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Author’s response to the reviewer comments for the revised manuscript

Dear Editor,

we have now completed major revisions of our initial submitted manuscript. We modified the structure and writing, and the
presentation of the material in the manuscript substantially, taking into account the reviewer’s concerns and comments. We
feel that the revised manuscript has thereby improved substantially. Below we detail the substantial changes, and provide a
point-by-point reply to the reviewers’ comments.

On behalf of the Authors, Yongbiao Weng

Major changes
Summarizing the revisions to the content following the major comments from the three anonymous referees:

1. We have repeated two experiments (MIX2 and MIX3) regarding to the slight contrast dependency behaviour of A§#0
for standard water MIX in Fig. 9a. In the repeated experiments, we have added measurements at lower humidity levels
(down to 200 ppm) to reduce the fitting uncertainty due to the lack of constraining data points at those humidity levels.
Each experiment consists one ascending and one descending sequence of the same standard water MIX. The results are
shown in the figure below (the two repeated experiments are represented by MIX2 (green) and MIX3 (red) respectively).
Though MIX3 somehow shows a stronger humidity dependency, no indication of a contrasting dependency behaviour is
observed due to the measuring sequence in the two experiments. On contrary, both experiments show good consistency
despite of the ascending and descending sequences. For simplicity, we have only presented the result from MIX2 and
discussed the results from other two experiments in Appendix A3 in the revised manuscript.
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Figure 1. Mixing ratio dependency of GSM1 (dark blue symbol), MIX (light blue symbol), DI tap water (orange symbol), MIX2 (green
symbol), MIX3 (red symbol) for (a) 5*20, (b) 5D and (¢) d-excess, with ascending (closed symbol) and descending (open symbol) humidity
sequences. Solid curves represent the fits for ascending humidity sequences and dashed curves the fits for descending humidity sequences.
All the measurements are uncalibrated and carried out with discrete injections using an autosampler with N2 being the carrier gas. The
measurements for DI tap water, MIX, MIX2 and MIX3 are carried out on instrument HKDS2038 (Picarro L2140-i) (experiment 9 and
11). The measurements for GSM1 are carried out on instrument HKDS2039 (Picarro L2140-i) and one outlier around 500 ppmv has been
excluded (experiment 15).

2. We have extended the discussion section with a detailed discussion on the spectroscopic origin of humidity dependency
behaviour and have added a figure to demonstrate the absorption spectrum of the targeted water molecules.

3. We have updated the aircraft dataset with a more meaningful d-excess profile. First, we have replaced the every 10th
data points to a one minute average dataset. Second, we have shifted the 4D profile to account for a dephasing effect that
contributes to artificially enhanced values of the d-excess profile. The delay in the response time for the D profile is
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probably due to the "wall effect” where water molecules stick to the inner wall surface of the system. Besides, uncertain-
ties are indicated for all profiles in Fig. 4 to help clearly address the impact of different correction schemes. The aircraft
data shown in Fig. 3 and presented in Sect. 6.1 are updated accordingly.

4. We have indicated the uncertainty (one standard deviation) of typical single injection in Fig. 1. Though, the uncertainty
shown in the main figure is kept the same, which is accessed as the standard deviation of the means obtained from the 3
injections at each mixing ratio. This uncertainty is meant to be smaller, because it represents the dispersion of the means,
or the uncertainty of the repetitions. For the present study, we consider the standard deviation of the mean, provided by
multiple, repeated measurements, to be the most relevant information with regard to fitting the correction surfaces.

5. We have updated the dataset for "autosampler inject" in Fig. Al (a-c). The dataset was mistaken from experiment 1 in
the previous manuscript. Now it is changed to that of experiment 2. It has not affected our conclusions.

6. Have shortened certain repetitive parts and correct other small wording issues and typos. Details of these minor changes
are found in the point-by-point response to the reviews of the three anonymous referees and the marked-up manuscript
version below.

In addition, regarding the structure of the manuscript, we have changed the following aspects to improve overall readability
and clarity:

We have revised/rephrased the Introduction section.

We have rearranged the Methods section and included a paragraph describing the instrument principle, L2130-i/L2140-i
differences, and error budget.

We have moved the detailed description of robustness/stability to an appendix and added a summary section on the
stability/robustness based on a paragraph in the conclusions

We have rephrased the results section.

We have shortened and split the description of the surface function, and the example for HIDS2254

We have added a thorough discussion on the spectroscopic effects in the discussion section, with a new figure of the
spectral region targeted by the instrument

We have shortened and rephrased the Conclusions.

— We have combined 3 figures regarding the robustness/stability analysis into one, and moved all related figures to the
appendix.

Point-by-point response to the reviews of three anonymous referees

Replies to Anonymous Referee #1
Received and published: 17 November 2019

This paper shows detailed tests for the calibration of water isotopic composition vs humidity using Picarro CRDS instrument.
Such calibration exercises are important and compulsory efforts to do when working with such instrument to provide records
of d180 and dD of the atmospheric water vapor since water mixing ratio strongly varies on the different places (first because of
temperature). Several groups are thus performing such exercises and it is interesting to see such results as a basis for discussion.

For each publication of new d180 and dD records in the water vapor, a methodology section is devoted to the so-called iso-
topes vs humidity calibration but the present paper is only focused on the method and does not show new records. The question
is thus to know if the results displayed here are enough to make a publication by itself, especially since the applicability of the
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resuts obtained here are not easily transferable to another study and some results are questionable (see below).

AUTHOR’S REPLY:
The main novel aspect of the manuscript is that we systematically investigated the impact of the isotope composition on the
mixing ratio dependency correction in the water vapour isotope measurements. Previous studies only investigated the mixing
ratio dependency for one or more standard waters separately, and not the systematic dependency on isotope ratio. In the re-
vised manuscript, we have brought this important new aspect of our study forward more clearly. We chose AMT as journal for
publication because our results are mainly focused on method development. Presenting a new isotope record is not within the
objectives of our manuscript.

Despite my mixed feeling on the outputs of the paper, I really appreciate the care given to the description of the measure-
ments and the results. Even if some results seem strange (contrasted dependence to mixing ratio in ascending and descending
mode for one standard, figure 9, cf later), they are not hidden or discarded from the study and I really appreciate this honesty
in the treatment of the results. As a consequence, I would recommend not to accept the paper in its present form and incite the
authors to make more links with previous studies and previous calibration. As an example, they only compare their correction
with Bonne et al’s correction (concluding that their approach was appropriate) while all studies publishing new d180 and
dD records in the water vapor have a section on isotopes vs mixing ratio calibration. I therefore strongly urge the authors to
discuss other paper dealing with such correction, discuss if it was appropriate given their new results and, if not, discuss the
implications in term of uncertainties, signal detection, etc. . .

AUTHOR’S REPLY:

While we agree that application to previously published datasets could further demonstrate the relevance of our correction
scheme, it is not possible or objective to directly do so within the present study. This would require subjecting those previously
used analyzers to a similar kind of multi-standard characterization at first, as the isotope composition-mixing ratio dependency
is an instrument-specific characteristic. Within the study we compare to the one previously published calibration scheme that
approximates our correction scheme (Bonne et al., 2014). As highlighted by the other referees, in the revised manuscript, we
have amended the discussion by relating the uncertainty of the correction scheme to the instrument precision at low mixing
ratios.

My detailed comments along the text are given below.

- I am quite surprised by the performance obtained at low mixing ratios (below 2000 ppmv). In some cases, the error bars
are even not visible on figure 1. By comparison, uncertainties displayed by other studies (e.g. Guilpart et al., JGR, 2017) are at
least one order of magnitude larger. I would appreciate that the authors comment and explain such differences. This also has
an impact on the outputs of the study. I had the feeling from previous studies that it was impossible / very difficult to perform
accurate measurements below 2000 ppmyv with a Picarro analyser because of the strong noise in the measurements. The very
small error bars displayed on figure 1 do not go along previous studies in this sense.

AUTHOR’S REPLY:
In Figure 1, we now have also indicated the standard deviation of the single injections. It is correct that at lower mixing ratios,
the standard deviation of each injection increases substantially. However, this uncertainty can be reduced by repetitions of
the same measurement. For the present study, we consider the standard deviation of the mean, provided by multiple, repeated
measurements, to be the most relevant information with regard to fitting the correction surfaces.

- P. 5, 1. 28: can you precise what you mean by "the lower precision with SDM measurements"? Be more accurate, give
number. . .

AUTHOR’S REPLY:
The lower precision is due to the less stable water vapour generation with the SDM unit. The precision is illustrated in the
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figures such as Fig. Al a-c.
- P. 6, 1. 4: what does it mean "certified down to 200 ppmv" ?

AUTHOR’S REPLY:
According to manufacturer specification of Option S0508 (optimised performance during low mixing ratios, calibration to 200
ppm H20), the instrument has an optimized performance during low mixing ratios compared to regular instruments (down to
200 ppmv instead of 1000 ppmv). This is a feature that the manufacturer has customized according to our order. The exact
details of the calibration procedure have not been made available. We have provided some additional information in the revised
manuscript.

- On figure 1, it would help the reader to have the isotopic value (at least d180O or dD) for each standard to see directly the
influence of isotopic composition on the isotopes vs humidity relationship.

AUTHOR’S REPLY:
We have added d180 values to the legend of Figure 1.

- Everywhere in the paper, I do find that the term "bias" (e.g. on p. 8) is not used properly. Bias with respect to what ? Indeed,
in all studies dealing with d180 and dD in the water vapor, there is a correction for isotopes vs humidity. This effect is well
known and taken into account so I would not call it a bias. This is a classical procedure to correct for this influence especially
for studies dealing with low humidity. If there is a bias, then, it is perhaps linked to the method used by others to correct for
this effect if they considered only one standard and did not adjust the uncertainty bars properly. However, this is not discussed
in the present manuscript. I encourage the authors to avoid using bias (which is misleading in my opinion) but better use the
term "isotope (humidity relationship" or "isotope-humidity correction")

AUTHOR’S REPLY:
We agree with the reviewer and have replaced the word "bias’ by a more neutral expression ’deviation’ throughout the revised
manuscript.

- The section "correction framework" is a bit problematic. First, it implies that the readers should use such a frame but we
can wonder if it is correct and if it is useful. The reason why we can wonder if it is correct is that in figure 9, the authors show
huge difference (actually opposite) dependencies of isotopic composition to humidity for descending and ascending humidity
during the calibration method. This strongly questions the validity of the conclusions presented here. Also, the fact that the
error bars for low humidity are so small are questionable since previous studies have shown much different figures.

AUTHOR’S REPLY:
It is correct that the fits to standard MIX appear with an opposite sign for upward/downward calibrations. However, this
opposite sign is only observed for standard MIX, which has a very limited number of data points. We have therefore repeated
the experiments (MIX2 and MIX3) with more data points for this standard. In the repeated experiments, we have added
measurements at lower mixing ratios (down to 200 ppm) to reduce the fitting uncertainty due to the lack of constraining data
points at those mixing ratios. Each experiment consists one ascending and one descending sequence of the same standard
water MIX. The results are shown in the figure below (the two repeated experiments are represented by MIX2 (green) and
MIX3 (red) respectively). Though MIX3 somehow shows a stronger mixing ratio dependency, no indication of a contrasting
dependency behaviour is observed due to the measuring sequence in the two experiments. On contrary, both experiments show
good consistency despite of the ascending and descending sequences. For simplicity, we have only presented the result from
MIX2 in the revised version of Fig. 9 (now Fig. Al(g-i)), and discussed the results from other two experiments in Appendix
A3.

The reason why we can wonder if it is useful is that the author show that the correction performed by Bonne et al’s using
only the two standards bracketing the isotopic composition of the water vapor isotopic measured in their site is appropriate.
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Figure 2. Mixing ratio dependency of GSM1 (dark blue symbol), MIX (light blue symbol), DI tap water (orange symbol), MIX2 (green
symbol), MIX3 (red symbol) for (a) § 180, (b) 6D and (c) d-excess, with ascending (closed symbol) and descending (open symbol) mixing
ratio sequences. Solid curves represent the fits for ascending mixing ratio sequences and dashed curves the fits for descending mixing ratio
sequences. All the measurements are uncalibrated and carried out with discrete injections using an autosampler with N» being the carrier
gas. The measurements for DI tap water, MIX, MIX2 and MIX3 are carried out on instrument HKDS2038 (Picarro L.2140-i) (experiment
9 and 11). The measurements for GSM1 are carried out on instrument HKDS2039 (Picarro L2140-i) and one outlier around 500 ppmv has
been excluded (experiment 15).

Such approach (Bonne et al.) is actually a classical method used by many authors since SDM are equipped for performing
calibration with two standards. I thus do not see the added value of such complicated procedure considering 5 standards, some
of them being far from the range of values of interest.

AUTHOR’S REPLY:
If the instrument is deployed in ambient conditions with widely varying mixing ratio and isotope compositions, such as dur-
ing aircraft measurements, characterisation across the entire range of measurement conditions is needed. Comparing with the
approach in Bonne et al 2014, our approach provides new values in three perspectives. First of all, our approach provides a
more accurate solution by actually being able to partly capture the non-linearity of the mixing ratio dependency on a large
spread of isotope compositions since we use five laboratory standards. Using two standards, the approach by Bonne et al. 2014
(hereafter Bonne2014) assumes a linear dependency between the two response functions in order to correct the mixing ratio
dependency for other isotope compositions. Secondly, our finding that the isotope composition-mixing ratio dependency is a
robust instrument behaviour does not support Bonne2014’s hypothesis that the contrasting mixing ratio responses of their two
working standards is likely an artefact of residual water vapour in the dry air dried by Drierite. Finally, we show that using a
dry gas cylinder (or a more advanced drying system) can preclude the possible influence of residual water vapour in the dry
gas and thus lead to a more accurate mixing ratio dependency function. We have included these arguments in now Sec. 6.1 in
the revised manuscript.

- It is also difficult to follow the authors when they propose equations 4 and 5 to fit the dependency to humidity and to
isotopic composition. Since there is not any physical mechanism to explain the dependencies observed here, there is no reason
why there should be a particular format for the fitting equations.

AUTHOR’S REPLY:
It is correct that the proposed fitting function is not chosen on physical basis; we choose it because it fits well with the obser-
vations we obtained for the tested instrument. While it is possible that physical processes/spectroscopy underly the determined
fitting function (see discussion), the readers need to check and determine the best choice of fitting function according to the
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observations for their specific instrument. These points have been made clearer in the revised manuscript.

- Figure 4 is without error bars so that the comparison between the correction method can not be done. The authors should
present a calculation of these error bars and use them for the comparison.

AUTHOR’S REPLY:
Error bars have been included in Fig. 4.

- P. 12, 1.19 to 26: I am not really impressed by such discussion. In all studies dealing with such measurements, the authors
chose a standard with an isotopic value close to the one of the measurements to be performed.

AUTHOR’S REPLY:
We have rephrased to clarify that, in the cases when the range of isotope compositions is known in advance, and proper stan-
dards can be chosen, there is no direct benefit from using our characterisation method. However, in the case of a previously
unknown range of isotope ratios, or strongly varying conditions, a comprehensive characterisation provides advantages and
should be preferred. Unknown ranges are particularly likely for atmospheric measurements of vertical profiles, or over a wide
area from moving platforms.

- Similarly, I am moderately impressed by the fact that the correction is smaller for the measurements performed on the
ship. It is obvious from figure 1 that the effect discussed here is not important for this humidity range. One sentence can easily
replace section 5.2 (the results can also be omitted from this manuscript).

AUTHOR’S REPLY:
We have shortened the discussion at this point in the revised manuscript, but have kept the ship measurements as a contrasting
example to emphasize the point made in the comment directly above.

- Section 6.3 can be summarized in 2 sentences (the tables already explained the methods and the results can be summarized
in one sentence).

AUTHOR’S REPLY:
We have shortened the section and moved this section to appendix in the revised manuscript.

- Figure 8 shows that there is a significant effect of the carrier gas (considering the error bars). Also, I am surprised to
see larger error bars here. So what is the conclusion? Could the authors end up with an estimate of the error bars after their
corrections given the uncertainty on the determination of the isotopes vs humidity depending on the carrier gas and sequence
of humidity variations (ascending or descending).

AUTHOR’S REPLY:
We confirm as found in previous studies that a change in the carrier gas induces a different isotope-mixing ratio dependency.
Our results are most relevant for measurements in ambient air. We have also provided more information on the errors after
correction with our proposed isotope-mixing ratio dependency correction scheme, as requested by Referee #3.

- Figure 9 is really rising many questions on the validity of the conclusion of this study and should be given extreme care if
this manuscript is revised. It shows opposite evolution of isotopes vs humidity for different sequence of humidity variations.
I am surprised that the authors did not try to understand deeper what happened here because it is central to their entire study.
I would really urge the authors to repeat their measurements and see if they can repeat this opposing behaviour for different
ways of varying the humidity. If this is a solid feature, then, there may be an explanation and it should be investigated. If this
behaviour is indeed true, the correction proposed here is not be correct or at least error bars in the reconstruction should take
it into account. In any case, the authors should comment more on this surprising result and on its implication. Actually, it is a
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very interesting result and it should definitively be investigated more to make progress on the isotopes vs humidity relationship
in picaro instrument.

