
Response to reviewers12 August 28, 20193 Summary:4 We thank both reviewers for their 
omments. As detailed in the point-by-point response below, we have done two5 major modi�
ations to the manus
ript:6 1. Now we expli
itly take into a

ount rain evaporation and horizontal adve
tion in our model. These e�e
ts7 are des
ribed as simply as possible in the main text, and te
hni
al details are given in appendix. This allows8 us to rigorously quantify these e�e
ts on δD0 variations and to address all the related 
omments. This also9 simpli�es the interpretation of rorig variations. We also address expli
itly the e�e
t of rain evaporation and10 horizontal adve
tion on zorig estimates, and have modi�ed our abstra
t and 
on
lusion a

ordingly.11 2. Now we better do
ument and dis
uss the spatio-temporal variability of free tropospheri
 pro�les. However,12 sin
e this is not the 
ore of the paper, and 
onsistent with reviewer 1's suggestion, we have moved this13 dis
ussion to the appendix.14 1 Reviewer 115 We thank reviewer 1 for his/her 
omments.1617 This paper presents an analyti
al steady state verti
al mixing model to investigate the 
ontrols on the water18 vapor isotopi
 
omposition in the sub
loud layer over the tropi
al o
eans. It is a ni
ely simple model that 
onsiders19 the most important pro
esses, whi
h are surfa
e evaporation and verti
al mixing and predi
ts the sub
loud layer20 water vapour isotope 
omposition from a 
ombination of mass balan
e equations for all isotope spe
ies. I enjoyed21 reading this paper very mu
h, I parti
ularly like the approa
h 
hosen for testing this analyti
al model, whi
h22 
ombines model simulation data and ship-based observations. The ideas presented in this paper are ex
iting and23 very valuable for up
oming large �eld 
ampaigns in whi
h isotope observations are planned in di�erent parts of the24 lower troposphere.2526 I thus re
ommend minor revisions with the following minor points:2728 1) In the abstra
t it should be 
learly stated that the proposed analyti
al model is a steady state formulation,29 whi
h negle
ts horizontal gradients and thus the impa
t of horizontal adve
tion.3031 � Regarding the steady state formulation. Now we write in the abstra
t: �The model relies on the assumption32 that δD pro�les are steeper than mixing lines, and that the SCL is at steady state, restri
ting its appli
ations33 to time s
ales longer than daily.�34 � Regarding horizontal adve
tion. Now we a

ount for it expli
itly. We write in the abstra
t: �We extend35 previous simple box models of the SCL by pres
ribing the shape of δD verti
al pro�les as a fun
tion of36 humidity pro�les and by a

ounting for rain evaporation and horizontal adve
tion e�e
ts.�3738 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 of39 the time and 
ertainly in a 
limatologi
al sense, but of 
ourse when in
luding di�erential adve
tion elevated moist40 layers 
an o

ur. I guess adding �it is generally moister� would make me very happy.41 We modify as suggested.42 1



43 3) P. 3, L. 4: Shouldn't 
loud top 
ooling be mentioned here as well?4445 We modify as: �driven by 
loud-top radiative 
ooling, mixing and evaporative 
ooling of droplets�4647 4) P. 5, L. 4: Negle
ting the large-s
ale horizontal gradients in air properties, parti
ularly in the trade wind48 regions seems to me like a strong assumption. Given the sensitivity of dD to SST and the 
onsiderable SST gradient49 a
ross the North Atlanti
, I �nd that this 
aveat 
ould be dis
ussed a bit more expli
itly here.5051 We agree that the negle
t of horizontal adve
tion was an important 
aveat. Therefore, now we rigorously52 estimate the e�e
t of horizontal adve
tion of isotopi
 gradients on our results. This is detailed in se
tion 2 in the53 main text. Eq. (8) provides the new equation for R0 as a fun
tion of , the ratio of water vapor 
oming from54 horizontal adve
tion to that 
oming from surfa
e evaporation, and β, the ratio of isotopi
 ratios of horizontal55 adve
tion to that of the SCL.5657 Coming ba
k to the e�e
t of horizontal gradients in the North Atlanti
: our �gure 7h shows that the e�e
t of58 horizontal adve
tion is not stronger in the North Atlanti
 than elsewhere. But it is larger near the Saharan 
oast. A59 later 
omment from you 
an be used to explain this feature: se
tion 4.1: �Horizontal adve
tion is slightly enri
hing60 in deep 
onve
tive regions and depleting in 
oastal regions (e.g. o� the 
oasts of California, Peru, Mauritania,61 Namibia, India and Australia). For example, the Saharan layer in front of the North-Western Afri
an Coast leads62 to a strong e�e
t of horizontal adve
tion there ([La
our et al., 2017℄). �6364 5) P. 5, L. 20: �qs is the saturation spe
i�
 humidity at SST�65 
orre
ted6667 6) P. 6, L26: In the 
losure se
tion and the dis
ussion of the free tropospheri
 pro�le the role of horizontal68 adve
tion is again negle
ted. This is maybe a good assumption in the tropi
 but it should still be mentioned69 expli
itly.70 Now we a

