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Dear Editor

we have now revised our manuscript according to the final comments to the reviewer’s remarks. We feel we 
could address all issues raised by the reviewers, and made numerous changes to the manuscript. In addition, 
we also applied several small changes to improve the overall readability of our manuscript. Please find below 
a detailed point-by-point reply to the reviewers, and the manuscript with all changes compared to the intially 
submitted version highlighted.

On behalf of the authors,
Harald Sodemann

Reply to reviewer #1:

We thank the reviewer for his/her detailed and constructive comments on our measurement and calibration 
approach, which helped improving the clarity of our manuscript. Our replies to the individual comments are 
in italics.

General comments 

[...] I recommend publication of this innovative, very well-written paper after my following major two 
concerns regarding measurement uncertainty have been addressed: 

1.In my opinion, a central assumption of this publication regarding the measurements of deuterium excess is 
stability of the deuterium excess-humidity response of the instrument. The applied deuterium excess-
humidity response correction was determined after the campaign. The fact that this response is individual for 
each Picarro Isotope Analyzer may indicate that the response is related to the alignment of optical 
components or other parameters that could change with time or in consequence of mechanical stress. 
Because the magnitude of the applied humidity correction for deuterium excess (Fig.A3c) is of the same 
order of magnitude as the observed range of observations of deuterium excess (Fig.6b) this may introduce 
significant systematic uncertainty to the observations. The authors mention additional calibrations of the 
SWI-humidity response during the campaign. Could you add them to Fig.A3 to demonstrate stability of the 
SWI-humidity response correction?

This is a valid point, and yes the additional calibrations of the isotope-humidity response do demonstrate the 
stability of this correction function. The isotope-humidity response was checked for low (~4000ppmv) and 
high humidity levels (~20'000ppmv) during the campaign in the field on 26.9.2012 and over a more complete 
range after the campaign on 25.10.2012 in the laboratory. A further extended humidity range was covered 
with a refined setup in 2015 in the laboratory which is the basis of the the isotope-humidity response used for 
correcting our data. Fig. A3 already contains some of these data points, but our description was incomplete. 
Both calibration sequences on 26.9.2012 and 25.10.2012 suffered from remaining background humidity in 
the dried ambient air used in the calibration, which limit the range of useful data points down to about 
4400ppmv. We have revised Fig. A3 to include the data points from the earlier calibration run, and updated 
the description in Appendix A3. We do not show the standard deviation of the preliminary calibrations of the 
isotope humidity response to avoid unnecessary cluttering of the figure.
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2. Uncertainty estimates for the SWI measurements are based on the standard deviation of calibration 
standard measurements in the lab (Fig. A4). However, this estimate does not account for (a) memory effects 
of the inlet tubing and other effects responsible for the observed hysteresis of SWI measurements, (b) 
potentially increased instrumental drift in consequence of mechanical stress during the flights, and (c) 
systematic uncertainty of the applied SWI-humidity response correction. Could you quantify these three 
uncertainty terms e.g. for humidity levels of 1000, 5000, and 10000 ppmv: 

(a) The observed hysteresis of SWI measurements should be consistent with the stated measurement 
uncertainty. Could you quantify the observed mean hysteresis of the SWI measurements for different 
humidity levels?  
In my opinion, not only changes in cavity pressure but also memory effects of inlet tubing and analyzer are 
reasonable explanations for the observed strong hysteresis of the SWI measurements. The 123cm of inlet 
tubing closest to the isotope analyzer were not flushed by the TF2 flushing pump. Considering the small air 
stream of 0.1 l min−1 through this part of the tubing, the relatively strong adsorption of water on PTFE 
surfaces, and encountered strong gradients of specific humidity memory effects may play an important role. 
This seems to be supported by the differences between SWI measurements during ascent and descent, which 
appear to be especially pronounced during dry conditions and smaller during moist conditions. Compare e.g. 
Fig. 9g: dry conditions above 1700m a.s.l. are related to a strong hysteresis of δD, wet conditions below 
1700 m a.s.l. are related to a small hysteresis of δD.  
 
We agree that memory effects have not been sufficiently taken into account as an explanation of the hysteresis 
observed in Fig. 9. Wall effects of the PTFE tubing could become more relevant at lower humidity. We added 
such a statement to Sec. 2.5 and  Sec. A4, and modified p.15,L.33-34, p.21,L.18-20 (locations in the original 
manuscript given by reviewer #1).  
 
With respect to memory effects of the measurement system the authors state time constants of 2.4s, 1.7s, and 
1.3s for δD, δ18O, and H16O, which are within the applied averaging time of 15 s. These time constants were 
determined in Aemisegger [2013]. As I understand it, Aemisegger [2013] derived the time constants by 
measuring the instrument response to changes of specific humidity of 1000ppmv between 12000 and 
22000ppmv. I assume that these time constants may be substantially larger for drier conditions and larger 
humidity steps e.g. from 5000 to 500 ppmv. 

In Aemisegger (2013), two switching experiments are described, in her Sec. 2.7 an experiment with a Picarro 
instrument L1115-i with humidity changes of 1000ppmv between 12000 and 22000ppmv, and in her Sec. 
7.2.5 one with the same inlet system as used in the aircraft measurements, and larger switches, 
approximately between 3000 and 12000ppmv. We agree that the time constant could be larger at drier 
conditions, but lack laboratory measurements of such humidity changes. A sentence describing this aspect 
and mentioning potential implications has been added to section 2.5.

(b) During the campaign SWI calibrations were performed before and after the flights. However, most of the 
calibrations before the flights had to be discarded because stabilization of the instrument was not completed. 
Could you estimate typical drift of the isotope analyzer during the flights based on the few days with 
successful calibrations before and after a flight?  

We had in total 5 days where calibration was performed before and after flights on the same day.  Six 
bracketing calibrations were done at approximately 20'000ppmv, and only two at 4000ppmv. Assuming 
linear drift between the calibrations, the overall drift was about 0.2 permil h-1 for δ18O, 0.5 permil h-1 for 
δD, and independent of the stable isotope concentration. Drift was about 3x stronger at 4000ppmv, but this 
number is based on only two calibrations from the same day.  A discussion to this end was added to Sec. A4.

(c) Do the errorbars in Fig. A3 state the total uncertainty of the SWI-humidity response calibration? Could 
you underpin stability of the SWI-humidity response calibration by measurements during the campaign?

The errorbars represent the measurement uncertainty of each data point. The 95% confidence bounds of the 
response function from the fitting procedure is now included as thin lines in Fig. A3c. We can thus quantify 
the additional error contribution to the d-excess at 9000ppmv, 5000ppmv and 2000ppmv as 0.5‰, 5‰ and 
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20‰. Measurements from during the campaign are now incuded in the figure as colored dots without error 
bars, as stated in the reply to General comment #1.

We have included a paragraph discussing the additional uncertainty from the 3 aspects pointed out by the 
reviewer in Sec. A4.
 
Specific comments  

p.2,L.8: In my opinion, stating the definition of the δ-notation or citing e.g. [Coplen, 2011] would be helpful.  

We added a citation of Coplen (2011) to the introduction.

p.6,L.1: “...changed after the installation of a replacement pump...” Slope and offset between CRDS 
humidity measurements and HCLY measurements were stable between flights, but changed after the 
installation of a replacement pump. Does this change indicate memory effects of the inlet tubing, whereby 
the impact of these effects changed in magnitude in consequence of an adjusted air flow?  

Possibly the previous pump was already performing less than ideal before it had to be replaced because of 
failure. The change in the calibration parameters is shown below for reference. A slight change appeared for 
the slope parameter, which could be related to a change in the flow rate, but the time offset was nearly 
constant which does not suggest a strong effect of the replaced pump on memory effects (Figure R1). There is 
more speculation than evidence in this because only 5 flights were performed with the replacement pump, but 
we note it in the manuscript to as the pump change is potentially relevant for our data set. We expand the 
statement in Appendix A2 as follows in the revised manuscript:

"The offset of this linear fit was mostly stable between flights, whereas the slope changed slightly from 1.0 to 
about 1.1 after the installation of a replacement pump since the original pump was broken between flights 
#17-27. This could affect the pressure in the inlet system, resulting in a different regulatory behaviour and 
pressure hysteresis of the mesurement setup, but does not indicate a change in flow rate (not shown). This 
may suggest that calibration should ideally cover the entire inlet system, including the by-pass pump."

Figure R1: Slope, offset and correlation coefficient from a linear regression between qHCLY and qCRDS for the 
flights of the HyMeX KIT campaign.
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p.6,L.10-28: See my first point in the general comments.  

See reply to general comment 1.

p.6,L.30-p.7,L.10.: SWI measurements with the Picarro isotope analyzer are based on linear two-point 
calibrations at δD=−78.68 and −166.74 . Aemisegger et al. [2012] show significant non-linearity of this 
correction for an older version (L1115- i) of the Picarro isotope analyzer. As many of the observations with 
high d-excess are related to δD ratios smaller than −166.74 (Fig.4) it might be of interest to quantify 
respective additional measurement uncertainty at small isotope ratios.  

Indeed, the standards did not span the entire range of depletions encountered during flight conditions. In 
Aemisegger et al., (2012), it is shown that the uncertainties of the isotope standard measurements from two 
laser spectroscopic systems obtained from error propagation after calibration depend on the δ value of the 
chosen calibration standard (their Fig. 3). The additional error for data points into the range outside of the 
calibration bracket is however comparatively small, and dominated by the error components during 
measurement of the standards with a calibration device in the field.

p.7.,L.15-L.18: The required measurement accuracies of H16O, δD, and especially of deuterium excess are 
of different order of magnitude. A drift of the CRDS H16O calibration by 10 would be almost undetectable if 
comparing the CRDS and HCLY humidity measurements. However, changing δD and δ18O by 10 would  
shift the deuterium excess even for 70 . I therefore think that a small observed drift of the CRDS H16O 
calibration does not necessarily confirm a small drift of the SWI calibration.  

This is a valid point. The main point of our argument is that to first order, the results are not showing an 
obvious influence of the flight conditions on the spectroscopic measurements. We weakened the respective 
statement in the revised manuscript accordingly.

p.7,L.22-24: Dyroff et al. [2015] used a different measurement principle. For this reason please skip this 
sentence.  

We removed the sentence from the revised manuscript.

p.7,L.26-28: “From laboratory experiments with the inlet system...” Please add a description of this 
experiment to the Appendix. See my point 2a in the general remarks.  

We have added a description of this experiment now in Sec. 2.5, and formulated that increased time 
constants at low humidity and low air pressure can contribute to increased memory during upward profiles 
into drier air layers.

p.9,L.33: Could you explain in more detail what you mean by non-linearity of the delta scale.  

The d-excess is usually considered as a measure of kinetic fractionation effects, but can also change under 
pure equilibrium conditions due to the temperature effect on the ratio between the fractionation factors of 
δ18O and δD, and the nonlinearity of the delta-scale. The latter becomes apparent under strongly depleted 
conditions. A simple example to illustrated this aspect is that in the limiting case of a totally depleted sample 
(meaning an isotope ratio R of 0 for both δ18O and δD) one would obtain delta values for both isotopes of 
-1000‰ and thus a deuterium excess of +7000‰, in absence of any kinetic fractionation. We have included 
a sentence in the Introduction that gives an indication of this aspect:

"Note however that at highly depleted conditions with respect to HDO and H218O, as encountered at higher 
tropospheric levels, the d-excess can take high values because of the non-linearity of the scale it is defined 
on, even in absence of kinetic fractionation (the d-excess becomes 7000‰ in the limiting case of -1000‰ for 
both HDO and H218O). Therefore, careful interpretation of this parameter is required. "

p.9,L.31-p.10,L.1: “The high d-excess ... is therefore not an indication of insufficient data quality, but a real 
feature ... in the atmosphere”: I agree that the high d-excess encountered is not an indication of insufficient 
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data quality, but I don’t think that agreement with the observations of Galewsky et al. [2011] and Samuels-
Crow et al. [2014] alone justifies the conclusion that the SWI composition presented here is a real feature. I 
would rather treat this agreement as further evidence for reliable observations. Please rephrase this sentence.  

Correct, we rephrased that sentence.

p.12,L.6: “a very dry and depleted free tropospheric air mass”: The free tropospheric end member you 
assume for the green mixing curve is drier but less depleted than the free tropospheric end member 
corresponding to the orange curve. Can the free tropospheric end member corresponding to the green mixing 
curve be explained by condensation alone or do the specific humidity of 0.5 g kg−1 and the δD of −220‰ 
imply earlier mixing?  

The depleted end-member of the green mixing line can not be explained by a Rayleigh model for the surface 
conditions encountered within our data set (specific humidity at the surface >3 g kg-1 and δD >-140‰). We 
include this important point in the revised manuscript.

p.14,L.34: As mentioned above I would appreciate a quantification of the memory effects regarding 
uncertainty of the SWI measurements.  

This comment has been taken into account in General remark 2a.

p.15,L.33-34: “Reproducibility was good ... except for the dry intermediate layer”. To me this seems like 
further evidence for a humidity-dependent and not a cavity pressure-dependent hysteresis of the SWI 
measurements.  

We address this topic in General comment 2a above.

p.20,A1: Was temperature in the non-pressurized cabin stabilized? Did you heat the tubing to avoid 
condensation?  

No, temperature in the non-pressurised cabin was not stabilised, and the tubing was not heated. However, 
temperatures inside the cabin were generally higher than ambient air temperature outside due to insolation. 
It is therefore unlikely that condensation in the tubing took place. We added a statement to this end to section 
A1.

p.21,L.3-5: I wouldn’t use the standard deviation of calibration standard measurements as measure for the 
total uncertainty of the observations during the campaign as this value doesn’t consider the effects causing 
the observed hysteresis of SWI measurements, potentially increased instrumental drift during the flights in 
consequence of mechanical stress, and systematic uncertainty of the humidity response correction. See my 
second point in the general remarks. 

We now take these additional factors into account in this paragraph and the overall discussion of the results 
as detailed in the reply to the general remarks.  

p.21,L.18-20: “Possible causes of this hysteresis... due to observed changes in the cavity pressure”: What 
about memory effects causing the hysteresis? 

We have added a discussion of the memory effect as a cause for hysteresis as mentioned above.  

p.21,L.32-p.22,L.4: The authors refer to SWI calibrations bracketing each flight ensuring stability of the SWI 
measurements. This is in contrast to p.7,L.6-7: “...with very few exceptions only the calibration runs after the 
daily flight operations were used...”. Maybe you could add a figure demonstrating the stability of SWI mea- 
surements based on the few days with successful calibrations before and after the flights. Otherwise I would 
skip the sentence p.22,L.2-4 “...calibration during flight would not improve data quality substantially in our 
case...”  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Generally, the uncertainty of our data is not dominated by the drift between the calibration runs but rather 
by (1) the humidity correction, (2) the signal/noise ratio (precision) and (3) by the response time especially 
at low humidities. During the 4 days when bracketing calibrations were available, the drift was typically 0.2 
permil h-1 for δ18O, and 0.5 permil h-1 for δD, as mentioned above. If bracketing calibrations were 
performed during and after flight, these relatively small drifts could be corrected by calibration on the 
ground. However, conditions during flight are not as stable as on ground and such calibration runs may 
suffer from deterioration of measurement precision. Also, it is important to keep in mind that inflight 
calibration implies loss of valuable insitu data and has questionable representativity since the conditions 
(mechanical stress, slight temperature fluctuations, inlet pressure) during flight are constantly changing. 
Longer flights than in our campaign might however argue for in-flight calibration, and we moderated the 
statement on p.22 slightly.

Fig. 2a: What is the meaning of the red and black lines. 

Red line is linear least-squares fit to the qCRDS and qHCLY data, black line is a 1:1 relation. This has been 
added to the caption of Fig. 2 in the revised manuscript.  

Fig2,Fig3,Fig6,Fig9,Fig10,Fig11,Fig12,FigA3,FigA4,FigA5: I would appreciate consistent use either only of 
ppmv or only of g kg−1 for stating humidity in the different figures and in the text.  

We use units of g kg-1 for humidity on all plots. In addition we show a ppmv scale on Fig. 6, A3, A4 and A5 
because it is here particularly useful for an easier comparison with other published studies that use units of 
ppmv and that are directly reported by the used instrumentation. The g kg-1 scale went missing in Fig. A4 but 
will be added in the revision. We added a note to the caption of Fig. 6.

Fig6b: Could you add systematic uncertainty of the deuterium excess measurements (resulting e.g. from 
uncertainty of the SWI-humidity response correction) to this figure?  

Error bars for the uncertainty resulting from the isotope response correction have been added to Fig. 6b.

Fig.A3: Do the error bars show statistical uncertainty from measurement noise? What is the meaning of the 
red crosses?

The red data points were obtained from a calibration sequence during the HyMeX field campaign in 2012. 
The crossed out points are affected by incomplete removal of ambient moisture. Vertical bars show the 
standard deviation of each calibration point with measurements lasting for approximately 6–10min. 
Statements to this end clarifying this have been added to the caption of Fig. A3.
 
Technical corrections  

p.7.,L.30: CRDS

done 

p.8,L.4: “1.17”: Table 3 states an uncertainty of 1.18 for d-excess. 

done

p.11,L.31: “relatively moist”: Do you mean relatively dry?  

yes, done

p.11,L.35: “magenta line”: The respective line is orange. 

done
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p.21,L.4: “Figure A5”: Figure A4?  

done

Fig 9: “black or solid ... grey or dashed lines”: There are no dashed lines visible in this figure.  

Changed to "Only downward profiles are shown as they are less affected by memory than upward profiles."

Fig. 10: “red stippled”: not shown  

Deleted

Fig. A5: “red”: magenta; “blue”: green  

Reply to Reviewer #2

We thank the reviewer for his/her detailed and constructive comments, which helped improving the clarity of 
our manuscript. Our replies to the individual comments are in italics. 