AUTHOR’S REPLY:
We agree with the referee that the contrasted dependence to mixing ratio in ascending and descending mode for the standard
MIX needs corroboration. As mentioned above, we have repeated the experiment and confirmed our conclusions with more
measurements at lower mixing ratios. This uncertainty in the dependency behaviour has been addressed in Appendix A3.

- I find that a background humidity of 60-80 ppmv (p. 17) is quite high when discussing measured values at 500 ppmv. It is
quite surprising that you could not obtain lower values with dry air.

AUTHOR’S REPLY:
The background mixing ratio of 60-80 ppmv is not from the carrier gas, but from the remaining moisture in the system (in-
cluding vaporizer chamber, analyzer chamber and the filter surface in between). The background mixing ratio in the analyzer
when measuring the dry carrier gas is <10 ppmv. The discussion has been made clearer in this respect in the revised manuscript.

- Section 7 started well. We really would like to understand this dependence to isotopic composition. Unfortunately, the
discussion is really short and disappointing.

AUTHOR’S REPLY:
The discussion has been thoroughly extended based on the input of all referees, and includes now a new section and figure
based on the published literature.

Replies to Anonymous Referee #2
Received and published: 19 November 2019

This manuscript is a systematic laboratory study of the humidity dependency of water isotopologue measurements by com-
mercial Picarro cavity ring-down spectrometers (CRDS). The authors characterized how water isotopologue ratios and d-excess
are biased by water content ("humidity dependency’), in particular at low water mixing ratios below 1600 ppmv. Furthermore,
this humidity dependency varies with isotopic composition, called ’isotope composition-humidity dependency’ here. The de-
pendency is seen in all three CRDS as an instrument characteristic that is, to first order, constant over 1 to 2 years of mea-
surements. At higher humidities (>4000 ppmv), Picarro CRDS show negligible bias with water vapor mixing ratio or with the
isotopic composition. The authors develop a procedure for correcting the isotope-composition-humidity dependency of Picarro
CRDS.

My comments: I recommend that this paper be published only after major changes. My detailed comments are listed below:
1. I do not like the mixed terminology of "humidity’ and ’ppmv’. First of all, "ppmv’ or ’parts per million by volume’ is not
defined in the text. The unit ppmv is used only with mixing ratio. Instead, specific humidity is typically in units of mg/kg or
"parts per million by mass’. These are standard terms but unfortunately the literature uses "Humidity dependency’. As a path
forward, I suggest that the authors consider the following: 1.1 Define the water mixing ratio measured by the Picarro as units
of ’ppmv’ or ’parts per million by volume’ where it first appears, page 2, line 2.

AUTHOR’S REPLY:
Done in the revised manuscript.

1.2 Every time the water mixing ratio is used, change *humidity’ to ’water mixing ratio’, e.g., page 2, line 2, ". . .within a
water mixing ratio range of 19,000~21,000 ppmv (parts per million by volume)"

AUTHOR’S REPLY:
Mixtures of water vapour and dry air can be quantified by various measures of absolute humidity, such as specific humidity in
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units of g/kg or water vapour mixing ratio in units of parts per million by volume or by mass, or as g/kg. Conversion from one
definition to the other is straightforward. Importantly, the choice of the unit does not change the isotope-humidity dependency.
However, we acknowledge that the term "humidity" does not clearly enough seperate between absolute and relative humidity.
In the revised manuscript, we have now clearly stated our choice of the unit to be ppmv and use the term ’mixing ratio’ instead
of "humidity’ throughout the manuscript.

1.3 Every time you refer to humidity dependency, use "humidity dependency’ (because this term is now accepted in the
water isotope community).

AUTHOR’S REPLY:
Have changed to the term *mixing ratio dependency’ in the revised manuscript.

2. Given that many papers have noted the concentration dependency (Wen et al., 2012, Bailey et al., 2015) or mixing ratio
dependency (Aemisegger et al., 2012), then what specifically is new in this paper? The authors should emphasize that charac-
terization of ’isotope composition-humidity dependency’ is new here (if that is the case?).

AUTHOR’S REPLY:
The new aspect of this study is indeed that the mixing ratio dependency is found to be systematically dependent on the isotope
composition, which opens up the opportunity to correct for this influence, and leads us to coin the term isotope composition—
mixing ratio dependency. We have further emphasized this point in the revised manuscript (also see reply to Referee #1).

3. It seems that the ’isotope composition-humidity dependency’ is instrument-specific. Can instrument issues like pump
speed or plumbing details play a role? These are not discussed.

AUTHOR’S REPLY:

We do not think pump speed is likely to play a role here. The measurement system includes up to three pumps: an SDM
air pump, and external vacuum pumps supplied by Picarro Inc (S2003). The flow through the Picarro analyzer depends on
the measurement mode and analyzer type, and is regulated by the analyzer through different measures (critical orifice/flow
regulator). The adjustment of the pump speed of the SDM air pump would affect the amount of dry gas and thus the mixing
ratio of the humid air supplied to the analyzer. In liquid injection mode, a stronger vacuum pump connected to the vapourizer
could potentially increase the efficiency of removing the remaining vapour in the vaporizer between injections, reducing the
so-called memory effect from the previous measurement. However, as we have discussed in Sect. 7, due to the non-monotonous
behaviour of the isotope-mixing ratio dependency, we consider it unlikely to be a result from mixing with remnant water in the
system. Therefore, we do not think the adjustment of pump speed of the external vacuum pump would affect the behaviour of
mixing ratio dependency that we have observed. Plumbing details are unlikely to play a role either, since different methods to
generate the vapour provide very similar results. The exception may potentially be parts that are inside the analyzer and beyond
the user’s control.

4. Section 7 aims to explore whether the isotope composition-humidity dependency is due to mixing with water remaining in
the analyzer, or from spectroscopic or other instrument characteristics. The discussion of spectroscopic effects (page 18, lines
3-9) is too short, and I recommend more discussion here to provide basic instrument details. 4.1 What are the wavenumbers
of the absorption lines? 4.2 What are typical absorption depths? 4.3 Demonstrate what is the uncertainty in fitting spectra. 4.4
What is the manufacturer’s recommended minimum humidity at which to take measurements?

AUTHOR’S REPLY:
Based on the input from all three referees, the discussion has now been thoroughly extended, also addressing the questions
4.1-4.4, see comment above.
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5. Section 8 speculates, without supporting evidence, that ’the isotope composition-humidity dependency is to first order
a constant instrument characteristics. It probably has a spectroscopic origin, resulting from a larger uncertainty in the fitting
of absorption peak at low water molecular concentrations . . .. Both in Section 8 and Section 7, this same language is used
without supporting evidence. I strongly recommend the authors provide more detail on instrument error budget (in general)
and the uncertainty in fitting spectra (as I said above).

AUTHOR’S REPLY:

In Section 7 we now discuss two possible causes of the observed isotope composition-mixing ratio dependency, i.e., whether
it is a memory effect from mixing with water remaining within the analyser, or an instrument behaviour resulting from spec-
troscopic or other design characteristics. Our work does not support the hypothesis of mixing effect, to a large part because
we would not expect mixing to produce a non-monotonic isotope composition-mixing ratio dependency. This therefore points
to a spectroscopic origin, supported with previous studies including Rella et al., 2015 and others. In the revised manuscript,
we now provide a general instrument error budget for water vapour measurements, and discussed the uncertainty from fitting
spectra according to the available information, as suggested by all 3 referees.

Editing comments: 1. Page 6, line 25, change *we have replaced the gas drying unit to dry gas cylinders’ to we have re-
placed the gas drying unit with dry gas cylinders’. 2. Page 19, line 14: change ‘revers’ to 'reverse’. 3. Page 19, line 30: change
"humidify" to "humidity"

AUTHOR’S REPLY:
Editing comments 1-3 have been implemented in the revised manuscript.

Replies to Anonymous Referee #3
Received and published: 21 November 2019

This paper presents an interesting study on the impact of the isotope composition on the specific humidity dependent cor-
rection of water vapour isotope measurements with different recent versions (L2130-2140) of commercial cavity ring-down
spectrometers from Picarro. It presents results of an elaborate laboratory study on the topic, which is important for measure-
ments conducted in very dry environments such as in polar regions or the lower to mid free troposphere. This study fits well
into the scope of AMT and I recommend publication of this interesting and relevant manuscript after the following major
comments have been convincingly addressed:

1) To me it is unclear, how the surface correction functions presented here relate to the total uncertainty of the measurements
at low absolute humidity (1a) Specifically, the dependence of the measurement precision on the absolute humidity is normally
considerable with these instruments, a fact that is only mentioned indirectly in one sentence in the manuscript (p.3, 1.6).
This aspect should be addressed explicitly. Clearly, the amplitude of the correction should be placed into the context of the
uncertainty associated with the entire postprocessing framework to be able to judge its significance (including the normalisation
to the VSMOW-SLAP scale, where the instrument precision is an important component).

AUTHOR'’S REPLY: We agree that this aspect needed to be highlighted more clearly, now mention the typical uncertainties
for different averaging time intervals when doing ambient water vapour measurements.

1b) The much smaller precision of CRDS measurements at low humidity is also the reason, why previous studies have found
that the impact of the isotope composition on the humidity dependence is not significant for older instruments. The latter were
characterised by very low signal to noise ratios at low humidity. This point deserves to be mentioned on p. 2, 1. 18.

AUTHOR’S REPLY:
This point has been mentioned in the revised manuscript.

1c) The errorbars in the Figs with autosampler injections seem unrealistically small to me. Are these small errorbars due to
the fact that the authors use the standard deviation of isotope variables averaged over 3-4 injections only, yielding an overcon-
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fident measure of uncertainty? A more adequate estimate should be used for the autosampler injections.

AUTHOR’S REPLY:
In Figure 1, we now have also indicated the standard deviation of the single injections. It is correct that at lower mixing ratios,
the standard deviation of each injection increases substantially. However, the uncertainty of the mean can be constrained by
repetitions of the same measurement. For the present study, we consider the standard deviation of the mean, provided by mul-
tiple, repeated measurements, to be the most relevant information with regard to fitting the correction surfaces.

2) Unfortunately, the reader is a bit disappointed at the end of the paper to have read this detailed analysis of the isotope
humidity dependency with no answer at all to the question to why it exists. The reader thus remains not entirely convinced
that the effect is really a spectroscopic one. It could also be related to how the calibration vapour is produced (see Kurita et al.
2012, their Fig. 7).

AUTHOR’S REPLY:
We have discussed with respect to two possible causes of the observed isotope composition-mixing ratio dependency, i.e.,
whether it is an artefact from mixing with water remaining within the analyser, or an instrument behaviour resulting from
spectroscopic or other design characteristics. Our work does not support the hypothesis of mixing effect, but points to a likely
spectroscopic origin. The spectroscopic effects has been discussed in more detail in the revised manuscript.

We have tested two vapour generating approaches and found the isotope composition-mixing ratio dependency is a robust
feature for both approaches. Kurita et al. 2012 actually stated that they could not conclude from their experiment that the water
vapor concentration dependency is related to their vapour production approach; they have rather suggested the concentration
effect results are likely from the spectral fitting procedures used, including the removal of interferences in their analyzer (last
paragraph of Sec. 3.2.3 in Kurita et al. 2012).

2a) I thus urge the authors to give the reader a bit more insight into what they would argue the spectroscopic effects are (in
particular with respect to pressure broadening effects and baseline shifts, see also Chen et al. 2010, Johnson and Really, 2017).

AUTHOR’S REPLY:
We thank the referee for these references. As requested by all three referees we have formulated a more detailed discussion of
the potential spectroscopic effects in the revised manuscript.

2b) For every setup a mean and standard deviation of the isotope variables obtained during dry runs should be provided
(ideally in the respective Figures).

AUTHOR’S REPLY:
Unfortunately we are not entirely sure what information the referee asks for. We understand it as the isotope composition
reported during dry air/N2 measurement only, but do not see directly how it is connected to our results.

3) As mentioned in my pre-review, I appreciate the level of detail that is provided to the reader and the careful analysis that is
carried out. However, the paper is currently very long for the simple message it actually conveys and tends to loose the reader,
who is interested in transferring the method to his own instrument. It is not clear to me, why the 2D fitting procedure in Section
4 is discussed in such a detail, this part should be put into the Appendix and the procedure summarised in one paragraph of the
main text. It is anyway not clear at this stage if the proposed fitting procedure is necessarily the best for all instruments, since
it has no physical foundation.

AUTHOR’S REPLY:

The proposed fitting function is not chosen based on physical processes; it has been chosen because it fits well with the obser-
vations we obtained for the tested instruments. While it it possible that the fitting function could represent underlying physical
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processes/spectroscopy, readers should carefully check and determine the best choice of fitting function for their specific in-
strument. This point has been made clearer in the revised manuscript. We have furthermore shortened the section.

4) I am very critical of the results shown in Fig. 4, because I think that the data suffers from a measurement artefact: 4a)
Could the author provide more information about the temporal resolution of the data points shown in the profiles (1.25Hz?,
0.1Hz?)?

AUTHOR’S REPLY:
The raw measurement was taken with a temporal resolution of 1.25Hz. But the temporal resolution of the data points shown
in Fig. 4 is 0.125 Hz. We have previously plotted every 10th data point for the sake of clarity. We have now updated the figure
with one min averaged data which has alleviated potential measurement artefacts.

4b) In my opinion, a flow rate of 35 sccm is very low (if not too low) for performing precise and high resolution aircraft
measurements given the Picarro cavity size. With this flow rate and a cavity size of 35 ccm, the air sample in the cavity volume
is exchanged only once per minute. The response times of d180 and d2H have been shown in earlier studies to be different
with an up to 10s slower response of d2H than d180 at such low flow rates. This difference in response time can lead to an
artificial lowering of d-excess in a downward profile with the d2H lagging behind the d180 signal. Before publishing such
very low values of d-excess (-40 %o ) at the upper edge of a cloud layer as naturally occurring, the data quality also in terms of
other instrument setup characteristics (response time, precision) should be carefully checked.

AUTHOR’S REPLY:
The flow rate of the instrument was about 35 sccm, and it was connected with short tubing to an inlet tube providing ambient
air with a much higher flow rate of about 8 slpm. We are aware of the very low values of d-excess in the profile shown here.
This is potentially an artefact due to the dephasing of d180 and dD profiles. In the revised manuscript, this aspect has been
addressed by shifting the dD profile by 30 seconds forward in time, and using a one-min averaged profile. At the same time, we
also emphasize that we do not attempt an interpretation of the isotope data in terms of atmospheric processes in this manuscript.
The low values of d-excess will not affect our discussion of the impact of the different correction schemes.

4c) Errorbars (2D) are indispensable for being able to show that the differences between the correction scenarios are actu-
ally larger than the measurement uncertainty (total uncertainty). The precision of L2130 instruments at 1000 ppmv is usually
around 10%o (d2H), 1-2 permil (d180) and 10-15%0 (dexcess).

AUTHOR’S REPLY:
We had excluded the error bars for clarity of the figure, but have now included error bars in the revised figure to allow for a
comparison of the correction to measurement uncertainty.

Minor comments and typos: 1) Title: "Impact of the isotope composition. . ."

AUTHOR’S REPLY:
Done in the revised manuscript.

2) P.1, 1.1: isn’t the main point here that measurements can be performed in remote areas in general and specifically on
mobile platforms?

AUTHOR'’S REPLY:
Have changed to "in remote areas, on platforms such as ship and aircraft"

3) P.1, 1.4 and other locations: I think the wording "humidity" or "humidity dependency” is a bit unprecise. The authors
should choose what they like best, but they should avoid any confusion with an effect that would be relative humidity depen-
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dent. A clear definition at the beginning of the manuscript would be helpful and I would suggest always adding "absolute" or
"specific "humidity" everywhere in the abstract.

AUTHOR’S REPLY:
We have consistently changed "humidity" to "mixing ratio" in the revised manuscript.

4) P.1, 1. 7: of the measured water vapour

AUTHOR’S REPLY:
Done in the revised manuscript.

5) P.1, 1. 8: humidity correction at low absolute humidity

AUTHOR’S REPLY:
We have changed "humidity" to "mixing ratio" in the revised manuscript.

6) P. 1,112 and L17 replace "cold" by "dry". The temperature of the environment is not the relevant factor in this technical
study.

AUTHOR’S REPLY:
Done in the revised manuscript.

7)P. 2, 1. 19: likely an artefact

AUTHOR’S REPLY:
Done in the revised manuscript.

8) P2, 1. 29: the masking came mainly from the lower precision of the older versions of the CRDS instruments

AUTHOR’S REPLY:
We have emphasized the lower precision from the older versions of the CRDS instruments. However, we also think that the
characterisation method (number of standards used, dry gas supply, etc) is another important factor. Therefore we have stated
both factors in the revised manuscript.

9) P. 3, 1. 19: Eq. 1: missing factor 2 for the H2160 concentration in the denominator. Or alternatively write the equation for
the atomic ratio.

AUTHOR’S REPLY:
Because laser spectrometry measures the absorption intensity of the isotopic water molecules, we use the definition of molec-
ular isotope ratio here. Therefore the factor 2 is not needed. We have made it clear that we are using the definition of molecular
isotope ratio in the revised manuscript.

