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Response to reviewers

August 28, 2019

Summary:

We thank both reviewers for their comments. As detailed in the point-by-point response below, we have done two
major modifications to the manuscript:

1. Now we explicitly take into account rain evaporation and horizontal advection in our model. These effects
are described as simply as possible in the main text, and technical details are given in appendix. This allows
us to rigorously quantify these effects on d Dy variations and to address all the related comments. This also
simplifies the interpretation of r.,;, variations. We also address explicitly the effect of rain evaporation and
horizontal advection on 2,4 estimates, and have modified our abstract and conclusion accordingly.

2. Now we better document and discuss the spatio-temporal variability of free tropospheric profiles. However,
since this is not the core of the paper, and consistent with reviewer 1’s suggestion, we have moved this
discussion to the appendix.

1 Reviewer 1

We thank reviewer 1 for his/her comments.

This paper presents an analytical steady state vertical mixing model to investigate the controls on the water
vapor isotopic composition in the subcloud layer over the tropical oceans. It is a nicely simple model that considers
the most important processes, which are surface evaporation and vertical mixing and predicts the subcloud layer
water vapour isotope composition from a combination of mass balance equations for all isotope species. I enjoyed
reading this paper very much, I particularly like the approach chosen for testing this analytical model, which
combines model simulation data and ship-based observations. The ideas presented in this paper are exciting and
very valuable for upcoming large field campaigns in which isotope observations are planned in different parts of the
lower troposphere.

I thus recommend minor revisions with the following minor points:

1) In the abstract it should be clearly stated that the proposed analytical model is a steady state formulation,
which neglects horizontal gradients and thus the impact of horizontal advection.

e Regarding the steady state formulation. Now we write in the abstract: “The model relies on the assumption
that D profiles are steeper than mixing lines, and that the SCL is at steady state, restricting its applications
to time scales longer than daily.”

o Regarding horizontal advection. Now we account for it explicitly. We write in the abstract: “We extend
previous simple box models of the SCL by prescribing the shape of dD vertical profiles as a function of
humidity profiles and by accounting for rain evaporation and horizontal advection effects.”

2) P. 1, L. 10: “When the air mixing into the SCL is lower in altitude it is moister”: I think this is true most of
the time and certainly in a climatological sense, but of course when including differential advection elevated moist
layers can occur. I guess adding “it is generally moister” would make me very happy.

We modify as suggested.
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3) P. 3, L. 4: Shouldn’t cloud top cooling be mentioned here as well?
We modify as: “driven by cloud-top radiative cooling, mixing and evaporative cooling of droplets”

4) P. 5, L. 4: Neglecting the large-scale horizontal gradients in air properties, particularly in the trade wind
regions seems to me like a strong assumption. Given the sensitivity of dD to SST and the considerable SST gradient
across the North Atlantic, I find that this caveat could be discussed a bit more explicitly here.

We agree that the neglect of horizontal advection was an important caveat. Therefore, now we rigorously
estimate the effect of horizontal advection of isotopic gradients on our results. This is detailed in section 2 in the
main text. Eq. (8) provides the new equation for Ry as a function of , the ratio of water vapor coming from
horizontal advection to that coming from surface evaporation, and [, the ratio of isotopic ratios of horizontal
advection to that of the SCL.

Coming back to the effect of horizontal gradients in the North Atlantic: our figure 7h shows that the effect of
horizontal advection is not stronger in the North Atlantic than elsewhere. But it is larger near the Saharan coast. A
later comment from you can be used to explain this feature: section 4.1: “Horizontal advection is slightly enriching
in deep convective regions and depleting in coastal regions (e.g. off the coasts of California, Peru, Mauritania,
Namibia, India and Australia). For example, the Saharan layer in front of the North-Western African Coast leads
to a strong effect of horizontal advection there ([Lacour et al., 2017]). ¢

5) P. 5, L. 20: “gs is the saturation specific humidity at SST”
corrected

6) P. 6, L26: In the closure section and the discussion of the free tropospheric profile the role of horizontal
advection is again neglected. This is maybe a good assumption in the tropic but it should still be mentioned
explicitly.

Now we account for the effect of horizontal advection on d Dy in our box model. However, our closure assumption
does not need to neglect horizontal advection. Horizontal advection effects are implicitely taken into account through
the aeypr: we now clarify this: section 2.2: “Effects of horizontal advection and rain evaporation are encapsulated
into aeypyp.

7) P. 8, L26: “Depending on microphysical details that are too complex to be addressed here”, Graf et al. 2019
could be referenced here
We add this reference.

8) P. 9. Fig. 3: Which value was chosen for the SST? This could be mentioned in the caption as well as a
reference to which equilibrium fractionation factor was used

We add this information in the caption: “For this illustrative purpose, we assume SST=30°C, hg = 0.8 § D, =
0%0 and ¢ =n = 0. 7. We also add it to Fig. 4.

9) P. 12, L. 2: “However, if the end member is defined below 500 hPa (e.g. 600 hPa), results are not always
reasonable”, why is this so?

Now we explain this in the text: section 3.3: “However, the end member should be defined above 500 hPa to
ensure that it is well above boundary layer processes. If the end member is defined below 500 hPa (e.g. 600 hPa),
there are a few cases where ¢ increases with altitude (g¢ > ¢o) due to horizontal advection or convective detrainment
from nearby moister regions. Meanwhile, D decreases monotonically, leading to unrealistic values for ags.”.

10) P. 12, L. 7: In my opinion, this makes it difficult to interpret rorig. But probably there are conditions
when rorig and thus zorig are more physically meaningful than others. Could the authors maybe add a list with
explicit and quantitatively expressed conditions in which they would argue that the assumptions involved in Eq. 9
are satisfied?



Now we explicitly account for rain evaporation and horizontal advection. Equations are given in the main text,
so anyone can calculate these effects in their own cases. The contributions of these effects are plotted as maps in
Fig. 7 g and h, and as composites as a function of wsgp and EIS in Fig. 8. Table 2 compares the effect of 74,4
if these effects are neglected or not. The effect of rain evaporation and horizontal advection on z,.;, estimates are
plotted in Fig. 14b.

Note that a list of conditions would not be easy, since the effect of rain evaporation depends on parameters 7
and aeyqp Which are very difficult to estimate in nature, and horizontal advection depends on parameters ¢ and 3
which are resolution-dependent and depend on several variables (wind, humidity and §D profiles in the SCL).

11) P. 13, L. 4-5: Is there a literature reference that the authors could indicated for this calculation of zi from
observations?

We now give several literature references and more explanation on this calculation method: section 3.4: “The
temperature inversion is an abrupt increase in temperature that caps the boundary layer. Therefore, a method
to automatically estimate its altitude is to detect a maximum in the vertical gradient of potential temperature
([Stull, 1988, Oke, 1988, Sorbjan, 1989, Garratt, 1994, Siebert et al., 2000]). This method is sensitive to the res-
olution of vertical profiles ([Siebert et al., 2000, Seidel et al., 2010]). Therefore, we adapted this method in order
to yield z; values that best agree with what we would estimate from visual inspection of individual temperature
profiles. In LMDZ, we calculate z; as the first level at which the vertical potential temperature gradient exceeds
3 times the moist-adiabatic lapse rate. In observations, we calculate z; as the first level at which the vertical
potential temperature gradient exceeds 5 times the moist-adiabatic lapse rate, because radio-soundings are noisier
than simulated profiles. ”

12) P. 13, L. 15: I did not immediately understand what was meant by composites belonging to a given interval
of omega500, I was expecting a map. A reference to the results figure referred to here would have helped me.

We now explain better how the composites are calculated, and we add a reference to Fig. 10 as an example.
Section 3.5: “The type of clouds and mixing processes depends strongly on the large-scale velocity at 500 hPa (wsoo,
map shown in Fig. 6a), with shallow clouds in subsiding regions and deeper clouds in ascending regions (Fig. 1).
Therefore, it is convenient to plot variables as composites as a function of wsgg ([Bony et al., 2004]). To make such
plots, we divide the wsoo range from -30 to 50 hPa/d into intervals of 5 hPa/d. In each given interval, we average
all seasonal-mean values at all locations over tropical oceans for which seasonal-mean wsgg belongs to this interval
(e.g. Fig. 10a will be an example). .

The cloud cover strongly correlates with the inversion strength, which can be quantified by the Estimated
Inversion Strength (EIS, [Wood and Bretherton, 2006], map shown in Fig. 6b) as a measure of inversion strength.
We thus also plot variables as composites as a function of EIS. To make such plots, we divide the EIS range from
-1 K to 9 K into intervals of 0.5K. In each given interval, we average all seasonal-mean values at all locations over
tropical oceans for which seasonal-mean EIS belongs to this interval (e.g. Fig. 10b will be an example). “

13) P. 13, L. 22: By how much (range of variability) were the four factors varied?

The four factors were varied from a control value to their simulated value.

Now we explain better the calculation with the contribution of r,.;, as an example, and we give all equations
for other contributions in Table 1. Section 3.6: “To understand what controls the d Dy spatio-temporal variations,
0Dy is decomposed into 4 contributions based on Eq. (8). First, we define rorigpas = 0.3, Qeffpas = 1.09
y 89T 4qs=25°C, hopas = 0.7, dpas = 0, Mas = 0, Bras = 1 and epapbas = 1 as a basic state. We call
0D, func(Torig, eff, SST, ho, &, 5,1, Ctevap) the function giving § Dy as a function of rorig, aers, SST, ho, ¢, 5, n and
evap fOHOWng Eq (8); and 6D0,bas = 5D0,func(rorig,bas; Qeffbass SSTbaS7 hO,baS7 ¢basa ﬂbas; Nbas, aevap,bas)- The rel-
ative contribution of 74,54 to dDy is estimated as 6 Do, func(Torig, et f,bas, SSThas, o bas, Poas, Bvas, Mbas, Cevap,bas) —
0Dg pas- Similarly, the contributions of a.sr, SST, ho, ¢ and 7 are to dDg are estimated as detailed in Table 1. All
the contributions have the same units as §Dq (%0).”.

14) P. 14, Section 4.1: This section seemed very technical for me. I also see it more as a methodological aspect
than a result. I would recommend to either shift it to a technical appendix (since the paper is quite long) or to the
methods section.
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We have now shifted this section to the appendix D.2. We have deeply modified this section to address comments
from you and the other reviewer.

15) P. 15, Fig. 7: Mention that these are different random (?) grid points in the caption. I would have liked
a more general evaluation also describing the temporal and spatial variability in the vertical profiles simulation by

LMDZ.

We have removed this figure, which was misleading, and replaced it by a more general documentation of the
temporal and spatial variability in vertical profiles simulated by LMDZ, to address this comment and those from
the other reviewer. This discussion is in appendix D: “LMDZ free tropospheric profiles”. We add a figure showing
maps of a parameter f = 6?5: p— Egif:ly:i"‘;:" at 1000 m and 4000 m, representing how close is the simulated 6D
compared to the Rayleigh and mixing lines (Fig. 16b,d). This documents the spatial variability in the shape of 6D
profiles. To document the temporal variability, we add maps of the standard deviation of f (Fig. 16¢,e).

16) P. 15, L. 3: could the authors mention the region where they think that alphaeff may also reflect horizontal
advection effects?

We now quantify the effect of horizontal advection on §Dy, i.e. in the SCL. However, the effect of horizontal
advection on a.ss is a completely different subject that is beyond the scope of this paper. Therefore, we only reply
based on the litterature: in appendix D: “The pattern of a.sy may also reflect horizontal advection effects, where
strong isotopic gradients align with winds (e.g. from the Eastern to the Western Pacific, [Dee et al., 2018]). «

To clarify the scope of this paper, we start appendix D by stating: “The goal of this appendix is to document
the spatio-temporal variability in the shape and steepness of simulated free tropospheric 6 D profiles. Note that a
detailed interpretation of these profiles is beyond the scope of this paper. This paper aims at understanding 6 Dy,
which is the first step towards understanding full tropospheric profiles. In turn, understanding full tropospheric
profiles in future studies will help refine our model for §Dy.”

17) P.16: I find it interesting that the mixing and Rayleigh lines have large biases in front of the eastern
continental boundaries where the inversion is strongest and, where there is a strong decoupling between the FT
and BL. In particular in these regions, I would expect horizontal advection to play a key role, (e.g. the SAL layer
in front of the eastern North African Coast, see Lacour et al. 2017, ACP). Maybe the authors find a good way to
shortly note this in the text.

The map showing RMS errors was misleading. For example, if the simulated § D behaves smoothly and is half-
way between Rayleigh lines and mixing lines, it will result in local maxima in RMS values, but when we plot the
new parameter f = E?IL)Z ’i Z ggif;il;":h , representing how close is the simulated D compared to the Rayleigh and
mixing lines, nothing special emerges. This is the case in front of the Saharan coast. Therefore, we have not added
this discussion here.

However, this comment is relevant for interpreting horizontal advection effects on d Dy: “Horizontal advection is
slightly enriching in deep convective regions and depleting in coastal regions (e.g. off the coasts of California, Peru,
Mauritania, Namibia, India and Australia). For example, the Saharan layer in front of the North-Western African
Coast lead to a strong effect of horizontal advection ([Lacour et al., 2017]).”

18)P. 17, L. 2: Maybe one could add oceanic upwelling and atmospheric deep convection. Jumping from
upwelling to deep convection in the same sentence, I was not sure whether deep convection in the ocean or the
atmosphere was meant here.

We modify as suggested.
19) P. 17, L. 4: “Decreases as omegab00 is more strongly ascending or descending” -> “with increasing vertical
winds (omega500) of both signs”

We modify as suggested.

20) P. 17, L. 11: “in more ascending regions” -> a reference to Fig. 8d would have helped me here.
We add this reference
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21) P. 17, L. 25: “The fact that the effect...” T had difficulties to understand this sentence.
We remove this sentence that was not so useful.