General Comments 

High resolution in situ aircraft based isotopic (18O/16O and 2H/1H) measurements of atmospheric water 
vapor between 150 and 4500 m a.s.l. using a laser based optical analyzer are reported. The low abundance of 
water vapor in upper tropospheric air, the large range of concentrations and the low abundances of 
Oxygen-18 and Deuterium render such measurements difficult and referee 1 raises some points of concern 
(Teflon is mentioned wrt to memory effects, perhaps the filter used (Figure A2) should be described. The 
interpretation of the experimental data in the light of adequate meteorological information is complete and 
attention is paid to proper experimental procedures for calibration. Although the reader needs some patience 
to follow all details of the many series measured the paper does justice to the data and will be valuable for 
those embarking on acquiring and using similar data. An important step is made by explaining profiles as the 
result of mixing of air masses and not only local Raleigh type stable isotope fractionation. One question a 
reader may have is why not any other data from these flights were used. In other words, the isotope data and 
physical data are used together, without any other tracer data. It may well be the unique nature of water vapor 
and its isotopic composition that make it hard to find any other tracer that supports interpretation. 

No other tracer data was available on these flight. It may be interesting to complement the analysis by CO, 
CH4 or other trace gases, but the history of phase changes and moisture origin is only reported by the water 
isotope composition. We mention this in the introduction of the revised manuscript and in Sec. 2. We also add 
a description of the Teflon filter we used to section A1.

Below are my (mostly technical) comments.

The title should be “The stable isotopic composition of water vapour above Corsica during the HyMeX 
SOP1 campaign.. . ..” 

The title has been modified as suggested.

“Stable water isotopes” I think this sloppy descriptor ought to be removed from the paper because it is 
wrong. We get throughout the paper statements like: Stable water isotopes, stable water isotope composition, 
stable water isotope profiles, the SWI composition of atmospheric water vapor (page2, line 18) and so on. 
Does SWI stand for vapor or liquid? Better is to write what it is, use isotopic composition (IC), for instance 
the IC of snow, or the IC of water vapour. In case one is concerned to wrongly generate the impression that 
Tritium measurements were involved, then use SIC. Or one can use HIC for Hydrogen isotopic composition 
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and OIC . . . such logical abbreviations will not be forgotten for years to come, and do not sound as bad as 
some recent Twitter messages.

The term "Stable water isotopes (SWI)" is a simplified descriptor that is intended to make the complex topic 
of stable isotopes more accessible to a wider audience. We agree, however, that for this study the advantage 
from using this term is limited. We therefore rephrased all occurrences of SWI by more specific terms.

The delta values are defined (since at least 6 decades) as atomic ratios. Reading the introduction, a reader 
may think that delta values are based on molecular ratios. The laser analyses absorption features based on 
molecular properties. Which standards are used, and how. 

We have included a statement explaining this aspect to the introduction: "It  should  be  noted  that  the 
isotope  ratios determined by laser spectroscopy are  molecular  isotope ratios. In practical cases it can be 
shown that the difference between the molecular ratios and the more commonly used atomic ratios is much 
smaller than the measurement precision  (Kerstel, 2004)." 

The atomic ratios [D]/[H] and [18O][16O] are thus assumed to be equivalent to the molecular ratios 
[1H16O2H]/(2*[1H16O1H]) and [1H18O2H]/[1H16O1H] from which our molecular delta values are 
derived. The factor 2 in the molecular R2H comes from the two possible positions of the hydrogen atom in 
the H2O molecule.

Why does WS9 have a large deuterium excess? 

It is an artificially produced mixture of waters.

For non isotope colleagues (stable), perhaps explain why delta d is use and not delta 18O. The 18O/16O ratio 
is larger than the D/H ratio (which is twice the DHO/H2O ratio). Is the systematic error in the d-excess due 
to a noisier Deuterium or 18O signal? On page 8, line 23 delta 18O is used and not delta D. 

We generally show d-excess and δD because fractionation is stronger for δD,  because δ18O is more strongly 
affected by non-equilibrium fractionation than δD. There is no systematic error arising from the noisiness of 
a signal. The impact of the δ18O-H2O  correction on the d-excess is stronger than the one coming from δD, 
but both δD and δ18O play a role. We now use δD also for the characterisation of the river runoff, and make 
a statement explaining why we focus on δD and d-excess in Sec 2.5:

"We focus discussion of our own measurements mostly on the complementary parameters δD and d-excess 
(the d-excess measures how δ18O deviates from the behaviour expected at equilibrium conditions)."

In the introduction it is emphasized that these are the first airborne spectroscopic stable water isotope 
measurements over the Mediterranean. The reader may well think, “what about the other seas and oceans, 
have they been left out? The coveted quantifier “first” can be used by narrowing down in space. But it helps 
no-one.

We agree with the reviewer and the word first is not required here. Our general intention is to allow the 
results to speak for themselves within a scientific context that brings forward their value and meaning, and 
we are grateful for this moderating comment. The respective sentences in the abstract, introduction and 
conclusions have been rephrased accordingly.

Page 2, line 8. To what does “these” pertain? 

We added a missing sentence mentioning the fractionation during phase changes
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Page 2, line 11. I am sure that by far most delta 18O and delta D measurements have been made for 
hydrological purposes, e.g. precipitation network, ground water and aquifer studies, not palaeoclimate. 

It may be difficult to defend this statement, but at the same time it should be noted that many precipitation 
samples have been measured in support of paleoclimate interpretation, and that one single ice core can 
require thousands of measurements to complete. The claim is however not crucial to this manuscript, and we 
rephrased the sentence to avoid misunderstandings:

"In the past, some of the most prominent use of stable isotopes has been in a palaeoclimate context to infer 
past temperatures and moisture sources from natural archives (e.g., Jouzel et al., 1997), for ground water 
studies (e.g., Sonntag et al., 1983), and in studies investigating the stratospheric water budget (e.g., Webster 
and Heymsfield, 2003). "

Page 3, line 31. “advection” Do the authors mean diffusion? What exactly is advection and why would that 
fractionate? Convection does not fractionate, neither does advection, I suspect. 

This was meant to be "diffusion" and has been corrected.

Page 5, line 26. This sentence means that humicap (should it be Humicap?) provides slow accurate 
measurements. Is this true? These are small sensors that need calibration. How can they be accurate? I 
assume only if they have a stable response from before to after a measurement series. 

The Humicap is typically calibrated once for an entire campaign, as the calibration curve remains very 
stable on a day-to-day basis and more frequent calibration is not practical (calibration takes one half to one 
day). Calibration was however done after low flights when salt deposits required cleaning of the sensors. 
Calibration was performed over saturated saline solutions. We added a sentence to this section: "The 
Humicap was calibrated repeatedly during the campaign and showed very stable calibration curves."

Page 6, line1. “installation of a replacement pump” It is a bit unclear what has happened. Referred to is A2, 
where is written “not shown”. 

We explain this now in more detail in Sec. A2: 

"The original flush pump failed during flight 17, and was replaced with the same type of pump before flight 
28. The slope of the humidity calibration changed from 1.0 to about 1.1 after the installation of the 
replacement pump which could indicate a change in flow rate (not shown)."

Page 6. What is q?

This was corrected to be wraw in Eqs 1 and 2 which is the uncalibrated volume mixing ratio of water vapour 
from the CRDS in units of ppmv.

Page 6, line 31. What is the source of such very precise numbers, e.g. -78.68 per mil for deuterium. 

The working standards were obtained from repeated isotope-ratio mass spectrometry measurements. We have 
reduced the standard values to one decimal place.

Page 7, line 27. ..lower and higher.

Corrected.

Page 9, line 31. Replace “air” by water vapour” and replace “value” by “values”. 

Corrected.
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Page 10, line 2. The deuterium excess is not measured directly, but I think derived from the D and 18O 
signals. Can you pinpoint which has most influence on the deteriorating precision and accuracy? 

This is now mentioned in the introduction, see reply to comment "For non-isotope colleagues...". We also 
extended the discussion in Sec. A4 to include the effect of temporal averaging on the precision. The precision 
of d18O is approximately 5-6 times better than the precision of dD (see standard deviations at different 
averaging times). So d18O has the strongest influence on the precision of the d-excess.

Page 10, line 6. The sentence starting with “Only few..” can be deleted. 

Sentence deleted.

Page 10, line 11. “remarkable” is perhaps not the correct description. Ehhalt was a very good experimental 
scientist. The reader has problems to get convinced. The red dots (Fig. 5 (a)) roughly fall in the measured 
range, that is all. Is a curve through the mean or median values not better? Also, in the same figure box, we 
do not see a zero gradient between 0 and 1500. A small decrease is visible. 

We are not sure why the reviewer mentions that Ehhalt was a very good experimental scientist, it was 
certainly not our intention to put this into question. The word "remarkable" was chosen to express our 
astonishment about the general correspondence of how the range of δD measurements changes with altitude 
when comparing two separate places and time periods. We rephrased to avoid misunderstandings. The 
negative gradient is already described in Sec. 3 when discussion Fig. 4.

Page 10, line 28. Perhaps replace “common” by “earlier” and insert “is based on”. 

Rephrased as suggested.

Page 11, line 1. “is constant up to almost 1200 m a.s.l.” OR “is almost constant up to about 1200 m a.s.l.). 

Rephrased according to the second option.

Page 11, line 3. Here is suddenly written “major isotope species” This sentence needs to be corrected. “with 
their very depleted conditions” (sounds like people being robbed). 

We rephrased and removed the confusing use of the word "depleted".

Page 12, lines 27-29. The argument is not convincing and referee #1 mentions the problem of the d-excess 
data. I do not know what to advice here. 

Reviewer #1 does not state that the d-excess values are/were and indication of insufficient data quality, but 
rather highlights potential sources of uncertainty. We added a statement referring to the discussion of high d-
excess in Sec. 3 which has now been expanded to include a brief discussion of the non-linearities of the d-
excess.

Page 14, line 1. Please insert (Fig. 1) after “pattern #3”. 

Inserted as suggested.

Page 14, line 18. Which flight?

Inserted information on flight 09.

Page 16, line 20. Why flight 10? 
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We added a statement explaining that this was the flight with the most pronounced isotope gradient and 
temperature inversion.

Page 19. Summary and Conclusions. I am sorry, but the conclusions need to be partly rewritten. There are 
valuable findings which allow some conclusions and these conclusions should not be cluttered up with much 
less relevant information. 

We re-wrote much of the summary and conclusions to focus on the most relevant findings, see below. 

Line 3. add “campaign”. 

done

Line 3. It may be the first such data for Corsica, but it will not make Napoleon come back. Safe and 
appropriate to write is that it is if not the first, one of the first extensive airborne datasets in the framework of 
a well documented measurement campaign. Later is written, that your finding is confirmed by Dyroff, who 
actually published BE- FORE you did. Please change. 

We rephrased these sentences to highlight the main improvement compared to earlier studies (high-
resolution measurements), and corrected the use of the word "confirmed".

Line 19. It is a bit hard on Claude Taylor, who after all pioneered similar isotope measurements over 4 
decades ago. The statement does not make the paper or experimental work more valuable. 

It was by no means the intention here to criticise or diminish the impressive, pioneering work of Claude 
Taylor, but to point out the finding that airborne d-excess measurements contain potentially useful 
information. We have rephrased to emphasise that aspect only.

Line 26. “non-linearities in the delta scale” This needs an explanation, are there more than one type on non-
linearities. Perhaps deal with this issue earlier in the paper, explaining the delta values and ratios. 

We now address the question of non-linearities in the discussion of high d-excess values at low humidity 
conditions, see reply to Reviewer 1.

References. perhaps useful: Paired stable isotopologues in precipitation and vapor: A case study of the 
amount effect within western tropical Pacific storms Conroy, JL et al. JOURNAL OF GEOPHYSICAL 
RESEARCH-ATMOSPHERES. DOI: 10.1002/2015JD023844 

We have considered including this reference in the revised manuscript, but finally decided to not add a 
citation to it.
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Abstract. Stable water isotopes
:::::::
isotopes

::
of

:::::
water

::::::
vapour

:
are powerful indicators of meteorological processes on a broad

range of scales, reflecting evaporation, condensation, and airmass mixing processes. With the recent advent of fast laser-based

spectroscopic methods it has become possible to measure the stable isotopic composition of atmospheric water vapour in situ

at high temporal resolution, enabling to tremendously extend the measurement data base in space and time. Here we present

the first set of airborne spectroscopic stable water isotopes measurements over the western Mediterranean
:::::
results

::::
from

:::::
such5

::::::::::::
comprehensive

:::::::
airborne

::::::::::::
spectroscopic

:::::::
isotopes

::::::::::::
measurements

::
in

:::::
water

::::::
vapour

::::
over

:::
the

:::::::
Western

::::::::::::
Mediterranean

::
at

::::
high

::::::
spatial

:::
and

::::::::
temporal

::::::::
resolution. Measurements have been acquired by a customised Picarro L2130-i cavity-ring down spectrometer

deployed onboard of the Dornier 128 D-IBUF aircraft together with a meteorological flux measurement package during the

HyMeX SOP1 field campaign in Corsica, France during September and October 2012. Taking into account memory effects

of the air inlet pipe, the typical time resolution of the measurements was about 15–30 s, resulting in an average horizontal10

resolution of about 1–2 km. Cross-calibration of the water vapour measurements from all humidity sensors showed good

agreement in
:::::
under

:
most flight conditions but the most turbulent ones. In total 21 successful stable isotope flights with 59

flight hours have been performed. Our data provide quasi-climatological autumn average conditions
:::
and

::::::
vertical

:::::::
profiles of the

stable isotope parameters �D, �18O and d-excess during the study period. A time-averaged perspective of the vertical stable

isotope composition reveals for the first time the mean vertical structure of stable water isotopes over the Mediterranean at15

high resolution. A d-excess minimum in the overall average profile is reached in the region of the boundary layer topdue to

precipitation evaporation, ,
:::::::
possibly

::::::
caused

:::
by

::::::::::
precipitation

:::::::::::
evaporation.

::::
This

::::::::
minimum

::
is bracketed by higher d-excess values

near the surface due to
:::::
caused

:::
by non-equilibrium fractionationand ,

::::
and

:
a
:::::::::

maximum
:
above the boundary layer due to the

non-linearity of the
:::::
related

::
to

:::
the

:::::::::
increasing

:
d-excess definition

::
in

::::
very

::::::::
depleted

:::
and

::::
dry

:::::::::::
high-altitude

::::::::
airmasses. Repeated

flights along the same pattern reveals pronounced day-to-day variability due to changes in the large-scale circulation. During a20

1



period marked by a strong inversion at the top of the marine boundary layer, vertical gradients in stable isotopes reached up to

25.4‰ 100 m�1 for �D
:::
and

::::
24.0‰

:::::::
100 m�1

:::
for

:::
the

::::::::
d-excess.

1 Introduction

The vertical distribution of water vapour in the atmosphere is highly variable. It is shaped by source, transport and sink pro-

cesses, such as evaporation and condensation, horizontal and vertical advection, and mixing as determined by the atmospheric5

stability. The water vapour concentration itself does not provide information on the role different processes may play for

its variability. Considering in addition the stable isotope
:::::::::::
Measurement

::
of
:::::::

passive
::::
trace

::::::
gases,

::::
such

::
as
:::::::

carbon
::::::::
monoxide

::::
and

:::::::
methane,

:::
can

:::::::
provide

::::::
insight

:::
into

:::::::::::
atmospheric

::::::
mixing

::::::::
processes

::
if

::::::::
significant

:::::::
sources

:::
are

::::::
present

::
at

::::::
surface,

:::
but

:::
are

:::
not

:::::::
specific

::
to

::::
water

:::::::
vapour.

::::::::::
Considering

:::
the

:::::
stable

:::::::
isotopic composition of atmospheric waters , termed here stable water isotopes (SWIs),

can support the interpretation of the phase change history of water vapour in an airmass. SWIs are
::::
The

::::::
isotopic

:::::::::::
composition

::
in10

::::
water

::::::
vapour

::
is
::::
here

:
quantified by ratios between the concentration of the heavy stable isotopologues H18

2 O and HDO and the

most common isotopologue, H16
2 O, reported here in �-notation as �D and �18O in the water vapour .

::::::::::::
(Coplen, 2011).

::
It

::::::
should

::
be

:::::
noted

:::
that

:::
the

::::::
isotope

:::::
ratios

::::::::::
determined

::
by

::::
laser

:::::::::::
spectroscopy

:::
are

::::::::
molecular

:::::::
isotope

:::::
ratios.

::
In

:::::::
practical

:::::
cases

::
it

:::
can

::
be

::::::
shown

:::
that

:::
the

:::::::::
difference

:::::::
between

:::
the

:::::::::
molecular

:::::
ratios

:::
and

:::
the

:::::
more

:::::::::
commonly

::::
used

::::::
atomic

:::::
ratios

:::::::
derived

::::
from

:::::::::::
isotope-ratio

:::::
mass

::::::::::
spectrometry

::
is
:::::
much

:::::::
smaller

::::
than

::
the

::::::::::::
measurement

:::::::
precision

::::::::::::::
(Kerstel, 2004).15

The temperature at which these phase changes occur is the main driver of isotope fractionation which changes
:::
that

:::::
alters

�D and �18O (Dansgaard, 1964). SWIs are tightly coupled
::
due

:::
to

:::
the

:::::::
heavier

:::::::
isotopes

:::::::::
preferring

:::
the

:::::
more

::::::
tightly

::::::
bound

:::::
phase.

:::
As

:::::
more

:::
and

:::::
more

:::::
water

::::::
vapour

:::::::::
condenses

:::
and

:::::
rains

:::
out

::::
from

::
a

::::::
cooling

:::::::
airmass,

:::
the

:::::::::
remaining

::::::
vapour

::::
thus

::::::::
becomes

::::::::::
increasingly

:::::::
depleted

:::
of

:::::
heavy

::::::::
isotopes,

::
as

::::::::
described

:::
by

:::
the

::::::::
Rayleigh

::::::
model

::::::::::::::
(e.g., Gat, 2000).