10) P. 5, 1. 3: here the "measurement uncertainty" is mentioned but it is unclear what the authors mean. The uncertainty of
the estimated drift?

AUTHOR’S REPLY:
Have replaced the "measurement uncertainty" with "the uncertainty associated with the estimated drift".
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11) P. 5, 1. 22: a humidity step

AUTHOR’S REPLY:
Done in the revised manuscript.

12) P.5, 1. 27: with the SDM

AUTHOR’S REPLY:
Done throughout the revised manuscript.

13) P. 5, 1. 29: again not clear what "measurement uncertainty" is, I would rather say that this is the uncertainty associated
with the estimated drift.

AUTHOR’S REPLY:
Have replaced the "measurement uncertainty" with "the uncertainty associated with the estimated drift".

14) P.6, 1. 21: replace "may have" by "have": the type of dry gas supply has an influence that’s a fact, there are several studies
showing this: Aemisegger et al. 2012 is one but several others show this as well: Casado et al. 2016, Johnson and Rella 2017
including other greenhouse gas CRDS studies (Chen et al. 2010, Nara et al. 2012, Long et al. 2013). These studies recommend
to perform CRDS calibrations for atmospheric observations in natural air backgrounds or to develop transfer functions that
translate between the calibration and observation backgrounds (Johnson and Rella 2017).

AUTHOR’S REPLY:
Done in the revised manuscript. Have also included a reference to some of the cited studies.

15) P.6, 1. 24: The use of several drying units in a row, vertical arrangement of drying units to prevent preferential gas flow
and careful handling of tubing tightness usually provides the same background humidity as with a gas cylinder.

AUTHOR’S REPLY:
We have added this point in the revised manuscript. Kurita et al. 2012 obtained dry air with mixing ratios < 10 ppmv using two
drying units in a row.

16) P. 7, 1.10: what is the residence time of the sample within the system?

AUTHOR'’S REPLY:
Referring to the reply to issue 4b) above, the residence time/response time of the system is estimated to be in the order of 1 min
(i-e., 35 cm3/ 35 sccm) within the Picarro analyzer at standard pressure. We have included the flow rate number in this context.

17) P.7,1.25-30: this sounds like a lot of repetition from the methods section.

AUTHOR’S REPLY:
This paragraph has been shortened by removing repetitions.

18) P.11, 1.14: as mentioned in the major comments, I don’t think -40%o is a physically sensible value. Even with extremely
high ice supersaturation, I would not expect such low dexcess values in vapour to occur. Particularly in the context of the

conclusion drawn on p. 20, 1. 17 a careful check of the data would be appreciated here.

AUTHOR’S REPLY:
We are also aware of these low d-excess values. As mentioned in the reply to major comment 4a) and 4b) above, this is most
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likely an artefact caused by the dephasing of d180 and dD profile. In the revised manuscript, this aspect has been addressed
by shifting the dD profile by 30 seconds forward and using a one-min averaged profile. Ultimately, however, this artefact will
not affect the conclusion of this study, since we do not attempt to interpret the isotope profile in terms of processes, but rather
focus on the impact of the different correction schemes across a range of isotope composition and mixing ratios, especially at
the level above 2000 m (where the d-excess profile depicts normal values).

19) P.13, 1. 3: consequently, the measurements after calibration are. . ."

AUTHOR’S REPLY:
Done in the revised manuscript.

20) P.13,1.19: remove "relatively" (see my minor comment 3 above)

AUTHOR’S REPLY:
Done in the revised manuscript.

21) P. 14, 1. 24: replace "substantially" by "substantial”

AUTHOR’S REPLY:
Done in the revised manuscript.

22) P. 15, 1. 1 (& at other instances): I don’t particularly like the "heavy-enriched" and "heavy-depleted" formulation and
have not seen it elsewhere. I actually find it slightly confusing. But this is a matter of taste.

AUTHOR’S REPLY:
We have replaced these terms by "enriched" and "depleted" respectively.

23) P. 16, 1. 17 around the 1H2180 and H2160 absorption peaks, d180 is a derived Variable.

AUTHOR’S REPLY:
Done in the revised manuscript.

24) P. 16, 1. 28: replace "by" by for

AUTHOR’S REPLY:
Done in the revised manuscript.

25) P. 17, 1. 8: that does not

AUTHOR’S REPLY:
Done in the revised manuscript.

26) P. 17, 1. 27 of the same

AUTHOR’S REPLY:
Done in the revised manuscript.

27) P. 19, 1.13: this is inconsistent with what is described on p. 6, 1. 21 (see also my minor comments 14 & 15).
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AUTHOR’S REPLY:
We have revised the section with respect to dry gas supply and address the discrepancy in the characterisation results between
dry air and N2, especially for d180.

28) P. 19, 1. 30 replace "humidify" by "humidity"

AUTHOR’S REPLY:
Done in the revised manuscript.

29) P. 20, 1. 4: I find this recommendation a bit random because the number of standards to be used certainly depends on the
application and the correction function of each individual instrument.

AUTHOR’S REPLY:
We have revised the recommendation such that the standard waters that span the full range of ambient vapour isotope compo-
sitions are recommended to determine the isotope composition-mixing ratio dependency surface.

30) Figures: 30a) Fig. 3: would a log scale for the x-axis help to make this Figure more effective? Furthermore, could the
authors add an uncertainty estimate (contours) of the fit. I assume the uncertainty is also much larger at low humidities (due to
a combined effect of less data points and lower precision of the measurements).

AUTHOR’S REPLY:
The log scale has not made the figure more effective, since there are only two data points below 1000 ppmv. A plot with normal
scale is also more consistent with the previous figures. The uncertainty estimate has been added.

30b) Are the GSM1 ascent fit in Fig. 9b,c really correct? The fit seems not particularly good from eye.

AUTHOR’S REPLY:
We have checked and made sure the fit is correct in the revised manuscript.

15



10

15

20

Impacet Correcting the impact of isotope composition on the
humidity mixing ratio dependency eorrection-of water vapour

isotope measurements with infra-red-cavity ring-dewnring—down
spectrometers

Yongbiao Weng!?, Alexandra Touzeau'-?, and Harald Sodemann'-?

!Geophysical Institute, University of Bergen, Bergen, Norway
?Bjerknes Centre for Climate Research, Bergen, Norway

Correspondence to: Yongbiao Weng (yongbiao.weng @uib.no)

Abstract.

-Recent advances in laser spectroscopy enable high
gggggg%n situ measurements of the water vapour 1s0tope compositionen-platforms-such-as-ship-and-aireraft—Howeverthe
ique At low water vapour mixing ratios, however, the measured
stable water isotope composition can be substantially affected by i i i i

measurementartefactis-a measurement artefact known as the “humi

acrossaltisotope compesitionsmixing ratio dependency, which is commonly considered independent of isotope composition.
Here we systematically investigate MWMWWIWMWMhICG
commercial cavity i
spectrometers is affected by isotope composition in a range from 500 to 23'000 ppmv. We find that the isotope-compesitions-of
WWWWVMW%MWWM on the shape

v mixing ratio dependency for all three analysers, in particular
at mixing ratios below 4’000 ppmv. This isotope composition dependency can ;forexampleereate-an-offset-of +-0-5-and
—+6-create a deviation of £0.5 and +6.0 %o for 6'30 and 6D at~2"000-ppmvin-the-case-of-aPicarro-£2130-irespectively
waﬁw resultlng in an-offset-of-2—3-about 2-3 %o deviation for the d-excess. We%hw&r&ﬁh&eeﬂabmee}dsetepe

A-systematic-An assessment of the robustness of our findings for-three-laserspectrometers-shows-overall-constant-behaviour

with-time-(forperiodsranging from-one-month-shows overall reproducible behaviour over up to two years );-for different dr
lies, while bein 1ndependent of the method o

elsfor generating the water vapour, and to first order of
the evaluation sequence. We propose to replace univariate mixing ratio dependency corrections by a new combined isotope
composition—mixing ratio dependency correction. Using aircraft and ship-based measurements in an Arctic environment
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we illustrate the most relevant application of the correction. Based on our analysis;—we-recommend—aprocedure—for—the
eharacterisation-and subsequenteorreetionof findings, we suggest that the dependency on isotope composition may be primarily
related to spectroscopy. Repeatedly characterising the combined isotope eompesttion—humidity-dependeneyfor-this—type
composition—mixing ratio dependency of laser spectrometers when performing water vapour measurements in eold-and-dry
eonditionsthe Arctic, at high elevation, or on aircraft, appears critical for enabling reliable data interpretation in dry environments.

1 Introduction

Stable water isotopes (hydrogen and oxygen) are natural tracers in the atmosphere and hydrosphere, and have long been used
to improve our understanding of the hydrological cycle and climate processes (Dansgaard, 1953, 1954; Gat, 1996). Advances

in laser speetroscopic-techniques-now-altow-high-frequeney-spectroscopy now allow high frequency in situ measurements of
isotope-compositions-the isotope composition of water vapour in the atmosphere (Kerstel, 2004; Kerstel and Gianfrani, 2008).

One commercially available instrument-of-thistype-type of instrument is the Cavity Ring-Pewn-Ring—Down Spectrometer
(CRDS) manufactured by Picarro Inc., USA. The measurement principle of CRDS is based upon the absorption of a laser pulse
at a wavelength specific to a given isotopologue (Crosson, 2008). The ERDS-has1.2130-1 and L2140-1 CRDS analysers have an

optimal performance within a humidityrange-of19°000~21-000-ppmyv—where-water vapour mixing ratio of 19’000 ~ 21’000
mv (parts per million by volume), where high signal-to-noise ratios enable precise measurements. Beyond-this-optimal
humidityrange-This range is typically maintained during liquid sample analysis. In situ measurements of the atmospheric water

vapour isotopes are not constrained to this optimal mixing ratio range (Gupta et al., 2009). At lower water vapour mixing ratios,
the measurement uncertainty increases due to weaker absorption, and thus lower signal-to-noise ratios. Addltlonally, outside

Mthe measurement suffers from a bias

mixing ratio-dependent deviation of the isotope
composition. Since atmospheric mixing ratios can vary from below 500 ppmv in eeld-and-dry regions (e.g., polar regions or the

middle and upper troposphere) to abewt30-000-ppmv-in-warsprand-30'000 ppmv or more in humid regions (e.g., tropics)reguires
, an appropriate correction to this #umidity-mixing ratio dependency for high-quality in situ measurements of atmospheric water
vapour is required (e.g., Aemisegger et al,, 2012; Bonne et al., 2014).

Humidity dependeneysometimesnamed The water vapour mixing ratio dependency (hereafter mixing ratio dependency),
me%mwm&wﬁcomemmtmn dependency (Wen et al.,
2012; Bailey et al., 2015) or-water-vapour-mixing ratio-dependen mise a

spectrometers for water 1sot0pes ts—&pfemfneﬂ%seﬂfe&ef—fneasufemei%&bﬂs—aftéﬁhas been described in numerous studies

of infrared laser

. Many studies found the humidity-mixing ratio dependency to be nonlinear and to some extent specific to both the instrument
used and the isotope composition measured. For example, reviewing the then available characterisation-systems-systems for
vapour generation on a Picarro L1115-i and L1102-i, Wen et al. (2012) showed that the humidity-mixing ratio dependency could

He.g., Lis et al,



vary for each specific instrument. Aemisegger et al. (2012) demonstrated that the humidity-dependeney-is-different-mixing ratio
@W s for different instrument types and generations, and fe%dﬁa%%éw—g&s—wppb#ef—e&tedﬂmbieﬂ%ﬂmﬁﬁﬂg
touris affected by the

matrix gas used during calibration. However, they-these authors did not find a substantial impact of the isotope composition

5 after-when testing four different standards. Bonne et al. (2014) suspeet-the-different-humidity-speculated that the different
mixing ratio dependency functions at low humtidity-levels(below-22000-mixing ratios (below 2’000 ppmv) for their two work-
ing standards te-be-tikety-are likely an artefact of residual humidity-in-the-dry-air-dried-by Drierite Batey-etal(2045)shows

that-the-humidity-dependeneeis-water vapour after using a molecular sieve. Bailey et al. (2015) found mixing ratio dependenc
to be clearly different for the-tested-three-three tested standard waters, while emphasizing the uncertainty from statistical fitting

10 where the characterisation data are infrequent. Sodemann et al. (2017) found a substantial impact of the-humidity-a mixing
ratio dependency correction when processing aircraft measurements of d-excess over the Mediterranean, but did not account in
detail for different isotopic standards. Bonne et al. (2019) has-characterised-the-humidity-characterised the mixing ratio depen-
dency of their isotope-measurements-throughoutthe-Atlantic-and-Aretie-Oeeans-ship-based water vapour isotope measurements

using four water standards, noting a dependency of the mixing ratio dependency on isotope standard. They did not observe any
15 a significant drift for the dependency for measurements separated by several months. However-theyfound-that-the-humidity

To summarize, in-these-previousstadiess-only some previous studies have recognized the impact of the isotope composition
of measured standards on humfdi%ydepeﬂdeﬂeﬂaa%ﬂe%bee&feeegmzeéthe mixing ratio dependency as a significant bias

20

importantly, so far no systematic investigation of the influence of the isotope composition on the mixing ratio dependency
has been conducted. Given the potentially large impact of such corrections at very low water vapour mixing ratios, this is an
important piece required for enabling the reliable interpretation and comparison of measurements at dry conditions, such as
25  the Arctic, high elevation regions, or from research aircraft.
Here we earry-eut-present a systematic analysis on-the-humidity-dependence-behaviour-of-three-of the impact of isotope
composition on the mixing ratio dependency for three commercial CRDS analysers, one Picarro L2130-i and two Picarro
L2140-i-Ysing,, using five standard waters with different i 1sotope composmons‘weehaﬁete&se%heﬂmpaeeef—tse{epeeempesmeﬁ

30 ify-. Methods and data are presented in Sec. 2. Using the measurements

from one analyser, we demonstrate the characterisation of the isotope composition—mixing ratio dependency in Sec. 3. We
then evaluate the robustness of the isotope composition—humidity-dependence-across-composition—mixing ratio dependency
across the three analysers, two-characterisation-metheds;—two-dry-gas—suppliess—two-considering as well the different vapour
generators, matrix gas compositions, measuring sequences, and with-respeet-to-time-at-monthly-to-yearly-time-sealesFinatty;
35 we-demonstrate-the_temporal stability (Sec. 4). A new correction scheme is proposed in Sec. 5. Using water vapour isotope
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measurements from aircraft and ship acquired during the IGP measurement campaign in the Iceland-Greenland Seas (Renfrew et al., 2019)

as a test case, we investigate in Sec. 6 the potential impact of the h
during-a-cold-air-outbreak-event-and-an-aireraft-eampaten—and-isotope composition—-mixing ratio dependency correction. We
then discuss the potential sources of the dependency of the mixing ratio dependency on isotope composition (Sec. 7). Finall

we provide recommendations on how to apply the correction scheme to other analysers —(Sec. 8).

2 Methods and data

d it OV cC; PO O a d OaH Oy d gas—and mcasturing Sisi§ O 3 t .

steps—We-have-therefore-designed-in—tetal-14-This section introduces the terminology used throughout the manuscript, the

measurement principle of the used instruments, and provides an overview of the total 15 experiments (Table 1) to-evaluate-all

these-factors-that have been conducted to evaluate the potential influencing factors on the isotope composition—mixing ratio
dependency separately and repeatedly. These +4-15 experiments can be separated into five categories with respect to their aims

(Table 3). With these five categories, we assess influencing factors including the dependence on vapour generating method, the
dependence on the tested-specific instrument, the long term stability of the dependence behaviour, the influence from dry gas
stppty-matrix and the influence from the measuring sequence. In the end, we introduce the in situ measurement data that are

used to illustrate the impact of correction.

The abundance of stable water isotopes in a reservoir is quantified by-isetope—ratios;—defined-as—theratio-of-conecentrations
of-the-heavy,rare-isotopotogue-as the concentration ratio of the rare (HD'®O or H1®0) to the abundant +tight-isotopologue
(H3°0). For-example—the-isotope-ratio-Note that the definition here is referred as molecular isotope ratio, as measured by
laser spectrometry. This definition can be shown to be equal in first-order to the atomic isotope ratio determined by mass
spectrometry (Mook et al., 2001). The (molecular) isotope ratio of hydrogen in a water reservoiris, for example, is then:

. [HD'°0]
R= THTO] (H

Isotope abundance is generally

reported as a deviation of the isotope ratio of a sample relative to that of a standard, known as § netatien:-

Rsample - Rstandard

o= -1000 %o.