22) P. 17, L. 33: hqg (62%) is the largest explained fraction of all the variables considered and should thus be put
first. This could be a hint that large-scale horizontal advection plays an important role at the synoptic timescale
in these regions.

The numbers have changed because (1) we now account for rain evaporation and horizontal advection, and
(2) we now add an additional condition to make our calculation: section 3.1: “to avoid numerical problems when
estimating effect of horizontal advection and rain evaporation, only grid boxes and days where £ > 0.5 mm/d are
considered. This represents 99.7% of all tropical oceanic grid boxes.”

With the new values, the effect of hg is reduced and the effect of ;4 is enhanced (table 3). Section 4.1: “In
subsiding regions, the effect of SST is muted due to its slow variability, and 74,54 (82 %) becomes the main factor.

113

23) P. 19, Fig. 10: The bin sizes (number of data points per bin should be added).
We now add this information in Fig 8, and we write in the caption: “The number of samples in each bin is
indicated on a logarithmic scale on the right-hand-side (dotted black line).”

If T understood correctly from the caption, the authors used the seasonal averaged fields from LMDZ. Why not
making these composites using the 6-hourly outputs? For me there is a timescale discrepancy between the processes
(mixing, evaporation) that the authors look at and the averaging timescale of the used fields.

The composites are based on seasonal-mean EIS or wsgo because this allows a better link with the large-scale
dynamical regime. Mixing and evaporation are processes that act at short time scales, but their relationship to the
large-scale circulation is best constrained by energetics at time scales longer than synoptic. Let’s consider wsgo, for
example. It relates to convective activity and other diabatic processes through the conservation equation of moist
static energy. Adiabatic cooling by large-scale ascent balances latent heating by convection ([Yanai et al., 1973]),
or adiabatic heating by large-scale subsidence balances radiative cooling ([Emanuel et al., 1994]). The stationarity
in the conservation of moist static equation is most valid at time scales longer than synoptic, otherwise, the storage
term becomes important ([Masunaga and Sumi, 2017]). This is why in [Bony et al., 2004] and subsequent papers
(e.g. [Bony et al., 2013]) based on wsgp, monthly-mean wsog is used, which yields similar results to seasonal-mean.

A similar rationale applies to EIS. This is why many papers on EIS use seasonal-mean values, notably the paper
defining this quantity ([Wood and Bretherton, 2006]).

We now explain this in section 3.5: “Note that such composites are done on seasonal-mean wsog because cloud
processes and their associated diabatic heating are tied to the large-scale circulation through energetic constrains
([Yanai et al., 1973, Emanuel et al., 1994]) that are best valid at longer time scales (otherwise, the energy storage
term may become significant, e.g. [Masunaga and Sumi, 2017]). This is why wsqp is generally averaged over a month
or longer (e.g. [Bony et al., 1997, Williams et al., 2003, Bony et al., 2004, Wyant et al., 2006, Bony et al., 2013]).
In addition, we primarily focus on understanding the seasonal and spatial distribution of §Dy.”

and for EIS: “Using seasonal-mean values is consistent with [Wood and Bretherton, 2006] and with the better
link at longer time scales between cloud processes and the large-scale dynamical regime.”.

In addition, we do not look at the diurnal variations: the stationarity assumption in our simple model would be
violated. We now explain this in the abstract: “the steady-state assumption restricts the application of this model
to time scales longer than daily.” and in section 2.1: “We assume that the SCL is at steady state. For example, its
depth is constant. Since the SCL properties may exhibit a diurnal cycle ([Duynkerke et al., 2004]), this hypothesis
restricts the application of this model to time scales longer than daily. “

24) P. 27, L. 28: a reference to a more technical paper such as Aemisegger et al. 2012 AMT, would be nice here.
We add this reference

Small technical comments:

1) P. 2, L. 22 : “suffers from a low bias”
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2) P. 3, L. 28: “capturing the second-order...”

3) P. 8, L. 26: no parenthesis after B)

4) P. 12, L.7: “based” -> “biased”

5) P. 15, L . 1: Figure 8d

6) P. 15, L. 4: “Values of alphaeff...”

7) P. 15, L. 5: using a fractionation coefficient alpha eq as a function of temperature”
8) P. 17, L. 14: space missing between rorig and (

9) P. 18, L. 1: “Overall, the results...”

We correct all these mistakes.
10) In general, the authors do not consistently use B15 for Benetti et al. (2015)
We now use B15 consistently.

11) P. 21, L. 2: “with the strongest inversion”

12) P. 27, L. 27: measurement errors

13) P. 28, L. 2: “if we measure...”

14) P. 29, L. 14: very precise

15) P. 30, L. 11: from which altitude the air comes
We correct all these mistakes.

2 Reviewer 2

We thank reviewer 2 for his/her comments.

This paper presents a simple box model solving the water isotope budget in the sub-cloud layer to quantify the
relative contributions of sea surface temperature, relative humidity, mid-tropospheric depletion, and the fraction
of moisture from the free troposphere (rorig) on the variability of 0D in near-surface water vapor (dDp). The
contribution of r,.;, is further separated into contributions of specific humidity at the surface, and the height
(Zorig), relative humidity and temperature from which the free tropospheric air originates. Zorigis found to be an
important factor explaining the seasonal-spatial and daily variations of dDy. This means that measurements of
D350, if precise enough, can potentially be used to estimate z,.;, and distinguish between different mixing processes
in the atmosphere.

The paper is interesting and well written, and it nicely demonstrates the use of measuring water vapor isotopes
on short time scales. The box model’s theoretical framework is describedin detail and its drawbacks are clearly
identified by the authors. I only have a few comments about the methods, the rest are mainly ideas for clarifying
the paper. I recommend that the paper be published after minor revisions.

General comments

1) I like the method for quantifying the contributions of different factors by linear regression. I see how this works
when the contributing factors have the same units as the variable of interest, which was the case in the previous
studies that used this method and are cited in this paper (Risi et al. 2010, Oueslati et al., 2016). Here the different
factors all have different units, and the slope therefore depends on the units, or how much the components vary. I
assume this was accounted for somehow, as the slopes in the tables are all unitless, but it is not clear from the text,
and makes me a bit skeptical about the results. More explanation on that would be useful.

The contributing factors have the same units as the variable of interest, i.e. permil. We now clarify this
in the text. We also explain better the calculation with the contribution of r,.;4 as an example, and we give
all equations for other contributions in Table 1. Section 3.6: “To understand what controls the §Dy spatio-
temporal variations, 6Dg is decomposed into 4 contributions based on Eq. (8). First, we define rorigpas = 0.3,
Oeffpas = 1.09, SST10s=25°C, hopas = 0.7, $pas = 0, Npas = 0, Bras = 1 and qevap,pas = 1 as a basic state. We call
0D, func(Torig, eff, SST, ho, &, 5,1, Ctevap) the function giving § Dy as a function of rorig, aers, SST, ho, ¢, 5, n and
Qevap following Eq. (8): and 6D0,bas = 6D0,func("‘orig,bas, Qeffbass SS5Thas, hO,bas, ®bass Bbass Mbas> aevap,bas)- The rel-
ative contribution of 74,;4 to dDy is estimated as 0 Do, func(Torig, Cef f.bass SSThas, R0 bas, Poass Bbass Mbas Cevap,bas) —
0Dg pas- Similarly, the contributions of a.sr, SST, ho, ¢ and 7 are to d Dy are estimated as detailed in Table 1. All
the contributions have the same units as 6Dy (%0).”.
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2) As stated in the paper, the methods rely on the assumption that the D profile follows a Rayleigh-like line,
and that there is no effect of rain evaporation. Figures 7 and 8 show that the J D profile is often closer to a mixing
line than a Rayleigh line, and the large contribution of r,,;; mainly comes from ascending regions, where clouds are
most likely precipitating. It would be nice to see some quantification of how this impacts the results. A possible
way to do this is to remove days/locations where the RMSE of the mixing line is smaller than the RMSE of the
Rayleigh line and where there is precipitation, then repeat the analysis for these new fields and add the results in
brackets in Tables 1, 2 and as dotted lines in Figures 10, 12.

e Effect of rain evaporation. Now we explicitly account for the effect of rain evaporation. Equations are given
in the main text. The contributions of this effect are plotted as maps in Fig. 7g, and as composites as a
function of wsoo and EIS in Fig. 8. Table 2 compares the effect of 7., if rain evaporation and horizontal
advection are neglected or not. The effect of rain evaporation on z,.;, estimates are plotted in Fig. 14b.

e Effect of the deviation of the d D profile from a Rayleigh distillation line. This is more difficult to quantify. Now
we discuss this in detail in the discussion section: subsection 6.5 untitled “Rayleigh assumption for the shape of
0D profiles”: “Finally, a fifth source of uncertainty comes the assumption that the 6 D profile follows a Rayleigh
distillation line (section 2.2). However, both in LMDZ (appendix D) and nature ([Sodemann et al., 2017]),
0D profiles are usually intermediate between Rayleigh and mixing lines. The precision of our 2., estimate is
maximum in the Rayleigh distillation case. When trying to directly find a numerical solution for z,,;, from Eq.
(6), a solution can be found only in 0.1 % of cases. This is because... However, it is possible that 0D profiles
simulated by LMDZ are closer to mixing lines than real profiles, since GCMs are known to overestimate vertical
mixing through the troposphere ([Risi et al., 2012]) and to mix the lower free troposphere too frequently by
deep convection in trade-wind regions ([Nuijens et al., 2015b, Nuijens et al., 2015a]). Therefore, the shape of
0D profiles simulated by LMDZ is not a sufficient reason to reject the Rayleigh assumption. The uncertainty
associated with this assumption is very difficult to quantify in LMDZ. More measurements of full §D profiles
are very welcome to help quantify it.”

3) The paper presents the new box model as an extension of the model by Benetti et al. (2015), which is
technically true, but can be a bit misleading because its application is different. Rather than predicting 6Dy from
zorig, it predicts 2oy from 0Dy and therefore requires 6Dy to be known. This means it cannot be applied to
initialize Rayleigh models like the model by Benetti et al. (2015), which assumes constant zorig. This could be
written more clearly (e.g., from the abstract it seems like the model can be used to predict dDg, which is only
possible if 2,4 i3 known).

The model can be used both ways, either to predict 0Dg as a function of z,yi4, Or to estimate zo.54 from 6Dy.
We now clarify this:

e in the abstract: “The model express §Dg as a function of z,.;9, humidity and temperature profiles, surface
conditions a parameter describing the steepness of the d D vertical gradient and a few parameters describing
rain evaporation and horizontal advection effects. 7.

e in section 2.2: “If the goal is to predict Ry from z,,i4 , we can apply Eq. (6) if we know the ¢ and 6D vertical
profiles. Conversely, if the goal is to predict zorig from Ry, we can numerically solve Eq. (6) if we know the ¢
and 0D vertical profiles.”.

4) Changing some of the colors and colormaps could make the figures easier to understand. For example, I
think the contributions of different factors and how they add up in Figures 9 and 11 would be more intuitive with
a perceptually uniform colormap going from light to dark colors. Also, the red and pink lines in Figures 3, 4, 7, 10,

12, 15 look very similar to each other. It would be good to use a different color for one of them.

e Now all maps are colored in shaded of blue for negative values and shaded of red for positive values.

e We now change the line color from pink to purple to distinguish it from red (Figures 3, 4, 5), or from red to
dark red to distinguish it from pink (Figures 8, 10, 13).
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Specific comments

P1 L13: [D]/[H] instead of [HDO]/[H20]
We modify.

P2 L22: high bias instead of low bias?
Corrected.

P2 L30: Please introduce the abbreviation for LCL
Done.

P3 L4: pointed out the important role
Corrected.

P3 L15: “We do not call it entrained”: The word entrained/entrainment still appears a few times in the text
(e.g. in Fig. 2, the title of section 4.4)
We modify all the occurences of “entrainment”, except when it really refers to entrainment.

P3 L23: during a field campaign, global outputs of an isotope-enabled GCM.
Corrected.

P3 L24: “at the global scale”: Really? There are no global maps. Are the numbers in Tables 1, 2 and the lines
in Figures 10, 12 from global output, or from the region shown on the maps?

We now modify by “in the Tropics”. We precise in the captions for these Tables and Figures: “All seasons and
locations over tropical oceans (30°N — 30°S5, ocean fraction>80%) are considered.”

P3 L28: capturing the second-order parameter d-excess
Corrected.

P3 L32: “MJ79 already performs quite well for d-excess”: Pfahl and Wernli (2009) would probably disagree.

Now we modify as (section 1.3): “In addition, the need for an extension of MJ79 is more needed for 6D than for d-
excess, since the effect of convective mixing is larger on § D than on d-excess ([Risi et al., 2010, Benetti et al., 2014]).”.
This does not contradict Pfahl and Wernli (2009).

P5 L23: v — 74ig
Corrected.

P6 L20: measurements
Corrected.

P6 L20: “Therefore, variations of 6 Dy that are mediated by qo or hy do not interest us”: But 6D in the FT is
prescribed as a function of ¢ (confusing).

We remove this confusing sentence and we write (section 2.1): “We attempt to express neither hy as a function
of gp as in B15, and nor the ¢ profile as a function of gy”.

P8 L11: Refer to I’Hopital’s rule?
Now we add: “(L’Hopital’s rule was used to calculate this limit).” (section 2.2°

P8 L21: follows as mixing line
Corrected.

P9: Fig.3: aefs = aeq instead of aepp =1/
Corrected.