::::
The

:::::::
isotopic

::::::::::
composition

:::
of

::::
water

::::::
vapour

::
is
::::
also

::::::
closely

::::::
related

:
to atmospheric transport as well as source (evaporation) and sink (condensation) processes20

(Jouzel et al., 1997), and can be seen as an integrating tracer of the water’s Lagrangian transport history (Sodemann et al.,

2008b). In the past, SWIs have been mostly used
::::
some

::
of

:::
the

:::::
most

::::::::
prominent

::::
uses

:::
of

:::
the

:::::
stable

::::::
isotope

:::::::::::
composition

::
of

:::::
water

::::
have

::::
been

:
in a palaeoclimate context to infer past temperatures and moisture sources from natural archives (e.g., Jouzel et al.,

1997),
:::
for

::::::
ground

::::::
water

::::::
studies

::::::::::::::::::::::
(e.g., Sonntag et al., 1983),

:
and in studies investigating the stratospheric water budget (e.g.,

Webster and Heymsfield, 2003). The process-based insight provided by SWIs
::
the

:::::::
isotope

::::::::::
composition, however, also extends25

to synoptic and sub-diurnal time scales, and to the lower troposphere, where most atmospheric water vapour resides. In light

of the key role of atmospheric moisture for the uncertainties in weather forecasts and climate predictions, understanding SWIs

::::::::
processes

:::::::
affecting

:::::::
isotopes

:
at these time scales promises to serve as an additional constraint for future model improvements

::::::::::::::::::
(e.g., Risi et al., 2012).

Historically, the SWI
:::::::
isotopic composition of atmospheric water vapour has mainly been observed at the surface

:::::
using30

:::
cold

:::::
traps, or inferred indirectly from precipitation samples (e.g., Araguàs-Araguàs et al., 2000). The

:::
Due

::
to
::::

the
:::::::
difficult

:::::::
sampling

::::::::::
procedures,

::::
the vertical distribution of SWIs in the atmosphere has

:::::
stable

:::::::
isotopes

:::
in

::::::::::
atmospheric

:::::
water

:::::::
vapour

:::
has

::
in

:::
the

::::
past been sampled only on very few occasionsdue to the difficult sampling procedures. Ehhalt and Östlund (1970)

2



were the first to report of �D on
::::
from airborne samples made inside Hurricane Faith in 1966. Their measurements of water

vapour and ice crystals collected in several vertical layers allowed developing a hypothesis on the horizontal separation of

updraft and downdraft shafts in Tropical Storms. Shortly thereafter, Taylor (1972) published a key dataset of the SWI
:::::::
isotopic

composition in atmospheric water vapour from 20 flights made during 1967/68 over southern Germany. These SWI profiles

showed substantial vertical and temporal (daily to seasonal) variation. Atmospheric layers with remarkably different SWI5

::::::
isotopic

:
composition were interpreted as resulting from the combined influence of turbulent mixing within the boundary layer,

as well as advection and subsidence above an inversion-capped boundary layer. Rozanski and Sonntag (1982) used a Rayleigh-

type condensation model to interpret an average profile of Taylor’s (1972) data. This
::::
Their

:
approach was disputed by Taylor

(1984), noting that a model fit to averaged profiles will be meaningless unless the variability of each individual weather

situation is taken into account. That controversy emphasised both the importance of the meteorological conditions during10

individual flights, as well as the potential explanatory power of reliable climatological mean SWI
::::::
isotope

:
profiles Rozanski

and Sonntag (1984). Gedzelman (1988) devised a sophisticated multi-level adiabatic trajectory model to interpret the Taylor

(1972) data by taking into account the pseudoadiabatic ascent and dry adiabatic descent of the measured airmasses, his .
::::
His

study provided important insight into the control of cloud processing and vertical motion on the observed SWI
::::::
isotope profiles.

A second major SWI
:::::
stable

::::::
isotope

:
dataset was obtained by Ehhalt (1974); Ehhalt et al. (2005)

::::::::::::::::::
Ehhalt (1974) (revised

:::
by15

::::::::::::::::
Ehhalt et al. (2005))

:
from repeated sampling flights during 1966/67 and 1971-1973 over different parts of the US. The averaged

profiles, obtained during different seasons and reaching up to 13 km altitude, revealed a general decrease of SWIs
::
the

::::::
heavy

:::::
stable

:::::::
isotopes

:
with height throughout the troposphere. Both season and location were significant for the variability of the

mean profiles. Data points in and above the upper troposphere/lower stratosphere (UT/LS) region were less depleted than in

the troposphere below, which was confirmed from balloon-based SWI
:::::
isotope

:
sampling up to 20 km altitude (Pollock et al.,20

1980). Much of the further research was then focused on the UT/LS region, such as the collection of ice crystals in mid-latitude

storm tops (Smith, 1992), and the airborne European Arctic transects
::::::
airborne

::::::::
transects

::
in

:::
the

:::::::::
European

::::::
Arctic at 400 hPa

to investigate the moisture budget of the stratosphere (Zahn et al., 1998). The SWI
::::::
isotope

:
distribution in the atmospheric

boundary layer and lower troposphere have received less attention from airborne measurement campaigns. 20 years after the

Taylor and Ehhalt flights, He and Smith (1999) obtained vertical profiles from 3 flights in the boundary layer and the lower25

troposphere. Albeit limited to a
:

few data points, their results allowed deriving a first estimate of the stable isotope flux from

the surface to the atmosphere. A similar analysis was done by Tsujimura et al. (2007) for a number of flights in the boundary

layer and lower troposphere over Mongolia.

All of the above flights suffered from the low temporal and spatial resolution available from a discrete sampling procedure.

Samples were collected in cold traps, yielding only few samples per flight with low temporal and spatial resolution. SWI30

:::::
Stable

::::::
isotope

:
concentration was then determined

::
in

:
a
:::::::::
laboratory after flight from the collected water vapour with isotope ratio

mass spectrometryin a laboratory. Airborne in-situ SWI
:::::
isotope

:
measurements have only become possible with the advent

of laser spectrometry. Since the first airborne deployment of a laser spectrometer by Webster and Heymsfield (2003) in the

tropical UT/LS, a number of studies have investigated SWIs
::
the

:::::::
isotopic

:::::::::::
composition in stratospheric water vapour and the

tropical tropopause layer (Hanisco et al., 2007; Iannone et al., 2009; Sayres et al., 2009; Dyroff et al., 2010). In the context of35

3



validating SWI remote sensing products
::
of

:::
the

:::::::
isotopic

::::::::::
composition

:::
of

:::::
water

::::::
vapour, Dyroff’s instrument has recently been

deployed in the troposphere during 7 flights in 2013 in the vicinity of the Canary Islands. The �D profiles acquired during

these flights reveal very sharp vertical gradients related to airmass origin all the way through the troposphere (Dyroff et al.,

2015). Similar features were apparent in �D measured during several airborne profiles up to ⇠4500 m a.s.l. with a commercial

laser spectrometer over interior Alaska (Herman et al., 2014). However, the SWI
:::::::
isotopic composition in the lower troposphere5

and boundary layer themselves have so far not been interpreted with respect the unprecedented information it can provide into

::::
about

:
the atmospheric transport history of water vapour.

The deuterium excess (d-excess= �D�8 · �18O), a second-order SWI
::::::
isotope

:
parameter, is a widely used measure of the

degree of non-equilibrium conditions during stable isotope fractionation. The parameter measures deviations of the SWI

::::::::
quantifies

:::
the

::::::::
deviation

::
of
::::

the
:::::::
isotopic composition from the empirical global meteoric water line (GMWL) which relates10

�18O and �D in global precipitation to one another with a ratio of 1:8 (Dansgaard, 1964; Gat, 2000). During phase-changes

under non-equilibrium conditions , for example evaporation in an unsaturated environment that does not have time to reach

equilibrium, the different advection speeds of the HDO and H18
2 O molecules lead to deviations from this empirical relation-

ships. In that example ,
::::
One

:::::::
example

:::
for

:::
this

::
is
::::::::::
evaporation

::::
into

::
an

::::::::::
unsaturated

:::::::
airmass,

::::::
where

:::::
strong

::::::
winds

::::::
prevent

::::
that

:::
the

::::::
system

:::
can

:::::
reach

::::::::::
equilibrium.

::
In

::::
such

::
a
::::
case,

:
there would be relatively more of the light and fast HDO molecules in the vapor15

phase than one would expect from the GMWL, hence the name deuterium excess. On a global average, the precipitation has

a d-excess of about 10‰, indicating that evaporation and precipitation generally take place under non-equilibrium conditions.

Under strong evaporation conditions characterized by atmospheres with low relative humidity, high d-excess, up to 40‰ have

been observed in the vapor, in line with theoretical considerations (Merlivat and Jouzel, 1979; Pfahl and Sodemann, 2014),

for example in the Mediterranean (Gat et al., 2003) or close to the sea-ice edge (Kurita, 2011).
::::
Note

:::::::
however

::::
that

::
at

::::::
highly20

:::::::
depleted

:::::::::
conditions

::::
with

::::::
respect

::
to

:::::
HDO

::::
and

:::::
H18

2 O,
:::
as

::::::::::
encountered

::
at

::::::
higher

::::::::::
tropospheric

::::::
levels,

:::
the

:::::::
d-excess

::::
can

::::
take

::::
high

:::::
values

:::::::
because

::
of

:::
the

:::::::::::
non-linearity

::
of

:::
the

:::::
scale

:
it
::
is
:::::::
defined

::
on

:::::::::::::::::::
(Uemura et al., 2012),

::::
even

::
in

:::::::
absence

::
of

::::::
kinetic

:::::::::::
fractionation

:::
(the

::::::::
d-excess

:::::::
becomes

:::::
7000‰

::
in

:::
the

:::::::
limiting

::::
case

::
of

:::::
-1000‰

:::
for

::::
both

:::::
HDO

::::
and

::::::
H18

2 O).
:::::::::
Therefore,

::::::
careful

:::::::::::
interpretation

:::
of

:::
this

::::::::
parameter

::
is
::::::::
required.

Because of these properties
:::::
Under

:::
the

::::::::
first-order

:::::::::::::
approximation

:::
that

:::::
these

::::::::
properties

::::::
remain

:::::::::
unaffected

:::
by

:::
the

:::::::::::
condensation25

::::::
history, the d-excess can serve as a tracer of moisture origin and source conditionsif it remains unaffected by the condensation

history (Merlivat and Jouzel, 1979; Aemisegger et al., 2014; Pfahl and Sodemann, 2014). Moisture over the Mediterranean

Sea is known to have relatively high values of d-excess. During a cruise in January 1995, Gat et al. (2003) acquired samples

with a d-excess ranging from 10-34‰, which they related to intense evaporation along the coast into dry continental air
:::::
along

::
the

:::::
coast. Based on measurements of d-excess at Rehovot, Israel, Pfahl and Wernli (2008) modeled the range of d-excess over30

Mediterranean moisture sources as 15–40‰ for individual cases. Taylor (1972) concluded from his
::::
early

:::::::
airborne

:
data that

the d-excess would not provide any additional value. He and Smith (1999) reported both �D and �18O, but did not interpret

the d-excess in their data. From airborne sampling of hydrometeors in Hurricane Olivia, Lawrence et al. (2002) found a

pronounced day-to-day change in the d-excess, which was hypothesized to be due to evaporation condition changes. Current

4



in-situ instrumentation is in principle capable of measuring all SWI species
::::::::
providing

::::::::
d-excess

::::::::::::
measurements, yet this has not

been exploited for interpreting the d-excess of lower tropospheric water vapour.

In this study, we report on airborne measurements of �D, �18O and the d-excess obtained from a custom-modified com-

mercial cavity-ring down spectrometer (CRDS) with an enhanced laser setup. Measurements were performed during a 30-day

period in the boundary layer and the lower troposphere around Corsica, France, in the Western Mediterranean, yielding 215

successful flights with about 59 flight hours. The aircraft was based at Solenzara, Corsica, during the first HyMeX (Hydrolog-

ical cycle in the Mediterranean experiment, Drobinski et al., 2014) special observations period (SOP1) in September/October

2012, providing many additional observations from different platforms
::
in

:::
the

:::::
region

:
(Ducrocq et al., 2014).

After describing the measurement campaign, data acquisition system and data processing (Sec. 2), we present and interpret

a quasi-climatological autumn vertical SWI profile
:::::
isotope

::::::
profile

::
of
:::::

water
:::::::

vapour over the Western Mediterranean provided10

from all available SWI
:::::
isotope

:
flight data (Sec. 3 and 4). Then, we present

:::::::
examine the temporal evolution of the SWI

::::::
isotope

profiles during several days along a repeated flight track, exemplifying the tight coupling of SWIs
::
the

:::::::
isotopic

:::::::::::
composition

to synoptic processes (Sec. 5). For a single flight, detailed back-trajectory analysis shows that the SWI
:::::::
isotopic composition,

including d-excess, provides additional insight into moisture origin and evaporation processes (Sec. 6 and 7). Finally, we

provide a summary and conclude with the main results of the study (Sec. 8).15

2 Data

2.1 Airborne measurements during the HyMeX campaign

In autumn 2012 (5 Sep - 6 Nov 2012) HyMeX SOP1 took place in the western
:::::::
Western

:
Mediterranean. In addition to the

implementation of extensive ground-based field measurements on Corsica (Kalthoff et al., 2013; Barthlott et al., 2014), air-

borne measurements were carried out in the vicinity and above the island from 11 Sep to 11 Oct 2012, using the Dornier 128-620

(D-IBUF) research aircraft of the Institute of Flight Guidance, TU Braunschweig (Corsmeier et al., 2001). The dual-engine

propeller aircraft has a typical cruising speed of 65 m s�1 and can reach altitudes of up to 24500 ft (⇠7300 m) using oxygen

masks in the non-pressurised cabin
:
,
::::
even

::::::
though

:::::
flight

:::::::
altitude

:::
did

:::
not

::::::
exceed

:::::::
4500 m

:::::
during

::::
this

::::::::
campaign. The aircraft in-

strumentation provided a unique setup to simultaneously gather information on evaporation fluxes and the corresponding SWI

::::::
isotopic

:
composition in the marine boundary layer. Onboard instrumentation consisted of a comprehensive package for air-25

borne meteorological flux measurements in the nose boom, acquiring humidity, wind vectors, temperature, and pressure at a

100 Hz sampling rate, as well as short-wave and long-wave radiation sensors for the upper and lower half-space, radiative sur-

face temperature and additional humidity sensors with lower sampling frequency (Table 1). The stable water isotope
:::::::
isotopic

composition of ambient water vapour was measured using a commercial CRDS instrument (L2130-i, Picarro Inc.). The instru-

ment was customised, resulting in a data acquisition rate of up to 2 Hz by a triple-laser setup allowing faster measurement of30

the different wavelengths for HDO and H18
2 O molecules. During the HyMeX campaign, the instrument was used in a scheme

with two ring-downs per data point, resulting in a 1 Hz data aquisition
:::::::::
acquisition

:
rate. Outside air was guided into the system

5



through a backward-facing cabin-mounted stainless-steel
:::
inlet

:
connected to a flushing

::::::
by-pass

:
pump (see Appendix A1).

:::
No

::::::::
additional

::::
trace

::::
gas

:::::::::::
measurements

:::::
were

:::::::
available

::::::
during

:::
the

::::::
aircraft

:::::::::
campaign.

:

In total 32 flights were performed (Table 2). During 11 flights (flights 17 to 27) the inlet pump TF2
::::::
by-pass

:::::
pump

:
was not

working, leading to
::::
thus a mixture of cabin and outside air being

:::
was sampled by the laser spectrometer

::
in

:::::
those

::::
cases. Here,

only the 21 flights are reported during which all pumps were working. Figure 1 summarises the flight patterns for these 215

flights. The
::::::
different

:
flight patterns were primarily designed to provide information of the thermodynamic environment above

and around Corsica leading to deep convection. The main aim was to study the processes related to moist convection, including

surface evaporation and boundary-layer processes , over the island and the surrounding ocean. Thereby, flight patterns did both

provide statistically robust sampling of the atmosphere at levels of constant altitude in the boundary layer and free troposphere,

and profiles of the vertical structure of the atmosphere above land and water. Flight operations were focused on altitudes below10

2000 m a.s.l. but reached above 3500
::::
4500 m a.s.l. for a few vertical profiles. The flight patterns were often repeated after

several hours or on the next day to investigate the changes in the atmosphere with the diurnal cycle or during a specific weather

situation (Table 2).

2.2 Correction and calibration of humidity measurements

Reliable measurements of humidity are an important basis for the interpretation of the SWI
::::::
isotope data. Four independent hu-15

midity measurements were available on the aircraft: a dew point mirror hygrometer (TP), a humicap
::::::::
Humicap capacitive sensor

hygrometer (HC), a Lyman-↵ hygrometer (LY), and the CRDS H16
2 O concentration (Table 1). The Lyman-↵ measures at very

high frequency (100 Hz) but needs to be combined with the slower accurate measurements from either the humicap
::::::::
Humicap

or the dew point mirror for bias correction. The combination of the Lyman-↵ with the dew point mirror (TPLY) provides a fast

response to changing ambient conditions and generally stable measurements, even if sometimes after encountering very dry20

conditions it delivered bad data. In this study, the combined Lyman-↵/humicap
:::::::
Humicap humidity product (HCLY) was used as

reference for calibrating the CRDS humidity measurements because it had a response time similar to the CRDS measurements.

The correspondence between the CRDS and the HCLY humidity allowed to compensate for time shifts of the stable isotope

measurements due to the inlet, piping, position in the aircraft and computer clock differences. Humidity measurements from

the CRDS were then calibrated with the HCLY humidity data using a linear fit determined from each individual flight at a 1 Hz25

time resolution. The slope and offset of this linear fit were quite
:::::
mostly

:
stable between flights, but changed after the installation

of a replacement pump
::::
after

:::
the

:::
first

:::::::
by-pass

:::::
pump

:::::
failed

:
(see Appendix A2).

:::
The

::::::::
Humicap

::::
was

::::::::
calibrated

:::::::::
repeatedly

::::::
during

::
the

:::::::::
campaign

:::
and

:::::::
showed

::::
very

:::::
stable

:::::::::
calibration

::::::
curves.

:

An example for the uncalibrated 1 Hz humidity data from flight 1 is shown in Fig. 2a. Flights with strong turbulence showed

slightly lower correlations. From the generally high correlation between the two humidity measurements at 1 Hz it is apparent30

that for H16
2 O only very limited memory effects were introduced by the inlet system. During many flight periods the CRDS

humidity measurement was more similar to the HCLY than to the humidity derived from the dew-point mirror/Lyman-↵

combination, as exemplified in Fig. 2b. Both aspects support that the CRDS instrument provided reliable measurements during
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most flight conditions, and was generally able to compensate for ambient pressure and temperature changes during flight (see

Appendix A5).