Rslandard
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A—b—valuefor—waterisotopes—is—generally—indieated—n-value, and commonly expressed in units of per mil (%o) relative—te
the-internationally-aceepted-deviation from Vienna Standard Mean Ocean Water (VSMOW2)—-V-SMOW) distributed by the

International Atomic Energy Agency (FAEAat-Vienna(TAEA;2009)itis-directly-used-torepresen tsotope-composition

of-the-water-sample—~(IAEA, 2009):

5 — Hosample = Psandara 4 300 ¢ i
Rstandard

The magnitude of the bias—deviation introduced by the humidity-dependence—appears—to-be-mixing ratio dependency is
typically at least one order smaller-of magnitude less than the span of the 1sot0pe compositions of the measured standards. To

focus on the bia

e-deviation of the measured isotope
compositions at various humidities-mixing ratios (meas) from the isotope composition at a reference humidity-mixing ratio

(Orer) we use the AJ notation, which is defined as:

Ad = 6meas — Oref- 3)

We _choose 207000 ppmy as reference level, within the nominal optimal performance range of the CDRS analyser. The
isotope composition at 20°000-ppmv-is-the exact value of 20’000 ppmy is thereby obtained by a linear interpolation between
the closest measurements above and below 26-086-20'000 ppmv (mostly between +9-006-and-24-000-19'000 and 21’000
ppmv). Note that all the-presented-humidities-mixing ratios reported in this study are raw-direct (raw) measurements from the
CRDS, sinece-the-humidity-and that the isotope—mixing ratio dependency correction is applied to raw data before calibration.

While A*¥0 and AJD are given directly by the definition above, Ad-exeess-is-a-secondary-parameter-that-the deviation
for the secondary parameter d-excess = JD — 8- §'80 (Dansgaard, 1964) is obtained from calculation: firsthy—we—eateulate

2.2 Instruments

The instruments investigated in this study include two Picarro L.2140-i (serial numbers HKDS2038 and HKDS2039) and one
Picarro L2130-i (serial number HIDS2254) (all from Picarro Inc, Sunnyvale, USA). Hereafter, we refer to each instrument
with their serial number. The instruments report at a data rate of ~1.25 Hz and with a air flow of ~ 35sccm through the
cayity. To minimize instrument drift and errors from the spectral fitting, these CRDS systems precisely control the pressure
and temperature of their cavities to be at 80£0.02°C and 50 £0.1 Torr. For the spectral fitting, the instruments target
three absorption lines of water vapour in the region 7199-7200 cm”" (Steigetal., 2014). In CRDS, a laser saturates the
measurement cavity at one of the selected absorption wavelengths. After switching the laser off, a photodetector measures the
decay (ring—down) of photons leaving the cavity through a semi-transparent mirror. The ring-down time is then proportional
to_the absorption at a specific part of the spectrum, and used to obtain the water vapour isotopologue concentration in the
cavity from spectral fitting. A single data point consists of 300-400 ring downs. At lower water vapour concentrations,
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the signal-to-noise ratio decreases, and fitting algorithms are affected by various error sources (see Sec. 7). As a custom
modification, the L.2130-1 with serial number HIDS2254 operates with two additional lasers, that allows for rapid switching
between the three target wavelengths, enabling a higher (5 Hz) data acquisition rate, and larger cavity flow rates than a regular
L2130i. In the present study, we used the flow rates and measurement frequency as for regular L2130-1 analysers. The L2130-1
use peak absorption for the spectral fitting, whereas the 1.2140-i uses an areal integral of the absorption within the spectral
features (Steig et al., 2014). The L.2140-i is therefore substantially less sensitive to pressure broadening and narrowing of the
absorption lines, for example due to changes in the matrix gas which can affect older-generation analysers. such as the L2120-1
(Johnson and Rella, 2017). Manufacturer specifications commonly state a measurement range for vapour of 17000 to 50°000
ppmy. As a custom modification, all instruments used here have been calibrated by the manufacturer down to 200 ppmy with
a not further specified procedure.

Water vapour measurements with these instruments have a total error budget that involves the uncertainty from the calibration
standards projecting onto the VSMOW2-SLAP2 scale, and from the time averaging employed on the native time resolution
data._The Allan deviation quantifies the precision depending on averaging time interval, Previous studies found typical Allan

deviations < 0.1 %o for §'%0, and ~ 0.1 %o for §D at 15'700 ppmv for averaging times of 1-2 min for the L2130-i (Aemisegger et al., 2012

and similar values for these averaging times for the L2140-1 (Steig et al., 2014). Any corrections for the mixing ratio dependenc

are applied to the raw data at native time resolution. The uncertainty of any correction is thereby given by a combination of the
averaging time of the vapour measurements at a given mixing ratio, and the uncertainty of the employed calibration standards.

2.3 Standard waters

To identify the influence of isotope composition on the mixing ratio dependency, we have used multiple internal standard
waters calibrated on the international VSMOW2-SLAP2 scale to characterise the mixing ratio dependency. The standard
waters include four laboratory standards in use at Facility for Advanced Isotopic Research and Monitoring of Weather, Climate
and Biogeochemical Cycling (FARLAB), University of Bergen and three laboratory standards in use at the Isotope Laboratory.
of University of Iceland (U) (Table 2). For the FARLAB standards, one is obtained from snow in Greenland (GSM1), one
made of mountain snow from Norway (VATS), one that consists of deionized tap water at Bergen (DI) and one made of
evaporated DI water (EVAP). Besides the four laboratory standards, we have also used an even mixing between GSM1 and
VATS (named MIX) and the uncalibrated deionized tap water (TAP). For the Ul standards, one is from snow at NEEM ice core
drilling site in Greenland (NEEM), one consists of groundwater in Reykjavik (GV) and one made of Milli-Q purified water

based on ocean water from Bermuda (BERM). The isotope compositions of all the used waters span from —33.52 to 5.03 %o
for 6'86-and-O, and from —262.95 t0 6.26 %o for §D-wi
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2.4 Charaeterisation-Vapour generation methods

We have-tised-use two methods to eharacterise-humidity-dependence-behaviourgenerate vapour for characterizing the isotope
composition—mixing ratio dependency of the three instruments:—, namely discrete liquid injections and continuous vapour

streaming. These are essentially two ways of generating a vapour sample to be analysed by the speetremeterinfrared spectrometers.

Both methods require-involve injection of a liquid standard water into a heated evaporation chamber where the injected water

is completely evaporated and mixed with a dry

b
i i {matrix gas.

2.4.1 Dry gas supply

Previous studies for Picarro CRDS analysers preceding the L2140-i show that the matrix gas has an influence on the characterisation
of mixing ratio dependence on the CRDS isotope measurement of water vapour (Aemisegger et al., 2012; Johnson and Rella, 2017

. It is therefore important to know the influence of the matrix gas on the isotope composition—mixing ratio dependenc
to determine a preferred method for obtaining the final correction relationship depending on measurement situation. The
manufacturer recommends a customer-supplied gas drying unit (e.g. Drierite desiccants) to supply dry gas for the SDM unit.

Here, we either used a single drying unit with ambient air, or dry gas cylinders that contain synthetic air (synthetic air 5.5, purit

99.9995 %, Praxair Norge AS) or Ny (Nitrogen 5.0, purity > 99.999 %, Praxair Norge AS). We have tested the three types
of dry gas supply with the characterisation on instrument HIDS2254 for continuous vapour streaming and characterized the
three analysers using synthetic air and/or N5 for discrete liquid injections. Ambient air dried through Drierite can still contain

some moisture (typically about 200 ppmv when the ambient water vapour is around 10’000 ppmv), which can contribute a
10 % below 2000

non-negligible fraction to the measured isotope composition at low mixing ratios (e.g. mv). The use

of several drying units in a row, vertical arrangement of drying units to prevent preferential gas flow and careful handling of
tubing tightness may provide the same background mixing ratio as with a gas cylinder (Kurita et al., 2012), but has not been

tested here.

2.4.2 Discrete liquid injections

Standard—water-ts—injeeted-The discrete liquid injections repeatedly generate vapour pulses by injecting between 0-2ul of
standard water from 1.5 ml PTFE/rubber-septum sealed vials with a +0-47-10 pl syringe (VWR, Part No.: 002977). Injections

are operated by an autosampler (A0325, Picarro Inc, USA) or by manual injection. Vaporization of liquid water is achieved
within a Picarro vaporizer (A0211, Picarro Inc, USA) set to 4462110 °C. The vaporizer then-obtains-synthetic-air(synthetie
air-5:5; purity 99:9995%; Praxair Nerge-AS)-mixes the water vapour with synthetic air or N (Nitrogen-5:6; purity>99:999%;
Praxair-Nerge-AS)-from a gas cylinder at a pressure set to ~2:5-~ 2.5 psi. The vaporizer chamber seals off for a few seconds
to allow sufficient mixing between vapour and dry-airthe matrix gas, before delivering the mixture to the analyser at a highly

stable humidity-tevelmixing ratio.
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Each time before switching to a new standard water, 8—12-8-12 injections of the new standard water at a humidity-level-of
~207000-mixing ratio of ~ 20’000 ppmv were applied to account for memory effects from the previous injections. Then the
sequence begins from the lowest (~566-~ 500 ppmv) and ends to the highest (~23>666-ppr)-humidity level-Varioushumidity
fevels-~ 23’000 ppmy) mixing ratio. Various mixing ratios are obtained by adjusting the injection volume in the +0-#-10 pl
syringe. Injection volume was modified to be between 0.05 and 2.5 pl with a step of 8:05-1£0.05 i, resulting in humidity
levels-between-approximately-500-and-23°000-mixing ratios between approximately 500 and 23’000 ppmv with a step of ~456
~ 450 ppmv. Four injections in high precision mode (longer measurement period, approximate 10 min per injection) were
applied at each humiditylevelmixing ratio, and the last three injections were then averaged for further analysis. Injections with
an injection volume of 2#~1+9-000-2 ul (~ 19’000 ppmv) were carried out at the beginning and end of a sequence to account
for potential instrument drift. A sequence for one standard water approximately lasts 35 hours. The instrument drift within a
sequence has typically a magnitude of 8:05+6:620.05 & 0.02%o, 8:76-+-0.7 + 0.1 %o and 8:4+6-1-0.4 £ 0.1 %o for 6180, 6D
and d-excess, respectively. The drift is 3—7-4—7 times larger than the measurement-uneertainty-uncertainty associated with the
estimated drift but one order smaller than the bias-deviation introduced by the humidity-dependeneemixing ratio dependency;
it is corrected by assuming a temporal linearity during the sequence period.

Manual liquid injections were carried out during a field deployment where no autosampler was available. During manual

injections, it is challenging to maintain a constant injection volume, and thus difficult to achieve precise humidity-develscontrol

of water vapour mixing ratios. In this case, only injection volumes between 0-2-and-+6--0.2 and 1.6 p/ with a step of ~0:2
p-are-employed(~ 0.2 ul are employed, roughly correspondlng to m%&ﬂ%%%@%%%&%m
between 2/400 and 24’000 ppmv with a step of ~
injeetion-onlytasts-about-6-hours— 3/000 ppmy. Despite the shorter measurement period (about 6 hours), the instrument drift
within a sequence increased by a factor of 2-3-2-3 for §'80 (0.16 £ 0.03 %o) and dD ;being0-1+6--0-03-(1.65 + 0.18 %oand
+:65+0-18—respeetively), resulting in a drift of 6:37£6:22-0.37 4 0.22 %o for d-excess. The relatively high instrument drift

compared to the autosampler injections in the laboratory is most likely due to the uncertainty introduced by the ineenstant

variable injection volume, and the operation on a container on
the deck of a research vessel in-our-case)—The-driftis-again-(Renfrew et al.,, 2019). Instrument drift is corrected by assuming
a-temporat-linearityduring-the-sequenece periodlinear drift during each characterisation experiment. In all characterisation
experiments, we applied three to five FARLAB standard waters when using an autosampler, or three Ul standard waters in the

2.4.3 Continuous vapour streaming

To test the influence of the vapour generation method, we used continuous water vapour streaming of two laboratory standard
waters (DI and GSM1). A continuous vapour stream is generated via a so-called standard delivery module (SDM, A0101,

Picarro Inc, USA). The SDM is a device with two syringe pumps, that provides automated delivery of two standard waters at

up to three water concentrations per standard. The standard water is delivered to the Picarro vaporizer, where the standard water

is instantly vaporized at +46->€—140 °C and simutaneously mixed with dry-gas—Various-humiditylevels-between-600-ppmy
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and-247000-a dry matrix gas. The routines for vapour streaming at different mixing ratios applied here follow recommendations
by the manufacturer to characterize each instrument’s mixing ratio dependency (SDM user manual, Picarro Inc). Mixing ratios
between 600 ppmy and 24’000 ppmv were obtained by adjusting liquid water injection speed of the syringe pumps from 6:062
hs=140-0-84+15=10.002 pul s~ t0 0.8 uls~!. The generated standard vapour is continuously delivered to and measured by
the spectrometer. During the characterisation, we measured a total of about 25-humidity-levels-with-an-humidity-step-of~1-000

Ppmv—0:00311s— ) -have been-measured-25 mixing ratios at a step of ~ 1’000 ppmv (0.003 ul s~ ') for each standard water.
Each humiditytevel-mixing ratio is measured for 20—46-20—40 minutes and the averaged value of a 5-5 minutes period close to

the end of the measurement is used in the analysis. Due to unstable calibration performance, only +—2-1-2 min long sections
were used for the characterisations done in July 2016 and Feb 2018 for the laboratory standard DI on instrument HIDS2254.
A measurement sequence of standard GSM1 with ambient air dried through Drierite shows that the magnitude of the in-
strument drift during a 22-22 hour measurement with the SDM is similar to that of the liquid injection with an autosampler.
However, due to the lower precision with the SDM measurement, the instrument drift is comparable (6-+64-6:09-0.10 £ 0.09
%o and 0:96-+6-36-0.96 £ 0.36 %o for 650 and D respectively) or smaller (0-24-6-78-0.24 + (.78 %o for d-excess) compared
to the measurement-uneertainty-uncertainty associated with the estimated drift. Therefore, except for the measurement with

standard GSM1 above, the measurements with the SDM are not corrected for instrument drift.

- - - 26-1In situ measurement data for -50-and-dD-respeetively(TFable-2)—
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studying the impact of isotope composition—mixing ratio dependency correction
To-demenstrate-In order to test the impact of the isotope it i

ratio dependency correction on actual measurements, we applied the proposed correction scheme to two datasets obtained
from in situ vapour measurements during the Iceland Greenland Seas Project (Renfrew et al., 2019) in March 2018 onboard an
aireraft-a research aircraft (analyser HIDS2254) and a research vessel respeetively-(Renfrew-et-al5-2649)(analyser HKDS2038)

The analyser HIDS2254 was employed-for-the-measurement-onboard-the-installed onboard a Twin Otter research aircraft.
The instrument was fixed on a rack on the feftright side of the non-pressurized cabinef-aFwin-Otteraireratt—-A-metal-tube-with
3/8-. A 3.5m stainless steel tube with 3/8 inch diameter, insulated and heated to 56-50 °C, was running-from-the-analyser

to-leading from a backward facing inlet located shightly-behind the right cockpit door —A-—rear-facing-to_the analyser. A
rearward-facing inlet was selected to ensure that only vapour (and not particles or droplets) would be eoHeeted-A-flush-sampled.

A manifold pump was used to draw the vapour from-outside-the-aireraft-into-the-eabin-through the inlet at a flow rate of about 5

slpmfrom-whieh-the-8 slpm. The HIDS2254 was taking a sub-sample intow-flow-mede-through a 0.2 m stainless steel tubin
in low-flow mode at a flow rate of ~ 35 sccm. The selected vapour measurements from the aircraft were taken in the lower tro-

posphere above the Iceland sea during a Cold Air Outbreak (CAO) on March 4, 2018. The vapeur-measurementlasts9-min-and

articular water vapour measurement segment utilized here was taken during deseent-period-a 9 min long descent of the aircraft
—Due-to-asitaationof from 2'900 m a.s.1. to 180 m a.s.l. A Greenland blocking associated to-with northerlies in the Greenland-

Iceland Seas the-temperatare-during-the-flight-wastew,caused cold atmospheric temperatures, with an average temperature

11
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of—12-of —12 °C at altitudes
m. Accordingly, mixing ratios at low levels wa

and-saturated-conditions—from-800-t0-2-000-m-were ranging from 2'000 to 2’700 ppmv. At higher levels, mixing ratios were

as low as about 900 ppmv. After applying any correction schemes (see below), the water vapour isotope data from the aircraft
are calibrated to the VSMOW2-SLAP2 scale using the long-term average of calibrations with internal FARLAB laborator

standards GSM1 and DI using the SDM before and after the flight survey (details described in a forthcoming publication).
For the vapour measurements onboard the research vessel (R/V Alliance), the analyser HKDS2038 was employed—The

analyser-was-installed inside a heated measurement container which was placed on the beat-deekcrew deck at about 6 m above
the water surface. The ambient air was drawn into the container with a flow rate around 5-8 slpm by a flush-manifold pump

through a 5-m-eng-tubed m long 1/4 inch stainless steel tube, heated to about 50 °C by self-regulating heating tape. The tube
inlet was mounted 4-4 m above the boat deck, protected from precipitation with a downward facing tin can. The entire-tube-was

maintained-at-about-50-C-by-a-heating-tape—The-selected-selected time period from the research vessel was measured-acquired

within 2 hours then stayed around 3’000 ppmv for about 24-24 hours before it increased again to 8-666-8'000 ppmv.