P11 L25: “Only profiles during the ascending phase of the balloons are considered”: (Why?)
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We now justify this choice: “Only profiles during the ascending phase of the balloon are considered, because the
descent phase is often located far away from the initial launch point ([McGrath et al., 2006, Seidel et al., 2011]). «
(section 3.2)

P11 L27 (title): write somewhere that these results are based on LMDZ output (not observations)
Now we write (section 3.3): “Here we explain how 2,4 is estimated based on LMDZ outputs.”. Later in the
section, we write: “When estimating z,,;, from observations, we follow the same methodology except that...”.

P12 Fig. 5: Describe abbreviations (LCL, EIS, SCL) in caption.
Done

P12 L2: “if the end member is defined below 500hPa (e.g. 600hPa) results are not always reasonable”: In what
sense? Why?

Now we write: “However, the end member should be defined above 500 hPa to ensure that it is well above
boundary layer processes. If the end member is defined below 500 hPa (e.g. 600 hPa), there are cases where ¢
increases with altitude (g5 > go) due to horizontal advection or convective detrainment from nearby moister regions;
meanwhile, 0D decreases monotically, leading to unrealistic values for aeyf¢.”

P15 Fig. 7: What meteorological conditions do these examples represent? Would it be possible to show
all (/more) simulated profiles in the background, e.g. in some transparent color, to get a better feeling for the
variability? Also, I suggest adding markers to highlight where the levels are.

We have removed this figure, because it was misleading. We replace it by Fig. 16 in appendix D to better docu-

ment the temporal and spatial variability in free tropospheric profiles. Maps show parameter f = 5?5: — ggﬁf:i’:;}f"

describing whether simulated §D is closer to Rayleigh line or a mixing line (Fig 16b,d). We also show maps for the
standard deviation of f to illustrate the temporal variability (Fig 16 c,e).
In addition, markers are added in Fig 16a to highlight the model levels.

P15 L1: Figure 8d instead of 8c.
Corrected

P15 L5: a4 as a function of temperature
Corrected

P16 Fig. 8: in boreal winters of all years
Corrected

P17 L22: “in the cold upwelling regions”: for example where?
Now we add: “cold upwelling regions, for example off Peru or Namibia” (section 4.1)

P17 L23: probably reflects

This sentence was removed because 74,y cannot reflect rain evaporation any more.

P17 L24: “the effect of 7,5, can be seen on the composites as a function of EIS and not as a function of wspo ”:
I don’t see this, please elaborate.

This sentence was removed.

P17 L30: followed by ho (23%), rorig (16%), ...
Corrected

P18 Fig. 9: Are the correlations significant everywhere? Otherwise, add hatching where not significant?
In this figure (now Fig. 7), we do not show the correlations, but rather the contributions to 6Dy on a %o scale.

We now explain better in the text how these contributions are calculated (section 3.6), and we add table 1 to give
the exact equations used to calculate each contribution.
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The spatial-seasonal correlations are shown in Table 2. We now write between brackets when correlations are
not statistically significant at 99%. We write in the caption: “The threshold for the correlation coefficient to be
statistically significant at 99 % is 0.15 or lower in all cases. We write correlation coefficient and slope values between
brackets when they are not significant at 99%.”

P19 Fig.10: wspo (hPa/d)
Corrected

P20 Tab. 2: gp seems to be important in Fig. 12, but the slope is 0.0 here, hy seems to be unimportant in Fig.
12 but slope is 0.91 here. Why is that?

We now explain this: section 4.2: “Note that this effect can be seen only in most stable regions, but when
considering all subsiding regions, the contribution is small (Table 2). ¢

P20 L1: “it would translate into a lower zorig.”: Why?

For example, in case of deep convection with depleting rain evaporation, a larger 7,4 is necessary to match the
depleted 6Dy, and a lower z,,i4 is necessary to match this large rop.g.

Now this sentence is removed, since we explicitely account for rain evaporation and horizontal advection. We
do not need this kind of rationale any more.

P22 Fig.12: wsoo(hPa/d)
Corrected

P25 L6: the cruises goes
Corrected

P25 L8: “when considering only the 6 data points when z,.;, < 2000m”: Rationale behind this?

We now clarify what we mean: section 5: “Remarkably, there are 6 days when z,,;4 coincides with z; with a root
means square error of 31%e and correlation coefficient of 0.996 (Fig. 15c). This indicates that the air exactly comes
from the inversion layer. When recalling that z,,;4 and z; are estimated from completely independent observations,
the coincidence is remarkable and lends support to the fact that on these days, our z,.;, estimate is physical.
However, there remains 9 days when 2,4 is much higher than z;. This may reflect more penetrative downdrafts as
we approach deeper convective regimes. But it may also be an artifact of our neglect of horizontal advection. For
example, on these days which are characterized by lower hg, neglecting the advection of enriched water vapor from
nearby regions with higher kg could be mis-interpreted as lower r,.;4 and thus higher zo.5g. ”

P25 L14: ... at the seasonal-spatial and daily scale is the proportion of the water vapor in the SCL that is
originates from above
Corrected

P26 Flgg 15:r— Torig
Corrected

P27 L1: there — they
Corrected

P27 L13: the temporal variability of c.f. Is it possible to estimate the uncertainty from the spatial variability
of aesy as well (in the vertical, i.e. how much the J profile differs from a Rayleigh line with constant aess)?

We now better document the spatio-temporal variability in the shape of free tropospheric 6D profiles in the
appendix D.1. To address this specific comment, we now plot parameter f = 6?52{ p— gDﬁf“lf:i}f" describing whether
simulated §D is closer to Rayleigh line or a mixing line. We show vertical profiles and Hzapgs of f at both 1000 m
and 4000 m (Fig 16 b,d).

We tried to compare the 2, estimate with and without the assumption that the 6D profile follows a Rayleigh

line. However, it didn’t work as well as expected. We now explain this when examining all errors on z,i4 (section

10
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6.5): “When trying to find a numerical solution for z,.;, directly from Eq. (6), a solution can be found only in
0.1 % of cases.”. We explain why, and we also explain why it may work better in nature.

P27 L21: estimating 2o,y from d Dymeasurements on a daily basis (?7)

Now we write: “estimating 2o,y from daily 6Dy measurements cannot be useful unless we measure D profiles
on a daily basis as well.”

P28 L2: and if we measure
Corrected

P28 L3: swap trade-wind cumulus and strato-cumulus clouds
Corrected

P29 L14: very precised estimates
Corrected

P29 L18: the altitude from which the air is originates, and is not to biased by
Corrected
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Abstract. Understanding what controls the water vapor isotopic caitipm of the sub-cloud layer (SCL) over tropical oceans
(6Dy) is a first step towards understanding the water vapor mmtnmmposmon everywhere in the troposphere We propose an
analytical model to predi¢tD, asafuneti motivatedoy
thehypothesighatthealtitude from which the free tropospheric air originates.{,) —Fe-de-se;we-extendpreviousstudiesdy
4)is animportantfactor:whentheair mixing into the SCL is lower in altitude.it is generallymoisterandthusit depletesnore
efficientlythe SCL. We extendprevioussimplebox modelsof the SCL by prescribing the shape 6D vertical profiles-ane{2)

linking-0-Dgte=5mgasa functionof humidity profilesandby accountingor rain evaporatiorandhorizontaladvectioneffects
The model relies on theypetheseassumptiorthatd D profiles are steeper than mixing limeslne-cloudsareprecipitating.
gradientandafew parametersescribingrain evaporatiorandhorizontaladvectioreffects.We show that Dy does not depend

on the intensity of entrainment, dampening hope #i23 measurements could help constrain this long-searchedityuan

Based on an isotope-enabled general circulation modellaiion, we show thad D, variations are mainly controlled by
mid-tropospheric depletlon and rain evaporatlon in asn:@r:bglons and by sea surface temperaturezgn,g in subsiding

regions Whenthe
In turn, couldd Dy measurements help estimatg;, and thus discriminate between different mixing proces&esPrates
thatareaceurate@nough-or suchisotope-basedstimate®f z,.i, to be usefuleuldbedifficult-to-achievanpracticerequiring
in_strato-cumulugegions.To reachthis target,we would needdaily measurementsf 5D profiles;ane-measuringin the
mid-tropospherendaccuratemeasurementsf 6 Dy with-araceuraeyof-(accuracydownto 0.1 %o anetd-4-%o-i-trade-wined
cumulusanein the caseof strato-cumuluglouds which is currentlydifficult to obtain),We would alsoneedinformationon
the horizontaldistributionof § D to accountfor horizontaladvectioneffects,andfull 6 D profilesto quantify the uncertaint
cloudsespeciively. Innovativetechniguesvould needto be developedo quantify this effectirom observations.
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1 Introduction
1.1 What controls the water vapor isotopic composition?

The water vapor isotopic composition (eddD = (R/Rsamow — 1) x 1000 expressed in %o, wher@=HDO/H,O-R is
the D/H ratio and SMOW is the Standard Mean Ocean Water reference) hassheam to be sensitive to a wide range of
atmospheric processes (Galewsky et al., 2016), such asenta#l recycling (Salati et al., 1979; Risi et al., 2013)saturated
downdrafts (Risi et al., 2008, 2010a), rain evaporationr@a et al., 2007; Field et al., 2010), the degree of orgépizaf
convection (Lawrence et al., 2004; Tremoy et al., 2014) cthrevective depth (Lacour et al., 2017b), the proportionretip-
itation that occurs as convective or large-scale predipita(Lee et al., 2009; Kurita, 2013; Aggarwal et al., 202rtical
mixing in the lower troposphere (Benetti et al., 2015; Galeyy 2018a, b), mid-troposphere (Risi et al., 2012b) or wppe
troposphere (Galewsky and Samuels-Crow, 2014), coneedéitrainment (Moyer et al., 1996; Webster and Heymsfield320
ice microphysics (Bolot et al., 2013). It is therefore vehaltenging to quantitatively understand what controlsigwtopic
composition of water vapor.

A first step towards this goal is to understand what conttodsvrater vapor isotopic compaosition in the sub-cloud layer
(SCL) of tropical (30S-30°N) oceans. Indeed, this water vaporign important source moistening air masses traveling to
land regions (Gimeno et al., 2010; Ent and Savenije, 2018)tawards higher latitudes (Ciais et al., 1995; Delaygué.et a
2000). It is also ultimately the only source of water vaporthe tropical free troposphere, since water vapor in the free
troposphere ultimately originates from convective detrant (Sherwood, 1996), and convection ultimately feedmfthe
SCL air (Bony et al., 2008). Therefore, the water vapor igmt@omposition in the SCL of tropical oceans serves asainiti
conditions to understand the isotopic composition in laatiens and in the tropospheric water vapor everywhere o BAk
focus here on the SCL because, by definition, there is no doatigin by cloud condensation processes.

The goal of this paper is thus to propose a simple analytigaéton that allows us to understand and quantify the factor
controlling thed D in the water vapor in the SCL of tropical oceans. So far, thetrfamous analytical equation for this purpose
has been the closure equation developetibytivat-and-Jeuze (197N erlivat and Jouzel (1979MJ79). This closure equa-
tion can be derived by assuming that all the water vapor i@k air originates from surface evaporation. The waterrizdaf
the SCL can be closed by assuming a mass export at the SCL ¢pjpyeconvective mass fluxes) and a totally dry entrainment
into the SCL to compensate this mass export. The MJ79 ea{ulaﬂs proved very useful to capture the sensitivity bfand
second-order parameter d-excess to sea-surface cosdl isi )

Merlivat and Jouzel (1979); Ciais et al. (1995); Risi et 2010d) However, the) D calculated from this equation suffextow
from a high bias in tropical regiongJeuzel-and-Kester—998)uzel and Koster (19967 his bias can be explained by the ne-

glect of vertical mixing between the SCL and air entrainedrfthe free troposphere (FT). The MJ79 equation can betieo+e
duce surface water vapor observation when extended toriakadcount this mixingBenettiet-al;—2015Benetti et al. (2015)
, hereafter B15)Howeverthis This extension requires to know the specific humidijy &nd water vapoé D of the entrained
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air-whichareeftenunknownlnadditiontheyassumed To getthesevalues theyassumehat the air entrained into the bound-
ary layer comes from a constant altityedrich-deesnotreflects. However this doesnotreflectthe complexity of entrainment

and mixing processes in marine boundary layers.
1.2 Entrainment and mixing mechanisms

Figure 1 summarizes our knowledge about these entrainmennaing processes. In strato-cumulus regions, cloudhame
and the inversion is just above ta€Llifting condensatiotevel (LCL). Air is entrained from the FT by cloud-top entrainment
driven by radiative cooling or wind shear instabilities (Mdo, 2017), possibly amplified by evaporative cooling ofglets
(Lozar and Mellado, 2015). Both Direct Numerical SimulasgMellado, 2017) and observations of tracers (Faloonh,et a
2005) and cloud holes (Gerber et al., 2005) show that airtimieed from a thin layer above the inversion, thinner thGm8
and as small as 5m. The boundary layer itself is animated Oyafiis, downdrafts and associated turbulent shells ttiad) lair
from the cloud layer downward (Brient et al., 2019; Davinakt 2017).

In trade-wind cumulus regions, the cloudy layer is a bit @ee@bservational studies and large-eddy simulations have
pointedout the important role of thin subsiding shells around cumulosids, driven bycloud-topradiativecooling, mixing
and evaporative cooling of droplets (Jonas, 1990; Rodtk,e2@03; Heus and Jonker, 2008; Heus et al., 2009; Park,et al.
2016). This brings air from the cloudy layer to the SCL. Sdivgj shells may also cover overshooting plumes of the cusnulu
clouds, entraining FT air into the cloud layer (Heus and &on&008).