2.3 Water vapour dependency correction of the SWI
:::::
stable

:::::::
isotope measurements

The CRDS measurements of the SWI
::::::
isotopic composition of water vapour are affected by a mixing ratio dependent bias, and

therefore require a water vapour dependency correction, sometimes also referred to as humidity-isotope response calibration,5

prior to or during calibration of the SWI
:::::::
isotopes themselves (Sturm and Knohl, 2010; Aemisegger et al., 2012; Bastrikov et al.,

2014; Bailey et al., 2015). Humidity-isotope
::
A

:::
first

:::::::::::::::
humidity-isotope response calibration was performed in the laboratory in

October 2012 (
::::::::::
immediately after the field deployment) using a WVISS unit (Los Gatos Inc.) for standard vapour generation and

a stable isotope working standard also used for calibration of the measurements (Sec. 2.4). In autumn 2014 this was extended

to lower humidities with the same CRDS and an improved setup using a dew point generator (Li-610, Licor Inc.). We measured10

the humidity-isotope response during stepwise increases of water concentration from 500 to 10000 ppmv, and fitted a power

law function forced to zero at and above the reference level of 10000 ppmv for each isotopologue:

��18O= a(qw
:
b
raw � 10000b), (1)

��D= c(qw
:
d
raw � 10000d), (2)

where the
::::
wraw::

is
:::
the

:::::::::::
uncalibrated

::::::
volume

::::::
mixing

:::::
ratio

::
of

:::::
water

::::::
vapour

:::::
from

:::
the

::::::
CRDS

::
in

::::
units

:::
of

:::::
ppmv,

::::
and

:::
the

:
coef-15

ficients are a= 1.0856⇥ 104; b=�1.1068; c= 2.0578⇥ 104; and d=�1.0774. The calibration functions increase strongly

for mixing ratios below 3000 ppmv (up to 2.7‰ for �D, 1.9‰ for �18O). For d-excess, the correction reaches �12.8‰ at

3000 ppmv (Appendix A3), underlining the particular importance of humidity-isotope response calibration for this parameter.

In the current generation of the L2130-i Picarro instrument the response is less pronounced than in earlier instrument gen-

erations (Aemisegger et al., 2012), but
:
it is different for each individual instrument (compare e.g., Bastrikov et al., 2014).20

We consider the humidity dependency of the SWI
:::::
stable

::::::
isotope

:
measurements as an instrument characteristic that remained

constant during the campaign, as confirmed by repeated measurements during and after the campaign in 2012 (Appendix A3).

2.4 Stable isotope measurements calibration

Calibration of the CRDS instrument was routinely performed with the WVISS calibration unit using two working standards

WS6 and WS9 (WS6; �D: �78.68
::::::::::
�78.7± 0.2‰; �18O: �10.99

::::::::::
�11.0± 0.1‰; WS9; �D: �166.74

:::::::::::
�166.7± 0.4‰; �18O:25

�70.19
::::::::::
�70.2± 2.7‰

:
,
:::::::::
determined

::::
from

:::::::::::
isotope-ratio

:::::
mass

:::::::::::
spectrometry,

::::::::::::::::
Aemisegger (2013)), which approximately span the

range of the field measurements (albeit lower �D conditions were encountered). On every day with flight activity at least

six calibration runs were performed with a duration of 10 min each. Before the flight, one calibration run at a water vapour

mixing ratio of ⇠ 200000 ppmv was done with both standards. After the flight two runs per standard at water vapour mixing

ratios of ⇠ 40000 and ⇠ 200000 ppmv were performed. Ambient air dried with the WVISS unit was used as carrier gas for30

the calibrations. Most of the calibration runs before the flights had to be discarded because it was later identified that the
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laser spectrometer and the WVISS had not yet sufficiently stabilised after start-up. Thus, with very few exceptions only the

calibration runs carried out after the daily flight operations were used for calibration of the SWI
:::::
isotope

:
measurements, using

the constant part of each 10 min calibration period for averaging. As empirical stability criteria, the 1-� standard deviation

during this period had to be below 3‰ for �D (2‰ for �18O) for taking an individual calibration run into consideration.

Calibrations were then done following the procedure recommended by IAEA (2009).5

No isotope calibrations were performed during flight due to lack of an on-board calibration system. In principle, instability

can occur due to temperature and pressure fluctuations in the measurement cavity. Cavity pressure and temperatures inside the

instrument are continuously stabilised, and records of these parameters indicate that no adjustment problems were encountered

during most flight conditions (Appendix A5). Furthermore, the humidity measurement of the L2130-i is based on spectral

absorption of the H2O molecule and uses the same measurement principle as for the other isotopologues. Therefore, if the SWI10

:::::
stable

::::::
isotope

:
measurements were affected by strong drifts during the flights we expect that this would also be detectable in

the humidity measurements. This was not observed; the high correlation between the HCLY and CRDS humidity (Fig. 2) is

therefore also considered as a strong
::::::::
first-order

:
indication for the quality of the SWI measurements obtained

::::::
stability

:::
of

:::
the

::::::
isotope

::::::::::::
measurements during flight. At least for our study with a relatively short flight time, regular calibration during flight

would not necessarily improve the data quality, but substantially reduce the available measurement time. It therefore seems that15

precise temperature and pressure regulation of the cavity and the other instrument parts are the most important requirements

to limit the uncertainty of our airborne SWI data. Similarly, the study Dyroff et al. (2015) indicated that for their instrument

exact temperature control of the instrument components rather than calibration during flight was the main factor required for

obtaining data at sufficient quality.
:::::
stable

::::::
isotope

::::
data.

:

2.5 Data quality and resolution20

Memory effects due to interaction with the piping walls are larger and species dependent for H18
2 O and HDO compared to

H16
2 O. From laboratory experiments with

:::
The

::::::::
influence

::
of

:::::
these

::::::
effects

::
on

:
the inlet system used in the aircraft, a

:::
were

::::::
tested

::
in

:
a
:::::::::
laboratory

:::::
setup

::::
after

:::
the

::::
field

:::::::::
campaign.

::
To

::::
this

::::
end,

:::
the

::::
inlet

::::::
system

::::
from

:::
the

:::::::
aircraft

::::
(Fig.

::::
A1)

:::
was

:::::::::::
reassembled

::
in

:::
the

:::::::::
laboratory,

:::
and

::::::::
extended

::
by

:
a
:::
set

::
of

:::::::::
switching

:::::
valves

::::
that

::::::
allowed

::
to

:::::
apply

:::
an

:::::::
airstream

::
at
:::::
either

:::::::::::
⇠3000ppmv

::
or

::::::::::::
⇠10000ppmv

:::::::
humidity

:::::
from

:::
two

:::::::
different

:::::::::
calibration

:::::
units

::
to

:::
the

:::::::
stainless

::::
steel

:::
end

::
of

:::
the

::::
inlet

:::::::
system.

:::::
These

::::::::
switching

::::::::::
experiments

:::::::
yielded25

:
a time constant of 2.3 s for �D (1.7 s for �18O) was determined for switches from low to high

:::::
lower

::
to

::::::
higher isotope concen-

trations and vice versa at constant H16
2 O concentrations, compared to 1.3 s for changing H16

2 O concentrations (Aemisegger,

2013)
::::::::::::::::
(Aemisegger, 2013). This causes smoothing over ⇠2–3 data points at 1 Hz time resolution .

:
at
::::::::

standard
:::::::
pressure

::::
and

:::::::
moderate

::::::::
humidity

::::::
ranges.

:::
At

:::::
lower

::::::::
humidity

:::::
levels

:::
and

:::::
lower

:::
air

::::::::
pressure,

:
it
::
is
:::::
likely

::::
that

:::::
these

::::
time

::::::::
constants

:::::::
increase,

::::
and

:::
also

::::
lead

::
to

::
an

:::::::::
increased

:::::::
memory

:::::
effect

:::::
during

:::::::
vertical

::::::::
(upward)

::::::
profiles

:::::
from

:::::
moist

:::
into

:::
dry

:::
air

:::::
layers

::::
(see

::::::
below).

:
30

Stability tests of the CDRS SWI
:::::
CRDS

::::::
isotope measurements were performed before, during and after the HyMeX campaign

using the WVISS as a standard vapour source (Aemisegger, 2013). For these tests, calibration standard WS6 was measured for

several hours at a water vapour mixing ratio of ⇠9000 ppmv. Stability was assessed using the Allan deviation. The stability of

the measurements degraded during the campaign, possibly because of modifications to the mounting of the optical fibers inside
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the CRDS, which had to be done for the flight certification of the instrument. These issues also affected instrument stabilisation

and increased warm-up time (up to 2 h). While any resulting drifts were removed by calibration, precision generally decreased.

At the averaging times considered here this mainly affected the d-excess during the later flights of the campaign.

From long-term stability tests, the standard deviation of the measurements during the campaign for an averaging time

of 60 s was 2.3‰ for �D, 0.36‰ for �18O and 1.17
:::
1.18‰ for d-excess (Table 3). The dependency between averaging times,5

horizontal and vertical resolution, and standard deviation for all isotopic parameters is summarized in Table 3. The 1-� standard

deviation increased considerably at lower water concentrations (Appendix A4
:
). Generally, the practical meaning of the standard

deviations is somewhat limited, as the atmospheric SWI
::::::
isotope

:
composition exhibited substantial variability on time scales

of seconds to minutes, in particular in the free troposphere (see below). As changing evaporation conditions are expected to

create signals in the d-excess on the order of 10‰ and more, significant differences are detectable at a 30–60 s averaging10

time, providing d-excess with a spatial resolution of up to 2–4 km horizontally and 150–300 m vertically when ascending

:::::::::
descending at 5 m s�1 (Table 3). For the analysis presented here, we report 15 s averages for �18O and �D , and

:::::
�18O,

:::
and

::::
30 s

averages for the d-excess unless stated otherwise.
::::
Since

:::
the

:::::::
d-excess

::::::::
measures

::::
how

:::::
�18O

:::::::
deviates

::::
from

:::
the

::::::::
behaviour

::::::::
expected

:
at
::::::::::
equilibrium

:::::::::
conditions

:::
we

::
do

::::
not

:::::
report

:::
the

::::
�18O

::
in
:::::
detail

:::::
here.

:::
We

:::::
focus

:::::::::
discussion

::
of

:::
our

::::
own

::::::::::::
measurements

::::
thus

::::::
mostly

::
on

:::
the

:::::::::::::
complementary

:::::::::
parameters

:::
�D

:::
and

::::::::
d-excess.

:
15

2.6 Meteorological background conditions

The climate of Corsica in autumn is characterised by warm sea water conditions and
:::::
waters

::::
and

:::
the progressively increasing

influence of cold airmasses from northern directions. Climatological rainfall totals in Bastia (42�33’N; 9�29’E) increase from

65 mm in September to 110 mm in October (the wettest month of the year), albeit with large inter-annual variability. Isolated

deep convection frequently develops over the mountainous island in autumn
:
, favoured by an inland transport of water vapour20

via thermally driven circulations (Barthlott et al., 2014; Adler et al., 2015). At the east coast north of Solenzara, 2 m air

temperatures measured at the energy balance station San Giuliano ranged between about 20–27�C during the day and 15–20�C

at night during the campaign period, with a rainfall total of 222 mm for the two-month period from 25 Aug 2016 to 25 Oct

2016.

The climatological SWI
:::::::
isotopic

:
composition of atmospheric moisture and sea water in this region is not known. Non-25

representative river runoff samples taken at two elevations in the eastern part of the island during the campaign suggest

weakly depleted precipitation and enhanced non-equilibrium fractionation at the moisture source prior atmospheric transport

(�6.9± 0.2
:::::::::
�41.7± 0.8‰ in �18O

:::
�D and 13.9±1.6‰ in d-excess at 1000 m a.s.l.). The signal was similar but

::::::
slightly weaker

further downstream, possibly due to evaporation of ground water and river runoff (�6.2± 0.2
::::::::::
�39.5± 0.8‰ in �18O

::
�D

:
and

9.7± 1.6‰ in d-excess at 15 m a.s.l.). Coastal sea water from Solenzara in contrast was enriched, and showed indications of30

non-equilibrium fractionation due to ocean evaporation (1.7± 0.2
:::::::
9.3± 0.8‰ in �18O

::
�D, �4.0± 1.8‰ in d-excess from two

samples). Due to the small sample size these values only provide indicate relative
::::::::::
approximate differences.

Vertical profiles of average humidity, temperature and wind speed from all flights with valid SWI
::::::
isotope measurements

(Table 2) are shown in Figure 3. Humidity decreases fairly linearly with height, and has largest variations at low levels,
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ranging between 5–17 g kg�1 (Fig. 3a). Above 1500 m a.s.l., very low humidity conditions were encountered, while variability

remained substantial up to the highest flight altitudes. Temperatures ranged between 18–32�C at the ground, and decreased

with an average lapse rate of 5.1 K km�1 (Fig. 3b). Between elevations of 1500–3000 m a.s.l., some excursions to colder than

average conditions can be noted, which were associated with advection of cold air from northerly directions during flight 4

and 5 (not shown). Horizontal wind speeds were generally weak during the flights, mostly below 10 m s�1 near the ground,5

with some excursions of above 20 m s�1 (Fig. 3c). Average wind was increased above 2000 m a.s.l. in the free troposphere, but

remained at a moderate 10 to 15 m s�1. Thus, the typical advection speed was below 400 km day�1 in the boundary layer, and

on the order of 800–1200 km day�1 in the free troposphere.

The aircraft operated outside of clouds (visible flight rules, VFR) throughout the campaign. Therefore, relative humidity

with respect to liquid (RH) remained below saturation at the aircraft location for < 99% of all data points (not shown). Average10

cloudiness during the campaign was also low, as subsidence dominated on the large scale. The exception were several days

with strong thunderstorms at the beginning of the campaign period (02 to 05 Sep 2012).

3 Mean vertical SWI
:::::
stable

::::::
isotope

:
profiles

Figure 4 displays the averaged SWI
::::::
isotopic

:
composition in the Western Mediterranean from all corrected and calibrated data

from the 21 flights. The measurements reveal an unprecedented level of detail on the SWI
::
of

:::
the

:::::::
isotope distribution in the15

Western Mediterranean lower troposphere. The 200 m binned vertical profiles of the main isotopes �D and �18O have distinct,

coherent shapes, showing an overall decrease from close to the surface (�D = �96.7‰ and �18O = �14.1‰ between 0 and

200 m a.s.l.) to the free troposphere (�D = �225.1‰ and �18O = �30.2‰ between 3400 and 3600 m a.s.l.; Fig. 4a and b, thick

red lines). The vertical gradients were -36.7
:::::
�36.7‰ km�1 for �D and �4.2‰ km�1 for �18O, respectively. At all elevations,

the distribution is skewed towards the minimum values, as is apparent from the horizontal stripes of data points acquired during20

longer horizontal transects. For this reason, the bin minimum and maximum values are discussed, rather than the standard

deviation. The bin maximum values decrease less strongly than the bin means with vertical gradients of �16.7‰ km�1 for �D

and �2.1‰ km�1 for �18O (Fig. 4a and b, red dashed lines). The bin minimum values show a distinct decrease between 1700

and 2300 m a.s.l., which is to some extent reflected in the mean and also leads to stronger vertical gradients of the minimum

values (�51.9‰ km�1 for �D, �6.0‰ km�1 for �18O). While there are indications for further decreasing mean values above25

3700 m a.s.l., data are only available from one flight and are thus not sufficient to extend the bin averaging to these elevations.

The shape of the composite vertical profile of the d-excess is different from that of the primary stable isotope parameters

(Fig. 4c). Mean values show a maximum close to the surface (16.0‰ between 0 and 200 m a.s.l.), decrease to an overall

minimum bin mean of 4.9‰ between 1200 and 1400 m a.s.l., and then increase again to bin mean values of 8 to 9‰ above

2800 m a.s.l. The bin minimum values are negative throughout the profile (overall minimum �15.7‰ at 1300 m a.s.l.). The30

d-excess maximum values show a marked linear decrease from 60.2‰ close to the surface (between 0 and 200 m a.s.l.) to about

21.2‰ at 1500 m a.s.l., and again a marked increase above 1700 m a.s.l. to relatively uniform maximum values around 60‰

above 2000 m a.s.l. Many of the high d-excess values aloft have been sampled during relatively dry conditions (q < 2 g kg�1,
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indicated by the blue dots). The overall minimum in d-excess at 1300 m a.s.l. is an interesting finding, that is further investigated

in Section 4.2.

It is known from several other studies that upper-tropospheric air can have a
::::
water

::::::
vapour

::::
can

::::
have

:
high d-excess value

:::::
values

:
(Galewsky et al., 2011; Samuels-Crow et al., 2014). They are partly due to the definition of the d-excess as a function of

�D and �18O with a constant slope and to the non-linearity of the delta scale. The
::::
This

:::::::
provides

::::::
further

:::::::
evidence

::::
that

:::
the high d-5

excess encountered above the marine boundary layer is therefore not an indication of insufficient data quality, but a real feature

of the SWI
::::::
isotopic

:
composition in the atmosphere. That said, the precision of the d-excess measurements from the CRDS

instrument (in terms of signal-to-noise ratio) decreased substantially at very low humidity during flight (see Appendix A4).

::::
This

:
is
::::
also

:::::
where

:::
the

::::::::
humidity

::::::::::
dependency

::::::::
response

::
is

::::
most

:::::::::
influential

:::
(see

:::::::::
Appendix

::::
A2).

3.1 Comparison to previous aircraft
:::::::
airborne

::::::
isotope

:
measurementsof stable water isotopes10

We now compare our Western Mediterranean measurements to previous airborne SWI
:::::
isotope

:
measurements in other regionsto

investigate the similarity to our data. Only few studies reported detailed profiles of SWIs in the lower troposphere from a range

of different atmospheric conditions. .
:
A comprehensive sampling of SWIs

:::::
stable

:::::::
isotopes

:
in tropospheric water vapour was

carried out by Ehhalt (1974) during 1965–67 and 1971–1973 over three marine and continental sites in the US. These �D

data are from water vapour collected in cold traps during flight legs at constant altitude for 10–60 min. The data cover a large15

variety of weather conditions from all seasons and different climatic regimes (Fig. 5a). The
:::::
There

::
is

:
a
:::::
clear correspondence

between the envelope of the HyMeX data (Fig. 5a, black
::::::
dashed lines) and the Ehhalt data is remarkable for the samples above

Scottsbluff, Nebraska (Fig. 5a, red dots, no data below 1500 m a.s.l.). The HyMeX data are more depleted above 2000 m a.s.l.

than their measurements over the Pacific Ocean, but agree well at lower altitudes (Fig. 5a, blue circles). In comparison to Death

Valley, California, the HyMeX data were generally more enriched near the surface and showed lesser gradient with height,20

indicating
::::::::
reflecting

:::::
more well-mixed conditions above the desert (Fig. 5a, green crosses).