3 Isotope eompesition—humidity-composition-mixing ratio dependency

In this section we present the isotope eompesition—humidity-dependenee-composition—mixing ratio dependency from the char-
acterisation result for instrument HIDS2254 —(Fig. 1). The characterisation is carried out using the method of discrete liquid

injections (Se

humidity-Jeveltotally-At each mixing ratio, in total four injections in high precision mode are applied;-wherecarried out, and
the last three injections are averaged for further analysis. The eharacterisationresultis-shown-uncertainty at each mixing ratio

is calculated as the standard deviation of the three taken injections; this standard deviation (color error bars in Fig. 1;-with-the

single injection (indicated as thick grey error bars in Fig. 1).
For-the-bias-on-The mixing ratio dependency for §'¥0¢-e—, displayed as the deviation AJ*80Y-the-humidity-dependeney

depietsa-tilted-and-inversed"U'shape-, exhibits a skewed, inverse U-shape (Fig. la;symbel)) for all of the water standards.
As an example, standard GSM1 (dark blue symbelsymbols) starts with a bias-ef—0-1-deviation of —0.1 %o for humidities-at

23°000-ppmv-which-a high mixing ratio of 23’000 ppmv, becomes positive after passing 26-006-ppm+20’000 ppmyv, continues
to increase until reaching a positive-maximum-around-3-000-maximum around 3’000 ppmv. Then the-bias—quickly-drops
with-lower-humidity AJS'®0 quickly drops at lower mixing ratios, and becomes negative again around 500-500 ppmv. As the

12
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humidity-mixing ratio further decreases, the magnitude of the bias-deviation increases substantially. Notably, the humidity
mixing ratio dependencies of the other four standard waters (light blue, green, orange, and red symbols for MIX, VATS, DI
and EVAP, respectlvely) also depict %ﬁmﬁ&ﬁﬂkeéﬂadﬁvef%ed—U—ﬂhape an inverse U-shape. However, the bias-maximum

ity-maxima become smaller and shift towards higher mixin,
ratios (bottom right in Fig. 1a) with more heavy-eﬂﬂehedﬂsetep&eefﬂpesr&eﬂsennched isotope composition. This 1sotope-

composition-related shift leads to a

fevetan enlarged difference of AJ'®O between any the standard waters. For example, the-bias-AJ'®0 for GSM1 (dark blue
symbelsymbols) and EVAP (red symboelsymbols) differs by ~6:9-~ 0.9 %o at 22606-2'000 ppmv, and by ~2-2.0 %o at +*660
1000 ppmv.

The isotope-composition-related shift is even elearer-more pronounced for AdD (Fig. 1b;symbel). For the standard waters
with relatively heavy-depteted-depleted isotope compositions (GSM Itdark-blue-symbeh-and-MEX(tight bluesymbeby);the bias
. dark blue and MIX, light blue), AJD is positive and becomes larger as the-humidity-deereasesmixing ratios decrease. For
the standard waters with relatively hezwy-eﬁﬁeheérenrlched -enriched isotope composmons (VAT S¢green—symbeb;DPl-{erangesymbeb
s, green; DI, orange; EVAP, dark
QMMMWMWWWW This leads to a-an increasing divergence of the humidity
tas-mixing ratio dependency at
Mm\%mm%%&pjor GSM1 (dark bluesymbel) and EVAP (redsymbel) differ by ~H-~ 11 %o at
27066-2'000 ppmv, and by ~2+-~ 21 %o at +-666-1'000 ppmv.

The isotope-compesition-related-shiftin-isotope-composition dependency of AJ'80 and AJD resultsin-a-substantial-shift
for-the-humidity-have a substantial impact on the mixing ratio dependency of Ad-excess —The-humidity-for different water
standards. The mixing ratio dependency of Ad-excess below ~15-000-ppmv-also-depicts-an—"U"shape-The-minimum-biasis

Joeated-at-between4-000-~ 15’000 ppmv now exhibits a U-shape, with the minimum located between 4’000 (DI, orange) and
77066-7'000 ppmv (GSM1, dark bluesymbet). The bias-deviation for GSM1 (dark bluesymbet) and EVAP (redsymbel) differs

by ~3:8-~ 3.8 %o at 27660-2'000 ppmv, and by ~53-~ 5.3 %o at +606-1'000 ppmv.

In summary, this characterisation shows that the humidity-dependenee-mixing ratio dependency varies systematically ac-
cording to the isotope composition of the measured standard water. It is most pronounced at low humiditylevels(below

1+02000-mixing ratios (below 10’000 ppmv) and qui

~21—and~53—increases at lower mixing ratios. The substantial deviations are clearly important for $.20-6D-and-d-exeess;
respeetively—Thisis-efimportance-forin situ water vapour meastirement-measurements in dry environments, in particular where

when the water vapour has }&fge}y—vafymW WB@SQ&R@QQ@ As is demonstrated in
Sect. 4, we find that this is

supphiessystematic isotope composition—mixing ratio dependency is irrespective of water vapour generation method and dr
gas supply, and exists in al-threespectrometersinvestigated-here—similar form in all three CRDS spectrometers characterised

here.
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This-measurement-characteristie- The mixing ratio dependency of the HIDS2254 seems to vary systematically with isotope

composition of the water standards, suggesting a potential spectroscopic origin (Sec. 7). This isotope composition—mixin

ratio dependency will not be sufficiently removed by a simple-uniferm—eorrection-of-the-humidity-dependeney-onkyuniform
correction based on a single water standard alone. However, the bias-dependency can be corrected for if we can establish a

eorrect-funetion-of-both-the-humidity-correction function that takes both the mixing ratio and the isotope composition based

account. First we investigate how robust and stable over time the described isotope dependency is, before proposing a correction

framework based on our characterisation results.

4 Robustness and temporal stability of the isotope composition—-mixing ratio dependenc

We carefully analysed the robustness of the isotope composition—mixing ratio dependency with respect to the choice of the
method for vapour generation, the dry gas supply, the measuring sequence, individual instruments and instrument type, and
its stability over time using in total 15 experiments (Table 1). Here we provide a summary of the results from these different
experiments, with the detailed results given in Appendix A..

The robustness test indicates that the isotope composition-mixing ratio dependency is consistent across the two tested vapour

eneration methods, i.e., discrete liquid injections and continuous vapour streaming (Appendix Al; Fig. Aa-c). Characterisations

with synthetic air and N> are in agreement for §D, but deviate for 6120 (Appendix A2, Fi

disagreement is found for the experiment using Drierite. This is likely caused by the contribution from water vapour remaining
in the matrix air after the drying unit. The measuring sequence from high to low mixing ratios, or reverse, shows great similarity
in the results, indicating that the potential hysteresis effects are not substantial (Appendix A3, Fig.
a different result for 0"°0 at the lowest mixing ratio during one of the repeated experiments using MIX water (not shown).
We suspect that the high sensitivity of the isotope composition-mixing ratio dependency at this range of §'*0 values could
lead to pronounced deviations. While this aspect deserves further attention, we consider it as second-order regarding to the
existence and cause of an isotope composition—mixing ratio dependency in the investigated CRDS instruments. Tests of all
three analysers with discrete autosampler injections and Ny as matrix gas show a similar isotope composition-mixing ratio
dependency in all three investigated analysers (Appendix Al; Fig. A2). The repeated characterisation of analysers HIDS2254
and HKDS2038 during an up to 2-year time period show that the isotope composition—mixing ratio dependency is an instrument
characteristic that is to first order constant over time (Appendix Al, Fig. A3).

In summary, the isotope composition—mixing ratio dependency is at first order robust across a range of key parameters, and
stable over time. However, it is also apparent that individual instruments have a different strength and shape of the instrument
characteristic, requiring individual correction. In the next sections, we apply and evaluate a new scheme to correct for the
isotope composition—mixing ratio dependency.

. Ad-f). A particularly substantial

i). However, we do note

14
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5 Correction framework

In-this-seetion;-we-We now use the characterisation result from instrument HIDS2254 obtained above as an example on how

to derive a correction procedure for the isotope eempesition—humidity-dependence—composition—mixing ratio dependenc
following 6 sequential steps. Due to the systematic behaviour observed in Fig. 1, we chose a simple, traceable fitting procedure

to obtain the two-dimensional correction function that can potentially be related to a physical cause. For the sake of simplicity,
i indi i i quations—Inother-words;the-equations-the equations in the following
are equivatent-forformulated to be valid for both §'°0 and dD.

5.1 General formulation

‘We obtain the mixing ratio dependency for

each water standard as raw (uncorrected, uncalibrated) measurements of the isotope compositions. The water standards
thereby cover a wide range of isotope compositionsfrerm—33-07-to-5-03—and-from—262.95-to-4.75for- 62 0-and-6D;

synthetic-air-from-a-gas-eylinder{(experiment--in-Table-1), and different mixing ratios, in particular also at low mixin

ratio.

2. Dataprocessing:-We-—caleulated-the-deviations-We express the mixing ratio dependency for each water standard as the

deviation of the raw measurements to a-the reference value at 26°000-pprrv—(raw-humidity)-20'000 ppmy (Eg. (3). The
reference value is obtained by a linear interpolation between the closest measurements above and below 20-000-ppmv-

The-20"000 ppmyv. These deviations are denoted as A§'80, ASD and Ad-excess as described in Sect. 2.1and-are-used-to
l . it d I anetions.

A suitable fitting function is fitted to the mixing ratio
dependency of each standard wateris-fitted-with-a-funetion, Here we used fitting functions of the form +

fis(x) = L +bisx + cis, )
v g

where x is humidity+-indieates-one-the mixing ratio, J indicates the isotope composition of the standard waters, and ¢
brand-¢;-as, bs and cg are fitting coefficients for each standard-water-water standard and isotope species.

4. We express the obtained fitting coefficients as a function of the-isotope-compesition-of-the-isotope composition as a(d),
b(6) and c(6) for all standard waters (Fig. 2, symbols). This reveals a dependence-of-eachfitting-coefficient-dependency
of the fitting coefficients on the isotope composition of the measured-water—We-approximate-this-dependence-with-water
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5.2

. The final isotope composition—mixing ratio correction function

standard, We now fit a suitable function to this dependency, here using a quadratic polynomialregression::
a(8) =ma (6 —ng)? + kq,

Fi(y) =m;(y —n)* + kj,  b(8) = my (6 — np)* + ko, 5)
c(8) =me(6 —ne)? + ke,

where #-is-0 is the isotope composition, j-indicates-eoefficients-a;b-and-e-and myr-and-k-are-fitting-coefficients-of
the-quadratic-pelynemial-fanetionmn, n and k are the respective fitting coefficients of the quadratic polynomials.

x,0) is then obtained as a function of both the mixin

ratio x, and the isotope composition of the measured water ¢:

g(z,0) = ? +b(8)x + ¢(9). (6)

. Using the correction function above, given any measured raw mixing ratio and isotope composition within the range

investigated here, we can now correct the measured isotope compositions to a reference mixing ratio at 20’000 ppmv.
Thereby, the isotope composition at 20’000 ppmyv (J,.¢) is the unknown; its analytical solution is found from solving the
equation

a((sref)

h +b(5ref) : h+c(6ref)a (7)

5meas - 6ref =
where h is the measured raw mixing ratio and dyeqs 1S the measured isotope composition at that mixing ratio. The right
hand side of the equation is the isotopic deviation determined from Eq. (6). The coefficients a(dref), b(drer) and ¢(9,
are determined from Eq. (5). Eq. (7) is a quadratic function; the procedure to obtain its analytical solution is given in
Appendix C.

I he be'ﬂ.ﬁed eeefﬁeieﬁté‘ = b ']ﬂd e iﬁ

Correction function for analyser HIDS2254

We now exemplify the general steps above for the analyser with serial number HIDS2254. The results from step 1 and 2 for
HIDS2254 are presented in Sec. 3. Here we use a range from —33.07 to 5.03%¢ for 680 and from —262.95 to 4.75%o for §D

and mixing ratios between 500 and 25’000 ppmv (experiment 1 in Table 1).
The coefficients as, by and ¢s obtained in step 3 from Eq. (4) for the five standard waters measured on instrument HIDS2254

are given in Table 4. Despite-While the magnitude differs between «;—b-and-e-the coefficients, scaling analysis shows that
each of the terms (£, bz and c) on the right hand side of Eq. (4) contributes similarly to the isotope composition—humidity

dependeney-composition—mixing ratio dependency (not shown). The fitting results from step 4 are shown in Fig. 1 (solid
color line). ftean-be-seen-that-with-the-The choice of this type of function s—captures the behaviour of humidity-the isotope

composition—mixing ratio dependency for both A§*®0 and ASD of each standard waterarefaithfullyeaptured—Note-that-,
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Hereby, the fit for Ad-excess is obtained-by-ealeutation—Using-calculated from the fit of §120-and-6D-foreach standard-water

Ad:excessp = AdD —8: AJ°O.

The obtained-coefficients m, n and k obtained in step 4 in Eq. (5) are given in Table 5. The fitting results (solid line) with
the fitting uncertainty (95-95 % confidence interval; black dotted line) are shown in Fig. 2. Since we only fit five data points,
the fitting uncertainty is relatively-large, resulting in a relatively large standard deviation for the isotope composition bias
tdeviations Ady. This large standard deviation for Ad can be reduced by using a beetstrap-bootstraping approach (Efron, 1979)

to estimate the ﬁttlng uncertainty in Eq. (5) Mef&defm}&eﬂ—mebee&tﬁrp—&ppfeaehﬂs—feuﬁd—%gAppendlx B).

This-Following step 5, this results in a two-dimensional correction surface for each isotopologue as shown in Fig. 3 (black

For illustration purposes, some contours
are omitted below 4’000 ppmv for both §'*O and 6D. For-the-humidity-dependeney-on-The isotope composition-mixing ratio
dependency for both 620 and D ;the-magnitude-of the-bias-inereases-increase substantially at low humiditiesmixing ratios.
For §180, the bias-deviation changes from positive to negative as humidity-decreases-below~4-000-mixing ratio decreases

below ~ 4’000 ppmv. For 0D, the biasstarts-to-srow-below—+0-0060-ppmvdeviation increases below 10’000 ppmv, and splits
into both positive and negative direetions—

contours).

isotope composition. The uncertainty (one standard deviation) for the deviation Ad is typically one order of magnitude smaller
than the AJ values at the corresponding position.

The surface function exhibits the same features as determined from the experimental results, underlining that the fitting
Wmmmmmwmmmm@mw
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Note-that-the-bias-at-20°000-ppmv-is-the correction function is not exactly zerobeeause-, as the fit which is based on all
the-measurements is not constrained to the point [26°660:--620'000, 0] —Alse-nete-that-below-500-pprrvthe-bias-ppmyv. This
deficiency could be adressed by a modified fitting procedure. Below 500 ppmy, the correction function has larger uncertainties
due to the lack of measurements at this humidityrange—mixing ratio range. Note that the fitting functions used here in Eq. (4)
and Eq. (5) are not chosen on a particular physical consideration. While it is possible that physical processes underly the shape
of the isotope-composition dependency, we recommend to consider how suitable the fitting functions used here are for each

individual instrument that is characterized.

6 1 £ thel ditv-d 1 .
6 Impact of the isotope composition—mixing ratio dependency correction

We now investigate the impact of the humidity-dependence—correction—on-datasets—from-isotope composition—mixing ratio

dependency correction in situ measurements enbeard-an-aireraft-of the water vapour isotope composition with two CRDS
analysers installed onboard a research aircraft (HIDS2254), and a research vessel presented-in-Seet(HKDS2038, see Sec. 2.5).

6.1 Correction-impaet-Impact on the aircraft measurements

The-tew-humidities-Low water vapour mixing ratios and a relatively wide range of (heavy-depleteddepleted) isotope com-
positions make this-prefile-measurementfrom-water vapour isotope measurements from a research aircraft particularly suit-
able for demonstrating the impact of humidity-dependenee-correetion(the new isotope composition—mixing ratio dependenc

correction. Fig. 34 shows a vertical profile of one-minute averaged water vapour isotope measurements above the Iceland Sea
(Sec. 2.5). During the descent of the aircraft from 22960-2'900 m a.s.l to minimum safe altitude, the measured-humidity-water

vapour mixing ratio gradually increases from about 886-800 ppmv at the top to 2-366-2'300 ppmv near the surface (Fig. 4d).
The isotope-compesttionprofite-shows-three-main-charaeteristies—stable isotope profiles (Fig. 4a;-b;-¢)-a-c) show three main

characteristics. Above about +-806-m-2'000 m a.s.l., §'80 and 6D are quite-heavy-depleted-(around—42-depleted (~ —42 %o
and —320-— 320 %orespeetively), with d-excess being-areund-+0-between 10 and 20 %o. Between +-806-and1+-500-m-2'000 and

1/400 m a.s.1, there is a transition stage-where §'80 and D increase to around —36-—30 %o and —270-—240 %o respectively,

AAAAAAAAAA R
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and d-excess quickly-drops-to-around—40-decreases to ~ —5 %o. Below +506-m-1'400 m a.s.L., §'%0, 6D and d-excess grad-
ually inereases-untilreaching-around—22-increase until reaching about —22 %o, —4+76-—170 %o and +2-8 %o, respectively near
the surface. The uncertainty (one standard deviation) of the profile is obtained using the uncertainty propagation law, including.
the uncertainty (one standard deviation) of the one-minute averaged dataset (here the dominating source of uncertainty), and

orange-eurve)First, we investigate the impact of the new correction scheme introduced here. This correction, abbreviated as
iso-hum-corr, modifies the uncorrected dataset in the region above 2000 m a.s.I. by about —0.4 %o and standard-GSMI-(Fig:
+-dark-bluecurve);respectivelythereafter referred-as-hum-corr-eat-BL {-13.3 %%&MMM
in a change of about —10.4 %o for d-excess (Fig. 4, erange-eurve)and-hum-corr-cal-GSM1 red circles vs. black dots). The
impact of applying the new correction scheme on the aircraft measurements can be understood by examining where the dataset
align in the correction surface function (Fig. i ion- h-the-i Hi

W@mmmdmm%mwwm
with low mixing ratio and depleted isotope compositions cluster in the left bottom corner of the surface function. This is the
most sensitive area of the correction, causing thus the largest deviations in the surface function.