In deep convective regions, unsaturated downdrafts dhiyaain evaporation (Zipser, 1977) are known to contribigai
icantly to the energy budget of the SCL (Emanuel et al., 199dige-eddy simulations show that subsiding shells, simd
those documented in shallow convection, also exist aroeeg donvective clouds (Glenn and Krueger, 2014). In the-slea
environment between clouds, turbulent entrainment irkd6L may also play a significant role (Thayer-Calder and B&nd
2015).

Therefore, whatever the cloud regime, air entering the SGinfabove may originate either from the cloud layer or from
the free troposphere, depending on the mixing mechanisrareitre, in this paper in contrast witBenetti-et-al{2015)
Benetti et al. (2015)we let the altitude from which the air originates,.;,, be variable. We do not call it “entrained” air
because entrainment sometimes refer to mixing processmgtinan interface (e.(re-Roey-etal(2013);-Davini-et-ak(2017)

De Rooy et al. (2013); Davini et al. (2097 whereas air in the SCL may also enter through deep, coharehpenetrative
structures such as unsaturated downdrafts. We do not Edllatir either, since it may originate from the cloudy layer.

1.3 Goal of the article

To acknowledge the diversity and complexity of mixing maukens, we extend the B15 frameworktimo-severalways. First,

we assume that we know thelationshipbetweershapeof 0 D andprofilesasa function of ¢in-theFFwhichallewsusto-get
rid-of-oneunknewn Second, we write the specific humidity of the air origingtfrom above the SCL as a function af,,.

Third, we accounffor rain evaporatiorandhorizontaleffects.
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Figure 1. Schematics showing the different types of clouds and mixing procasseunction of the large-scale circulation.

While B15 focused on observations duriadield campaign, we also apply the extended equation to globiglutsof an
isotope-enabled general circulation model, with the aimuantify the different factors controlling theD variability atthe
globalsealén the Tropics The variablez,,.;, will emerge as an important factor. Therefore, we discusptssibility thav D
measurements at the near surface and through the lower Fd uelp estimate,,;,, and thus the mixing processes between
the SCL and the air above.

Note that we focus odD only. Results fors'*O are similar. We do not aim at capturitige second-order parameter d-
excess, because our model requires some knowledge abeutdpmspheric vertical profiles of isotopic composition.il&h
0D is known to decrease with altitude (Ehhalt, 1974; Ehhalt.e2@05; Sodemann et al., 2017), vertical profiles of d-ezce
are more diverse and less well understood (Sodemann e0alr))2In addition, the need for an extension of MJ79 is more

needed fop D than for d-excesmyway;sinceMJd79alreadyperformsguitewell-for-, sincethe effectof convectivemixing is
largeron ¢ D thanon d-excess (Risi et al., 2010d; Benetti et al., 2014).

2 Theoretical framework

2.1 Assumptionsleadingto-the Benettiretal-2015equationBox model and budget equations
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In-this-seetionwerecalthew-the equationin-Benetti-et-al«(2014Building on Benetti et al. (2014and Blsvasderivedand
We-, we consider a simple box representing the SCL (Fig. 2). We asgbat the aimay-cemecomesfrom above (/) of
fromtheandfrom theincominglarge-scale horizontaleonvergencé¢b—<-Oadvection( £}, 4,,), and is exported through the SCL
top (V, e.g. turbulent mixing or convective mass flwgandby outgoinglarge-scale horizontalivergenegD—0advection
(Fadn.out)- We assume that the SCL is at steady statearticutaFor exampleits depth is constangincethe SCL properties

thandaily. The air mass budget of the SCL thus writes:

M+ Fogy = N+ DFadyout @

These fluxes also transport water vapor and isotopes. Iti@adsurface evaporatioff impertsandrain evaporationf,,, .,

importwater vapor and isotopes (Fig. 2¥e-neglectimportof-watervaporandisetopedyrainevaperationAlbrecht—199

Hereafter, to simplify equations, we use the isotopic r&imstead of D.

The SCL is usually well-mixed (Betts and Ridgway, 1989; 8tey; 2006; De Roode et al., 20168p-thatwe-can-, We
thus assume that the humidity and isotopic properties are constatically and horizontally in the SCL. They are noted
(g0, Ro). The humidity and isotopic properties of the mass flux ekpérare thus alsoq, Ry). tr-caseof-netherizontal
divergenedD>-0);-theTheproperties of theliv
farge-sealdlux M arenoted . Thepropertieof theincomingair by horizontaladvectiomarenoted
Forsimplicity we neglectherethe effectof horizontal gradients iairpropertiessothatthepropertiesaf-theconvergenediux
arealselgorRo)—HhepropertiestthefluxA-areneted{d¢srgRomg-humidity (i.e. = qq), assuminghatthe maineffect

of horizontaladvectionon ¢ D, arisesfrom horizontalgradientsn ¢ D. AppendixC explainshow R, 4, canbe calculated At
steady state, the water budget of the SCL writes:

M oy + B Feugy  Foay 90 = (N + DFsas ) 40 @

This model is consistent with SCL water budgets that hawadly been derived in previous studies (Bretherton et 885119

except that we consider steady state. This equation can\e=ldor ¢:

E+Fevap

M ©)

4o = YGorig + E/]u'

The SCL humidityy, is thus sensitive td/, justifying that it can be used to estimate the mixing inigrar the entrainment
veloeity-“entrainmentvelocity” w. = M/pgo (p being the air volumic mass) (Bretherton et al., 1995).
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At steady state, the water isotope budget of the SCL writes:

M - Gartg Rorig + E Rt Fevay - Fesay + Fasy-0- Reaw = (N + Do) 0~ o @

where Ry is the isotopic composition of the surface evaporations lassumed to follow th€raig-and-Gerden{1965)
Craig and Gordon (196®quation:

Roce/aeq - h() : RO
(07 7¢ (1 — ho)

where R, is the isotopic ratio in the surface ocean water, is the equilibrium fractionation calculated at the ocean

Rp = %)

surface temperature (SST) (Majoube, 1971y, is the kinetic fractionation coefficient (MJ79) ang is the relative humidity
normalized at the SSTh{ = qo/¢s(SST, Py) whereg; is thesaturatiorspecific humidity asaturatiofunetionSSTand P, is
the surface pressure).

We write the isotopiccompositionof therain evaporation R, as:

Revap = Qeyap * RO

wherea...,, IS aneffectivefractionationcoefficient.For examplejf dropletsareformednearthe cloud base someof them

recipitateandevaporateotally into the SCL (e.g.in non-precipitatingshallowcumulusclouds) thena

In contrastjf dropletsareformedin deepconvectiveupdraftsaftertotal condensationf the SCL vapor,andthenavery small

fractionof therainis evaporatednto avery dry SCL, thena =1/a(T. ax (Stewart, 1975

F theratio of watervaporcomingfrom rainevaporatiorio thatof surfacesvaporationand

variablesare known. We attemptto expressneither i, asa function of g_asin B15, nor the ¢ profile asa function of .

By combining all these equations, we get:

RO _ (1 - 7'0'rig) . Roce/(ycq +ak - (1 - hO) A Rorig (1 - Tom'g) . Roce/aeq + ok - (1 - hO) . 7’om’g . (1 + 7’) : Rorig
(1 =Torig) - ho + - (1 = ho) (A Zrorig) ho ko (1= o) (L4 m+ (1 Torig) (8- (1= 8) =0 Qevap)
(6)

wherer,,iq = gorig/qo is the proportion of the water vapor in the SCL that origisdtem above.
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Figure 2. Schematicshowingthe simplebox modelon which thetheoreticaframeworkis basedandillustratingthe mainnotations.

An intriguing aspect of this equation is that the sensigiva M/ disappears. In contrast g, R, iS not sensitive ta\/.
Therefore, it appears illusory to promise that water vapotapic measurements could help constrain the entrainnedndt-
ity that many studies havetrivedstrivento estimate (Nicholls and Turton, 1986; Khalsa, 1993; WamgjAlbrecht, 1994;
Bretherton et al., 1995; Faloona et al., 2005; Gerber e2@05, 2013). The lack of sensitivity @, to M is explained physi-
cally by the fact that for a givegy andq,.g4, if M increases, thed-E + F, 4, increases in the same proportion to maintain
the water balance. Therefore, thaative proportion of the water vapor originating from surfaeeaperatierand-and rain
evaporatiorto thatcomingfrom above, to whichR, is sensitive, remains constant. Rather, sipegd R vary with altitude,

Ry is sensitive to the altitude from which the air originatesarguedn-thenextparagraph
59 it ) I .

2.2 Closureif 6 D profile follows a Rayleigh distillation line

Eq. (6) requires to knowy,,;, and R,,;,. B15 clesedit-by-takingthevaluesef¢.mqandRy-4-takethesevaluesfrom GCM
outputsat 700 hP&em-GEM-outputsWe-meodify-thisintwo-ways-



Firstrwewantte-, In contrastherewe acknowledge the diversity and complexity of mixing meckars bytakingkeeping
the possibilityto takeg,ri, andR,,;4 at a variable altitude,,.;4+.

QOrig = h(zorig) Qs (T(zorig) + 5T(Zorig)a P(Zorig))

where L (om0 org = {zomg-is-the temperatureat-altitude If the goal is to predict Ry from 2,4 , F-is-the
5 i i smgrwecanapplyEg. (6) if weknowtheq andP{zs,)-aretherelativehumidity

andpressuraatd D vertical profiles.Converselyjf the goalis to predictz,,;, ~anred T (zmq)-isthetemperaturgerturbation
comparedo 7 Thereforefrom R, we cannumericallysolveEq. (6) if we knowtheq anddD vertical profiles.No analytical
solutionexistsin theurkrewnqisreplacedytheunknewngeneratase butanumericalsolutioncanbesearchedor zmg

~basedon Eg. (6). However,the existenceandunicity of the solutionis not warrantedor all kinds of

10

15 2 i : vt jonw n practice full isotopicprofilesarecostl
to measureln addition,our goalis to developan analyticalmodel. Therefore,in the following we simplify the problemb

assuminghat the vertical profile of? follows a known relationship as a function @f Measured vertical profiles @D are
usually bounded by two curves when plotted ingadD) diagram (Sodemann et al., 2017): Rayleigh distillatiorvetand

mixing line. We-e

20

First, we explorethe caseof a Rayleigh
distillation curve(Dansgaard, 1964), as halewsky-and-Rabanus-{200hlewsky and Rabanus (2016)

Romg - RO Tapff ! (7)

orig

25 wherea. ¢y is an effective fractionation coefficient. Typicallydecreases with altitude, g9 also decreases with altitude.
However, in observations and models, vertical profilefRafan be very diverse (Bony et al., 2008; Sodemann et al., 2017)
The water vapor may be more (Worden et al., 2007) or less (Bade et al., 2017) depleted than predicted by Rayleigh curve
using a realistic fractionation factor that depends onllteraperature. Therefore, here we det; ; be a free parameter larger
than 1. Rather than assuming a true Rayleigh curve, we siagdyme thaf? andq are logarithmically relatecEffects of

30 horizontaladvectionandrain evaporatioron tropospherigrofilesareencapsulatethto o, ¢ ;.
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Injecting Eq. (7) into Eqg. (6), we get:

ROCG ].
Ry = : (8)

Qeff

h0+aK'(1_hO)' ((1+n)m_naevap+¢(1_ﬁ)>

A simplerform canbefoundif neglectinghorizontaladvectionandrain evaporatioreffects(¢ =

ROC@ 1
Ro=—>= —77 9)
eq h0+04K'(1—h0) #

1—rorig

As a consistency check, in the limit case where the air corinorg above is totally dry:(,,;, = 0), wefind-Eq. (9) becomes
the MJ79 equation:

(10)

T aeq hot+ax-(1-hp)
Equation €8) tells us that whenever.;; > 1, R, decreases as,.;, increases (Fig. 3 red), i.e. as.;, is moister. Therefore,
R, decreases as,;, is lower in altitude. This result may be counter-intuitibeit can be physically interpreted as follows. If

Zorig 1S high, mixing brings air with very depleted water vaport simce the air is dry, the depleting effect is small. In casty
if zorig 1S lOw, Mixing brings air with water vapor that is not very detpd, but since the air is moist, the depleting effect is
large (Fig. 4a).

Figure 3 (red) shows that the range of possildlevalues is restricted to -70 %o to -85 %o. This explains why in gaént con-

ditions near the sea level in tropical ocean locations, thtexwapo® D varies littl Benetti et al. (2014)

F. Vimeux pers. comm.). In the limit case whegg;; — 1 (i.e. the air comes from the SCL tojy — O:': o Tarc (1 hoyairT

L'Hopital's rule wasusedto calculatethis limit) . This lower bound is not so depleted compared to the morestipivater va-
por observed in regions of deep convection (eagwence-et-al—(2002)-Lawrence-et-al—(2004):Kurita(208%rence et al. (2002); La

). This is because when,.;, — 1, the water vapor coming from above has a composition veisedo that of the SCL, so the

depleting effect is limited. In addition, surface evapmastrongly damps the depleting effect of mixing. Only resaporation
or liquid-vapor exchanges (Lawrence et al., 2004; Wordexl.e2007) can further decrea&y (appendix B).

Figure 3 (green) shows that the sensitivityotg ¢ is relatively small but cannot be neglected. Thereforedipting water
vaperéH-0 D, requires to have some knowledge about the steepness obtbpisprofiles in the FTRain evaporatiorand
horizontaladvectioncanhaveeitheranenrichingor depletingeffect, but do not qualitativelychangethe results(Fig. 3 purple

andblue).