He and Smith (1999) reported the SWI
::::::
isotopic

:
composition of trap-collected water vapour from three flights over the forests

of New England (Fig. 5b and c). For the �D, there is generally good correspondence between their data points from the two

summer flights (Fig. 5b, blue and green lines) and the average HyMeX profile (thick black line). The d-excess data fit within

the envelope of the HyMeX data (Fig. 5c). Note however that because of the low humidity, He and Smith (1999) estimated25

the upper part of the red profile from all other measurements during their flights. Overall, the HyMeX data are thus in good

correspondence with previously acquired tropospheric aircraft data, both in terms of the range and vertical variability, while

adding a large amount of information on the shorter time scales and smaller spatial scales. In the next section, we attempt an

interpretation of the HyMeX SWI
::::
stable

:::::::
isotope data in terms of processes shaping the observed vertical structures.

4 Processes shaping the observed mean profiles30

We now explore two hypotheses on how the observed
::::
mean

:::::::
isotope profiles could have been caused. The composite profiles

(Fig. 4) likely reflect the substantially different SWI
:::::::
isotopic composition of water vapour in the (mostly marine) boundary
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layer and the depleted free troposphere above. A common
::
An

::::::
earlier interpretation of the vertical gradient of the SWI is

:::::
stable

:::::::
isotopes

:
is
:::::
based

:::
on the increasing depletion due to a Rayleigh fractionation process (Gedzelman, 1988; Rozanski and Sonntag,

1982). Thereby, fractionation during a moist adiabatic ascent leads to progressive depletion higher up in the atmosphere, as can

be described in terms of a simple model. The mean values in the free troposphere (blue values above 1700 m a.s.l.) decrease in

line with what can be expected from Rayleigh fractionation (see below). Alternatively, adopting an airmass mixing perspective,5

the maximum values of the primary isotope parameters could reflect the end member of water vapour from the sea surface,

close to equilibrium conditions, which due to typically well-mixed conditions is
:::::
almost

:
constant up to almost 1200 m a.s.l. The

slowly decreasing maximum values above are then a result of the (increasingly less likely) detrainment of such end-member

boundary-layer air to the free troposphere and vice versa. The minimum values of the major isotope species
::
�D

::::
and

:::::
�18O

above 1700 m a.s.l. with their very depleted conditions would then reflect airmasses of different, higher-elevation origin, for10

instance due to descending airmasses. Then, the minimum
:::
low values below 1700 m a.s.l. might reflect entrainment and mixing

of such depleted water vapour into the boundary layer. As descending airmasses are typically dry, the impact on the isotope

composition will be lower during downward mixing than upward mixing. This is in agreement with the larger vertical gradient

of the minimum values in the boundary layer compared to the maximum values. The plausibility of these two hypotheses is

further investigated in the following sections.15

4.1 Specific humidity dependence of �D

One way to display the additional information contained in the SWIs
:::::
stable

:::::::
isotopes is the �D-q diagram (e.g., Noone, 2012).

The data cloud in the �D-q diagram using all valid HyMeX data (Fig. 6a) can be interpreted as the range of different Rayleigh

fractionation regimes the moist air experienced (e.g., Rozanski and Sonntag, 1982; Worden et al., 2007). Initially, the boundary-

layer air below 1700 m a.s.l. (blue and red data points) is quite moist (⇠10–20 g kg�1) and ranges mostly between �100‰20

to �70‰ for �D, in isotopic equilibrium with a source �D of 0‰ at SSTs between 8�C and 33�C, respectively, with an

average of 21�C. This matches with typical SST observations around Corsica obtained from the IR surface thermometer (e.g.

23.0±4.7�C during flight 09). The increasing depletion of the data with decreasing specific humidity could then reflect a typical

equilibrium fractionation pathway expected from a moist adiabatic condensation process (the canonic Rayleigh fractionation,

e.g., Gat, 1996). The dashed lines in Figure 6a show some Rayleigh processes starting at different initial conditions. The25

Rayleigh process requires however saturated moist adiabatic ascent, without exchange with the surroundings, a condition

hardly observed during the mostly cloud-free HyMeX campaign period. Furthermore, the Rayleigh fractionation lines seem to

follow a too steep depletion pathway compared to apparent lines in the data set that connect the more and less depleted data

points in Fig. 6a.

An alternative interpretation of the �D-q diagram is to consider these apparent curves as mixing lines between two end30

members of different SWI
::::::
isotopic

:
composition (Noone, 2012). Then, one end member is the free troposphere air with low

specific humidity and strong depletion, and the other is boundary layer air with high specific humidity and weak depletion.

Different blends due to vertical mixing processes then produce bent mixing lines in the �D-q diagram. Such mixing lines are

shown by the solid curves in Fig. 6a. As an example, the detrainment of isolated plumes of moist air with a typical specific

12



humidity of 12 g kg�1, forced upward by ascent at the steep topography of Corsica, and subsequent mixing at a ratio of 1:6

with a dry and depleted end member (for example q = 2 g kg�1; �D = �250‰) will provide an airmass with 3.4 g kg�1 specific

humidity and �168‰ �D.

Three arbitrary mixing scenarios are shown as solid colored curves in Fig. 6a that could explain a large share of the data.

When a relatively moist
:::
dry and moderately depleted air mass (5.0 g kg�1; -200‰) is repeatedly mixed with an equal volume of5

moister and less depleted boundary-layer air (16 g kg�1; -90%), the solid black mixing line results. This mixing line is a lower-

right (depleted �D and high humidity) bound to most of the blue and red data points, and represents shallow mixing within

the lowermost 1700 m a.s.l. The solid magenta
::::::
orange line has a boundary-layer end member with -80‰ �D and 15.0 g kg�1

specific humidity, and a free-troposphere end member at �300‰ and 1.0 g kg�1. This mixing line provides an upper-right

bound (enriched �D and high humidity) to the low-elevation data (blue and red data points), which would result from mixing10

with free-troposphere air.

The black data points measured above 1700 m a.s.l. generally cover drier conditions and stronger isotopic depletion. The

solid green curve shows an exemplary mixing line resulting from a moist and less depleted end member in the upper boundary-

layer (8.0 g kg�1; �100‰) and a very dry and depleted free tropospheric air mass (0.5 g kg�1; -220‰).
:::
The

:::::::
depleted

::::::::::
end-member

::
of

:::
the

:::::
green

::::::
mixing

::::
line

::::::
cannot

:::
be

::::::::
explained

:::
by

::
a

::::::::
Rayleigh

:::::
model

:::
for

:::::::
surface

:::::::::
conditions

::::::::::
encountered

::::::
within

::::
our

::::
data

:::
set15

:::::::
(specific

::::::::
humidity

::
at

:::
the

::::::
surface

:::::::::
> 5 g kg�1

::::
and

:::::::::
�D>�140‰

:
).While this curve explains some of the most enriched low hu-

midity values, many other combinations are possible. In general, this analysis shows that a substantial part of the data can be

explained by two kinds of mixing processes, one taking place between moisture originating from surface evaporation and the

boundary layer, and one between moderately depleted and moist air from the upper boundary layer which is entrained into the

dry free troposphere.20

While our measurements were done almost exclusively in unsaturated conditions, fractionation during Rayleigh-type con-

densation processes is obviously required to obtain depleted end members in the first place. However, this depletion process

during a moist adiabatic ascent can have taken place far away, for example in tropical deep convection or
:::::
ascent

::
in
:

a warm-

conveyor belt like ascent related to an extratropical cyclone, before being advected to the Mediterranean free troposphere (see

Sec. 7).25

4.2 Specific humidity dependence of the d-excess

A similar analysis can be done for the non-equilibrium fractionation indicator d-excess. The cloud of all valid HyMeX mea-

surement data can be separated into three regions with different characteristics (Fig. 6b). The d-excess measurements acquired

between 500 to 1700 m a.s.l. are located in a regime of high specific humidity with a mean of about 6 g kg�1 (blue data points).

In this range, d-excess averages at about 0-10‰, but with distinct excursions into much higher values as shown by the bin30

average (black line). The red point show d-excess measurements acquired below 500 m a.s.l. Here, d-excess ranges between

0 and 40‰. Many of the high d-excess values were acquired at low-elevation transects over the ocean, thus likely represent-

ing the imprint of the non-equilibrium fractionation conditions due to the low relative humidity with respect to SST during

evaporation.
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The branch of free-troposphere measurements (>1700 m a.s.l., Fig. 6b, black dots) extends from a d-excess of about 0‰ at

⇠5 g kg�1 to progressively higher values of up to 60‰ as the specific humidity decreases to below 0.5 g kg�1. As noted in

Section 2, the
:::::::::
uncertainty

::
of

:::
the

:
d-excess data beyond this value are strongly affected

:
is

:::::::
strongly

::::::::
enhanced

:
by the correction for

the humidity dependence of the CRDS SWI measurements .
:::::
isotope

::::::::::::
measurements

:::::
(Fig.

:::
6b,

:::::
purple

:::::
bars).

:
It is noteworthy that

almost all measurements at low humidity have high d-excess values, and that there is an apparently seamless transition from5

high d-excess at below 2 g kg�1 to lower d-excess at 2–4 g kg�1. This argues against a technical artifact as explanation for the

very high d-excess, and for
::
In

:::::::
addition

::
to
:::
the

:::::::::
arguments

:::::::
brought

:::::::
forward

::
in

::::
Sec.

::
3,

::::
this

::::::
further

:::::::
supports

:::
our

:::::::::::
interpretation

:::
of

::
the

:::::
high

::::
and

:::::::::
increasing

:::::::
d-excess

::
as

:
an actual geophysical signal.

The solid green line in Fig. 6a shows the d-excess expected from a Rayleigh fractionation process starting at 10�C surface air

temperature and an isotopic composition of �D=�86‰ and �18O=�12‰ (d-excess=10‰). The shape of the curve illustrates10

that equilibrium fractionation can strongly impact the d-excess due to the different temperature dependency of the fractionation

factors (Sodemann et al., 2008a, e.g., Duetsch et al., manuscript in preparation)
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(e.g., Duetsch et al., manuscript in preparation Sodemann et al., 2008a).

Note that the displayed green line provides an upper bound to the increase of d-excess with decreasing humidity. Mixing pro-

cesses generally seem to act towards lowering the d-excess relative to that upper bound.

The combination of the high d-excess in the free troposphere, and the data points influenced by surface evaporation produce15

an apparent minimum of the d-excess at ⇠4 g kg�1, in correspondence with the vertical profile (Fig. 4c). In addition, there

are many data points with d-excess below 0‰, mostly at specific humidity between 2–8 g kg�1. Negative d-excess in water

vapour can be due to evaporation of rainfall or from continental moisture sources due to strong soil evaporation. During

evaporation, the d-excess of raindrops is reduced (Aemisegger et al., 2015), along with positive
::::
while

::
a

:::::::
relatively

:::::::::
enhanced d-

excess values in vapour, before ultimately
:
is
:::::::::
transferred

::
to
:::
the

:::::::::::
surrounding

::::::
vapour.

:::::
When

:::::
these

:::::::
droplets

::::::::
evaporate

::::::::::
completely,20

:::::::
however,

::::
they

:::::
cause

:
a negative imprint is left behind when the drops evaporate completely

::
to

:::
the

::::::::::
surrounding

:::::::
vapour(e.g.,

Gat, 1996). Evaporating rainfall or dissolving (evaporating) clouds could thus create a vertical gradient of d-excess in vapour

under certain conditions. Thereby, vapour with decreasing d-excess is contributed to the environment as more of the raindrops

evaporates during their fall. We speculate that near the boundary-layer top the contribution of rainfall and cloud evaporation to

the vapour is largest. One could for example conceive a situation where boundary-layer top cumuli locally produce rainfall in25

a saturated environment, whereas evaporation occurs in the immediate vicinity and below the cloud in regions influenced by

dry-air entrainment from the free troposphere above. Being relatively far away from the high d-excess created during surface

evaporation, this combination of processes could potentially shape an overall d-excess minimum in the vertical profiles. The

predominance of d-excess values close to 10‰ as in the global meteoric water line, rather than the occasional high values

representing enhanced non-equilibrium fractionation during evaporation suggests that overall evaporation conditions at the30

moisture sources were not characterised by strong non-equilibrium conditions, or that newly evaporated water contributed

comparatively little to the available moisture in the boundary layer. In our data set, the high d-excess signal from local, short-

lived intense evaporation events thus seems to disperse with altitude. Benetti et al. (2014, 2015) highlight the importance

of mixing processes between surface vapour and the free troposphere in the marine boundary layer. From analysing ship-

based SWI
::::::
isotope

:
measurements in the subtropical East Atlantic with an idealised model, Benetti et al. (2015) conclude that35
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mixing with free troposphere air is more important for the primary isotope parameters than for d-excess, which is mainly

controlled by non-equilibrium effects during evaporation, a finding that may be specific to evaporation-dominated situations.

In this comparison, it is important to note that the lowest measurement altitude of the aircraft was at 150 m a.s.l., making direct

comparison to ship-based measurements difficult. Gat et al. (2003) even noted a vertical SWI
::::::
isotope

:
gradient for different

measurement altitudes on a ship. Thus, the influence of the free troposphere at our lowest measurement altitude may already5

be higher than for ship-based measurements. This also points to deviations from the well-mixed conditions of SWI
:::
the

:::::::
isotopic

::::::::::
composition in the marine boundary layer assumed above.

5 Evolution of the vertical stable isotope structure during several days in sequence

The contrast between weakly depleted water vapour in the boundary layer and moderately to strongly depleted water vapour in

the free troposphere is further explored now by considering the atmospheric environment and airborne measurements during10

specific flights. As will be exemplified below, diurnal variability and larger-scale processes jointly shape the vertical stratifica-

tion reflected in the SWI
::::::
isotope profiles.

A sequence of three flights was executed following pattern #3
::::
(Fig.

::
1) between 20-21 Sep 2012 (flights 09–11). The pattern

consisted of several east-west transects across the island, a low-level leg over the sea to the west, and vertical profiles over the

island and to the east and west of it (Fig. 8a, white line; Fig. 1, green line). The vertical profile northwest of Corsica was also15

included in pattern #1, which was flown after the sequence, on 23 Sep 2012 (flight 12). This sequence of flights allows for

investigating the development of the SWI vertical
::::::
vertical

:::::::
isotope profiles for 4 flights and during 4 days. The period from 20

to 23 Sep 2012 was marked by pronounced differences in the vertical stratification of the lower and middle troposphere. On 20

Sep, ex-Hurricane Nadine was located at the upstream side of an upper-level ridge near 30�W and 35�N, in close proximity

to an equatorward extending PV streamer (Fig. 7, thick black contour). Interaction between these two dynamical features20

determined the synoptic evolution over the western Mediterranean during the following days.

Initially, the eastern flank of a large upper-level ridge was located over Corsica, leading to the advection of airmasses from

the northwest with wind speeds of ⇠16 m s�1 on 500 hPa (Fig. 8a, white arrows; Fig. 7, black contour). Central Europe was

under the influence of a high pressure system, and the Mediterranean experienced intermediate temperatures, with 282–286 K

on 850 hPa (Fig. 7, color shading). The region of interest was almost cloud-free (Fig. 8a, shading). Winds were from northerly25

directions with speeds of about 7 m s�1 on 700 hPa and associated with cold-air advection throughout the lower troposphere

(Fig. 8a, red arrows). During the first flight of this sequence (flight 09) at 20 Sep 2012, a vertical profile was flown at the

northwest end of flight pattern #3, west of Corsica over the Mediterranean Sea (Fig. 8a, cyan line).

Figure 9a-d displays the temperature, specific humidity, and SWIs
::
the

:::::
stable

::::::
isotope

:::::::::
parameters

:
at the vertical profile .

:::::
during

::::
flight

:::
09.

:
The temperature profile depicts two pronounced inversions between 900-1000 m a.s.l. and 2300-2500 m a.s.l., which30

are well reproduced during ascent and descent (Fig. 9a, black and grey line). The boundary layer below 900 m a.s.l. and the

layer above 2500 m a.s.l. are both well-mixed with uniform lapse rates of 7.3 and 6.0 K km�1, respectively. The intermediate

layer has a lapse rate of -7.6 K km�1, and an approximately isothermal lower end that shows enhanced temperature variability.
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The profile of specific humidity shows changes corresponding to the observed thermal structure (Fig. 9b). The boundary layer

has a specific humidity of ⇠9–11 g kg�1, which drops to substantially lower values (3–5 g kg�1) at and above the capping

inversion. As for temperature, humidity variations are enhanced between 1000 m a.s.l. and 1700 m a.s.l., possibly related to

the partial cloud cover observed in the satellite image (relative humidity reached 90% between 600 and 900 m a.s.l.). Specific

humidity drops to uniformly very low values (1–2 g kg�1) at the upper inversion. Some difference between the upward and5

downward profile is apparent for humidity (Fig. 9b, black and grey line).

The vertical profile of �D (Fig. 9c) in turn corresponds to the humidity profile. In the boundary layer values of weak depletion

(-90‰ to -100‰ �D) reflect proximity to the evaporation source. At the capping inversion (900 m a.s.l.) �D drops to -150‰,

again with increased variability. Above 1700 m a.s.l. �D increases again to -120‰. This isotopic inversion together with the

specific humidity information confirms that the layer between 1000 and 2300 m actually consists of two layers of different10

origin or airmass history. Without the SWI
::::::
isotope

:
measurements this distinction could hardly be made. Repeatability is lower

for the upward/downward profiles for �D, in particular above 2300 m a.s.l. The downward profile (black line) is expected to be

more reliable, as memory effects are smaller when moving from dry to moister conditions during descent
::::::::
(Appendix

::::
A4). Note

that the coherent variability across the three available specific humidity measurements point to at least a partial contribution

from spatial variability (not shown). A further influence may come from the pressure dependency of the CRDS measurements15

during upward and downward motion of the aircraft (Appendix A5).

