding vapor measurement 
segment, as done in the single-instrument approach presented in the manuscript. 

This configuration did not lead to improved accuracy compared to the single -instrument method. For 
this reason, and in order to keep a concise, methodology paper, we chose not to include these 
intermediate results in the main text. We consider that the most robust evaluation criterion remains 
the comparison with independently collected snow samples. 

The table below summarizes the accuracy obtained for the three case  studies using both 
configurations. Note that the overall mean accuracy (deviation from the collected sample) reported 
in the manuscript using the single instrument configuration (−5.4 ‰) does not correspond to the 
average of the three cases, as each event contains a different number of data points and therefore 
contributes with a different weight. 

 Single-instrument 
accuracy (‰) 

Two-instrument accuracy 
(‰) 

Case 1 -3.0 6.5 
Case 2 -6.1 5.8 

Case 3 -8.1 -5.1 
No clear improvement is observed, and the accuracy remains of the same order of magnitude for 
both approaches. Although measuring the background humidity and isotopic composition 
simultaneously during the snowflake sampling phase may seem more appropriate, the two-
instrument configuration may also introduce additional sources of uncertainty, in particular related 
to intercalibration between instruments, since the isotopic measurements are no longer performed 
by a single analyser.  



Line 180: That is why I think the set-up could benefit from the addition of a syringe standard injection 
unit or similar. 

We agree that the implementation of a syringe-based standard injection would help to better assess 
the detection limits of the setup (ie when the water content of the snowflake is very low). We refer 
to our response above for a more detailed discussion of this point. 

Line 183: Why the first 4 minutes? What are the criteria? 

After each switch, we observe a peak in humidity (see Fig. 3), particularly visible between 17:30 and 
18:00. The 4 minutes have been adjusted based on the three presented cases, where we observed 
that this duration was sufficient to filter out the peak.  

We modified the manuscript with the following sentence: “After each switch, peaks in humidity and 
δD signal, attributed to measurement artefacts (e.g., pressure fluctuations after valve switching), are 
observed. To filter them, we remove the first 4 minutes following each switch and then calculate the 
isotopic composition of precipitation δDp (computed from Eq. 1).” 

Line 186: Could you estimate the water content which would equal a 10 % increase in humidity?  

The water content can be estimated, but depends on the background humidity. For a background 
humidity of 1000 ppm, a 10% increase corresponds to a snowflake sublimation contribution of 100 
ppm, measured over ~ 10 min. With an incoming air flux of 50 mL/min, a temperature of 45°C and 
pressure of 50 mbar, the corresponding liquid water content is of 0.1 µL. This value is interesting for 
a comparison with the literature and similar systems (e.g., Affolter et al., 2014). However, we chose 
not to include this estimate in the manuscript, as it does not represent the water content of an 
individual snowflake (which would have a clearer physical meaning), but rather the integrated 
contribution of several sublimated snowflakes during the 11 minutes measurement period of the 
“snowflake mode”. 

Line 187: How common are situations like the last segment of figure 3? What could it be? How would 
figure 3 look like if you use the Picarro measurements as “background”, are there any differences? 

The last segment of Figure 3 illustrates a typical situation where no snowflakes enter the sampling 
line. No significant humidity peaks are observed, apart from the two peaks associated with the 
switching between vapor and snowflake modes (these are instrumental artefacts, see previous 
response). The relatively flat humidity signal remains slightly above the background level and we 
attribute it to residual water vapor from previously sublimated snowflakes that has not yet been fully 
flushed by the pump. A sentence has been added at the end of Section 2.5 to clarify this point. This 
so-called “memory effect” is well known in isotope measurements and is also associated with a small 
offset in isotopic composition. When this residual humidity becomes small (<10% above background), 
the denominator in Eq. (1) approaches zero, which can lead to divergence in δDp and increased 
uncertainty. For this reason, such data points are excluded from the analysis.   

Using the Picarro L2130-i as a background reference confirms the slightly lower background 
humidity, but do not significantly improve the overall measurement uncertainty (see previous 
answer).  

Line 197: Please add a few more details for the events (maybe in a table): wind speed and direction, 
precipitation type and duration. Why did you choose these events? For the discussion: Are there 



additional events, where you doubt the quality of the results and what could be the reasons? Or are 
there other events where there was no accompanying high resolution manual sampling? 

Thank you for this remark. We have added a table in Section 2.1 including mean temperature, wind 
speed, wind direction, and humidity for summer/winter periods and for the three selected events. 
The event duration is also reported and corresponds to the period during which snow samples were 
collected (including precipitation/blowing/drifting snow).  