Now we consider

the caseof a mixing line. Detailed calculationin appendixA show that the sensitivity to r,,.;, iS lost. An infinity of FT
endmemberscan leadto the samed Dy whenmixed with the surfaceevaporationasillustratedin Fig. 4b and analyticall
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demonstratedn appendixA. Our main results (more depleted), asr,.;, increases, restricted range @b, variations,

relationship withz,,,,) weuld-heldferany-hold only for §D prefilethatis-steepetthantheprofilesthat are steepethana
mixing line. H-theprofile follows-asThis is the casefor profilesthatareintermediatdbetweena Rayleighanda mixing line,

line-Wewill-assesthe validity-ef thisassumptionn-sectionblasis usuallythe casein nature(Sodemann et al., 201@) in
agenerakirculationmodel(appendixD1).

3 Model simulations, observations and methods
3.1 LMDZ simulations

We use an isotope-enabled general circulation model (GG kaboratory to test our hypotheses and investigatopic
eentrelswhat controlsthe isotopic composition We use the LMDZ5A version of LMDZ (Laboratoire de Météomgie Dy-
namique Zoom), which is the atmospheric component of the.{€BI5A coupled model (Dufresne et al., 2012) that took
part in CMIP5 (Coupled Model Intercomparison Projektyloret-al—-{(2012Jaylor et al. (2012) This version is very close
to LMDZ4 (Hourdin et al., 2006). Water isotopes are impleteernthe same way as in its predecessor LMDZ4 (Risi et al.,
2010c). We use 4 years (2009-2012) of an AMIP (Atmospherid®intercomparison Project)-type simulation (Gates,2)99
that was initialized in 1977. The winds are nudged towardé#R reanalyses (Uppala et al., 2005) to ensure a more tiealis
simulation. Such a simulation has already been describé@xeensively validated for isotopic variables in both jjpéation
and water vapor (Risi et al., 2010c, 2012a). The ocean suviaters D,,.. is assumed constant and set to 4 %.. The resolution
is 2.5 in latitude x 3.75 in longitude, with 39 vertical levels. Over the ocean, thstfiayer extends up to 64 m, and a typical
SCL extending up to 600 m is resolved by 6 layers. Around 2508 typical altitude for the inversion for trade-wind cumsilu
clouds, the resolution is about 500 m.

For our calculationswe only usetropical grid boxes(30°S-30°N) over tropical oceang>80% oceanfraction in the grid

box). In addition,to avoid numericalproblemswhenestimatingeffectof horizontaladvectionandrain evaporationpnly grid

boxesanddayswhereF > 0.5 mm/dareconsideredThis represent99.7%of all tropical oceaniogrid boxes.
Specificdiagnosticdor horizontaladvectionandrain evaporatioraredetailedin appendixB andC.

10
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Figure 3. 6Dy as a function of-,;4 according to Eq. (9), withv.ss = ceq as an example (redfor this illustrative purpose we assume
SST=30°Chg = 0.8, 0 Dyce = 0%0 and = 0. The sensitivity to the effective fractionation factets; (green) is shownin-caseof-f
rain evaporatiommmw, the solid pink andblue curvesshowthe sensitivity to the effective
fractionation factor—seeappendh®)-acyy._If theincomingwatervaporby horizontaladvectionis shows25%of surfaceevaporation
(pinke = 0,25), thedashedpink andbluejcurvesshowthe sensitivityto theisotopicgradientquantifiedby 3.
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Figure 4. Idealizedq — 0 D diagrams showing how the SCL water va@gdp is set.For this illustrative purpose we assumeSST=30°C,

ho =0.8,0D,.c = 0% andand¢ = n = 0. (a) If §.D profiles follow Rayleigh distillation. The red curve shows the Rayleigh prefaeting
from the SCL and the pink curve shows the mixing line connecting the air cpfnim above to the surface evaporation, in the case
Torig = Gorig/qo = 0.7. The green curve shows the the Rayleigh profile starting from the SClthenblue curve shows the mixing line
connecting the air coming from above to the surface evaporation, in tee £as= ¢orig/qo = 0.5. One can visually see that wher.; is
lower, the mixing line is more curved, leading to more enriched valuedf @ profiles follow a mixing line. Thegink-purplecurve joins

the SCL air and the air at all altitudes above the SCL. One can see thaediffelues for,,;, can lead to the same value &P in the
SCL.
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3.2 STRASSE observations

We also apply our theoretical framework to observationsnduthe STRASSE (subtropical Atlantic surface salinity exp
iment) cruise that took place in the Northern subtropicaascin August and September 2012 (Benetti et al., 2014). This
campaign accumulates several advantages that are impfatanir analysis: (1) continuousD, measurements in the surface
5 water vapor (17m) at a high temporal frequency during onetm@enetti et al., 2014, 2015, 2017b), (2) associated serfa

meteorological measurements, including SST apd(3) 22 radio-soundings relatively well distributed ovke tcampaign
period and providing vertical profiles of altitude, tempara, relative humidity and pressure, (4) ocean surfacenéd?, ..
measurements (Benetti et al., 2017a), (5) a variety of ¢immdi ranging from quiescent weather to convective cool;j (6)
on many vertical profiles, a well defined temperature inggrsillows to calculate the inversion altitude.

10 We usej Dy, measurements on a 15-minute time step. The measuremermisan water were interpolated on the same time
steps using a Gaussian filter with a width of 3 days. The radimdings are used together with all water vapor isotop@-me
surements that are within 30 minutes of the radio-soundingdh. Only profiles during the ascending phase of the baboe

consideregbecauséhedescenphases oftenlocatedfar awayfrom theinitial launchpoint(McGrath et al., 2006; Seidel et al., 2011)

15 3.3 Estimating the altitude from which the air originates

Firstrarr-is-estimatedissuminghatHerewe explainhow z,.;4 is estimatedasedon LMDZ outputs.First, we assumehat
the ¢ anddD at 500 hPa(qs, 6 D) at-500hPafellews-belongto a Rayleigh distillatiorline startingfrom the surfacewith
effectivefractionationo, ¢ ¢:
In(Ry/Ro)
Qepp=1+-—""2
I In(qy/qo)

20 Inarealfield campaignthis assumptiomeanshatwe do notneedto measurehefull vertical profile of 6, butonly 3D
We checked that results are similar when defining the end raeatl#00 hPa rather than 500 hPa. Howeldhe end mem-
beris shouldbe definedabove500hPato ensurghatit is well aboveboundarylayer processesf the endmemberis defined
below 500 hPa (e.g. 600 hPagsultsarenetalwaysreasonablthereareafew casesvhereq increasesvith altitude(q; > gg)
25 dueto horizontaladvectionor convectivedetrainmentrom nearbymoisterregions;meanwhile s D decreasemonotonically,

leadingto unrealisticvaluesfor o ¢ ¢.
Secondy,,i4 is estimated based on Eq. (9), usiag s, aeq, @k , 0 Doce, ho @andd Dy simulatedoy LMDZ .

Third, the altitudez,,;, is estimated from,,;,. Using theg vertical profile, we findk,,;, SO thatg(2orig) = 7orig - g0 (FiQ.
5, red).
30 NetethatWhenestimating,,,.., from observationswye follow thesamemethodologyexcepthatin absencef measurements

for ¢; andd D we assume constanto, ;¢ = 1.07 basedon LMDZ simulation,andthato,.,, ok , dDoce, ho andd Dy come
from surfaceobservations.

13
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Figure 5. Schematics illustrating the typical structure of tropical marine boundaeydayhesub-cloudayer(SCL) extenddrom thesurface

to thelifting condensatiotevel (LCL) andthecloudlayerextendsrom the LCL to theinversion(z;). EIS stand<for the estimatednversion

strengthleft: shape of the vertical profile i (black) andys (green). Right: shape of the vertical profile in potential temperdtpirespired
by Weed-and-Bretherton{200@)ood and Bretherton, 2006The LCL, zorig » Zorig,ro.1,=0.6 @Ndz; altitudes defined in section 3.4 are
indicated.

Note that r,.;, and z,.;, are not direct diagnosticsfrom the simulation, but rather a-posterioriestimateso matchthe
simulateddDy,. Thereforef assumptions underlying Eq. (9) are violated, then thevese ofr,,;,, and subsequently,,.;,,

will be basetiased The estimate of,,;, encapsulates the effect of mixing processes, but alsotadr @rocesses that have
been neglected in our theoretical framework, such as teshpariations in SCL depthy, or 6 D, herizentalgradientsn-or

vertical variationsof gq or 6 D -orrainevaporationForexamplein-caseof deepconvectiondepletingrainevaporationn

3.4 Boundary layer structure diagnostics

Figure 5 illustrates the structure of a typical tropical marboundary layer covered by strato-cumulus or cumulusdso
(Betts and Ridgway, 1989; Wood, 2012; Wood and Brethert@042 Neggers et al., 2006; Stevens, 2006). The cloud base
corresponds to the lifting condensation level (LCL). Belmathe well-mixed SCL. Above is the cloud layer, topped by a
temperature inversion. Above the inversion is the FT.

The LCL is calculated as the altitude at which the specificiditynnear the surface equals the specific humidity at stitura

of a parcel that is lifted following a dry adiabat (Fig. ¥-bMBZ-theinversion

14
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Thetemperaturénversionis anabruptincreasen temperaturéhatcapstheboundanjayer. Thereforeamethodto automaticall

estimatets altitudez; is ealeulatedo detectamaximumin theverticalgradieniof potentiatemperatur¢Stull, 1988; Oke, 1988; Sorbjan

, 2000; Seidel et al., 2010herefore we adapted

this methodin orderto vyield z; valuesthat bestagreewith what we would estimatefrom visual inspectionof individual

temperaturerofiles.In LMDZ, we calculatez; as the first level at which the vertical potential tempemgsadientgyradient
exceeds 3 times the moist-adiabatic lapse rate. In obsmmsawe calculatez; is-caleulatedas the first level at which the

. This methodis sensitiveto the resolutionof vertical profiles(Siebert et al.

vertical potential temperatuwadeﬁtg[ggvlgatexceeds 5 times the moist-adiabatic lapse rate, becausesmmhdmgs are

noisier than simulated profile$
Srsiless

Finally, we calculate:y,,,,,,—0.6, Which is thez,,;, altitude ifr,,;, is set to 0.6. This usually coincides with the altitude
of strong humidity decrease near the inversion (Fig. 5).

3.5 Averages and composites

All calculations are done on daily values for LMDZ, and onrhfiute values for observations.

For LMDZ, when analyzing spatial and seasonal variabiigasonal averages are calculated at each grigentropical
oceandy averaging all days of all years that belong to each se&@smasons are defined as boreal winter (December-January-
February), spring (March-April-May), summer (June-JAlygust) and fall (September-October-November). For ftatton
purpose, all maps are plotted for boreal winter. Standavihtiens are also calculated among all days of all years éohe
season.

The type of clouds and mixing processes depends stronghherarge-scale velocity at 500 hPasfy, map shown
in Fig. 6a), with shallow clouds in subsiding regions and deepeuds in ascending regionéBeny-etal-2004)Fig. 1).

Therefore,compesitesare-calculatedby-averagingit is convenientto plot variablesas compositesas a function of ws
Bony et al., 2004) To make suchplots, we divide the wsg, rangefrom -30 to 50 hPa/dinto intervalsof 5 hPa/d.In each

iven interval, we averageall seasonal-mean values at all locatidghstbelongto-a-givenintervalef-over tropical oceans
for which seasonal-meaws, belongsto this interval (e.g.Fig. 8awill be anexample).Note thatsuchcompositesaredone

throughenergeticconstraingYanai et al., 1973; Emanuel et al., 1994atarebestvalid atlongertime scalegotherwise the
energystorageterm may becomesignificant,e.g. Masunaga and Sumi (2037 his is why wsqq iS generallyaveragedver
amonthor longer(e.g.Bony et al. (1997); Williams et al.
The cloud cover stronglylependssn-correlateswith the inversion strengthwith-inereasingeloudfraction-asinversion
strengthinereasesWe-usewhich canbe quantifiedby the Estimated Inversion Strength (EI8Aeed-and-Bretherton;-2006)
{, Wood and Bretherton (2006)nap shownin Fig. 6b) as a measure of inversion strendgilsmpesitesas\We thusalsoplot
variablesas compositesasa function of ElSrecalculatedsy averaging. To makesuchplots, e divide the EIS rangefrom
-1 K to 9 K into intervalsof 0.5K. In eachgiven interval, we averageall seasonal-mean values at all locatidhstbelong

15
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Figure 6. Maps of winter-meawsoo (&) and EIS (b) simulated by LMDZ.

te-a-givenintervalof-EXSover tropical oceandor which seasonal-meaBlS belongsto this interval (e.g. Fig. 8b will be an
example).Using seasonal-meavaluesis consistentvith Wood and Bretherton (200@ndwith the betterlink at longertime

scalesbetweercloudprocesseandthe large-scalelynamicalregime.

3.6 Decomposition method ford Do

To understand what controls th®, spatio-temporal variationg D is decomposed into 4 contributions based on Bg-fhe
4Afactersyor58). First, we definer,,; = 0.3, eer10es 1,bas = 1.09 , SSTandhgrarealternativelyariedeachoneatatime;
i =1 58T 1 =25°C hg=-"0-8)Fhisyields4compenents

=1 asabasicstate. We

orig — U9y te

ho.pes = 0.7, representingheeffectsof-the variability-of-

calloD TorignQef £y 9L, 1. Qevap) thefunctiongiving d Dy asafunctionof ro,.ig, a.rr-SSFand, SST,hoon

Therelativecontributionof r,,,.;, to d D is estimatedsd D T oriasQ SSThas, h L Dbass b Q —0D .