To assess the benefit of the new isotope composition—mixing ratio dependency correction, we take this new correction
scheme as the reference scheme and compare its impact to three other correction schemes. The first scheme corrects only for
WMMMM%WMW

second correction follows the

{hunm-corr-GSMI, Fig. 4,
blue squares), and the third correction follows an approach proposed by Bonne et al. (2014) for their-in situ vapour measure-
ments en-in southern Greenland. Instead of correcting the humidity-dependenee-mixing ratio dependency for the vapour mea-
surements, their-the Bonne et al. (2014) approach corrects the humidity-dependencefor-the-measured-mixing ratio dependency
for the calibration standards. Thus, assuming the humidity-mixing ratio dependencies of the two employed standards remain
stable during the measurement period, the measured isotope ratios-compositions of these two standards are corrected using

humidity-mixing ratio dependency function to the ambient air humidity-tevelmixing ratio of each single vapour measurement.
Then, the linear regression computed from these two corrected standard measurements against their certified values is applied to

19



10

15

20

25

30

35

calibrate the vapour measurement to VSMOW?2-SLAP2 scalet. This scheme is hereafter referred as 2-std-humi-corr-eat2-std-hum-corr

rgreencurve-in-(Fig. 4, green triangles).
The different correction schemes modify the raw-uncorrected dataset differently. For-the-The §'80 profile rit-doesnotmake

substantial-difference-for-the-measurements-below—1-500-m-is only marginally affected by the correction below 1’400 m a.s.l.
(Fig. 4a). For the measurements above +-500-m—the-version-1'400 m a.s.l., differences become more pronounced, but are

masked by large uncertainty as the aircraft was descending through a strong mixing ratio gradient. At elevations above 2000
m a.s.L, all corrections show clear deviations, and we focus our comparison at this region. The #u-correat-Dihum-corr-DI
stands out ﬁm%f%%%%@%mﬁm@ﬁ%@ﬂ&%ﬁ%ﬁ%%wm%%
» while the other three schemes induce a negative
correction of between —0.3 and —0.7 %o. For-the-The D profile —a-very-simitarpatternexhibits-exhibits a similar pattern,
but with more %ﬁﬁsewgggg&wg&m)etween the correction schemes (Fig. 4b). thedﬁ&gfeemeﬂt—pa&emsﬂﬂ

mpaekef—app%ymgﬂae%effeeﬁeﬁ%ehem&correctlon scheme using single standard water (thus accounting for only humidity
W@erehu on the choice of the used standard water. 1n-the-case-of-the-aireraft-dataset-here;

Using the correction fum-corr-cat-Dthum-corr-DI y-intro-
duces the largest bi&s—H—l—dm%%o, +8:8-18.3 %o and 9:5-9.5 %o, for 680, 6D and d-excess, respectively)—On-the

o, while using the correction feti-corr-cal-GSM1)
produces—results-that-are-hum-corr-GSMI produces results much closer to the-version-iso-hum-corr-cal that of the reference
scheme (with an offset of 0-+-0.1 %o and 4:3-4.2 %o for 6'80 and D, respectively and 3:3-3.4 %o for d-excess). This-is-due-to
the-fact that-the For this specific aircraft measurement (where the surface condition is already quite dry during cold air outbreak
event) the isotope composition of standard GSM1 elesely-resembles-happens to closely resemble the average isotope compo-
sition of the aireraft-dataset_measurement. However, in the case of a previously unknown range of isotope compositions, or
strongly varying conditions, a comprehensive characterisation of mixing ratio dependency with multiple standard waters can
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provide advantages and should be preferred. Unknown ranges are particularly likely for atmospheric measurements of vertical
profiles in humid regions (e.g., tropics and subtropics), or over a wide area from moving platforms.

Finally, applying the alternative calibration approach used in Bonne et al. (2014) (2-std-humi-corr-eal2-std-hum-corr) results
slightly more depleted isotope values than the reference, with an offset of about —8:3-—0.3 %o and —0:6-—0.5 %o for 5120
and 9D, respectively, resulting in a change of +:8-1.7 %o for d-excess. The small discrepancy between these-two-versions-are

the 2-std-hum-corr and iso-hum-corr is mainly due to the following three factors. Firstly, depending on the number of used
standard waters, the interpolation scheme for the bias-isotopic deviations in between those of the used standard waters can be
different. The-verston2-std-hum-corr-cal2-std-hum-corr makes use of the humidity-mixing ratio dependency functions of only
two standard waters. Therefore-the-btas-In this way the deviations can only be linearly interpolated between both-standardsthe
two standard waters. In contrast, by measuring five standard waters, the reference version-scheme is able to reveal-and-aceount
for-the-nen-linearity-account for non-linearities during interpolation. Secondly, the-version2-std-hum-corr-eat2-std-hum-corr
corrects the two standards—to-the-humiditylevel-standard waters to the mixing ratio of the measurement while the reference
verston-scheme corrects the measurement to the humidity-level-mixing ratio of the two standards-standard waters (i.e. the
reference humiditymixing ratio). Based on the humidity-mixing ratio dependency feature of the two standardsstandard waters,
the choice of correcting the two standards-standard waters will result in a bigger-higher slope for VSMOW2-SLAP?2 calibra-
tion line. Consequently, the measurements after calibration is-are stretched to two ends, i.e., the measurements with isotope
composition close to that of standard DI become more heavy-enriched-enriched and those close to that of standard GSM1
become more heavy-depleteddepleted. Finally, the humidity-mixing ratio dependency functions for GSM1 and DI used-in
the-verston-in 2-std-huni-corr-eat2-std-hum-corr (using the fit-of-the-measurements-individual fit for GSM1 or DI respec-
tively) are not exactly identical to those used in version—iso-hum-corr-cal the reference scheme (from the surface function
determined by the measurements of five standard waters). Despite the small discrepancy, the consistent results of version
2-std-hitm-corr-eal2-std-hum-corr with the-referenee-version-that of the reference scheme indicate that a correction scheme

using humidity-mixing ratio dependency functions of only two standard waters covering the measured isotope composition
range could-be-sufficient—

individual analyser, and the space in the isotope composition—mixing ratio surface covered by the measurement data determine
could lead to differing results for different analysers and measurement situations.
Applying-
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6.2 Impact on the ship-based measurements

Applying the four different correction schemes to the ship-based measurement data has a much weaker impact on the vapeur
meastrement-onboard-the-research-vessel-corrected series of vapour measurement (not shown). The-medifieation-on-the-raw
dataset-after—After applying our isotope compesition—humidity-dependence-correction—schemeis—composition—mixing ratio
dependency correction scheme, the uncorrected dataset changes on the order of 6:66-and-6-+5-0.06 and 0.15 %o for 6'°0
and 0D, respectively, yielding-leading to a change on the order of —6:5-—0.5 %o for d-excess. As-ean-be-identifiedfrom

This is mainly because these ship measurements were carried out at the ocean surface with relatively higher humidities(from

2°500-t0-82000-mixing ratios (from 2’500 to 8’000 pmv), Bt

and less depleted isotope compositions (—23 to —12 %o for 6180 and —+60-te—+06-—160 to —100 %o for §D-—Essentiatly,),
compared to the aircraft measurements. As can be identified in Fig. 3, the measurements-happen-to-clusterin-asaddleregion

—ship data (blue dots) are located coincidentiall

in an area with low sensitivity in the correction surface. A linear interpolation between two standards may not capture such a
saddle point correctly. This indicates that measurements are not under all conditions sensitive to the correction of the isotope

—composition—mixing ratio dependency. Ultimately, however.
certainty about a reliable correction will only be achieved by a complete characterisation of the isotope composition and mixin
ratios covered by the measurements.

7 Stability-and-rebustnessDiscussion

eQur careful characterisation

experiments show that the isotope composition-mixing ratio dependency affects measurements at low mixing ratios for all
three investigated stable water isotope CRDS analysers. Here, we discuss possible causes of the isotope composition—mixing
ratio dependency. In particular, we explore to what extent this dependency is an artefact from mixing with water remaining.
within the analyser, or an instrument behaviour resulting from spectroscopic effects.

7.1 Vapour generation-methodArtefact from mixing
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using-the-SPM-(experimentIf we assume the dependency is a result from mixing with remnant water, there would be mainl
two candidates of the background moisture source: (1) the remaining water vapour in the dry gas supply; (2-6)—Fhesame

s%&ndaféwva{ef&éGSMl—cmel%Bﬂﬂek the remaining water vapour from previous measurements in the analyser. By changin,
the dry gas supply

Drierite to synthetic air or N» from cylinder which typically provides a dry gas with a mixing ratio below 10 ppmy, we can
exclude the possible influence from the background moisture in the dry gas supply. In order to quantify the amount and the
isotope compositions of the remaining water vapour from previous measurement, we have applied several successive, so called
empty injections via the autosampler. Thereby, no liquid is injected, and only dry gas is flushed into the vaporizer. Results
from these empty injections show that the remaining water vapour in the system typically has a mixing ratio of about 60-80
ppmy, with its isotope composition closely following those of the previous injections. If the mixing ratio dependency were
a result of the mixing between the injected water and the remaining water vapour from previous measurement, by injecting
the same standard water during a characterisation run, we would expect a mixing of two water vapour masses of the same
isotope compositions at different mixing ratios. As a consequence, we would expect the mixed vapour to have the same isotope
compositions, which is not the case. Finally, the shape of the isotope composition-mixing ratio dependency with a maximum
between 27000 and 67000 ppmv (Fig. 22 id i i

is not consistent with the expectation of a memory effect what would monotonously increase with decreasing mixing ratio.
The slight hysteresis observed during the upward/downward calibration runs indicates that there may be contributions from
remnant water, for example on walls or filter surfaces in the analyzer, that only exchange once a sufficiently humid airmass is
introduced into the analyzer. Such contributions do however appear to be of second—order compared to the substantial changes
of the mixing ratio dependency with isotope composition.

7.2 Spectroscopic effect

Now we explore the second hypothesis, namely that the isotope composition-mixing ratio dependency is an instrument
behayiour resulting from spectroscopic effects. The manufacturer recommends a procedure for water vapour dependency
calibration, using their SDM or similar device (Picarro, 2017), similar to what we have employed. While the first-order effect
can be removed from a linear fit, there are second—order, non-linear components, that become more apparent the more the
water concentration changes from the recommended range of operation (5'000 — 25'000 ppmy). In the following we discuss
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the potential reasons for the origin of the water vapour and isotope dependency from a spectroscopic standpoint based on the
published literature (Steig et al., 2014; Rella et al., 2015; Johnson and Rella, 2017).

The two modules of CRDS analyser used in our experiments (i.e., Picarro L2140-i and L2140-1) target thee absorption lines
of water vapour in the region 7199-7200 cm” ", namely near 7199.960, 7200.135 and 7200.305 cm”" for H3®0, Hy® and
HD'0, respectively (Fig. 22 Lo een v racults £ . oot 5180 5 .

humidity range—3). These absorption lines broaden or narrow, depending on the partial pressure of the gas mixture in the
cayity, and can be affected by changes in their baseline due to other nearby strong absorption lines. A fitting algorithm then fits
the measured absorption spectrum to an expected model spectrum and adjusts the model parameters in order to minimize the
residual error. Broadening/narrowing of lines due to changing gas mixture, and baseline shifts are particular challenges to the
fitting algorithm (Johnson and Rella, 2017), and cause residuals during the fitting procedure, which induce instrument error.

and earlier spectrometers use the absorption peak as a free parameter in the fitting algorithm. The peak shape and thus the peak
amplitude can suffer from the above mentioned broadening/narrowing effect, introducing potential error under conditions
of varying concentration or matrix gases. The fitting algorithms of the L2140-i spectrometers, in contrast, have a higher
number of ring-downs due to a different strategy for obtaining laser resonance, using wavelength changes rather than cavity.
length modifications. This allows to fit the integrated absorption, rather than the peak amplitude, of each absorption line.
Since the integrated absorption is a constant independent of pressure, the fitting is expected to be more accurate, with a low.
sensitivity to broadening/narrowing effects arising from changes of water concentrations and background gas compositions
(Steig et al., 2014). One part of the retrieval algorithm is the removal of the baseline from the H°0 spectrum. To this end,
changes in the baseline from nearby strong absorption lines as a result from concentration changes or cross-interference from
other gas species is a possible source of error for either fitting algorithm. Other possible source of error can be absorption loss
nonlinearities due to small imperfections of the instrument such as the non-zero shut-off time of the laser and response time
of the ring—down detector (Rella et al., 2015). Unless fitting algorithms take the actual line shapes into consideration directly,
some residual effects are likely to persist.

The retrieval of H,O concentration and the stable isotope compositions dH;°0 and JHD?0 (identical to §'°0 and 0D) is
implemented similar to the procedure described for CHy and §'°CHy (Rella et al., 2015). Considering a linear dependency of
absorption to concentration (which is not always true), where the mole fraction of Hy*O (c1s) is related to the absorption peak

18 = kisaus f e1s. ®)

Note that the expressions above should apply to both the L2130-i and L2140-1 spectrometers, with the only difference that the
absorption peak height is replaced by the integrated absorption (Steig et al., 2014).
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Based on the molecular definition
[H3*0]

of a delta value with respect to Vienna Standard Mean Ocean Water (VSMOW), and an isotope ratio of the sample 18R = -2

and of VSMOW 3R = 2005.20 & 0.45 x 10~5, we haverepeated-the same-characterisation-on-three-analysers-{experiment

d ha B o a arEie ata and-FE AP 1N raridanie 1
atd 5 ara satio S€a V b Spssie

SHLBO [in %] = 1000 (Rmp‘ - 1) . 9)
VSMOW

The retrieval can then be formulated as:

SH320 = 1000 (

kigang + €13 _ 1)
(k1svis + €16) Rvsmow

two-analysers-Fig—A2ZbehgreemyFor an ideal spectrometer, the calibration coefficients are constants (i.e., k13 = k18 and

and the calibration offsets are zero (i.e., €15
spectrometer as:

5H%80 _ 1000 R18(¥18
Rysmow k16016

= (). These assumptions lead to the expected retrieval for an

— €

§)

—1000. 1)

The actual spectrometer is not ideal, but in most situations has a highly linear and stable performance (Rella et al., 2015).
Nevertheless, it can be calibrated based on the linear dependency of dHL20 to 212 using a linear expression of the form:

SHIBBO = A2 4 B, (12)
o

where calibration constants A and B can be determined based on the measurable quantities H:30 and 21 on a reference
instrument in the factory. These determined calibration constants slightly deviate from the expected values in Eq. (11). They

are then transferred from the reference instrument to each new instrument of the same type (Rellaetal., 2013)._

If Eq. (12) is used for calibration of the water analysers (not reported in the published literature), there are two potential
sources of error. First, the dependencies on isotope ratio may not be entirely linear (even when assuming a linear relationship,
the coefficient is not necessarily a constant and offset not necessarily to be zero), and remain as residuals. Second, the change
of this relationship with differing mixing ratio may remain unexplored. Furthermore, manufacturing tolerances will induce
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deviations from the reference instrument on which such an initial calibration has been carried out, and instruments have
therefore to be calibrated individually to obtain a suitable post-processing methods. The initial instrument calibration procedure
may therefore be one potential origin for the isotope composition—mixing ratio dependency identified here.