The shape of the d-excess profile (Fig. 9d) does not reflect the thermodynamic structure observed in temperature and hu-

midity. In the lowermost 300 m a.s.l. values of up to 40‰ are measured for the d-excess. This likely reflects non-equilibrium

fractionation during intense evaporation in the marine surface layer at the aircraft location or upstream. As a proxy for the

d-excess during evaporation, relative humidity with respect to SST (RHSST) has been calculated from qHCLY at flight altitude20

and the skin temperature measured from the infrared radiometer (Table 1). The observed d-excess of ⇠30‰ corresponds to an

RHSST of ⇠40% (Pfahl and Sodemann, 2014), slightly lower than the measurements along a low-level transect immediately

following the profile (RHSST of ⇠48% at 150 m a.s.l., Table 4b, second row). It is noteworthy that the SST is more than 5 K

warmer than the air temperature at 150 m a.s.l., which suggests that the at the elevation of the aircraft measurements the at-

mosphere may not yet be fully coupled to the surface conditions at this time of day. Nonetheless, the d-excess indicates strong25

non-equilibrium fractionation conditions at the underlying sea surface during intense evaporation. The d-excess decreases to

⇠15‰ in the layer between 300 and 1500 m a.s.l., shows values near 10‰ between 1500 and 2300 m a.s.l., before increasing to

more than 60‰ at the highest part of the profile. The d-excess is fairly well reproduced for the upward and downward profile,

with most pronounced differences in the very dry part of the profile above 2300 m a.s.l.

The same flight pattern was repeated 23 h later during flight 10 on 21 Sep 2012 (Fig. 8b). The large-scale circulation remained30

very similar to the previous flight (Fig. 7). Around Corsica, a weak southeasterly flow advected dryer
::::
drier

:
air towards the

island at lower-troposphere levels and reduced cloudiness (Fig. 8b). Upper-level winds had strengthened and turned to westerly

directions. The vertical profile of temperature had changed considerably, now showing an inversion between 1700 and 2200 m

a.s.l. (Fig. 9e). The upper layer had warmed by about 3 K and dried uniformly to a specific humidity of 1-2 g kg�1 (Fig. 9f). The

vertical contrasts in the SWI
::::::
isotopic

:
composition had increased markedly. Below the inversion �D was slightly more depleted35
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compared to 23 h before (�110 to �120‰, Fig. 9g). This is quite far
::::
rather

::::::::
different from equilibrium with the

:::::
given

::::
SST

(�D=�80‰ for an SST of ⇠ 20�C), even though the sea surface had cooled by ⇠6 K (Table 4b). Across the inversion, the �D

decreased to �380‰ within only 300 m vertically during the downward profile (Fig. 9g, solid line). At the highest elevations

(3700–3300 m a.s.l.) the �D profile showed very good reproducibility of the upward and downward profiles with about �250‰

depletion. The d-excess profile had a similar shape as during the previous flight, albeit at lower elevation, and agreed very well5

for both profiles (Fig. 9h). A minimum d-excess of about 10‰ was measured just below the temperature inversion at ⇠1700 m.

The flight pattern was repeated a third time another 3.5 h later during flight 11, 11–15 UTC 21 Sep 2012, with largely

unchanged large-scale circulation and winds around Corsica (not shown). The temperature inversion had descended to 1400 m

a.s.l. (Fig. 9i). Contrasts in specific humidity were very pronounced (Fig. 9k), with a moister boundary layer than during flight

10 (⇠9 g kg�1, compare Fig. 9f), a very dry intermediate layer (1 g kg�1) and a moderately moist upper layer (3–4 g kg�1). The10

drastic humidity difference between the two lowermost layers was also apparent in the �D profile, with a jump from �100‰

to �200‰ within about 200 m vertical distance (Fig. 9k). Reproducibility was very good for this �D profile, except for the dry

intermediate layer,
:::::
which

::::::::
indicates

:::::::
possible

:::::::
memory

::::::
effects

::
in

:::
the

::::
inlet

::::::
system

:::::
when

:::::::
entering

:::::
from

:::::
humid

::::
into

:::
dry

:::
air

:::::
layers.

The d-excess showed a quite different profile for this flight with values of up to 30‰ in the dry layer (Fig. 9l). Possibly, low

d-excess water vapour from the surrounding may have reduced the d-excess by entrainment. The absence of a clear maximum15

near the bottom indicates that high RH conditions (70–80%) and weak evaporation prevailed in this situation (d-excess of

⇠14‰).

Another 36 h later, at the final flight in this sequence (flight 12 on 09 UTC 23 Sep 2012), the PV streamer in the large-scale

circulation had evolved into a cut-off with rapid cyclogenesis near the Gulf of Biscay, leading to the advection of air with high

equivalent potential temperature from the Sahara to the Western Mediterranean (not shown). Southwesterly flow dominated20

throughout the troposphere, associated with widespread broken cloud cover (Fig. 8c). The single downward vertical profile

available on 23 Sep 2012 shows that the vertical structure of the boundary layer had changed significantly in all variables

(red profiles in Fig. 9i-l). Temperature had increased by about 2-3 K, the layer above 1500 m a.s.l. had moistened significantly,

leading to the observed cloudiness. The �D profile had shifted to uniformly less depleted conditions of around -140‰ above

1400 m a.s.l, while The
:::
the d-excess gradually decreased from values around 20–30‰ below 500 m a.s.l. towards about 0‰ at25

the top of the profile.

The temporal variability of the vertical SWI structure
:::::::
structure

::
of

:::
the

:::::::
isotopic

::::::::::
composition

:
observed above has implications

for the relative importance of vertical mixing and large-scale advection for understanding the vertical profiles. It appears that

the two processes go hand in hand: the inversions delineate layers that are internally well mixed but evidently have weak mixing

across the inversion. Inversions thus also separate layers with a very different origin and transport history. The combination30

of the two can lead to strongly variable and well-structured vertical profiles as observed during the HyMeX flights, which

show surprisingly strong day-to-day variability also in a situation where the large-scale conditions are seemingly rather similar.

One implication of this is that a single vertical profile in a high-pressure situation might not be representative for this weather

situation. The presence of the complex topography around Corsica with various influences in upstream and downstream regions

further complicates the situation. The following sections exemplify for one of the flights discussed above (
:::::
discuss

::
in
:::::
more

:::::
detail35
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::
for

:
flight 10)

:
,
::::::
during

:::::
which

:::
the

::::::::
strongest

:::::::
isotope

:::::::
gradient

:::
and

::::::::::
temperature

::::::::
inversion

::::
was

:::::::::::
encountered,

:
how stable isotopes

allow to interpret the transport history of an airmassin more detail.

6 High-resolution SWI
:::::
stable

:::::::
isotope measurements during flight 10 (21 Sep 2012)

We now present the high-resolution horizontal and vertical variability obtained during flight 10 at 21 Sep 2012 (the second

flight discussed in Sec. 5). During this flight clouds were almost absent, and a strong vertical wind shear prevailed, with5

southeasterly winds in the boundary layer and westerly winds in the free troposphere (Fig. 8b). A deep inversion of ⇠3 K

between 1700–2200 m a.s.l. characterised the atmospheric stratification during this flight, both at locations west (Fig. 9e) and

east (not shown) of Corsica, separating a moist marine boundary layer from a very dry free troposphere (Fig. 9).

Figure 10 shows the flight altitude, meteorological and SWI
::::::
isotope parameters during the first 2.5 h of flight 10 (flown along

pattern #3, compare Fig. 1). The flight period has been subdivided into segments A to H in Fig. 10. During the vertical profile10

in segment A, the aircraft encountered dramatically different meteorological and SWI conditions
:::::
stable

::::::
isotope

:::::::::::
composition

between flight altitudes of 1500 to 2500 m a.s.l. At 0700 UTC, during ascent from about 1700 to 2000 m a.s.l., specific humidity

decreased abruptly from 8 to about 1 g kg�1 (Fig. 10c, red and black lines). Humidity was in fact below detection limit for the

dew point mirror hygrometer. Associated with the drop in specific humidity were an increase in potential temperature from

299 K to 305 K (Fig. 10b, black line), an increase in air temperature from 10 to 12�C (Fig.b, red line) and a drop in relative15

humidity (RH, Fig. 10d) from 80% to ⇠15%. Winds gradually changed from southerly to northwesterly directions, and back,

during segment A (Fig. 10e).

The stable isotope composition shows similar strong changes across the inversion at the boundary-layer top. �D (�18O)

shows an initial drop from �100‰ to �225‰ (�13‰ to �35‰), and then a further depletion before the re-entry into the

boundary layer at 0711 UTC with a minimum of �275‰ (�41‰ for �18O) at the end of segment A (Fig. 10f and g). The20

d-excess mirrors the jump of the primary SWI
::::::
isotope parameters, increasing from 12‰ to 65‰ across the inversion at 0702

UTC (the d-excess is drawn in red for q < 2 g kg�1). It then decreases to about 40‰ for 5 min when the aircraft is above

3000 m a.s.l., before increasing again to about 55‰ (the period when the primary SWI
::::::
isotope parameters are lowest), before

finally returning to about 15‰. The d-excess thus hints towards a different airmass above 3000 m a.s.l. at this location, which

is supported by close inspection of the wind speed, relative humidity and specific humidity. This could have been overlooked25

easily without considering the d-excess.

Throughout the flight, the aircraft returned four times into this dry air layer above 1700 m a.s.l. (Fig. 10, segments C, D, F,

H). Very similar behaviour was observed for the meteorological and SWI
:::::
stable

::::::
isotope

:
parameters at the same altitudes. The

profile at segment D is shown in Fig. 9e-h, and underlines the sharpness of the transition at the inversion. From the downward

profiles the vertical gradient of the SWI
::::::
isotopic

:::::::::::
composition across the inversion is estimated as �25.4‰ 100 m�1 for �D and30

24.0‰ 100 m�1 for the d-excess.

After completion of the vertical profile at Segment A, the aircraft performed a low-level leg at minimum safe altitude (ca.

155 m above the surface) over open water (0712-0725 UTC, segment B). Specific humidity and relative humidity remained
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narrowly at about 8 g kg�1 and 57%, respectively during this transect (Table 4a). RHSST was about 57%. The expected non-

equilibrium fractionation conditions during evaporation do not fully correspond to the high measured d-excess of ⇠37‰

(depending on the non-equilibrium fractionation factor, one would expect here RHSST to be about 18–25% according to the

Craig-Gordon model), and point towards evaporation sources of at least part of the sampled water vapour elsewhere. With

average wind speeds of 4 m s�1 from southeasterly directions, only weak evaporation would be expected.5

A second low-level transect performed west of Corsica over the open ocean (0805-0825 UTC, segment E) is marked by

lower d-excess of 19‰ compared to segment B, which was performed east of Corsica (Table 4b and Figure 10). Specific and

relative humidity are slightly higher (10 g kg�1 and 65%, respectively) while RHSST was on average 72%, matching to the

lower SST (19.5�C) than air temperature (20.6�C). Again, the RHSST does not explain the d-excess, and thus the main sources

of the moisture measured by the aircraft may be located elsewhere (in northwesterly direction, as indicated by the mean wind10

direction of 320�). Throughout the flight, lowest values of the d-excess occur consistently at high RH conditions, at elevations

where the BL top is expected, such as during Segment A, C, D and F. This points again to the role of cloud and precipitation

evaporation processes in shaping the d-excess minimum observed in the overall profile.

7 Airmass origin and transport history

Airmass origin and the transport history for a part of the air sampled during flight 10 is now investigated with a backward15

trajectory analysis using the LAGRANTO model (Wernli and Davies, 1997) based on ECMWF operational analysis data at

a 0.5�x0.5� horizontal grid spacing. Trajectories were calculated 5 days backward in time every 10 s along the flight track

for the time interval 0754–0806 UTC, i.e. during the transition from the free-troposphere into the boundary layer (2nd part

of segment D; Fig. 10a). The trajectory analysis confirms a very different origin of the airmasses in the two vertical layers.

In the lower troposphere (700–800 hPa), the aircraft encountered airmasses that 4–5 days back in time had been located over20

southern Greenland (Fig. 11a, red trajectory segments) in the upper troposphere at pressure altitudes of ⇠400 hPa (Fig. 11b,

black lines). These airmasses descended gradually by ⇠100 hPa day�1 before being encountered by the aircraft. Large-scale

descent of upper-tropospheric air due to its southward displacement along sloping isentropes with adiabatic warming is thus

the most plausible cause for the low relative humidity observed during flight 10. This is also supported by a trajectory analysis

for flight segments A, C and F, which show consistent source regions and descent from similar altitudes (not shown).25

The trajectories descending from high elevation were very dry (0.3±0.2 g kg�1) 4 days before encounter, and hardly moist-

ened according to the ECMWF analysis data at �12 h (0.5±0.4 g kg�1). These values agree well with the humidity observed

by the aircraft (0.4–0.7 g kg�1 during the descend
:::::::::
downward

:::::
profile

:
in segment D, Fig. 10c). During descent,

:::
The

:
potential

temperature of the upper tropospheric air masses
::
air

::::::
masses

:::::
from

:::
the

:::::
upper

::::::::::
troposphere

:
decreased due to radiative cooling

by about 5 K in
:::::
during

:::
the

:
5 days

:
of

::::::::
descend,

:
and was 303–309 K during encounter (Fig. 11c), in very good agreement with30

the observations (Fig. 10b). In contrast, the airmass encountered during the lower parts of segment D was much more hu-

mid (6 g kg�1, Fig. 11a), lower than the range of the observations (7–10 g kg�1). Trajectory analysis shows an origin of these

moist airmasses over Italy, France, Corsica, and nearby areas of the Western Mediterranean. The airmasses gradually warmed
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(Fig. 11c, grey trajectories) and moistened (not shown) while being advected in the lower troposphere from the northwest

during the 5 days before encounter (Fig. 11a, blue trajectory segments).
:::
This

:::::::::
underlines

:::
that

:::
the

:::::::
isotope

::::::::::
composition

::
is

::::::
related

::
to

:::
the

::::::::
transport

::::::
history

::
of

:::::::::
airmasses

::
in

:::
this

::::::::
situation.

Vertical cross-sections using ECMWF analyses centered at Corsica approximately at the time of flight 10 (0600 UTC 21

Sep 2012) provide further insight into the
:::::
spatial

::::::
extend

::
of

:::::::
different

:::::::::
airmasses,

:::
and

:::
the

:
sharpness of the transition between the5

free troposphere and the boundary layer in the ECMWF model (Fig. 12). Dry air reached from the upper troposphere down

to 750–850 hPa directly over Corsica (upper white areas in Fig. 12a and b), corresponding to the downward sloping isentropic

flow from the northwest along the 300 and 305 K isentropes. Further south, a fairly moist (⇠5-7 g kg�1) airmass with potential

temperatures between 305-315 K was located above the dry air, and east of 6�E at higher elevations (above 850 hPa, Fig. 12a).

This subtropical airmass associated with ex-Hurricane Nadine and the cut-off low displaced the dry upper-tropospheric air10

during the next two days, apparent also as increased cloudiness (Fig. 8c).

Red segments of the flight path during flight 10 mark where the aircraft encountered the very dry upper-tropospheric air,

in very good correspondence with the operational analysis. The highest branches of the flight track correspond to the mea-

surements during segments A and D. The less dry conditions, but in particular also the lower depletion of the �D and �18O

indicate that the front of the advancing tropical airmass had been encountered during segment D (Fig. 12a), explaining the15

marked isotopic inversion between 2300 and 3500 m a.s.l. (Figure 9g) as the result of the complex layering of airmasses with

very different water vapour transport histories.

8 Summary and Conclusions

In summary, we present data
:::
here

::::::
results from an extensive airborne survey of the SWI

::::::
isotopic

:
composition of water vapour

above the western Mediterranean during the
::::::
Western

:::::::::::::
Mediterranean

::::::
during HyMeX SOP1. The dataset represents the first20

airborne characterisation of the SWI composition in the Mediterranean region, and the most extensivemeasurement of the stable

water isotope composition in the
:::
one

::
of

:::
the

:::
first

:::::::::
extensive,

::::::::::::::
well-documented

:::::::
airborne

::::::::::::
measurement

:::::::::
campaigns

::
of

:::
the

:::::::
isotopic

::::::::::
composition

:
lower troposphere since the 1970s

::::
with

::::
high

::::::
spatial

::::
and

::::::::
temporal

::::::::
resolution. During the 21 successful flights

with in total 59 flight hours, several distinct weather situations have been probed, yielding high day-to-day variability and often

strong vertical and horizontal gradients in the SWI signals
::::
stable

::::::
isotope

:::::::
signals,

:::::::::
confirming

::::::
similar

:::::::
findings

::::
from

::::::
another

::::::
recent25

:::::::
airborne

:::::
study

::::::::::::::::
(Dyroff et al., 2015). In general, the

:::::
spatial variability was much larger than could be anticipated from earlier

low-resolution data, a finding confirmed by another recent study (Dyroff et al., 2015). The high variability observed in our

data has also implication
:::::
which

::::::
causes

:::::::::
challenges for remote-sensing observations of stable isotopes and SWI-enabled models.

Pronounced horizontal variability is in addition a challenge for model comparison studies
:::
that

::::
have

::
a

:::
low

:::::::
vertical

:::::::::
resolution,

:::
and

:::
for

:::
the

::::::::::
comparison

::::
with

::::::
model

::::::::::
simulations

:
that average over larger spatial regions than the aircraft measurements are30

representative for.

The range of SWI variability is exemplified by a
::
A sequence of flights performed in a situation of subsidence of upper

and middle troposphere air over the region of operations. Strong
::::::
Corsica

:::::::
showed

::::::
strong

:
vertical gradients in stable water
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isotopes were found
:::
the

::::::
isotopic

:::::::::::
composition

::
of

:::::
water

::::::
vapour, reaching up to �25.4‰ 100 m�1 for �D across an about 700 m

thick inversion layer. Mixing between the descending airmass and boundary-layer air influenced by evaporation appears as the

dominant process responsible for the observed variability. Immediate, local stable isotope fractionation that could be described

by a Rayleigh fractionation model, for example in dense, precipitating clouds, was not observed during the flights, and must

thus have taken place elsewhere in regions with saturated conditions beforehand. The capability to reach such conclusions5

points out the potential of SWI data for evaluating processes in the atmospheric water cycle, delivering information that is not

obtainable
::::::::
Obtaining

:::
this

::::
kind

::
of

::::::::::
information

::::::
would

:::
not

::
be

:::::::
possible

:
from water vapour concentration measurements alone.