Similarly, the contributionsof «,.r¢, SST, hgy, ¢ andn areto § D, areestimatedasdetailedin table 1. All the contributions
havethe sameunitsasd D, (%0). The sumof thesecomponentyieldsa quantitythatis very closeto the simulated) D, which
confirmsthe validity of this lineardecompositionThesecomponentandtheir sumcanbe plottedasmaps:Fig. 7 providesan

example.
The relativecentributioncontributionsof each of theseffeetscomponentso thed D variability is-arequantified by perform-

ing a linear regression of each of the components as a funatioD,. If the correlation coefficient is significant for a given fac
tor, then the slope quantifies the contribution of this fattidhe variability of6 Dy. The sum of all contributions may not always
be 1 due to non-linearity. Such a method has already beeiedjpprevious studies (efgisi-etal{2010b)-Oueslati-etal(2016)

Risi et al. (2010b); Oueslati et al. (20)6Fhe contributions to the seasonal-spatial variabilfty D, can be quantified by per-
forming the regression among all locations and seasonscditteibutions to the daily variability of D, can be quantified by

performing the regression among all days of a given seasagiaen location.
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Tarig 0 Do, func(Torig: Qe tt,bass DS Thas: o bas, Poasa BhassToasi & bas) =D, Altitude from which the air
originates

Qeff 6Do e\ Torig.bass SSTyas.hob bas , b [e% bas) — 0Do Steepnessf thed D
verticalgradientin the FT

sst

ssT

ho

&

3 8D, e Tariboss et s S5 Thans 10,0000 8, 0, s Qssnos) = 5 Horizontaladyection

throughhorizontalé D
gradients

. 0D0. func(Torig.bas, Qe f f.0assOSThas, hob basy Pbass N, Xeva — 0D s Rainevaporationn the
scL

Table 1. Equationsto calculatethe relative contributionsof r,,i4, ac¢¢, SST, hg, ¢ andn to d Dy, and the physicalmeaningof these

3.7 Decomposition method forr,,.;4

To understand what controls,.;4, a similar methodasfor the decompositiorof § D, can be appliedbasedonEg(2?). We

canwrite ryy;, s

Forig = h(Zom’g) ‘(s (T(Zomg)q‘:)’ 5T(zom‘g), P(zorig)) (11)

T isthetropical-ocean-meatemperatur@rofiles,

h(zorie) @nd P(z,.;,) aretherelativehumidity andpressuret z,,,.;,, anddT'(z,.;,) is thetemperaturgerturbatiorcompared

to T Therefore, the variability Of i IS decomposed into the effect of 4 factagg; zorig, h(2orig) @ANAIT (2orig). IN practice,

whereT (2,

rorig @Ndz,;4 are calculated following section 3.3, then Eq. (11) is agupli

4 Results from LMDZ
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4.1 Decomposition o Dg variability

The spatial variations of D, simulated by LMDZ (Fig. 7a) are characterized by depletddeanear mid-latitudes and in
dry subsiding regions (e.g. off the coast of Peru and ovezrathw i j

oceanicupwelling) andregionsof atmospheriaeepconvection(e.g. Maritime Continent). ConsistenttyD, values exhibit a
maximum for weakly ascending or subsiding regiohl), decreasesswsyg-ismorestronglyaseendingrdeseendingyith
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increasingvertical velocity of both signs(Fig. 8a black);0 D, decreases as EIS increases reflecting more stable, supsidin
conditions (Fig. 8b black). This pattern is consistent vpitbvious studies (e.gsoed-et-al+{2015300d et al. (2015) For the
first time, we propose a theoretical framework to interphéd pattern, decomposing it in#-6 _contributions:ro,;g, sy,
SSTand, ho, rain evaporatiorand horizontaladvectioneffects(section 3.6). We check that the reconstruciét) from the
sum of its 4 contributions is very similar to the simulated, (Fig. 7b, 8 dashed black).

In ascending regions, the main contribution explainingrtiee depleted D, in deep convective regions is that @f s s
(Fig. 7d, 8a red)a.¢y is higher in more ascending regionéFig. D1d). This means that the main factor depletin, in
deep convective regions is the fact that the mid-troposptsemore depleted. This leads to a steeper gradient (highe),

and thus a more efficient depletion by vertical mixing. Thisonsistent with deep convection depleting the water vayust
efficiently in the mid-tropospher@eony-etat{20608)Bony et al., 2008)The second main contribution is that associated with
Torig (Flg 7c, 8a green)romg is larger in deep convective regmaﬁeweve%%ea%hat%q—é%—dees&e&eensﬂeﬁam

reflectingthe effectofrainevaperation(asexplainedn sectiond. 2

In subsidence regions, the main factor explaining the mempededs D, as subsidence is stronger, or as EIS increases, is
the cold SST (Fig. 7e, 8a pink), leading to largey, and to a lesser extent the dry (Fig. 7f, 8a purple). The contribution of
Torig IS @ISO @ S|gn|f|cant contribution to the depletlorﬂaﬂo in the cold upwelllng reglomplggﬁjg&w
(Fig. 7c).
Hﬂpeﬁaneeeﬁmﬂgpreeesseﬁhe shallower boundary layer there are associated wnhehvg,hm hemetiaa i heaies
ofrom-canbeseeronthe compositemsafunctionofEIS-

The contribution of rain evaporationon 4Dy is minor comparedo other contributions exceptin the deepestonvective
regions(Fig. ' ' ix

in convective,moist regions,rain evaporatiorhasa depletingeffect on the SCL (Worden et al., 2007)In contrast,in drier

moreenrichedthanthe watervapor.
The contributionof horizontaladvectionto ¢.D

. C1h).
. off the coasts

From a quantitative point of view, we can decomposeithig seasonal-spatial variations into these different effgsestion

is significantonly whereisotopic gradientsare the largest(Fi

Horizontal advectionhassli enrichingin deepconvectiveregionsand depletingin coastalregions(e.

3.6). In regions of large-scale asceniy s is the main factor explaining theD, seasonal-spatial variatiors433%), followed
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Regime ascending Subsiding
correlation coefficient slope correlation coefficient|  slope
Torig 0-+#40.59 0-470.19 0:500.52 0-180.29
et 075073 0-370.33 0-360.26 0:140.10
SST -0:20-0.23 -0.06 0.89 0.54
ho 0:09(0.06) | 6:03(0.01) 0-350.28 020,13
rain evaporation
-0.26 -0.12 0.10 0.04
horizontaladvection
069 0.30 058 034
horizontaladvectionareneglected

Table 2. Decompositiorof the spatialandseasonabariationin § D into its 6 contributionseffectof .0, e s, SST,hg, rain evaporation

andhorizontaladvection For eachcontribution,we showthe correlationcoefficientof the linearregressiorof the contributionasa function
of  Dy. Theanalysiss doneseparatelyor ascending@ndsubsidingegimesAll seasonandlocationsovertropicaloceang30° N — 30°.5,

ocearfraction>80% surfaceevaporation>0.5nm/d)areconsideredhethresholdor the correlationcoefficientto be statisticallysignificant

at99%is 0.150r lowerin all casesWe write correlationcoefficientandslopevaluesbetweerbracketsvhentheyarenot significantat 99%.

by-rainevaporatior(20%)andr.,;, (3719 %) and(Table 2). In regions of large-scale descent, SST is the faator explaining
the seasonal-spatial variations (54 %), followed-py, (1629 %) hg (13%),andc. ¢ (3410 %) (tableTable2). Notethatthe

The decomposition method can also be applied to decompesdithvariability at the daily time scale at each location and
for each seaso(Table3). On average, in ascending regions,;, is the main factor4952 %), followed byrain evaporation
(48%) and o (3935 %). In subsiding regions, the effect of SST is muted due tsldw variability, andr,,.;, (5982 %) 5
ererr{49%)andh(62%) becomeahemainfactordecomeshe mainfactor.

Overall,theresults highlight the importance of,.;, as one of the main factors controlling the spatio-tempaaakbility of
0Dy.

4.2 Decomposition ofr,,.;4 variability

Given the importance aof,,;, in controlling thed D, variations, we now decomposg,;, into its 4 contributionsyo, Zorig,
horig and 67T,,;, (section 3.6). Spatially;,;, is maximum in regions of strong large-scale ascent (Fig) $0ah as the
Maritime continent (Fig. 9a), and in very stable regiong(RiOb) such as upwelling regions (Fig. 10a). We check that th
reconstructeda,,;, from the sum of its 4 contributions is very similar to the slatadr,,.;, (Fig. 9b, 10 dashed black).
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Figure 7.a) Map of winter-meai D, simulated by LMDZ. b) Map ofwmter-mea?Do reconstructed as the sum of the 4 contributidizste
i drropical-meany D, field-we subtractedhe
meanofthe4-contributionsandwasaddedhemeanof simulateds-Do-to ¢ Wthem%mme c)
Map ofthe contributionof 7., Onwinter-means D calculated from Eq. (9¥-enly+s5-varies(see section 3.6). d) Same as b bhibnly
for ary varies. ) Same as b hbifitenly-for SSTvaries f) Same as b but-enby-for hovaries
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0 (darkred), SST (pinkyn, /o (purple) rainevaporatior{dashedrown)andhorizontaladvection(dashedlue) thetropicalmeans Dy

22



10

15

Ascending Subsiding

Regime

correlationcoeficient | slope | correlationcoeficient | slope
Torig T 0.46 0,52 0.42 0,82
Qeff 0.34 0.35% 014 .40
SSTand 0.12 001 0.25 0.22
ho variationsFereach 0.06 0.26 0.15 0.39
0.49 048 0.9 0.20

rain evaporation
-0.26 -0.24 -0.15 -0.31

horizontaladvection

Table 3. As in tableZ but at the 5Dodaily scale The
thresheldfor-thecorrelationcoefficientto-be statisticallysignificantat 99 %-is- 0-15orewerin-coefficientsandslopesareaveragedverall

casesTheanalysisis-doneseasongndlocationsover tropical oceang30° N — 30°,S, oceanfraction>80%),separately for ascending and
subsiding regime#H-seasensndiropicaloceandocationsareconsidered.

In regions of strong large-scale ascent,, is larger mainly becausk,.;, is larger (Fig. 9e, 10a pink). Thisuggestshat

inte-alewers5-—Physicallytheis becaus¢he moister the FT, the higher the contribution of vapor comiragrf above to the
vapor of the SCL, and thus the highey.;, and the more depletetlD,. This mechanism through which a moister FT leads
to a more depletedD, is consistent with that argued in B1%,,;, dampsthis effect: whenconvectionis strongerandthe FT

In very stable regionsy,.i, is largermainly-becausey, is smatHarger (Fig. 9¢, 10b green), consistent with the drier
conditions in these regions of large-scale desesmt. Note thatthis effectcanbe seenonly in moststableregions but when
%MWW’QMWMMWM%US%W is lower in altitude (Fig.
9d, 10b reo : i
m@wwmaw comes frommmww@arorzg anelmemeredeme%e@

higherandthuso D, is moredepleted This mechanism was not consideredienetti-et-al—-(2015B15 but our decomposition
shows that it is a key mechanism driving.;, and thusi D, variations in stable regions.

Quantitatively, in ascending regions, the méaatersfactor controlling the seasonal-spatial variations-j;, areis horig
(94182%)and, dampenedy z,.;, (61-67 %) (Table 4) Similarlyn-In descending regions, the mdaetorsarefactoris also
horig (9396 %)and, followed by z,.i, (7241 %) (Table 4). At the daily scale, the same two factors doneitla¢ variability of
Torig: Norig @N02erig CONtribute t06778 % and#639 % of r,,.;, variations in average over ascending regions, add#118%
and#339 % in average over descending regigmable5).
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Figure 9. a) Map of winter-meam,,.;, Simulated by LMDZ. b) Map of winter-mean,.;, reconstructed as the sum of the 4 contributions.
Tropical-meanr,,.;, wasaddedto comparewith awith the samecolor scale.c) Map of winter-meam,,;, calculated from Eq. (11) if only

qo varies (see section 3.6). d) Same as b but of aply, varies. €) Same as b but if onty( z,,:4) varies. f) Same as b but if on§T ;4

varies.

4.3 Entrainment-Estimating altitude estimatezy;q

Estimated altitude,,,.;, is minimum in dry subsiding regions, especially in upweliregions (Fig. 11a, Fig. 12), corresponding
to regions withthe strongest inversion (Fig. 11). This contributes to the el D, in these regions.
As explained in 3.3, our estimate of,,, may be artificially biased due to the neglect of some proseisseur theoretical

5 framework. Ideally, to check whethey,;, really physically represents the altitude from which theaaiginates, additional
model experiments where water vapor from different levedstagged (Risi et al., 2010b) would be needed. While we leave
this for future workinthe-meanwhilewe check whethet,,;, estimates are consistent with what we expect based on what
we know about mixing processes in the marine boundary lay®esexpect that in strato-cumulus regions, iaientrained
originatesfrom a very shallow (a few tens of meters) layer above thersioa, whereas the mixing processes may be more

10 diverse, and possibly deeper in the FT, as the boundary tleepens (Fig. 1).
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Regime Ascending Subsiding
correlation coefficient slope correlation coefficientf  slope
qo -0:24-0.82 0:6-0.33 0:090.21 0-60.12
Zorig 0-88-0.91 0:61-0.67 0:650.77 0.70.41
horig 0-750.98 0-941.82 0.53 0:910.96
0T orig 0:330.55 0-220.06 -0-34-0.37 -6:240.12

Regime Ascending Subsiding
correlationcoefficient | slope | correlationcoefficient | slope
@+ -0.37 0.04 0,23 007
horig @ 0.58 0,78 0.58 1,18
0T,rig variationsForeachecontribution;we show -0.14 0.01 -0.23 -0.12
Table 5.As in table4 butat the iorcoefc ' ' ibufi iR oF rorizQally scale The

thresheldfor-the correlationeoefficientto-be statisticallysignificantis-0-15orlowerin-coefficientsand slopesare averagedver all eases.

Theanalysidgsdoeneseasonandlocationsovertropicaloceang30° NV — 30° S, ocearfraction>80%) separately for ascending and subsiding
regimes All-seasonsndtropicaloceandocationsareconsidered.