The precipitation type is not straightforward to determine, as there is no unambiguous observational 
criterion to distinguish snowfall from blowing or drifting snow. A combined analysis of remote 
sensing observations (micro rain radar, ceilometer), precipitation gauge data, and snowflake imaging 
could provide insights into the nature of the events, but this is beyond the scope of this study. 
Instead, we indicate in the table the sample type (tray, preferentially collecting vertically falling snow 
and wind sock, mainly collecting snow associated with a strong horizontal speed). 

The selected events were chosen because they last more than 24 hours (detailed in section 2.3), 
allowing us to obtain long and high-resolution datasets adapted for quantitative comparison and for 
documenting intra-event isotopic variability of snowflakes in Antarctica. Over the period December 
2022 to August 2023, we identified very few events with continuous manual sampling over more 
than 24 hours, and only the three presented events combine both uninterrupted manual collection 
and simultaneous instrumental online measurements. We also have additional events with 
instrumental online observations but without corresponding manual samples. 

From this first dataset (December 2022 to August 2023), we did not identify any event showing 
strong disagreement, including shorter events. This study is intended as a proof of concept rather 
than a comprehensive statistical evaluation, but we agree that a long-term analysis (over one or two 
years), including also the shorter events would provide a more robust assessment of the method’s 
performance, as well as the sampling representativity. We added this sentence at the end of section 
4.1.2: “Future work should also include a longer-term statistical evaluation (e.g., over one year or 
more), including shorter events and periods with and without collected snow, to better quantify the 
representativity of the sampling system.” 

Line 208: Please introduce what subscript cp means. 

Thank you, the text was modified accordingly. 

Line 211 to 214: Move to discussion, but describe here the agreement/differences between the two 
sampling methods. Also, are there any obvious differences between the wind sock and tray 
samplings? Not everything you see in figure 4 is described. A definition of theoretical vapor is 
missing. 

Thank you for this remark. When both wind sock and tray samples are available  at the same time, no 
obvious differences in isotopic composition are observed for the three events shown in Figure 4. 
However, differences in collection efficiency are observed at the event scale, with some periods 
including only tray samples and others only wind sock samples. No periods were identified during 
which snowflakes were sampled exclusively by the autonomous online method. The number of 
samples collected by each sampling method is now reported in the new Table 1. The combination of 
the tray and wind sock helps maximize snow collection under varying wind conditions. The last 
paragraph of section 3.1 (previously line 211 to 214) has been revised to include these details. 



The theoretical vapor at equilibrium is defined at the beginning of  section 4.2.2 and is only 
mentioned in the caption of Figure 4. Section 3.1 is intended to focus on the description of the  
measurements obtained with the different snow sampling methods and water vapor isotope 
observations. Since the theoretical equilibrium vapor is only introduced for the interpretation of the 
Δ(𝛿𝐷) metric in section 4.2.2, we preferred not to include its definition earlier in order to keep 
section 3.1 concise and easier to follow. 

Figure 4: It should be avoided to use red and green in the same figure. Also red and violet are hard to 
distinguish. Please also indicate in the figure description what is blue and what is dark blue.  

Thank you for this remark, the figure and the description have been modified accordingly. 

Line 230: Could you prove the kinetic effect in your sample line with some experiments? What kind 
of signal do you get outside of precipitation events, in calm conditions, during drifting snow, blowing 
snow events? 

We observed δD signal shapes similar to those described in Affolter et al. (2014) in some of the 
measurements presented at DDU, typically during precipitation events with low snowfall rates or 
drifting/blowing snow conditions with very few captured snowflakes. However, at this stage we 
cannot fully prove that these signals are exclusively caused by the kinetic effect associated with the 
sublimation of individual snowflakes, and we therefore slightly modified the sentence in line 230.  
Indeed, under real field conditions, the signal shape may also result from mixing between several 
snowflakes or from variations in background humidity. Additional experiments using snow injections 
would therefore be necessary to robustly demonstrate and quantify this kinetic effect during 
sublimation, which could be an interesting topic for future work. 

Lines 240 to 243 and figure 5: From the figure 5 it is not clear to me why an integration time of more 
than 4 min is required. The mean of the flake phase measurements seems still to be close to the 
collected samples, especially if you consider different sampling times as you mention in the next 
section? What would you expect the variability of snowflake water isotopes to be?  How can you 
distinguish between measurement noise and “snowflake variability”?  