ount for the e�e
t of horizontal adve
tion on δD0 in our box model. However, our 
losure assumption71 does not need to negle
t horizontal adve
tion. Horizontal adve
tion e�e
ts are impli
itely taken into a

ount through72 the αeff : we now 
larify this: se
tion 2.2: �E�e
ts of horizontal adve
tion and rain evaporation are en
apsulated73 into αeff . �7475 7) P. 8, L26: �Depending on mi
rophysi
al details that are too 
omplex to be addressed here�, Graf et al. 201976 
ould be referen
ed here77 We add this referen
e.7879 8) P. 9. Fig. 3: Whi
h value was 
hosen for the SST? This 
ould be mentioned in the 
aption as well as a80 referen
e to whi
h equilibrium fra
tionation fa
tor was used8182 We add this information in the 
aption: �For this illustrative purpose, we assume SST=30°C, h0 = 0.8 δDoce =83
0h and φ = η = 0. �. We also add it to Fig. 4.8485 9) P. 12, L. 2: �However, if the end member is de�ned below 500 hPa (e.g. 600 hPa), results are not always86 reasonable�, why is this so?8788 Now we explain this in the text: se
tion 3.3: �However, the end member should be de�ned above 500 hPa to89 ensure that it is well above boundary layer pro
esses. If the end member is de�ned below 500 hPa (e.g. 600 hPa),90 there are a few 
ases where q in
reases with altitude (qf > q0) due to horizontal adve
tion or 
onve
tive detrainment91 from nearby moister regions. Meanwhile, δD de
reases monotoni
ally, leading to unrealisti
 values for αeff .�.9293 10) P. 12, L. 7: In my opinion, this makes it di�
ult to interpret rorig. But probably there are 
onditions94 when rorig and thus zorig are more physi
ally meaningful than others. Could the authors maybe add a list with95 expli
it and quantitatively expressed 
onditions in whi
h they would argue that the assumptions involved in Eq. 996 are satis�ed?9798 2