To check whether estimated,;, is consistent with this picture, we compaig., 10 2orig,r,,.,=0.6 (20rig that we would
estimate is-,,.;, was set constant to 0.6) ang (section 3.4), which are measures of the altitude of the Hityndrop and
temperature inversion respectively. As expected from Eithey are minimum in dry upwelling regions, intermediaté¢rade-
wind regions, and maximum values in convective regions.(Eig-d, 12 green, blue). Therefore, the low,, in upwelling

5 regions reflects the low;. Consistently, in subsiding regions,.;, correlates well withe,,.; .., —0.6 (Correlation coefficient
of 0.52, statistically significant beyond 99 %). If we focuswery stable regions only (EIS>7 Kj,,;, correlates well with
both zorig,r,,.,=0.6 @ndz; (correlation coefficient of 0.58 and 0.52 respectivelytistigally significant beyond 99 %). The
altitudez,,.;4 is a few meters above the inversion in strato-cumulus regiand up to 1km above the inversion in cumulus and
deep convective regions (Fig. 12), consistent with our etgi®ns from Fig. 1. This lends support to the fact that asten

10 subsiding regions, our isotope-basgg;, estimate effectivelyeflectreflectsthe origin of air coming from above.
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Figure 11.a) Map of winter-mearny,;, estimated fromy D, simulated by LMDZ. b) Same as a buj,.;, that we would estimate iforiq
was constant set to 0.64-ig,r,,;,=0.6)- C). Same as a but fa; simulated from LMDZ. Only days when EIS>2 K are considered, otherwis
z; 1s difficult to estimate. d) Same as a but for LCL simulated by LMDZ.

In ascending regions, in contrast,.;, does not correlate significantly with,,.;, »,,.,=0.6 Or z;. This may indicate either
that ourz,,;, estimate is biased by neglected processes such as rairratrapoor that in deep convective regions, the origin
of FT air into the SCL is very diverse due to the variety of migxiprocesses (1).

5 Results from observations

To check whether our results obtained with LMDZ are realjstie apply our methods to the measurements gathered during

07h edbnl-MDP m 10 or

the STRASSE campaigin-theabsencefmeasuredD-profiles,we-assumeh

simplicity and in absenceof all necessarymeasurementdjere we neglectthe effects of rain evaporationand horizontal

advection

Throughout the cruis&,D, shows a large variability, ranging from around -75 %o in qué& conditions to -120 %o during
the two convective conditions (Benetti et al., 2014) (Figa ed). Variability inr,,.;, is the major factor contributing to this
variability (58 %) (Fig. 13a green, Table 6). This cruciapiontance of mixing processes is consistent with B15.

During the two convective events, the estimategd, saturates at 1 (Fig. 13b). This proves that;, estimated in these
conditions is biased high because it encapsulates the effaeglected processes, i.e. depletion by rain evapaeraiquation
(9) is not valid in this case. In addition, at the scale of a fesurs, the steady-state assumptions may be violated. Rain
evaporation may strongly deplete the SCL before surfacpazation has the time to play its dampening role, hence the
possibility to reach very low D, that cannot be predicted even when considering rain evapoi@ppendix B).
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Figure 12.Composites as a function of EIS of seasonal-mean,f (black),zorig,r,,;,=0.6 (green)z; (blue) and LCL (red). The composite
profiles of cloud cover are also shown, showing deep clouds wheisEl8se to 0 and shallowest clouds when EIS is largest.
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contributions tayDy | correlation coefficient| slope
Torig 0.77 0.58

SST 0.57 0.16

ho 0.40 0.48

Table 6. Same as Table 2 but for the STRASSE observations. Linear regressecalculated among 1977 data points.

contributions tar,;, | correlation coefficient| slope
qo -0.46 -1.49
Zorig 0.66 0.90
horig 0.81 0.70
0Torig -0.36 -0.91
Table 7. Same as Table 4 but for the STRASSE observations. Linear regressmialculated among 55 data points, so that correlation

coefficients above 0.35 are statistically significant at 99 %.

During the rest of the cruise, the main factors controllihg ,,;, variability arez,,.;;, (90 %) andh,,;, (70 %). The
importance of FT humidity in controlling,,;, was already highlighted in B15. However, in their paper viwgability in 2,4
was neglected, whereas it appears here as the main factor.

Through September, theruisescruisegoes from a shallow boundary layer in early September toetelepundary layers
with higher inversions, before reaching the convectiveditions (Fig. 13c). Consistently with this deepening boanydayer,
the airis-entrainedoriginatesfrom increasingly higher in altitudeheneensideringonly-the-Remarkablythereare 6 data
poeintswhenzg3;<2000m-dayswhen z,,;, coincidesalmostexactlywith z; with a root meanssquareerror of 31%. and
correlationcoefficientof 0.996(Fig. 13c-thecerrelationcoefficientbetweens~ands-s0-999. This indicates that the ais

entrainedntothe SClexactlyexactlycomesirom the inversion layeEvenif-thenumberofsamplds-small;thecoincidence
is-remarkableespeciallywhenWhenrecalling thatz,,;, and z; are estimated from completely independent observations

Fhis,, the coincidencds remarkableandlends support to the fact thah thesedays,our z,,.;, €stimate is physicaHowever,

6 Discussion: what can we learn from water isotopes on mixingrocesses?

We have shown in the previous section that one of the maionfacontrollingd D at the seasonal-spatial and daily scale are
the proportion of the water vapor in the SCL thabriginates from abover,.;,), and that one of the main factor controlling
Torig 1S the altitude from which the air originates.{;,). In turn, could we use water vapor isotopic measuremertgsristrain
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Zorig? This would open the door to discriminating between difiéraixing processes at play (Fig. 1). Since mixing processes
are crucial to determine the sensitivity of cloud fractionSST (Sherwood et al., 2014; Bretherton, 2015; Vial et 81162,
such a prospect would allow us to improve our knowledge afali@edbacks, and hence of climate sensitivity.

With this in mind, we assess the errors associated with estimates frond D, measurements, and discuss whethere

5 theyare small enough fot,,;, estimates to be useful. In strato-cumulus clouds where ithis &elieved tobe-entrained

originatefrom the first few tens of meters above cloud top (Faloona.e2@05; Mellado, 2017, estimates are not useful
if the errors are larger than a few tens of meters, e.g. 20 rouhmulus clouds where mixing processes are more diverse and
possibly deeper (Fig. 1}..:, estimates may be useful if errors are of the order of 80 m.

Let's assume that we have a field campaign where we meagyesurface meteorological variables, temperature and

10 humidity profiles (e.g. radio-soundings), and a & profiles (e.g. by aircraft). This is what we can expect fomegbe from

the future EURECA4A (Elucidating the role of clouds-cirdida coupling in climate) campaign to study trade-wind clusu
clouds (Bony et al., 2017Below we guantifythe effectsof five sourcef uncertaintyon z,,..;, estimates.

6.1 Measurementerrors

15

We re-calculatez,,,.;, assumingan error of 0.4 %o on § Dy (typical of what we can measurewith in-situ laserinstruments,

Aemisegger et al. (2012); Benetti et al. (2001@nd1 % ond D, (largererrorsdueto lowerhumidity andtheincreased¢omplexit

14a.Whereagrrorson ¢ D ¢ leadto errorson z,,,.;, of theorderof 20 m (Fig. 14a,green).errorsond Dy leadto errorson z,,..;
20 of the orderof 80 m (Fig. 14a,red). Yet in strato-cumulusponeexpectstheair to originatefrom a higheraltitudethango m
abovetheinversion Therefore Dy measurementsould needto be moreaccuratethanusualto be usefulin strato-cumulus

Zorig 10 Deuseful.
6.2 Neglectingrain evaporation

is evenmorecomplicatedo measurer predicta.,q,,. Rainevaporatiorcanhavea depletingor enrichingeffectdependingn
of theorderof 500m in regionsof low EIS and250m in regionsof strongE|S (Fig. 14b,brown).In regionsof strato-cumulus
0.1%. targetedorecisionexplainedabove. However it is Hzgrgest ipitati ossible
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roducingthe strongestainin srato-cumulusegions(Zhang et al., 2013andGCMsareknownto triggerconvectiorto often

in trade-windcumulusregions(Nuijens et al., 2015a, b)
Thesecond

6.3 Neglectinghorizontal advection

Thethird source of uncertainty ie-associatedvith horizontaladvection.n nature,¢ canbe estimatedrom meteorological
analyzesand 3 canbe estimatedrom near-surfacésotopic measurementat severallocations(e.g. soundingarraysdurin
typical field campaigns)in absencef theseadditionalmeasurementsieglectingthis effectleadsto an error of the orderof

800m (Fig. 14b,purple).This limits theusefulnes®f z,,.,, estimatesor all cloudregimes.

6.4 Daily variability in the steepnes®f § D profiles

The fourth sourceof uncertaintyarisesfrom the daily variability in o,y —Measurirgdaiy-(appendixD2). Estimatingo
requiresto measure) D ; at 500 hPa.Satellitemeasurementareavailablebut areaffectedby randomerrorsthataretoo large
for our application(Worden et al., 2011, 2012; Lacour et al., 20 cisein-situ measurementsf watervaporo D prefiles

is-in altitudearecostly and difficult (Sodemann et al., 2017).

Let's assume that we have only opssfile-d D, valuethat represents the seasonal-average at a given loca@tierday

Ceontinent{Fig—bB1d)-To estimate the resulting error on,;,, we re-estimate,,;, every day and at each location using
acff+0a.,, andagss —oa,,,. The error onz,., is calculated a2y, (i s — a,,;) — Zorig(@ctf +0a.,,)) /2. The
averaged error and its standard deviation is plotted asaifumof EIS in Fig. 14 (black). It is of the order of 400m, and rarely
below 200m. If we attempt to estimatg; as the fractionation coefficient as a function of local terapgre, errors would be
even more dissuasive (Fig. dblue).

Therefore, estimating,,;, from daily 6D, measurements cannot be useful unless we measiises-D-prefilesi Dy ona
daily basisaswell. Practically, we could imagine measuring FT propertié®¢) at the top of a mountain while we measure
0Dy atthe sea level (e.g. on Islands such as Hawaii or La Réu@ishawsky-et-al(2007)-Bailey-et-al(2013)-Guilparte{@abl 7y
}-We couldalsoimagineretrievinger-r - from daily Galewsky et al, (2007); Bailey et al, (2013); Guilpart ef(8017)).

6.5 Rayleighassumptionfor the shapeof § D profiles

Finally, a fifth sourceof uncertaintycomesthe assumptionthat the 6 D preﬁles*e#reved#em%paeeby—%%k@%ared

estimateis-beyondthe scopeof-this-papeprofile follows a Rayleighdistillation line (section2.2). However,bothin LMDZ

appendixD1) andnature(Sodemann et al., 201,7)D profilesare usuallyintermediatebetweenRayleighandmixing lines.
Theprecisionof our z,,.;, €stimatés maximumin the Rayleighdistillation case
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ondPrleadto-errorsendirectly from Eq. (6), asolutioncanbefoundonly in 0.1 % of casesThis is becaussimulated) D

greeryerorsonin thelower troposphereihed Dy m%wcm@m
mmemmmnmm%m%wmm@&gmmwo measurementsould

W&m
too frequentlyby deepconvectionin trade-windeumulusregions—the-precisionis-enoughfor—=,-4to-be-usefulregions

Nuijens et al., 2015a, b herefore,the shapeof § D profiles simulatedby LMDZ is not a sufficient reasonto reject the

RayleighassumptionT heuncertaintyassociatewvith thisassumptions verydifficult to quantifyin LMDZ. More measurements

of full 4D profilesarevery welcometo helpguantifyit.

~

To summarizegD, measurements could potentially be useful to estimgig, with a useful precision-eumulusand

strato-cumuluslouds but-only-f-we-are-ableto-measuredaily-, but if we measuredaily § D, in the mid-troposphereif
the shapeof dD profilesaneif-can be betterdocumentedif we measure) D, at different placesto quantify the effect of

horizontaladvectionandif we caninventinnovativetechniquego betterquantifythe effectof rain evaporationin additionin
strato-cumuluslouds we needio measure Dy with an accuracy of 0.1 %nd0-4%o-intrade-windcumulusandstrato-cumulus

slendsmasoanasly

7 Conclusion

We propose an analytical model to predict the water vapooso compositior D, of the sub-cloud layer (SCL) over tropical
oceans i . [ his modelrelieson the hypothesighatthealtitudefrom

whichtheair originates is animportantfactor.\We build on Benetti et al.

their equationwe assume shapefor the§ D vertical profiles
yas a function of ¢, andwe accountfor horizontal
advectionandrain evaporatioreffects
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2015WvhoextendedheMerlivat and Jouzel (1979)
closure equatlon to make explicit the link betwedn, andFFentrainmeniixing processesVe further extendheBenetti-et-al{(2015)
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Figure 14. Errors when estimating.i, from Do observations, as a function of EIS, as predicted by LMBZeri-eneusesa=g-as.