The mean value is indeed close to the manually collected samples and suggests that, at first order, 
one 11-minute integrated sample and averaging eleven successive 1-minute samples provide similar 
values. However, reducing the integration time to 1 minute while maintaining a 45 minutes vapor 
measurement phase (ie one 1-min sample every 45 minutes) leads to significantly lower precision 
and accuracy. During the particular event shown in figure 5, the variability observed between 
successive 1-minute samples within a single snowflake phase often exceeds the ∼100 ‰ isotopic 
jump observed during the event. As a result, a 1 min snowflake / 45 min vapor configuration would 
make it difficult to distinguish natural variability from instrumental uncertainty and could potentially 
mask part of the signal variability. 

We replaced “required” by “preferred” in lines 240 to 243, as we agree that there is no strict 
threshold and the choice of sampling duration results from a compromise between several 
constraints discussed in section 4.1.1 (capture efficiency, temporal resolution, measurement noise, 
memory effect). 

At this stage, disentangling instrumental noise from the actual variability between snowflakes 
collected during the ~11-minute integration period is complicated. We believe that better 
constraining instrumental uncertainties through dedicated laboratory injection experiments could 
help distinguish measurement noise from true inter-snowflake variability (see response above 



concerning the standard injection unit). Although the behaviour of this very high-frequency 
variability is still an open question, one may expect for example larger variability during periods when 
snowflakes formed under very different conditions coexist, for example during mixed situations 
involving both precipitation and blowing/drifting snow. 

Line 272: What are the conditions/the goal of the set-up for the discussion in section 4.1.1.? Do you 
assume you want to have one single instrument to get vapor and precipitation measurements at 
once and have no additional manual sampling of precipitation? 

Indeed, our goal was to develop and validate a completely autonomous system with only one 
instrument, to be deployed in the frame of the AWACA project (https://awaca.ipsl.fr).  

We added details to clarify this at the beginning of section 4.1.1. 

Line 291: Advantage over what? 

Advantage over manual sampling, changed in the text 

Line 342 to 344: What would be the instrumental set-up for studies of snow formation, sublimation 
and surface interaction? 

Lines 364 to 366: I do not understand. 

We acknowledge that this sentence is unclear, and more generally, that section 4.2.2 objectives are 

not clearly defined. The aim of this section is to propose a first interpretation of the Δ(δD) variability 

observed during the selected event, which may reflect changes in cloud processes, under idealized 

conditions. This interpretation is supported by remote sensing observations documenting the vertical 

extent of the cloud layer. Section 4.2.2 (including previous lines 364 to 366) is currently being revised 

to better clarify the objectives, assumptions, limitations and the interpretation of the results.  

 

Line 365: What is the CALVA program? 

The mention of the CALVA program has been removed from this paragraph, as it did not provide 
relevant information in the manuscript. CALVA is a research program dedicated to the calibration and 
validation of atmospheric models through observations in Adélie Land and Dome C, including the 
remote sensing observations shown in Figure 8. The program is acknowledged in the 
Acknowledgments section. 

Line 366: Include ceilometer and micro rain radar in methods and explain what these measurements 
mean. 

Thank you, this has been included in the new section 2.1 

Line 385: You should mention the inverted axis already in line 379. 

Done 

Line 429: How can the differentiation between drifting and blowing snow be done? 



Thank you for this question. We first clarify that the current instrumental setup is not able to 

discriminate between different types of snow (snowfall, blowing or drifting snow). We have added 

one sentence to explicitly state this at the end of section “2.2 Water isotopes instrumental set -up”:  

“It should be noted that the present set-up does not allow discrimination between different types of 

ice particles (e.g., snowfall, drifting or blowing snow).” 

 

At this stage, it is not clear whether the differentiation between drifting and blowing snow can fully 

achieved, but we believe that this new type of combined isotopic measurement provides valuable 

information, as each type of ice/snow particle is associated with distinct formation and 

transformation pathways that may leave specific signatures in the isotopic composition.  

We modified line 429 to better explain this and to include also blowing snow:  

“This opens up new possibilities for evaluating the implementation of cloud processes and their 

impact on the isotopic composition of precipitation, for improving the representation of snowflake-

atmosphere interactions (particularly during sublimation), and for helping to constrain the 

contributions of falling, drifting and blowing snow, which arise from different transport and 

transformation pathways.” 

 

Technical corrections: 

Figure 1: Snowflake inlet instead of Snowflakes inlet 

Line 124: Snow sample collection and measurement instead of Snow samples collection and 
measurement 

Done 

Line 143: Remove “situated” 

Done 

Table 2: Dimensions of a1 and b1, the dot should be a multiplication symbol 

Multiplication symbol added  

Line 288: hours instead of hour 

Done 

Line 378: on April 15th instead of in April 15th 

Done 