Deviations from an ideal spectrometer stem from the potential spectrometer errors due to small imperfections of the instrument.
One possible error is the absorption loss offset that could occur when the baseline loss is not reproduced well by the fitting.
algorithm. This absorption offset then leads to a mole fraction offset, €15 in Eq. (8). Theh&m*m%yflepeﬁdeﬁeymaeﬁheﬁhfee

SHi%0 = — 1000, (13)

1000 (k18a18 (67} >

Rysmow \ k16016 16

where aq is the net absorption loss parameter, that should to first order be independent of water concentration and isotope ratio.
Comparing to Eq. (11) for an ideal spectrometer, the additional term 2% in Eq. (13) creates an inverse relationship with water
concentration, and should be responsible for deviations from the ideal spectrometer that are most evident at low mixing ratios.
Another possible spectrometer error is the so-called absorption loss non-linearity, which describes effects due to a shorter
or longer ring-down time than expected in the optimal range of operations. These effects can be included as additional
(ie.

terms, again following Rella et al. (2015) (their Appendix S1.2), by including a non-linear dependency of «

s = a1x + B0 £20%6):

1000 klgoélg k18a16 Q) 1000 klg
SHEO = ( + +— )+ 5——-—8—-1000 |, (14)
2 Rysvow \ k1606 7 k16 a6 Rysmow k16

on «

which can be simplified to the form:

5H%80 Aa +I'c16 + Cf +B. (15)
16 16

The difference between Eq. (15) and Eq. (12) represents the deviation from an ideal spectrometer due to non-linearities from
imperfections in the baseline removal and spectral cross-talk between H3*0 and H3°0, and can be denoted as:

AGHI0 = Terg + ~2 + Const.. (16)
C16

The dependency on water concentration (ci4) in Eq. (16) appears consistent with the mixing ratio dependency function
(Eq. (C2)) identified in our systematic investigation of three analysers, e*eep%feFDHad»GSMFﬂwed»eﬁﬂs&umem

—supporting the hypothesis of a

spectrometric origin for the mixing ratio dependency behaviour.
Despite-of-A similar form of mixing ratio correction is applied to the 7O measurements using 1.2140-i analyser in the stud
of Steig et al. (2014) (their Eq. (22)), where the integrated absorption area instead of peak amplitude is used to calculate the

26



10

15

20

25

absorption loss and the cross-talk between H;°0 and H,"0 is modelled with a bilinear relationship. Steig et al. (2014) notes
that the introduction of an integrated absorption detection leads to a substantially improved behaviour for the mixing ratio
dependency over the peak amplitude detection for §:°0, but not for 9D, with the reason remaining unclear. It is also worth to
note that their instrument has not been evaluated for the low mixing ratio range, which is in the minor differenees-of the bias;
itis-elear that-the focus of this manuscript. It may be possible that part of the identified isotope composition dependency of the

mixing ratio dependency stems from the so far lacking systematic analysis of the low mixing ratio range of the analyser for
this effect,

8 Final remarks and recommendations

We have systematically investigated the mixing ratio dependency of water vapour isotope measurements for three commerciall
available infra—red cavity ring—down spectrometers. We found that the mixing ratio dependency varies with the isotope

the-measurements-exhibit-areversed-humidity-dependeneycomposition of the measured vapour. We define this behaviour as
isotope composition—mixing ratio dependency. The dependency is robustly identified across 3 similar analysers, regarding
several first-order parameters, and found to be stable over time. Using the characterisation results of five standard waters on a
Picarro .2130-1 as an example, we propose a correction scheme for this isotope composition—mixing ratio dependency. Using.
such a correction scheme, we can correct the isotopic measurements for any measured mixing ratio and isotope composition
within the range investigated here.

—To demonstrate the impact of
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the mixing ratio dependency correction, we have compared the proposed correction scheme with other published correction
schemes, using in situ measurements from dry environments. The change-of-the-humidity-dependeney-for-impact is found to
be most substantial on the measurements at the low mixing ratios. Applying a correction scheme accounting for only mixing
ratio dependency relies on the choice of the used standard water. For an aircraft dataset, using the mixing ratio dependency
function based on the standard DI produces a large deviation from our proposed scheme; using the mixing ratio dependency.
based on standard GSMI reflects partly-on-the sensitivity-of produces results similar to our proposed scheme, since it is closer
to the average isotope composition of the aircraft dataset. Finally, we have investigated the impact of applying a correction

scheme used by Bonne et al. (2014). This approach produces results in good agreement with that from our approach. The small

discrepancy is due to the interpolation scheme (linear or non linear) of the isotopic deviation, the choice of correcting mixin

ratio dependency of the standards or that of the vapour measurement and the small discrepancy in the instrament-on-a-eertain
range-of-mixing ratio dependency functions of the two standards. The consistent results indicate that a correction scheme
using mixing ratio dependency functions of only two standards covering the isotope composition could be sufficient if the
correction surface can be sufficiently approximated by linear interpolation. Using ship measurements made at higher mixing.
ratio conditions, we find a weaker impact from the different correction schemes.

Given the non-monotonous characteristics of the isotope composition-mixing ratio dependency, we consider memory effects

i.e. mixing with water vapour from previous injections in the anal

a spectroscopic origin as the most likely cause, possibly resulting from imperfections of the fitting algorithm at low water
concentrations, or non-linearities in the fitting procedures (Rella et al., 2015).

ser) unlikely to be the dominanting factor. This renders

The correction for the isotope

composition—mixing ratio dependency.
is most relevant for in situ vapour isotope measurements where the ambient mixing ratio is low (below 4’000 ppmy) and the
isotope composition of measured vapour spans a large range. At higher mixing ratios, the investigated CRDS analysers show.
negligible dependency on either the mixing ratio or the isotope composition. If the isotope composition of ambient vapour
varies in a small range during the sampling period, a simpler correction scheme could be employed, using the mixing ratio
dependency of two or even one suitable standard water with a similar isotope composition as that of ambient vapour.
Based on our conclusions above, we recommend to identify the isotope composition—mixing ratio dependency for all Picarro

CRDS analysers used for in situ water vapour isotope measurements, in particular when low mixing ratio conditions are
encountered.

If the measurements of multiple standard waters are not available, the approach used in Bonne et al. (2014) could be applied

as an alternative correction approach. Their approach can produce similar results as that from the approach proposed here. but
requires the characterisation of the mixing ratio dependency of two carefully selected calibration standards in a linear range
of the correction surface. If the isotope composition of ambient vapour varies only within a small range during the sampling.
period, such as during measurements close to the ocean surface, it may be sufficient to correct for the mixing ratio dependency.
using one standard water that has a similar isotope composition as that of ambient vapour.
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Our study is presently limited by the range of the standard waters used here (about —33 ~ 5 %o and —263 ~ 5 %o for waters
E ] . l ] . ] l (518 ;6 A i . ~ " . qe y

-D, respectively). Depending
on the measurement environment, more depleted or enriched standards would be needed to derive a correction function over
the entire measurement range of samples potentially encountered during atmospheric measurements.

The other limitation of the characterisations performed here is the substantial time demand. The characterisation method with
liguid injections provides relatively high precision performance but requires an autosampler and takes about 1-2 weeks for four
standard waters. The characterisation method with the SDM can be automated more easily, but requires manual intervention to
apply more than two standards. A device that could provide any desired isotope composition and a given mixing ratio would
be needed to fully automate the isotope composition-mixing ratio dependency of the instruments tested here.

two-years-(not shown)—The-humidity dependencies-of the-three-A reproducible and accepted characterisation method is of
utmost importance for comparing measurements across disparate locations and in bottom-up networks, in particular in the
polar regions, and appears as a prerequisite for detecting representative signals in the stable isotope record on a regional scale.
In particular studies employing the d-excess as an indicator of moisture origin or other tracer applications are therefore likely
to profit from a detailed characterisation of their analysers according to our characterisation procedure, either before, during or
after field deployments.

Data availability. Data used in the generation of the figures is attached as a supplement to this article.

Appendix A: Robustness and temporal stabilit

Here we detail the experiments conducted to assess the robustness of the isotope composition—mixing ratio dependency with
regard to the vapour generation method, the d as supply, the measurement sequence, the individual analyser and analyser
type, and with respect to temporal stability.

Al Vapour generation method

To investigate whether the isotope composition-mixing ratio dependency is influenced by the choice of vapour generation
method, we compare the characterisation result from discrete liquid injections and the SDM for instrument HIDS2254 (experiment
2 and 6; Fig. Aa-c). The same standard waters (GSMI and DI) and dry gas supply (synthetic air) are used in the two
experiments. The measurement using the SDM usually has a higher uncertainty since the continuous vapour streaming does
not provide entirely constant mixing conditions, and the vapour stream can become unstable due to clogging and bubbles in
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the capillary. Overall, the results from the two vapour generation methods exhibit consistent dependency behaviours. However,
discrepancy exists. For Ad9*°0, there is an offset of 0.2-0.5 %o for DI between 1'000 and 6000 ppmy. Inconsistency appears
for GSM1 measurement below 2’000 ppmy (Fig. Aa). For AdD, the mixing ratio dependencies determined by the SDM method
exhibit a slightly weaker dependency for both standard waters (GSM-VATS-and-Dhdetermined-by liquid-injections—via-an
It is interesting to mention that the result of the discrete liquid injections in Feb 2017 (experiment 1; Fi
agreement with that of the SDM in experiment 6 (comparison figure not shown). This indicates that the discrepancy in the
results of the two vapour generation methods could be due to the small instrument drift as well as the high measurement

E%W%W@p&a%and

. 1) depicts a better

of-one-year-and-one-month;respeetively-8) also gives a similar isotope composition—mixing ratio dependency between the two
vapour generation methods (not shown)- i , confirming that the isotope compesition—humidity

arsycomposition—mixing ratio dependency does

not depend substantially on either of the two tested methods.

A2 Influence of dry gas supply

Next, we investigate whether the type of the dry gas supply has an influence on the characterisation results. To this end, we test
the characterisation method via the SDM on instrument HIDS2254 with a supply of synthetic air, a supply of Ny and a supply
of dried ambient air through Drierite (experiment 6—8). The synthetic air and Ny are tested with two standard waters (GSM 1
and DI), and the Drierite is tested with one standard water (GSM1).

For humidity-mixing ratio dependency on §'#0, the measurement with Drierite disagrees strongly from those with synthetic
air and Ny (Fig. 22aAe). As humidity-mixing ratio decreases below about 7-666-7'000 ppmv, the measured GSM1 with Drierite
exhibits a fast increasing positive bias-while-those-deviation while that with synthetic air and-or Ny exhibit-exhibits a rather
flat dependency. The measurements with synthetic air and with-No show a largely similar shape. A small discrepancy exists
below +57666-15'000 ppmv, where both-the two standard waters measured with No exhibit a small negative offset (~0-5~ 0.5
%o0). The humidity-mixing ratio dependencies on dD from all three types of the dry gas supply are in good agreement, despite
a small (<5< 1.5 %o) offset between the measurement with synthetic air and that with N» (Fig. 2?bAe). The calculated d-
excess follows the shape of 180, with a different behaviour between the measurement with Drierite and those with synthetic
air and Ny below about 7080-7'000 ppmv (Fig. 22eAf). The d-excess of the experiment with Ny exhibits a small positive
offset (~6:5~ 0.5 %o) compared to that of measurement with synthetic air. Overall, characterisation results with synthetic air
and N exhibit a humidity-mixing ratio dependency in a good agreement for both-the two investigated standard waters (GSM1
and DI). However, the characterisation result (for GSM1) with the Drierite differ significantly in §'%0 and thus alse-d-excess.

The characterisation method of liquid injections via an autosampler is also tested with synthetic air and Ny. Again, the results

exhibit a similar isotope eemposition—humidity-composition—mixing ratio dependency from the two types of dry gas supply,

30



10

15

20

25

30

despite a small discrepancy for 6180 measured-with No-in-the-dependeney-for-of GSM1 below 22606-2'000 ppmv and a targer
negative-offset(0-5—13relatively larger offset (0.5-1.3 %o) for Dlbelow102000-5'20 of DI below 10’000 pmv (not shown). A

test of synthetic air from a gas cylinder and dried ambient air from Drierite in the study of Aemisegger et al. (2012) also shows
that the humidity-mixing ratio dependency for §'80 is different while being more similar for dD. The observed discrepancy in
the 5180 bias-deviation is possibly due to changes in the baseline of the spectrum around the §:26-i-e-"H1*O and 'H150 )
absorption peak, caused by slight differences in trace gas composition (Aemisegger et al., 2012; Rella et al., 2015).

A3 Influence from the measuring sequence

Finally, we investigate whether a measuring sequence with ascending or descending humidity-sequence-influenees-humidity

mixing ratio sequence influences mixing ratio dependency characterisation. The humidity-mixing ratio dependencies of GSM1,
MIX and DI tap water characterised with ascendmg and descending hﬁmidfw%ggggmsequences are shown in Fig. 22-

F%M h A¢'°0

and AJD (Fig. 2?byis-more
uniform-among-the-three-tested-waters—The-Ag, h), the results from the two measuring sequences are in good agreement for

all three waters, indicating that the influence from measuring sequence is minor. Though, there is a slightly detectable weaker
mixing ratio dependency for the descending mixing ratio sequence (e. wﬁhﬁk‘}hghﬂybu%%y%emaﬁc—a}}ywve&ke%humidﬁy

WMHMWMMMMWWN@W
sequence is the memory effect from meisture-remainingfrom-previous-injectionsprevious injections, e.g., some remaining
water molecules would stick to the inner wall of the system (even after flushing the system with +2-injections-at-20-000-ppmv)
—whieh-weuld-12 injections at 20’000 ppmy) and still play a role during the characterisation measurements. If this is the
case, starti the measurements from descending mixing ratio sequence (starting with injections of higher
humtdﬁy%eve}smwm the beginning(i-e-deseending-humidity-sequenee) would help to everwrite-the-memeryfrom
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of MEX—s-tikely-replace the remaining molecules by molecular exchange and therefore is more likely to represent the true
dependency behaviour. Nonetheless, the good agreement between the two measuring sequences indicates that the potential
hysteresis effects if any are not substantial, The resulting mixing ratio dependencies for Ad-excess (Fig. Ai) overall exhibit
an increasing positive deviation towards the low mixing ratios, except for one mixing ratio step of MIX and two mixing ratio
steps of GSML. This underlines the high sensitivity of d-excess measurements due to the increasing uncertainty of §'°0 and
9D values at very low mixing ratios.

It is worth to note that we have repeated three experiments for MIX (only results from one of the experiments is shown here).
For one of the three experiments (not shown), the measurements for MIX below 2'000 ppmy exhibit an interesting contrast
in AJ'°0. The measurement at the lowest mixing ratio (around 500 ppmv) has constrained the mixing ratio_dependency
into slightly opposite directions. The contrast is not well understood. It is possible that this contrast stems from the fitting

uncertainties due to the un

—

acking constraining points at the low end of mixin
ratios. The contrast is not observed for the repeated experiment with added mixing ratio steps (Fig. Ag, green). It is also
ossible that for a standard whose isotopic composition is close to a turning point in the correction surface (Sect. 5), hysteresis

effects with opposing sign may become visible within the range of uncertainty. This can be also found, for example, in the
small shift of dependency shape in 6D for VATS among the three analysers (Fig. A2b, e, h, green curve). Further tests with

more in-between standards or a vapour generation approach that de-does not suffer from memory is needed to address this

uncertainty in the dependency shape.

Appendix B: Diseussion

A1l Variations among CRDS analysers
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To investigate
the variations of the mixing ratio dependency between the individual instruments, we have repeated the same characterisation
on three analysers (experiment 3, 9 and &QGGﬁpfﬁv{—FigM) —tarisneot-consistent-with-the-expectation-ofa-memeory-—effeet

ity—The characterisation is carried out with four standard waters

for the three analysers are shown in Fig. A2. For A§80, the positive deviation for GSM1 below 4’000 ppmv on instrument
HKDS2038 is about 0.2-1.8 %c-and—263~5- for-4150-and-3P- respeetively)—Depent

than those on the other two analysers (Fig. A2a, d, g, blue). The mixing ratio dependency of VATS below 4’000 ppmv is nearl
flat on instrument HKDS2038 while exhibiting a substantial negative deviation on the other two analysers. The mixing ratio
dependencies for the other two standard waters (DI and EVAP) are in good agreement among the three analysers. For AJD
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Hymixing ratio dependency of VATS
below 2’000 ppmv is slightly positive on instrument HKDS2038 while being nearly flat on the other two analysers (Fig. A2b, e
h, green). The mixing ratio dependency for the other three standard waters (GSM1, DI and EVAP) agree well among the three

analysers. The calculated d-excess (Fig. A2c, f, 1) shows an increasing positive deviation towards the low end of mixing ratio

for almost all standard waters measured on the three analysers, except for DI and GSM1 measured on instrument HKDS2038
whose mixing ratio dependencies appear to be rather flat or even slightly negative.

the-humidity-dependeney-funetion-based-en-Despite of the minor difference in the magnitude of the deviations, it is clear that the
isotope composition—mixing ratio dependency exists in all three analysers investigated here. The behaviour of dependency is to

—first order in good agreement across the analysers.
For the standard waters with relatively depleted isotope compositions, the measurements on all the three analysers exhibit
a mixing ratio dependency where the isotopic value increases as the mixing ratio decreases. For the standard waters with
relatively enriched isotope compositions, the measurements exhibit a reversed mixing ratio dependency.