Now we expli
itly a

ount for rain evaporation and horizontal adve
tion. Equations are given in the main text,99 so anyone 
an 
al
ulate these e�e
ts in their own 
ases. The 
ontributions of these e�e
ts are plotted as maps in100 Fig. 7 g and h, and as 
omposites as a fun
tion of ω500 and EIS in Fig. 8. Table 2 
ompares the e�e
t of rorig101 if these e�e
ts are negle
ted or not. The e�e
t of rain evaporation and horizontal adve
tion on zorig estimates are102 plotted in Fig. 14b.103 Note that a list of 
onditions would not be easy, sin
e the e�e
t of rain evaporation depends on parameters η104 and αevap whi
h are very di�
ult to estimate in nature, and horizontal adve
tion depends on parameters φ and β105 whi
h are resolution-dependent and depend on several variables (wind, humidity and δD pro�les in the SCL).106107 11) P. 13, L. 4-5: Is there a literature referen
e that the authors 
ould indi
ated for this 
al
ulation of zi from108 observations?109110 We now give several literature referen
es and more explanation on this 
al
ulation method: se
tion 3.4: �The111 temperature inversion is an abrupt in
rease in temperature that 
aps the boundary layer. Therefore, a method112 to automati
ally estimate its altitude is to dete
t a maximum in the verti
al gradient of potential temperature113 ([Stull, 1988, Oke, 1988, Sorbjan, 1989, Garratt, 1994, Siebert et al., 2000℄). This method is sensitive to the res-114 olution of verti
al pro�les ([Siebert et al., 2000, Seidel et al., 2010℄). Therefore, we adapted this method in order115 to yield zi values that best agree with what we would estimate from visual inspe
tion of individual temperature116 pro�les. In LMDZ, we 
al
ulate zi as the �rst level at whi
h the verti
al potential temperature gradient ex
eeds117 3 times the moist-adiabati
 lapse rate. In observations, we 
al
ulate zi as the �rst level at whi
h the verti
al118 potential temperature gradient ex
eeds 5 times the moist-adiabati
 lapse rate, be
ause radio-soundings are noisier119 than simulated pro�les. �120121 12) P. 13, L. 15: I did not immediately understand what was meant by 
omposites belonging to a given interval122 of omega500, I was expe
ting a map. A referen
e to the results �gure referred to here would have helped me.123124 We now explain better how the 
omposites are 
al
ulated, and we add a referen
e to Fig. 10 as an example.125 Se
tion 3.5: �The type of 
louds and mixing pro
esses depends strongly on the large-s
ale velo
ity at 500 hPa (ω500,126 map shown in Fig. 6a), with shallow 
louds in subsiding regions and deeper 
louds in as
ending regions (Fig. 1).127 Therefore, it is 
onvenient to plot variables as 
omposites as a fun
tion of ω500 ([Bony et al., 2004℄). To make su
h128 plots, we divide the ω500 range from -30 to 50 hPa/d into intervals of 5 hPa/d. In ea
h given interval, we average129 all seasonal-mean values at all lo
ations over tropi
al o
eans for whi
h seasonal-mean ω500 belongs to this interval130 (e.g. Fig. 10a will be an example). .131 The 
loud 
over strongly 
orrelates with the inversion strength, whi
h 
an be quanti�ed by the Estimated132 Inversion Strength (EIS, [Wood and Bretherton, 2006℄, map shown in Fig. 6b) as a measure of inversion strength.133 We thus also plot variables as 
omposites as a fun
tion of EIS. To make su
h plots, we divide the EIS range from134 -1 K to 9 K into intervals of 0.5K. In ea
h given interval, we average all seasonal-mean values at all lo
ations over135 tropi
al o
eans for whi
h seasonal-mean EIS belongs to this interval (e.g. Fig. 10b will be an example). �136137 13) P. 13, L. 22: By how mu
h (range of variability) were the four fa
tors varied?138139 The four fa
tors were varied from a 
ontrol value to their simulated value.140 Now we explain better the 
al
ulation with the 
ontribution of rorig as an example, and we give all equations141 for other 
ontributions in Table 1. Se
tion 3.6: �To understand what 
ontrols the δD0 spatio-temporal variations,142
δD0 is de
omposed into 4 
ontributions based on Eq. (8). First, we de�ne rorig,bas = 0.3, αeff,bas = 1.09143 , SST bas=25°C, h0,bas = 0.7, φbas = 0, ηbas = 0, βbas = 1 and αevap,bas = 1 as a basi
 state. We 
all144
δD0,func(rorig, αeff , SST, h0, φ, β, η, αevap) the fun
tion giving δD0 as a fun
tion of rorig, αeff , SST, h0, φ, β, η and145
αevap following Eq. (8), and δD0,bas = δD0,func(rorig,bas, αeff,bas, SSTbas, h0,bas, φbas, βbas, ηbas, αevap,bas). The rel-146 ative 
ontribution of rorig to δD0 is estimated as δD0,func(rorig, αeff,bas, SSTbas, h0,bas, φbas, βbas, ηbas, αevap,bas)−147
δD0,bas. Similarly, the 
ontributions of αeff , SST, h0, φ and η are to δD0 are estimated as detailed in Table 1. All148 the 
ontributions have the same units as δD0 (h).�.149150 14) P. 14, Se
tion 4.1: This se
tion seemed very te
hni
al for me. I also see it more as a methodologi
al aspe
t151 than a result. I would re
ommend to either shift it to a te
hni
al appendix (sin
e the paper is quite long) or to the152 methods se
tion.153154 3