The airborne d-excess data reported here are the first since Taylor (1972) concluded that the d-excess would not provide

additional information. Our unprecedented
:
,
:::::
which

::::::::::
emphasizes

::
the

:::::::::
additional

:::
use

::
of

:::::
stable

:::::::
isotopes

::
in

::::::
studies

::
of

:::
the

::::::::::
atmospheric

::::
water

::::::
cycle.10

:::
Our

:
high-resolution measurements of d-excess clearly provide evidence for the opposite. Careful data processing and

calibration
::::
show

::::
that

:::
this

:::::::::::
second-order

:::::::::
parameter

::::
adds

::::::::::
information

::
on

:::
the

:::::
origin

::::
and

:::::::::
processing

::
of

::::::::::
atmospheric

:::::
water

:::::::
vapour.

::::::
Careful

::::::
design

::
of

:::
the

:::::::::::
measurement

::::::::::
installation

:::
and

::::::::::
calibration

:::::::
routines is required to obtain interpretable data at a temporal

resolution of 15–30
:::::
30–60 s, and a spatial resolution of 1–2

:::
2–4 km horizontally and 75–150

:::::::
150–300 m vertically. Contrary to

the conclusions by Taylor (1972), we demonstrate that the
::::
High d-excess is a useful additional tracer for evaporation processes15

in the lower troposphere. Elevated d-excess near the sea surface and above the boundary layer inversion are separated from

fairly
::::::::
contrasted

:::::
with

::::::::
relatively

:
low d-excess near the top of the boundary layer. These characteristics are consistent with

varying
::
the

::::::::::
prevalence

::
of

:
non-equilibrium evaporation conditions near the surface,

:::
sea

::::::
surface

::::
and

::::::
during

:
evaporation of

rain in unsaturated regions and cloud dissolution near the boundary-layer top, and
:
.
::
At

::::
high

:::::::::
elevations,

:
non-linearities in the

delta-scale and thus the d-excess, which lead
:::
may

:::::
have

::::::::::
contributed to high values for very depleted

::
of

::::::::
d-excess

::
in

::::::
highly20

:::::::
depleted

::::::
isotope conditions. Because of technological challenges

::::::::
limitations

::
of

:::
the

:::::::::::::
instrumentation

::
in

::::
low

:::::::
humidity

:::::::::
conditions,

the remaining uncertainties call for further studies to confirm these findings. Nonetheless, the data reported here allow to

use
::
do

:::::::::::
demonstrate

:::
that

:
the d-excess as a valuable

:
is
::
a
::::::::
valuable,

::::::::::::
high-resolution

:
process and source tracer for the considered

meteorological situations
::::::::::::
meteorological

::::::::
situations

::::::::::
encountered

::::::
during

:::
the

::::::
aircraft

::::::::
campaign.

The comprehensive SWI data set
::::
data

::
set

:::
of

:::
the

:::::
stable

::::::
isotope

:::::::::::
composition

::
of

::::::::::
atmospheric

:::::
water

::::::
vapour

:
acquired together25

with many other observations during the HyMeX SOP1 (Ducrocq et al., 2014) can be further exploited for process studies

using both the primary SWI
:::::::
isotopes and the d-excess, as well as for model evaluation. In the future, more extensive data sets

for other regions on the atmospheric SWI
::::::
isotopic

:
composition will be highly valuable in constraining the atmospheric water

cycle in numerical weather and climate prediction models. Future campaigns would benefit in particular from complementary

sampling of the near-surface water vapour in the evaporation region, either from ship
:::::::::
ship-based

:
or land-based, providing30

further insight into mixing between boundary layer and free troposphere.
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Appendix A: Data and measurement details

A1 Measurement setup

The high-frequency meteorological measurements (temperature, winds, pressure, humidity) onboard the D-IBUF were located

inside the nose boom. The inlet for measuring SWIs in ambient air
:::::
stable

:::::::
isotopes

::
in

:::::::
ambient

:::::
water

::::::
vapour was located at the

top of the aircraft at 8.6
:
m distance (Fig.A1

:::
A1). A backward-facing short stainless steel pipe (1/4" O.D.) inside an aerodynamic5

housing was connected to PTFE tubing (1/4" O.D.) inside the aircraft (Fig.A2
:::
A2). Air was drawn through a

:::::
0.2µm

:
PTFE

membrane filter
::::
with

::::::
50 mm

:::::::
diameter

::::::::::::
(SLFG05010,

:::::
Merck

:::::::::
Millipore)

:
and the inlet at 30 `min�1 at

:::::
under standard conditions

using a TF2 pump (Thomas Inc.
::::::
by-pass

:::::
pump

:::::
(ASF

:::::::
Thomas

::::
TF2). At a T-fitting connected to this inlet, the Picarro L2130-i

extracted sample air from this air stream at 0.1 `min�1 using a KNF OEM pump (S2003, Picarro Inc).
::::::::::
Temperature

:::
in

:::
the

:::::::::::::
non-pressurised

:::::
cabin

:::
was

:::
not

::::::::
stablised

:::
and

:::
the

::::::
tubing

:::::
inside

:::
the

::::::
aircraft

::::
was

:::
not

::::::
heated.

::::::::::::
Condensation

:::
was

::::::::
however

:::::::
unlikely10

::
as

:::
the

::::
cabin

:::
of

:::
the

::::::
aircraft

:::
was

::::::::
generally

:::::::
warmer

::::
than

::
air

:::::::::::
temperature

::::::
outside

:::
the

:::::::
aircraft.

A2 CRDS humidity calibration

The correspondence between the CRDS humidity and the reference humidity allowed to compensate for time shifts between

the two measurements due to the inlet, piping, position in the aircraft and computer clock differences. For each flight, the

time shift (typically 4–7 s) was determined from the highest correlation between the two humidity measurements, shifted in15

1 s intervals within moving 60 s windows. The correlation coefficient between both humidity measurements after time shift

correction was ⇢> 0.97 at a 1 Hz averaging for all 21 flights. Humidity measurements from the CRDS were then calibrated

with the HCLY humidity data using a linear fit determined from each individual flight at a 1 Hz time resolution. The slope and

:::::
offset

::
of

:::
this

::::::
linear

::
fit

::::
was

::::::
mostly

:::::
stable

:::::::
between

::::::
flights.

::::
The

:::::::
original

:::::::
by-pass

:::::
pump

:::::
failed

:::::
from

:::::
flight

::
17

:::::::
onward,

::::
and

::::
was

:::::::
replaced

::::
with

::
an

::::::::
identical

:::::
pump

:::::
before

:::::
flight

:::
28.

::::
The offset of this linear fit were quite

:::
was

::::::
mostly

:
stable between flights, but20

changed
:::::::
whereas

:::
the

::::
slope

:::::::
changed

:::::::
slightly

::::
from

:::
1.0

::
to

:::::
about

:::
1.1

:
after the installation of a

::
the replacement pump (not shown).

::::
This

:::::
could

:::::
affect

:::
the

:::::::
pressure

::
in

:::
the

::::
inlet

:::::::
system,

::::::::
resulting

::
in

:
a
::::::::
different

:::::::::
regulatory

::::::::
behaviour

::::
and

:::::::
pressure

::::::::
hysteresis

:::
of

:::
the

:::::::::::
measurement

:::::
setup,

:::
but

:::
not

:
a
:::::::
change

::
in

::::
flow

::::
rate.

::::
This

::::
may

::::::
suggest

::::
that

:::::::::
calibration

:::::::::
procedures

::::::
should

::::::
ideally

:::::
cover

:::
the

:::::
entire

::::
inlet

::::::
system,

::::::::
including

:::
the

:::::::
by-pass

:::::
pump.

:

A3 Humidity dependency correction of the SWI
:::::
stable

::::::
isotope

:
parameters25

The humidity-isotope response correction that is required for all commercial water isotope spectrometers is known as a key

element for reliable d-excess measurements (Tremoy et al., 2012; Aemisegger et al., 2012). Airborne humidity measurements

can have a large range, and instruments need to be calibrated for the humidity dependency across the entire range of measure-

ment data points. Correction functions for the dependency of the SWI
::::::
isotope

:
parameters were determined at different times

during and after the field campaign. These functions are different for each particular analyser. For the instrument used during30

the HyMeX SOP1, the �18O and �D increased strongly for lower mixing ratios, resulting in a strong negative deviation of the
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d-excess.
:::
This

::::::::::
calibration

:::::::
function

:::
was

::::::::::
determined

::
in

:::
the

::::
field

:::
on

::
26

::::
Sep

::::
2012

::::
and

::::::::::
immediately

:::::
after

:::
the

::::
field

::::::::
campaign

::
in

::
a

::::::::
laboratory

:::::
setup

:::
on

::
25

::::
Oct

:::::
2012,

:::
and

::
in
::

a
::::
final

:::::::::
optimised

::::
setup

:::
in

:::
the

::::::::
laboratory

:::
in

::::
Aug

:::::
2015.

:::
The

:::::::::
correction

::::::::
functions

::::
and

::::
their

::::::
impact

::
on

:::
the

::::::::
d-excess

::
are

:::::::::
presented

::
in

:::
Fig.

:::::::
A3.The

::::::::::::::
humidity-isotope

::::::::
response

::::::::
correction

::::::
varied

::::
only

:::::::::
marginally

::::::
within

::
the

::::::
range

::
of

:::::::::::
measurement

::::::::::::
uncertainties,

::
as

::::::
shown

:::
by

:::
the

::::
data

:::::
points

:::::
from

:::
the

::::
two

:::::
earlier

::::::::::
calibration

::::::
periods

::::
(red

::::
and

::::
blue

::::::
circles).

:::::
This

:::::::
suggests

::::
that

:::::::::
mechanical

:::::
stress

::::::
during

:::::
flight

:::
did

::::
not

::::
have

:
a
::::::

strong
::::::::
influence

:::
on

:::
the

::::::::::::::
humidity-isotope

::::::::
response5

::::::::
correction

::::::::
function.

:
All �18O and �D data were corrected

:::
with

::::
Eqs.

::
1
:::
and

::
2
:
at the highest time resolution before averaging

according to the uncalibrated volume mixing ratio reported by the CRDS instrument. The correction functions and their impact

on the d-excess are presented in Fig. A3.

A4 Dependence of data quality on the humidity
:::::::
different

:::::::
factors

As the number of absorbing water molecules decreases in the CRDS cavity with decreasing humidity, the precision of mea-10

surements decreases. The uncertainty of the measured sample depends on the ambient water vapour mixing ratio and can be

estimated using calibration runs at different water vapour mixing ratios (FigureA5
:::
A4). Depending on the flight and the water

vapour mixing ratios the total uncertainty in �D is ⇠ 1.8‰, for �18O ⇠ 1.0‰ and for d ⇠ 10
::::
⇠ 10‰.

:::
The

::::::::
precision

::
of

:::::
�18O

:
is
::::::::::::
approximately

::::
5–6

:::::
times

:::::
better

::::
than

:::
the

::::::::
precision

::
of

:::
�D.

:::::::::
Temporal

::::::::
averaging

::::
then

::::::
allows

::
to

::::::
retrieve

::::::::::
information

::
at

::
a

:::::
better

:::::::
precision

::::::
(Table

:::
3).15

::::::
Further

:::::::::
influences

::
on

::::
the

::::
data

::::::
quality

:::::
come

:::::
from

::
(i)

::::::::::
uncertainty

::
of

:::
the

:::::::::::::::
isotope-humidity

:::::::
response

::::::::::
calibration,

:::
(ii)

::::::
larger

:::
drift

:::
of

:::
the

:::::::::::
measurement

::::::
system

:::
due

::
to
::::::::::
mechanical

:::::
stress

::::::
during

:::::
flight

:::
and

:::
(iii)

::::::::
memory

:::::
effects

:::
of

:::
the

::::
inlet

::::::
system.

::::::
While

:::
the

:::
first

::::::
aspect

::
is

:::::::
covered

::
in

::::
Sec.

:::
A3,

:::
the

:::::
other

::::
two

:::
are

::::::
briefly

::::::::
discussed

:::::
here.

:::
The

::::::
effect

::
of

::::::::
enhanced

::::::::::
mechanical

:::::
stress

::::::
during

::::
flight

::::
can

::
be

::::::::::::
approximately

:::::::::
quantified

::::
from

::::
four

::::
days

::::::
where

::::::::::
calibrations

::
at

:::
the

::::
same

:::::
water

::::::::::::
concentrations

::::
and

::::
with

:::
the

:::::
same

::::::::
standards

:::::
where

::::::::
available

:::::
before

::::
and

::::
after

:::::
flight.

:::
Six

:::::::::
bracketing

::::::::::
calibrations

:::::
were

:::::::
available

::
at

::
a

::::::
volume

::::::
mixing

:::::
ratio

::
of

:::::
about20

::::::::::
20000ppmv,

:::
and

::::
two

::
at

:::::
about

:::::::::
4000ppmv.

:::::::::
Assuming

:::::
linear

::::
drift

:::::::
between

:::
the

::::::::::
calibrations,

:::
the

::::::
overall

::::
drift

:::
was

:::::
about

:::
0.2‰

::::
h�1

::
for

::::::
�18O,

:::
and

::::
0.5‰

:::
h�1

:::
for

::::
�D.

:::::
These

::::::::
numbers

:::::
were

::::::::::
independent

:::
of

:::
the

:::::
stable

:::::::
isotope

::::::::::::
concentration.

:::::
Drift

::::
was

:::::
about

::
3

::::
times

:::::::
stronger

::
at
::::::::::

4000ppmv
:::::
based

:::
one

:::
set

::
of

:::::::::
bracketing

::::::::::
calibrations

:::::
only.

:::::::
Memory

::::::
effects

::::
from

:::
the

::::
inlet

:::::::
system

:::
can

:::::::
become

:::::::::
substantial

:::::
during

:::::::
specific

::::
flight

::::::::
patterns,

::::
such

::
as

::::::
during

::::::
vertical

:::::::
profiles

:::::
across

::::
large

::::::::
humidity

::::::::
gradients

::::
(e.g.,

::::
over

:::::
100 s

:::::
when

::
the

::::::::
humidity

::::::
signal

:::
was

::::::
spread

:::
out

::::
over

:::::::
⇠500 m

::::::
during

::
an

:::::::
upward

::::::
profile,

:::
see

::::
Fig.

:::
9).

::::
Wall

::::::
effects

::
of

:::
the

:::::
PTFE

::::::
tubing

::
in

:::
the25

:::::
piping

:::::::::
connecting

:::
the

::::::
isotope

::::::::
analyzer

::
to

:::
the

:::::
bypass

::::
inlet

::::
line

::
at

:::
low

::::::::
humidity

:::
can

::::::
disturb

:::
the

::::::
isotope

::::::::::::
measurements

:::
for

::::::
several

:::::::
minutes,

::::::
instead

::
of

:::
the

::::::::
response

:::
on

:::
the

:::::
order

::
of

:::::
some

:::::::
seconds

:::::
when

:::::
flying

:::::::::
horizontal

:::::::
transects

:::
or

::::::
profiles

:::::
from

:::
low

:::
to

::::
high

:::::::
humidity

::::::
layers.

::::
This

::
is

::
an

::::::
aspect

:::
that

::
is

:::::::
difficult

::
to

:::::::
quantify

::
in

:::::
terms

::
of

::::
data

:::::::
quality,

:::
and

::::::
affects

::::
only

::::::
specific

:::::
parts

::
of

:::
the

::::
data

:::
set.

:::::::
Upward

::::::
profiles

::
in

:::
the

::::
data

:::
set

::::::
should

:::::::
therefore

:::
be

:::::::::
interpreted

::::
with

::::::::
particular

::::
care.

:

A5 Pressure effects and hysteresis30

Aircraft data reported here were collected up to a pressure altitude of 580 hPa. Cavity pressure and temperatures inside the

instrument are continuously stabilised, and records of these parameters indicate that no adjustment problems were encountered

during most flight conditions. The instrument did however respond with a time lag to pressure changes inflicted by spiral
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descent, steep ascent, and turbulent vertical motions. The cavity pressure then deviates up to 0.02 Torr from its set value of

50 Torr (Fig. A5a). This offset is a result of the time delay of the regulating system when stabilising the measurement conditions

in the cavity during a pressure change. It could explain a part of the hysteresis seen in Fig. 9 in terms of both water vapour

and SWI
::::::
isotopic

:
composition. Interestingly, the d-excess profiles do not show a strong hysteresis effect, which could point

towards a compensation of the pressure changes when the d-excess is calculated. After an ascent or descent, the cavity almost5

immediately returns to the predefined measurement conditions. Herman et al. (2014) also observed a hysteresis of �D in their

measurements and therefore only used downward profiles for satellite validation.

A shift in the linear fit between the water vapour mixing ratio from L2130-i and the D-IBUF fast response measurements

(TPLY) can be observed for an upward flight when compared to downward flight (Fig. A5b). Possible causes of this hysteresis

are
:
,
::::::
besides

::::::::
memory

::::::
effects

::
in

:::
the

::::
inlet

::::::
system

:::::
when

:::::::
moving

::::
from

::::::
humid

::
to

::::
dry

:::
air, slight shifts in the wavelength monitor10

or widening of the absorption lines due to observed changes in the cavity pressure (Fig. A5a). This ,
::::::
which could also affect

the isotope measurements. The shifts are small and the effect might be of a 1–2‰ magnitude. Nevertheless this aspect should

be kept in mind, when looking at
::::::::
examining

:::::
these profiles. It is not a priori clear how this affects the d-excess, but the good

correspondence of upward/downward profiles of the d-excess indicate a small effect.

To exemplify the CRDS instrument performance during flight, the cavity temperature, cavity pressure and warm box tem-15

perature are shown during the same transect of shown in Fig. 10, along with meteorological, SWI
:::::
stable

::::::
isotope

:
and flight

track parameters in Fig. A6). After a warmup phase following the power break before start, cavity temperature and warm box

temperature stabilize during segment A and remain narrowly within the required specifications throughout the flight. Cavity

pressure instead responds immediately to aircraft vertical velocity as expected from Fig.A6b
:::::
A6b). During a period of in-

creased turbulence in segment G vertical winds increase, but do not show a visible impact on the instrument parameters. The20

SWI
::::::
isotope

:
parameters �D and d-excess do not show clear indications of the cavity pressure changes, as the environmental

signals are exceeding the effect of pressure changes substantially.