Al Long-term stabilit

We—have—fufﬂmfeva}uated—me—s%&bﬁﬁy—aiﬂfebusmes&To uantify the long term stability of the isotope eempeosition—humidity
omposition—mixing ratio dependency, we examine the temporal change
of the fitting coefficients (as, bs and cs) in Eq. (4). Figure A3 shows the fitting coefficients for the mixing ratio dependenc
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characterised by liquid injections on instrument HIDS2254 in February 2017 (black line, experiment 1) and in May 2018 (red
line, experiment 2). For the characterisation in May 2018, only four standard waters are measured; this results in a fit with a
relatively large 95 % confidence interval. In this context, the change over time is considered insignificant if the coefficients
(and their fitted curve) from the characterisation in May 2018 is within the 95 % confidence bounds for the fitted curve from
the characterisation in February 2017,

For the mixing ratio dependency on 4130, the ¥

However, it is worth to note that the fitting coefficient a with respect to standard GSMI_(Fig. A3a, the first data point)
changes slightly from negative to positive. This small change results in an opposite mixing ratio dependency shape at low.
mixing ratio. The change of the mixing ratio dependency for GSM1 reflects partly on the sensitivity of the instrument on a
certain range of isotope .. N . . . . . .

diserete tiquid-injeetions-composition and partly on the uncertainty arising from both low instrument precision and lack of
W@&W&M&W@Mmmm%mm%mmm

depeﬁéeﬂe}ﬁ%%hﬁfaﬂgeﬁf—é—%eﬁO Fig. A3b, ¢). A less negative b and a less positive c reflects a weaker mixin,

ratio dependency in May 2018. For the mixing ratio dependency on dD, reasonable agreement exhibits for all three fittin

coefficients (Fig. A3d, e, f); this points to the same basic shape of the mixing ratio dependency on dD after a 15 month period.

where-the-ambient-humidity-istow—(below—A repeated characterisation with standard water DI determined via the SDM in
July 2016, February 2018 and June 2018 (experiment 4
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».2.and 6) indicates that

the mixing ratio dependency for standard water DL is still consistent after nearly two years (not shown). The mixing ratio
dependencies of the three standard waters (GSM1, VATS and DI) determined by liquid injections via an autosampler (experiment
9 and 10) and the other three standard waters (NEEM. GV and BERM) via manual injections on instrument HKDS2038
5 (experiment 12 and 13) indicate a consistent isotope composition—mixing ratio dependency after a running of one year and
one month, respectively (not shown). Overall, the stability tests indicate that the isotope compesition—humidity-dependeney
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Appendix B: Fitting uncertainty estimated using a bootstrap-bootstrapping approach

Since we only have 5-5 available data points to fit in Eg- (5), the resulted 95 % confidence interval of the fit is relatively
broad (black dotted line, Fig. 2). This broad confidence interval results in a relatively large standard deviation for the isetepe
eomposition-bias-isotopic deviation (Ad). For example, the resulted standard deviation for Ad at 22006-2/000 ppmv is about
0:20;2:69-and-3-13-0.20, 2.69 and 3.13 %o for §'%0, 4D and d-excess, respectively. To reduce this large standard deviation for
AJd, we use a bootstrap-bootstrapping approach (Efron, 1979) to estimate the fitting uncertainty in Eq. (5).

The boetstrap-bootstrapping approach can be explained by considering for example the coefficient a. Firstly, for each in-
dividual observation of a, we generate +:0060-1'000 random values under a normal distribution with the mean and standard
deviation being those of each available observation. We obtain now five sets of +2000-1’000 random values since we have five
a from five standard waters. Then, we sample one value from each set of the +2600-1'000 random values and fit those sampled
five values using Eq. (5). Finally, we repeat this process +666-1'000 times, thus obtain +-666-1'000 fits. The standard deviation
of the +2600-1'000 fits is the standard deviation that is adopted here (blue dotted line, Fig. 2).

In this way, the standard deviations estimated for the coefficients sa, b and ¢ are lowered to about 15:0410=5 and 8x10=2
15, 0.4 x 1075 and 8 x 1073 for 6180 and +06;3>10=C-and-04-100, 3 x 10-% and 0.1 for dD, respectively. This in turn
substantially reduces the resulted standard deviation for Ad. For example, the standard deviation for A at 27666-2'000 ppmv
is reduced by a factor of 2620, being about -04-0-+H-and-0-14-0.01, 0.11 and 0.14 %o for 5180, 6D and d-excess, respectively.

Appendix C: Analytical solution for J,.¢

In the following we derive the analytical solution for d,.f in Eq. (7) at a reference humidity-gor=20"000-mixing ratio g.r = 20’000
ppmv. The derivation applies for both 510 and JD.

The coefficients a(def), b(dref) and c(dyf) are given according to Eq. (5):

a((sref) = Mg (5ref - na)2 +ka,
b(éref) = mb(éref - nb)2 + ky, (CD
C((Sref) = mc(éref - ’I’Lc>2 + ke,

Substitute Eq. (C1) into Eq. (7) and rearrange the terms, we get:

A= %—i—mbh—i—mc,

2mgne
A62;+ Bbs+C =0, where { B=1—

h

—2mpnph — 2m.n., (C2)

2 k
C= mt;lna _|_mbnl2,h+mcn? + Fa +kbh+kc _5measv

Eq. (C2) is a quadratic equation with its only physical solution being:

—B++VB%—-4AC
6ref = 24 . (C3)
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The coefficients m, n and k are already obtained from the fits in Eq. (5). When given a measured humiditymixing ratio, h, and
the corresponding isotope composition, dpmeqs, We can obtain the isotope composition at ¢=r=262000-¢..¢ = 20’000 ppmv, Oref,
according to the solution Eq. (C3).
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Figure 1. Humidity-Mixing ratio dependency of uncalibrated measurements for (a): & 180, (b): 6D and (c): d-excess —Humidity-dependeney
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ppmv-for five standard waters (GSM1, MIX, VATS, DI and EVAP) on instrument HIDS2254 (Picarro L2130-i) with discrete liquid injec-

tions via an autosampler (experiment 1). Mixing ratio dependency is expressed as the deviation A of the measured isotope composition

at each mixing ratio with respect to the reference mixing ratio of 20°000 ppmyv. Symbol and error bar represents the mean and the
standard deviation of the mean for the last three of total four injections at_each mixing ratio. Solid lines are fits with the function

f(x) = & +bx+c. Dashed lines are the 95 % confidence interval for the corresponding fit. Measurements and fits for d-excess are calculated
from d-exeess—oD—8—5 20 Ad-excess = ASD — 8- A§'®0. The typical one standard deviation of a single injection at the correspondin,
mixing ratio is indicated by grey error bars. Two outliers (at about 4:366-4'300 and 87986-8'900 ppmv) are removed from GSM1 measure-

ments and one outlier (at about 9666-9'000 ppmv) is removed from VATS measurements.
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Figure 2. Dependency of fitting coefficients a, b and c on § 80 (a)—(c) and on 6D (d)-(f). The coefficients a, b and ¢ are from the fits for the

five standard waters in Fig. 1. Solid line is the quadratic fit with f;(y) = m;(y —n;)® + k;. Black dotted line shows the 95-95 % confidence

interval. Blue dotted line shows the standard deviation estimated from a beetstrap-bootstrapping method.
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Figure 3. Surface function of the bias—isotopic deviations for (a) ¢ 80 and (b) 6D, based on the isotope eomposition—humidity
composition—mixing ratio dependency of instrument HIDS2254 (Picarro L2130-i). The x-axis is the raw humidity-mixing ratio and y-axis
shows the raw isotope composition at 26°060-20"000 ppmv. Contours with numbers indicate the isetepe-eompesition-biasisotopic deviation,
AJ. Symbols show the isotope measurements during-cold-and-dry-conditions-over the Iceland Sea: one min averaged measurements in-every
+6-seconds-from an aircraft in the lower troposphere (btueted crosses) and in-every+Ho-measurements at 10 minutes resolution from a research
vessel on-the-ocean-surface-(red-blue dots). The measurements from the aircraft were done with instrument HIDS2254 (Picarro L2130-i) and

those on the research vessel were done with instrument HKDS2038 (Picarro L2140-1).
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Figure 4. Vertical profiles of (a) 50, (b) 6D, (c) d-excess and (d) humidity-mixing ratio measured by instrument HIDS2254 on an
aircraft above the Iceland Sea on Mar 04, 2018. Shown are one min averaged profiles of the raw-uncorrected dataset (black eurve-line
with dot) and four datasets using different isotope compesition—humidity-composition-mixing ratio dependency correction schemes: us-
ing the humidity-mixing ratio dependency of standard DI (orange curve with cross), standard GSM1 (blue curve with square), the iso-
tope eompeosttion—humidity-composition—mixing ratio dependency surface function (black-red curve with asteriskcircle), and using two
humidity-dependeney-eorrected-mixing ratio-dependency-corrected standards (green curve with dettriangle). All the shown-datasets are cal-
ibrated to VSMOW?2-SLAP2 scale. Shading shows the total uncertainty (one standard deviation) for the corresponding profiles. Note that the
profile of 3D has been adjusted 30 s forward to account for the longer response time of molecular HD'®O. The large uncertainty between
and 0D profiles caused by different response time.
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Figure 5. Humidity—Absorption spectrum of H380, H3® and HD'®O in the frequency range targeted by the laser of Picarro L2130-i

and L.2140-i. Simulations with two water concentrations were performed using spectraplot.com with HITRAN/HITEMP database

Goldenstein et al., 2017). Simulation parameters are set according to the cavity conditions of the Picarro analyser: T'= 80 °C, P = 50

Torrand L =1 cm.
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Same-as-Fig-22-but-comparing between different carrier gases. The measurements are carried out on instrument HIDS2254 (Picarro

L2130-i) with continuous vapour streaming via SDM (experiment 6-8). Two standard waters (GSM1 and DI) are tested with synthetic air
(black symbol) and N5 (orange symbol). The standard water GSM1 is also tested with ambient air that is dried through Drierite (blue
symbol).

Humidity-(g-i) Mixing ratio dependency of GSM1 (dark blue symbol), MIX (light blue symbol) and Bttap-TAP water (orange symbol)for
(a) 120, (b) 6D-and-(e) d-exeess-with ascending (closed symbol) and descending (open symbol) humidity-mixing ratio sequences. Solid
curves represent the fits for ascending humidity-mixing ratio sequences and dashed curves the fits for descending humidity-mixing ratio
sequences. All the measurements are uncalibrated and carried out with discrete injections using an autosampler with N being the carrier
gas. The measurements for MI2-TAP and Bt-tap-water MIX are can*‘l‘e% out on instrument HKDS2038 (Picarro L2140-i) (experiment 9 and
11). The measurements for GSM1 are carried out on instrument HKDS2039 (Picarro L2140-i) and one outlier around 566-500 ppmv has

been excluded (experiment 15).
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Figure A2. Mixing ratio dependency of uncalibrated measurements for instruments (a)—(c) HIDS2254; (d)—(f) HKDS2038 and (g)—(i

HKDS2039. The measurements are carried out with discrete injections using an autosampler with N5 as carrier gas (experiment 3, 9 and 14).

Only the data below 10’000 ppmyv are shown. Symbols and solid lines indicate measurements and fits respectively as in Fig.1.
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Figure A3. Same as Fig. 2, but a comparison between results in Feb 2017 (black symbols, experiment 1) and May 2018 (red symbols

experiment 2). A larger 95 % confidence interval for the fit of May 2018 (red dotted line) is due to the fewer available data points (only four

standards measured).
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Table 1. Isotope-eompesitions Qverview of all 14 characterisation experiments regarding the instrument, the vapour generation method, the
type of dry gas supply, the measured standard watersused-in-this-stady—TFhe-values-arereported-on-, the VSMOW2-SEAPZ seale- FAREAB
standards mwmm%ﬁm%w Bniversity-of Bergen-the mixing ratio span and H-standares
andexperiment time. Adt-the-watersFor characterisations

arried out at each mixing ratio. MEX

are-the 1a

with injections, typically four injections are

For characterisation with continuous vapour streaming via SDM, normally 20-40 min of measurement is obtained-from-an-even-carried out
at each mixing of-GSMi-and-VATSratio. Pl(tap)-is-deionized-tap-water-in-Bergen; Norway-The isotope-compeositions-values of these-tweo
waters-the water concentrations are ealibrated-in-experiment-9-using-the uncalibrated values measured working-standards—o—forFAREAB
standards represents-on the standard-deviatton-of-means—from-sixtquid-injeettonscorresponding analyser. Instrument HIDS2254 is model
type L2130-i, while o-for-U-standards wlong termr-standard-deviationinstruments HKDS2038 and HKDS2039 are of model type L2140-i

No. Instrument Method Dry gas Standard water Steps Span [ppmv] Time

1 HIDS2254 autosampler synthetic air GSM1, MIX, VATS, DI, EVAP 47-49 ~500-23000 Feb 2017

2 autosampler synthetic air GSM1, VATS, DI, EVAP 27-30  ~1000-23000 May 2018

3 autosampler No GSM1, VATS, DI, EVAP 25-29  ~500-23000 May 2018

4 SDM synthetic air DI 24 ~700-23000 Jul 2016

5 SDM synthetic air DI 11 ~1300-20000  Feb 2018

6 SDM synthetic air GSM1, DI 23,27  ~700-23000 Jun 2018

7 SDM N2 GSM1, DI 13,16 ~1200-23000  Jun 2018

8 SDM  air thr. Drierite GSM1 27 ~700-23000  Dec 2016

9 HKDS2038 autosampler N2  GSMI, MIX, VATS, BHtapyTAP, EVAP 42-44  ~800-27000 Jan 2017

10 autosampler N2 GSM1, VATS,DI  36,29,19  ~600-30000 Feb 2018
1 autosampler No. MIX 19 ~300-23000  Dec2019_
12 manual injection synthetic air NEEM, GV, BERM 8 ~2400-24000  Feb 2018
+2-13 manual injection synthetic air NEEM, GV, BERM 8 ~2600-22000 Mar 2018
+3-14  HKDS2039 autosampler N2 GSM1, MIX, VATS, DI, EVAP 4547  ~500-27000 Jan 2017
+H-15 autosampler No GSM1 20 ~500-24000 Jul 2019
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Table 2. Summary-Isotope compositions of experiment-design;—ordered-by-the aims-includingthe-dependenee-standard waters used in
this study. The values are reported on vapour-generating-method:-the dependence-on-V SMOW2-SLAP?2 scale. FARLAB standards are the
tested-instramentlaboratory standards in use at FARLAB, the-dong term-stability University of Bergen and Ul standards are the dependence
behaviour,-laboratory standards in use at the influenee-Isotope Laboratory of University of Iceland. Al the waters are laboratory working
standards except MIX and TAP. MIX is obtained from dry-gas supply-an even mixing of GSM1 and VATS. TAP is deionized tap water in
Bergen, Norway. The isotope compositions of these two waters are calibrated in experiment 9 using the influeneefrom-measured working
standards. ¢ for FARLAB standards represents the measuring sequeneestandard deviation of the mean for the six liquid injections, while g
for Ul standards a long term standard deviation.

5501 %]  ol%] DI%d gl%d dexcess[%d] %l

FARLAB standards

GSMI 3307 £002 26295 £004 163 017
MIX 2478  £0.02  -193.90 10.08 430 £0.20
VATS -1647 £0.02  -127.88  £0.09 3890 £0.18
DI -7.78  £0.01 -50.38  £0.02 11.83  £0.10
TAP_ 2798 £0.01 -52.89  £0.05 10.97 £0.13
EVAP 303 £0.02 475  £0.11 -35.47  £0.16
Ul standards

NEEM 3352 005 25711 406 1105 £072
GV -854 £0.05 5772 £06 10.60  £0.72
BERM 052 4005 626 +£0.6 210 £0.72
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Table 3. Summary of experiment design, ordered by the aims including the dependency on vapour generating method, the dependency on
the tested instrument, the long term stability of the dependency behaviour, the influence from dry gas supply and the influence from the
measuring sequence.

Experiments

9. M1, 15.
3,9,13-14
1,2
4,56

9,10

H12,13

Table 4. Fitting coefficients for the humidity-mixing ratio dependency behaviour of the five standard waters measured on HIDS2254. Coef-
ficients a, b, ¢ are with respect to fitting function f+{e)—="—br—2—er f5(x) = %> 4 by - « + c5. The reported uncertainty is one standard

deviation. The fitting lines are shown in Fig. 1.

Standard a b c
580  GSMI -274.95 + 16.62 2.60x107° +£6.23%x1077  0.54 + 0.01
MIX -488.93 + 9.36 247%x107° +£4.73%x10”7  0.51 + 0.01
VATS -996.35 + 14.46 -2.59%107° £4.19x1077  0.53 + 0.01
DI -1195.79 + 6.53 2.71x107° £3.28x1077  0.59 &+ 0.01

EVAP -2465.30 £ 20.33 -3.39x107° £ 7.95x1077  0.78 £ 0.01

oD GSM1 9511.99 4+ 163.45  -2.96x107° £ 6.13x107%  0.12£0.10

MIX 3663.09 + 8540  -147x107° +£4.32x107%  0.07 £ 0.07
VATS 277843 +64.83  -6.71x1077 +1.88x107%  0.17 £ 0.03
DI -4219.07 + 73.51 6.93x107° £3.69x107%  -1.15+ 0.06

EVAP -10648.36 + 168.65  7.23x107° +£6.59x107%  -0.79 +0.11
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Table 5. Fitting coefficients for the isotope composition dependency of the humidity-mixing ratio dependency coefficients a,b and c in
Table 4. Coefficients m,n and k are with respect to fitting function f;(y) = m;(y —n;)* + k;. The reported uncertainty is one standard

deviation. The fitting lines are shown in Fig. 2.

Coefficient m n k
5180 a -1.38 +£1.27 -36.54 + 21.61 -252.80 =+ 585.65
b -1.38x107% £ 4.41x107° -22.00 £+ 3.14 -2.50x107°% 4+ 7.20x1077
¢ 3.92x107% £ 1.30x10~* 2257 £3.42 0.52 4+ 0.02
5D a -0.01 +£0.25 -3228.00 + 69350.00 1.04x10° & 2.35%x10°
b 1.19%x107% +2.16x107° -300.00 + 312.85 -3.00x107° 4+ 5.18x107°
c -8.93¢-06 & 5.53x107° -364.70 + 1460 0.23 £2.67
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