{black) —errerError we would make i Dy is measured with @ %o error (red), and error we would makedD; is measured with & %o
error (green)b) errorwe would makeif we neglecthorizontaladvectioneffects(purple)andrain evaporatioreffects(brown).c) Errorif one
usesa., asafunctionof localtemperaturéo estimatex blue),errorif oneusesthe seasonal-meaprofile insteadof thedaily profile to

estimaten. s ¢ (black). The standard deviations among all daily errors estimated in each bin @frEl&so shown.
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The resulting equation highlights the fact thay, is not sensitive to the intensity eftrairmennixing processesl herefore,
it is unlikely that water vapor isotopic measurements ccéth estimate the entrainment velocity that many studie® ha
strivedstrivento estimate (Bretherton et al., 1995). In contragi, is sensitive to the altitude from which the air originates.
Based on a simulation with LMDZ and observations during ti&&8SSE cruise, we show that,.;, is an important factor
explaining the seasonal-spatial and daily variationgdy, especiallyin subsidenceegions In turn, coulds D, measurements,
combined with vertical profiles of humidity, temperaturalaiD, help estlmatemg and thus discriminate between different

mixing processe For such isotope-based

estimates ot,,;, to be useful, we would neelequentverticalprofilesof-a precisionof a few hundredsmetersin dee

convectiveregionsandsmallerthan20 m in strato-cumulusegions.To reachthis target,we would needdaily measurements
of 4D in themid-tropospherend very accurate measurements by, which are currently difficult to obtaina-precipitating

cloudsand-deepeonvectiofVe would also needinformation on the horizontaldistribution of ¢.D to accountfor horizontal
advectioneffects,andfull § D profilesto quantifythe uncertaintyassociatedvith the assumedhapefor 5 D profiles.Finally,

rain evaporation isee-large-a-sourceof-uncertainty,whereasin-an issuein all regimes,evenfor strato-cumulusegions,

bedevelopedo quantifythis effectfrom observations.

This study is preliminary in many respects. First, it woukl $afe to check using water tagging experiments in LMDZ
that z,,;, estimates reallyepresentsepresenthe altitude from which the aiis-originates, and is nab-biasesbiasedby
our simplifying assumptions. Second, the coarse vertesdlution of LMDZ, and the simplicity of mixing parametetions
(e.g. cloud top entrainment is not represented) are a fimitaf this study. Ideally, the relationship betwegh, z,,.;; and
the type of mixing processes should be investigated in @tnabled Large Eddy Simulations (LES) (Blossey et allp20
Moore et al., 2014). Artificial tracers and structure detetimethods (Park et al., 2016; Brient et al., 2019), combivéh
conditional sampling methods (Couvreux et al., 2010), d¢bellp detect the different kinds of mixing structures,raste their
contributions to vertical transport, and describe thestapic signature. This would allow us to confirm, or infirm, myeof
the hypotheses and conclusions in this paper. Finallygifsiensitivity ofd D, to the type of mixing processes is confirmed,
paired isotopic simulations of single-column model (SCMjsions of general circulation models (GCM) and LES, foroged
the same forcing, could be very useful to help evaluate ampdawe the representation of mixing and entrainment preseiss
GCMs, as is routinely the case for non-isotopic variableen@ll et al., 2003; Hourdin et al., 2013; Zhang et al., 2013)

Code and data availabilityL MDZ can be downloaded from http://Imdz.Imd.jussieu.fr/. Program caes for the analysis are available
on https://prodn.idris.fr/thredds/catalog/ips|_public/rimd698/article_mixingcesses/d_pgmf/catalog.html.
Isotopic measurements from STRASSE can be downloaded from httpepdsipsl.friisowvdataatlantic/. All other datasets and pro-

cessed files are available on https://prodn.idris.fr/thredds/catalog/ijmdilc/pind698/article_mixing_processes/catalog.html.
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Appendix A: Closure if the tropospheric profile follows a mixing line

For simplicity, we neglectherehorizontaladvectionandrain evaporatioreffects,but resultswould be similar otherwise If we
assume thak,, ;4 is uniquely related tq,,;, through a mixing line between the SCL air and a dry end-mer@igery):

Gorig = @ qo + (]— - a) “qf (Al)
and
Rom-g:a~q0-R0+(1—a)~qf-Rf (AZ)

Reorganizing Eq. (Al), we get= ’1”:5 with p = g5 /qo. Sinceqs < gorig < qo, p < rorig. INjecting Eq. (A2) into 6, we get:

_ Roce/0teq +p/(1=p) - Ry -ar - (1—ho)
ho+ax - (1=ho)/(1-p)

As a consistency check, in the limit case where the end-merstetally dry (p = 0), we find the MJ79 equation, i.e. Eq.
(10).
It is intriguing to realize that,,;, has disappeared from Eq. (A3). This can be understood milsiif the vertical profile

Ry (A3)

follows a mixing line, it does not mattextfrom which altitude the air comé®m: ultimately, what matters is how much dry
air has been mixed directly or indirectly into the SCL. Thiside visualize in Fig. 4b. Therefore i, ;, follows a mixing
line, we lose the sensitivity t0,,,.

Appendix B: Medification-in-caseef-Diagnosticsfor rain evaporation in LMDZ

Rain evaporatiorcan be accountedor in

equation8 if we canquantify n, the ratio of watervapor originatingfrom rain evaporatiorto that originatingfrom surface

evaporationanda..,,.,,, theratio of isotopicratio in therain evaporatiorflux to Ry.
B1 Egquations

In LMDZ, two parameterizatioachemeganproducerain evaporationtheconvectiveschemendthelarge-scale€ondensation

schemeTheirrespectiverecipitationevaporationendenciesdq/dt andisotopicbudgetoftheSClwrite(dg/dt) .00 1.
aregivenin kguqrer - kg ok - s~ andareusedto calculateF.,,, in k -m~2.s 1

A[qorzg+F+E:(N+D)q0
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AP,
Fevap = ((dq/dt)evap,conv + (dq/dt)evap,lsc) ’ g
k=1

]\IQOHgR(Jr1g+FRP1+ERE:(N+D)(JORO

wherels-therairevaneratertecwhere is the lastlayerbelowthe LCL, AP, is the depthof layer k in pressure

coordinateandgq is gravity.
Theisotopicequivalentof this flux, F.

Only grid boxesanddayswhereF, > (.05 mm/dareconsideredo calculatex . Thisrepresent94.0%o0f all tropical
oceaniagrid boxes.

B2 Results

Consistentwith the larger amountof precipitationavailablefor evaporationy is maximumin regionsof deepconvection,
reaching30% aroundthe Maritime continent(Fig. .It is minimal over the dry descendingegions,reaching5% off

the coastsof Mauritania, Peruor Namibia. The rain evaporationis more depletedthanthe SCL in regionsof strongdee
convection,by as much as 70%. aroundthe Maritime continent(Fig. C1b). When the fraction of raindropsthat evaporate

regions rain evaporatiorhasa depletingeffecton the SCL, consistentvith Worden et al. (2007)n contrastjn otherregions,
watervapor.

Appendix C: Diagnosticsfor horizontal advectionin LMDZ

= Fade dadv theratio of watervaporcomin

We canaccounfor horizontaladvectionn Eq.(8)i

from horizontaladvectiorto thatcomingfrom surfaceevaporationandg = R, 4.,/ Rq, theratio of isotopicratiosof horizontal

advectionto thatof the SCL,.

Cl Equations
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Let's assumehatthebox representinghe SCL hasa zonalextentAy, ameridionalextentAxz andis composeaf k layers
of verticalextentAz,.. Thequantity F,..., - g.4. representthe masslux of waterenteringthegrid box by horizontaladvection
ersurfaceareaexpressedh k o - s~ 1. m~2. Assuminganupstreamadvectionschemeit canbe expresse@s

kLcL (Pr - [uk] - quie - Ay - Az + pre - [y | - quis - Az - Azy)

Az - Ay

Fodv - Qadv = (C1)

10 layerk in pressureoordinate)we get:

krcr
Z APy (ug|- qur | |vk|- quk
Fd “Qadv = < —+

The quantity F,,4,, representshe incomingair massflux by horizontaladvection,and representshe humidity of the
incomingair. We canthuswrite themas:

krLcr
. \uk| |’Uk| APk
Fadv - Z (AJ? + Ay

k=1 9
15 and
k U v APy
kL:C1L(‘ k| *Quk +|T];|'ka:)‘7gk
Gadv =
kror ( Juk| + |'Uk| AP,
k=1 Az g

Thesamebudgetasin Eq. C1 canbewritten for waterisotopes:

kLCL (k- |uk| - qui - Ruk - Ay - Az + pr - |Vo| - qui - Rk - Az - Azy)

Az - Ay

Fadv *Gadv * Radv =

whereR, 4, representgheisotopicratio of theincomingwatervapor:
k AP,
kiclL (‘UH Quk - Ruk + % quk * RUk) : k

g
krcr \ukl |Uk\ AP,
k=1 “Quk T Ry Quk e

20 Raqw =
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Notethattheupstreanadvectiorschemessumedhereoverestimatetheeffectof advectiorcomparedo theVan Leer (1977

advectionschemausedin LMDZ. We thusestimatenereanupperboundfor the advectioneffect.
istheisotopicratioin average

throughthe SCL:

krorL AP
Q- R =~

k=1
RES\Q,@ = Qre Il 240 ZkLCL APy
k=1 9k~

This preventshe advected
watervaporto be systematicallymoredepletedvhenthe mixed-layerhypothesigs not exactlyverified.

C2 Results
R ROC’G 1
0= ' Y
@eq o tag-(1—ho)- 11_;;7; tn-ar-(L—ho)- (1—are)

Parametery is maximumwhere winds are maximum, such as nearthe extra-tropicsor in the North Atlantic (Fig. Cla).
Horizontal advectionhasan enrichingeffectin deepconvectiveregions(probablybecausevater vaporcomesfrom nearb
drier regionsthat havebeenlessdepletedby deepconvection),and a depletingeffect nearthe coasts(probablybecausef

winds bringingvaporfrom the nearbylandthatis depletedoy the continentakeffect) (Fig. C1b).

arameterg andg areresolution-dependerfor examplejn afiner resolution,¢ would belargerand 3 would becloserto 1,

butF, ., - - R, 4., andthusthe contributionof horizontaladvectionin Eqg. (8) would remainthe same.

Appendix D: LMDZ free tropospheric profiles

The goal of this appendixis to documenthe spatio-temporavariability in the shape(sectionD1) andsteepnesésectionD2

of simulatedfree troposphericdD profiles. Note that a detailedinterpretationof theseprofilesis beyondthe scopeof this
aper.This paperaimsat understanding D, which is the first steptowardsunderstandindull tropospherigrofiles.In turn,

understandindull tropospherigrofilesin future studieswill help refine our modelfor § D . 3-pink-blue)tn-the paperwe

D1 Shapeof tropospheric profiles
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Figure C1. a) Ration of waterin the SCL comingfrom rain evaporatiorio thatcomingfrom surfaceevaporationb) Effective fractionation

coefficienta..,q, betweerthe SCL watervaporandtherain evaporationc) Ratio ¢ of waterin the SCL comingfrom horizontaladvection

to thatcomingfrom surfaceevaporationd) Effective fractionationcoefficient3 betweerthe SCL watervaporandthe watervaporcomin

First, we testwhetherthe § D vertical profilessimulatedoy LMDZ follow a Rayleighor mixing line asafunctionof ¢. Forthe
, Rr)is

Rayleighcurve,« is estimatedasexplainedin section3.3. For the mixin

alsotakenat500hPa.

Thetropical-mearvertical §. D

documentthe spatial variability in the shapeof 5D profiles, we plot parameterf — 22Lypz—0Draviciah  gegeribinghow

closeis the simulatedd D (6D to the Rayleigh(o.D on) andmixing (6 D,,;,) lines. We have f = 0 in caseof a

Raleighline, f =1 in caseof amixing line, and f > 1 if D is moreenrichedthana mixing line. In the lower-troposphere,

0D is closeto amixing line (andsometimegvenmoreenriched)n deepconvectiveregions(IndianOcean SouthPacific

ConvergenceZone, Atlantic ITCZ), probablybecausedeepconvectionefficiently mixes the lower troposphereElsewhere,
oD is intermediatdetweerthetwo lines(Fig D1e).In themiddletroposphere) D is relativelycloserto Rayleigh

everywherdFig D1b).
The daily variability of f is large everywhereand at all levels (Fig D1c,e),with standarddeviationof 0.23 and 0.44 on

tropicalaverageat 1000m and4000m respectivelyA largedaily variability in the shapeof profilesis alsoobservedn nature
Sodemann et al., 2017).

D2 Steepnes®f tropospheric profiles
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Figure D1. a) Vertical profiles of watervapordD simulatedby LMDZ (black), calculatedif assuminga Rayleigh-typecurvewith a.

estimatedrom (q¢,0D ) at 500 hPa(green),calculatedf assuminga Rayleigh-typecurvewith a.,(T) (dashedyreen)and calculatedf
assuminga mixing curvebetweerthefirst layerand(qs, 0 D) at500hPa(blue),in averageoverall tropical oceanidocationsanddays.b
Winter-mearmapof parameteyf = “gEM 22 P neletot a14000m, i, slightly below500hPawhereq; andd Dy aretaken Parameterf
describesow closeis the simulatedd D (6 D .. pz) to the Rayleigh(6 D o). @ndmixing lines (6 Dy,.2): £ =0 in caseof a Raleigh
line. ¢) Standarddeviationof parameterf amongall

=1 in caseof amixing line, and f > 1 if D is moreenrichedthana mixin
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Figure D2.a) a.rr — 1, Wherea. s is the effective fractionationcoefficient,expressedn %o. b) a. — 1 expressedn %o. All dail

valuesareaveragedverall daysin wintersof all years.c) Standardaleviationof a. s  amongall daysin winter of all years expresseth %eo.

Thesteepnessf thed D gradientfrom the surfaceto themiddletropospherés describedy theparametery, ;. It is maximum

in regionsof deepconvection for examplearoundthe Maritime Continent(Fig. D2a). This is consistentwith the maximum

depletionsimulatedin deepconvectiveregionsin the mid-tropospheresimulatedby models(Bony et al., 2008)Jeadingto

with winds (e.g.from the Easterrto the WesternPacific,Dee et al. (201

Maritime Continent(Fig. D2c). On averageover all season&nd locations,dail — 1 at a given location varieswithin
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