SWI calibration
:::::::::
Calibration

::
of

:::
the

::::::
stable

::::::
isotope

::::::::::::
measurements

:
was routinely carried out before and after flights to test

the stability of the instrument and to correct for a continuous drift of the wavelength monitor during the campaign. While

calibration during flight may be desirable to check that the instrument does not perform random jumps during the 3–4 h of flight25

time, the parallel measurement of water vapour (H16
2 O) with other on-board instrumentation provides a valid control that the

instrument did in fact remain stable during normal flight situations, while the calibrations bracketing each flight
:::::
several

::::::
flights

ensured the same for the SWI measurements. Thus, calibration during flight would not improve the data quality substantially in

our case, but rather have substantially reduced the available measurement time
:::::
isotope

:::::::::::::
measurements.

:::::::::
Calibration

::::::
during

:::::
flight

::::::
reduces

:::
the

::::::::
available

:::::::::::
measurement

::::
time,

::::
and

:::::
would

:::
be

::::
more

:::::::
relevant

::::::
during

::::::::
long-term

::::::
flights

:::::
where

:::::::::
instrument

::::
drift

::::::::
becomes30

:::::::::
substantial.

::
In

::::
our

::::
case

:::
the

:::::::::::
improvement

::
of

:::
the

::::
data

::::::
quality

::::
due

::
to

:::::::
in-flight

:::::::::
calibration

:::::
would

:::::
have

::::
been

::::::::
relatively

:::::
small

::::
(see

::::::::
Appendix

:::
A4).
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Table 1. Instrumentation onboard the Do 128-6 during HyMeX SOP1

Parameter Measurement principle Type and manufacturer Measurement frequency

Specific humidity Dew point mirror TP3, Meteolabor variable

Lyman-↵ Buck Research 100 Hz

Humicap hygrometer HMP 233, HumiCap 100 Hz

CRDS Laser spectrometer L2130-i, Picarro Inc. 1 Hz

�D, �18O CRDS Laser spectrometer L2130-i, Picarro Inc. 1 Hz

Temperature PT100 open-wire Rosemount 100 Hz

Pressure 5-hole probe and pressure transducers Rosemount 100 Hz

Surface temperature Infrared radiometer Heiman KT15 1 Hz

Wind speed calculated from flight parameters 100 Hz

30



Table 2. Flight dates and corresponding pattern during the HyMeX D-IBUF deployment. During the flights
::::

17-26 printed in italic the inlet

:::::
by-pass

:
pump of the stable isotope measurements was not workingcorrectly.

Flight number Date Takeoff (UTC) Landing (UTC) Duration (h) Pattern

01 11 Sep 2012 11:01 14:00 2:59 1

02 12 Sep 2012 07:59 11:05 3:06 5

03 12 Sep 2012 14:07 17:19 3:12 5

04 13 Sep 2012 07:56 10:45 2:49 5

05 13 Sep 2012 13:07 13:47 0:40 2

06 14 Sep 2012 08:00 11:06 3:06 5

07 17 Sep 2012 08:59
::::
10:54 12:01

::
41 3:02

:::
1:47 1

08 18 Sep 2012 08:59 12:01 3:02 1

09 20 Sep 2012 07:53 10:53 3:00 3

10 21 Sep 2012 06:56 09:58 3:02 3

11 21 Sep 2012 11:23 14:26 3:03 3

12 23 Sep 2012 06:55 10:03 3:08 1

13 23 Sep 2012 11:00 14:07 3:07 1

14 24 Sep 2012 11:56 15:14 3:18 9

15 25 Sep 2012 07:01 10:09 3:08 1

16 25 Sep 2012 11:09 14:11 3:02 1

17 27 Sep 2012 12:54
::::
12:54 16:20

::::
16:20 3:26

:::
3:26 9

:
9

18 28 Sep 2012 10:00
::::
10:00 13:18

::::
13:18 3:18

:::
3:18 TES

:::
TES

19 28 Sep 2012 14:05
::::
14:05 15:35

::::
15:35 1:30

:::
1:30 1

:
1

20 1 Oct 2012 08:55
::::
08:55 11:30

::::
11:30 2:35

:::
2:35 2

:
2

21 1 Oct 2012 13:04
::::
13:04 16:07

::::
16:07 3:03

:::
3:03 2

:
2

22 2 Oct 2012 08:58
::::
08:58 12:09

::::
12:09 3:11

:::
3:11 1

:
1

23 2 Oct 2012 13:39
::::
13:39 16:32

::::
16:32 2:53

:::
2:53 1

:
1

24 3 Oct 2012 08:50
::::
08:50 12:01

::::
12:01 3:11

:::
3:11 3

:
3

25 3 Oct 2012 13:09
::::
13:09 16:33

::::
16:33 3:24

:::
3:24 3

:
3

26 4 Oct 2012 08:42
::::
08:42 12:10

::::
12:10 3:28

:::
3:28 5

:
5

27 4 Oct 2012 12:59 15:53 2:54 7

28 5 Oct 2012 07:31 10:36 3:05 IASI

29 5 Oct 2012 13:09 14:38 1:29 3

30 9 Oct 2012 08:57 11:37 2:40 1

31 10 Oct 2012 11:35 13:55 2:20 3

32 11 Oct 2012 06:36 10:03 3:27 Falcon
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Table 3. Relation between averaging times and standard deviations, and the resulting vertical and horizontal resolution at typical true air

speed of 65 m s�1 horizontally and 5 m s�1 vertically at a volume mixing ratio of 9000 ppmv.

Averaging time (s) 5 10 15 30 60 180

�D (‰) 2.47 2.39 2.36 2.33 2.32 2.33

�18O (‰) 0.50 0.43 0.40 0.38 0.36 0.35

d-excess (‰) 3.17 2.29 1.91 1.47 1.18 0.93

Horizontal resolution (m) 325 650 975 1950 3900 11700

Vertical resolution (m) 25 50 75 150 300 900

Table 4a. Mean and standard deviation of meteorological and SWI
::::::
isotopic

:
parameters measured during the low-level transects over open

water during flights 09–11 as part of flight pattern #3. Values are mean and standard deviation of 15 s mean data of the parameters WD (wind

direction), WS (wind speed), and RH (relative humidity).

Flight Time (UTC) Segment GPS Altitude (m a.s.l.) WD (�) WS (m s�1) Tair (�C) q RH (%)

9 08:08:50-08:19:20 B 154.3±4.1 39.1±48.0 6.4± 0.5 20.7± 0.1 12.0± 0.2 77.1±1.5

9 09:00:40-09:17:35 E 156.3± 3.6 225.9±14.3 4.0± 1.0 19.3± 0.3 9.6± 0.3 67.0±2.8

10 07:15:35-07:24:35 B 155.0± 2.6 103.5±21.5 4.1± 1.0 19.2± 0.1 8.0± 0.4 56.7±3.2

10 08:06:10-08:23:25 E 155.0± 3.2 320.0± 8.7 5.2± 1.2 20.6± 0.3 10.0± 0.6 65.4±4.2

11 11:42:50-11:51:35 B 156.5± 1.9 121.1± 7.9 3.9± 0.3 19.5± 0.1 9.6± 0.4 66.7±3.0

11 12:34:10-12:51:25 E 156.9± 3.5 269.5±41.2 4.0± 1.4 21.3± 0.4 9.4± 0.7 58.3±5.5

Table 4b. As Table 4a, but for the parameters RHSST (relative humidity with respect to SST), SST, and the SWI
::::::
isotopic parameters �18O,

�D, and d-excess.

Flight Time (UTC) Segment GPS Altitude (m a.s.l.) RHSST (%) SST (�C) �18O (‰) �D (‰) d-excess (‰)

9 08:08:50-08:19:20 B 154.3±4.1 56.8±2.2 26.4± 0.6 -12.2±0.5 -82.4± 1.8 15.0± 4.5

9 09:00:40-09:17:35 E 156.3± 3.6 48.4±2.7 25.2± 0.9 -14.7± 0.9 -90.5± 4.1 27.3± 6.1

10 07:15:35-07:24:35 B 155.0± 2.6 56.6±3.7 19.7± 0.4 -16.5± 1.3 -95.1± 8.1 36.5± 7.7

10 08:06:10-08:23:25 E 155.0± 3.2 72.2±5.6 19.5± 1.0 -13.6± 0.5 -90.1± 2.6 19.0± 3.6

11 11:42:50-11:51:35 B 156.5± 1.9 65.6±3.3 20.3± 0.4 -13.1± 0.5 -84.8± 1.5 19.7± 3.6

11 12:34:10-12:51:25 E 156.9± 3.5 63.6±7.6 20.5± 1.7 -13.0± 0.5 -89.1± 1.6 14.6± 3.8
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Figure 1. Flight patterns during the HyMeX IBUF campaign. Grey shading shows elevation in m above sea level (m a.s.l.). Table 1 lists the

dates when the different patterns were flown.
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Figure 2. (a) Correlation between calibrated specific humidity from the CRDS (qCRDS), the humicap
:::::::
Humicap/Lyman-↵ (qHCLY, blue dots,

⇢= 0.994), and the dewpoint hygrometer/Lyman-↵ product (qTPLY, grey dots, ⇢= 0.989) at 1 s time interval for flight 1 on 11 Sep 2012.
:::
Red

:::::
dashed

:::
line

:::::
shows

:
a
:::::

linear
::::::::::
least-squares

::
fit

::
to

::
the

:::::
qHCLY:::

and
:::::
qCRDS ::::

data,
::::
black

:::
line

::
is

:
a
::::
1 : 1

::::::
relation.

:
(b) Comparison of calibrated humidity

measurements from the three products for a representative vertical profile during flight 1 ascending from 1500 m to 3700 m a.s.l.
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Figure 3. Vertical profiles of the mean thermodynamic and kinematic state of the atmosphere observed during the campaign. (a) Specific

humidity from HCLY in g kg�1, (b) air temperature in K, (c) horizontal wind speed in m s�1. Overlaid are the 200 m-binned averages as red

lines. Horizontal red bars denote the bin 1-� standard deviation.
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Figure 4. Vertical profiles of the SWI
::::::
isotopic composition of ambient water vapour for all valid flight data acquired during the campaign.

Overlaid are 200 m-binned mean (red solid line), and 200 m-binned minimum and maximum values (dashed red lines) of (a) �D, (b) �18O,

and (c) d-excess. Data points with a specific humidity below 2 g kg�1 are shown in blue. Bin averages do not extend above 3700 m because

of low data coverage.
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Figure 5. (a) Comparison of HyMeX measurements of �D (mean and range, black lines) to airborne �D data by Ehhalt (1974); Ehhalt et al.

(2005) from repeated flights over Death Valley, California (green crosses), the Pacific Ocean off the coast of California (blue circles), and

Scottsbluff, Nebraska (red dots). (b) Comparison of HyMeX measurements of �D and (c) d-excess (mean and range, black lines) to flight

measurements by He and Smith(1999) over New England forests on 15 June 1996 (green), 17 July 1996 (blue), and 12 Oct 1996 (red). Red

circles and dashed lines denote data points for which He and Smith (1999) estimated the d-excess from all other measurements due to low

humidity conditions.
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Figure 6. Scatter diagrams of (a) �D (‰) and (b) d-excess (‰) versus specific humidity q (g kg�1). Shown are 30 s averaged data from all

valid flights. Data points acquired below 500 (1700) m a.s.l. are marked in red (blue). Colored curves in (a) represent idealised mixing (solid

lines) and Rayleigh fractionation processes (dashed lines) as described in the main text. Upper x-axis gives water concentration in units of

ppmv
::

for
::::
easier

:::::::::
comparison

::::
with

::::
other

:::::::
published

::::::
studies. Green line in (b) represents d-excess from a Rayleigh fractionation process. Black

line in (b) is a bin average.
::::

Purple
:::::
points

::::
with

::::
error

::::
bars

::::
show

:::
the

::::::::
uncertainty

:::::::
resulting

::::
from

:::
the

:::::::::::::
isotope-humidity

:::::::
response

::::::::
correction

::
at

::::::
different

:::::::
humidity

:::::
levels.

:
Note that the d-excess axis in (b) is inverted for display purposes.
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Figure 7. Weather situation on 12 UTC 21 Sep 2012 (flight 09 to 11). Shown are sea level pressure (black lines, 3 hPa contour interval),

equivalent potential temperature at 850 hPa (color shading, 1 K interval) and the tropopause structure depicted by a contour of 2 potential

vorticity units on the 315 K isentrope (thick black line) from ECMWF analysis data.
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(a) Flight 09 Flight 10 and 11 Flight 12(b) (c)

Figure 8. Cloudiness and winds at (a) 09 UTC 20 Sep 2012 during flight 09, (b) 09 UTC 21 Sep 2012 during flight 10 and 11, and (c) 09

UTC 23 Sep 2012 during flight 12. Shown are Meteosat 9 infrared imagery with flight track (white line) and aircraft position during the

profiles (cyan line), and ECMWF analysis winds at 500 hPa (white arrows) and 925 hPa (red arrows) overlayed.
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Figure 9. Vertical profiles of air temperature (T, �C, first column), specific humidity (q, g kg�1, second column), �D (‰, third column) and

the d-excess (‰, fourth column), for flights 09 to 12 conducted during 21 to 23 Sep 2012. Downward
::::
Only

::::::::
downward profiles are

:::::
shown

:
as
::::

they
:::
are less affected by memory (black or solid lines) than upward profiles(grey or dashed lines). Red lines in panels (i) to (l) show the

downward profile acquired during flight 12.
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Figure 10. Segments A to H of flight 10 on 21 Sep 2012, 0700–0925 UTC. (a) flight altitude (black line) and topography (grey shading),

(b) potential temperature (K, black) and air temperature (�C, red), (c) specific humidity from CRDS (g kg�1, black)and the HCLY product

(g kg�1, red stippled), (d) relative humidity from HCLY temperature and humidity (%, black), (e) wind speed (m s�1, black) and wind

direction (�, red), (f) �D (‰, black) at 15 s averaging time, (g) �18O (‰, black) at 15 s averaging time, (h) d-excess (‰) at 15 s averaging

time (grey) and 30 s averaging time (black). Sections highlighted in red are for specific humidity below 2 g kg�1. Labels A–H denote different

sections of the flight pattern.
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Figure 11. Backward trajectories for the downward leg of the second profile in segment D during flight 10 (21 Sep 2012, 0754–0806

UTC). (a) 5-day trajectories colored with specific humidity (g kg�1), with small inset showing a zoom around Corsica. Black dots indicate

trajectory locations 48 h before measurement time. (b) Pressure in hPa and (c) potential temperature in K along 5-day trajectories vs. time

before measurement. Trajectories arriving with a humidity of less than 2 g kg�1 are shown in black, all others in grey. Time of aircraft

encounter in panel (b) and (c) are marked by red dots.
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Figure 12. Vertical sections across Corsica during flight 10 (0600 UTC 21 Sep 2012), (a) from 0–15�E at 42�N, and (b) from 35–45�N at

9�E. Panels show specific humidity (g kg�1, shading), and potential temperature (K, black contours) from ECMWF operational analyses.

The flight track for flight 10 is overlaid as black line, with segments of specific humidity below 2 g kg�1 plotted in red. A and D correspond

to the segments in Fig. 10.

42



N
A

Figure A1. Location of the nose boom instrumentation (N) and the inlet for the ambient air measurements (A) onboard the Dornier-128

D-IBUF aircraft aircraft for the HyMeX measurement campaign. All dimensions in mm. Modified from Wieser (2005).
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Figure A2. Setup of the Picarro L2130-i instrument on-board the Dornier-128 D-IBUF. The pipe connected to the inlet in the top right is not

part of the inlet system. From Aemisegger (2013).
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Figure A3. Correction functions of the SWI
::::::
isotopic composition as a function of the water concentration (volume mixing ratio in ppmv

:
at
::::::
bottom,

::::::
specific

:::::::
humidity
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::

g
::::
kg�1
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:::
top) determined during laboratory experiments after the field campaign for (a) �18O, (b) �D. (c)

Effect on the d-excess when applying the correction to the primary stable isotope parameters. Red
:::
Blue

:::
and

:::
red

:::::::::
preliminary data points were

obtained in 2012
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:::
and
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the

:::::::
HyMeX

:::
field

::::::::
campaign, black data points
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are
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from
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an

::::::::
optimised

::::::::
laboratory
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set-up

:
in 2015.
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Vertical

::::
black

:::
bars
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Figure A4. Standard deviation of calibration standard measurements in the lab
:::
field

:::::
during

:::
the

::::::
HyMeX

::::::::
campaign

:::
and

::
in

::
the

::::::::
laboratory

::::
after

::
the

::::::::
campaign at different water vapour mixing ratios (experiments from 26 Sep 2012 and 25 Oct 2012).
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Figure A5. (a) Distributions of cavity pressure for flights 1–14 and 28–32 in red
::::
purple

:
for vertical velocities < 2m s�1 (downward), in blue

::::
green for vertical velocities > 2m s�1 (upward), in black for horizontal legs with vertical velocites 2 v  2m s�1. The distribution of the

cavity pressure during a stability experiment (Allan test) in the hangar during the campaign (06 Oct 2012 10–14 UTC) is shown in grey as a

reference for stable measurement conditions). (b) Vertical profile of specific humidity during flight 10. Upward (dashed lines) and downward

(solid lines) from three humidity products CRDS (black/grey), HCLY (blue) and TPLY (red) are shown.
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Figure A6. Instrument control parameters during segments A to H of flight 10 on 21 Sep 2012, 0700–0925 UTC. (a) Flight altitude (m a.s.l.,

black), cabin pressure (hPa, red) and topography (m, grey shading), (b) vertical wind (m s�1), (c) CRDS cavity pressure (Torr, black) and

vertical aircraft velocity (m s�1, red), (d) CRDS cavity temperature (�C, black) and CRDS warm box temperature (�C, red), (e) �D (black

line, ‰) at 15 s averaging time, (f) d-excess (‰) at 15 s averaging time (grey line) and 30 s averaging time (black line). Sections highlighted

in red are for specific humidity below 2 g kg�1.
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