We have now shifted this se
tion to the appendix D.2. We have deeply modi�ed this se
tion to address 
omments155 from you and the other reviewer.156157 15) P. 15, Fig. 7: Mention that these are di�erent random (?) grid points in the 
aption. I would have liked158 a more general evaluation also des
ribing the temporal and spatial variability in the verti
al pro�les simulation by159 LMDZ.160161 We have removed this �gure, whi
h was misleading, and repla
ed it by a more general do
umentation of the162 temporal and spatial variability in verti
al pro�les simulated by LMDZ, to address this 
omment and those from163 the other reviewer. This dis
ussion is in appendix D: �LMDZ free tropospheri
 pro�les�. We add a �gure showing164 maps of a parameter f =
δDLMDZ−δDRayleigh

δDmix−δDRayleigh
at 1000 m and 4000 m, representing how 
lose is the simulated δD165 
ompared to the Rayleigh and mixing lines (Fig. 16b,d). This do
uments the spatial variability in the shape of δD166 pro�les. To do
ument the temporal variability, we add maps of the standard deviation of f (Fig. 16
,e).167168 16) P. 15, L. 3: 
ould the authors mention the region where they think that alphae� may also re�e
t horizontal169 adve
tion e�e
ts?170171 We now quantify the e�e
t of horizontal adve
tion on δD0, i.e. in the SCL. However, the e�e
t of horizontal172 adve
tion on αeff is a 
ompletely di�erent subje
t that is beyond the s
ope of this paper. Therefore, we only reply173 based on the litterature: in appendix D: �The pattern of αeff may also re�e
t horizontal adve
tion e�e
ts, where174 strong isotopi
 gradients align with winds (e.g. from the Eastern to the Western Pa
i�
, [Dee et al., 2018℄). �175 To 
larify the s
ope of this paper, we start appendix D by stating: �The goal of this appendix is to do
ument176 the spatio-temporal variability in the shape and steepness of simulated free tropospheri
 δD pro�les. Note that a177 detailed interpretation of these pro�les is beyond the s
ope of this paper. This paper aims at understanding δD0,178 whi
h is the �rst step towards understanding full tropospheri
 pro�les. In turn, understanding full tropospheri
179 pro�les in future studies will help re�ne our model for δD0.�180181 17) P.16: I �nd it interesting that the mixing and Rayleigh lines have large biases in front of the eastern182 
ontinental boundaries where the inversion is strongest and, where there is a strong de
oupling between the FT183 and BL. In parti
ular in these regions, I would expe
t horizontal adve
tion to play a key role, (e.g. the SAL layer184 in front of the eastern North Afri
an Coast, see La
our et al. 2017, ACP). Maybe the authors �nd a good way to185 shortly note this in the text.186187 The map showing RMS errors was misleading. For example, if the simulated δD behaves smoothly and is half-188 way between Rayleigh lines and mixing lines, it will result in lo
al maxima in RMS values, but when we plot the189 new parameter f =

δDLMDZ−δDRayleigh

δDmix−δDRayleigh
, representing how 
lose is the simulated δD 
ompared to the Rayleigh and190 mixing lines, nothing spe
ial emerges. This is the 
ase in front of the Saharan 
oast. Therefore, we have not added191 this dis
ussion here.192 However, this 
omment is relevant for interpreting horizontal adve
tion e�e
ts on δD0: �Horizontal adve
tion is193 slightly enri
hing in deep 
onve
tive regions and depleting in 
oastal regions (e.g. o� the 
oasts of California, Peru,194 Mauritania, Namibia, India and Australia). For example, the Saharan layer in front of the North-Western Afri
an195 Coast lead to a strong e�e
t of horizontal adve
tion ([La
our et al., 2017℄).�196197 18)P. 17, L. 2: Maybe one 
ould add o
eani
 upwelling and atmospheri
 deep 
onve
tion. Jumping from198 upwelling to deep 
onve
tion in the same senten
e, I was not sure whether deep 
onve
tion in the o
ean or the199 atmosphere was meant here.200201 We modify as suggested.202203 19) P. 17, L. 4: �De
reases as omega500 is more strongly as
ending or des
ending� -> �with in
reasing verti
al204 winds (omega500) of both signs�205 We modify as suggested.206207 20) P. 17, L. 11: �in more as
ending regions� -> a referen
e to Fig. 8d would have helped me here.208 We add this referen
e209210 4



21) P. 17, L. 25: �The fa
t that the e�e
t...� I had di�
ulties to understand this senten
e.211212 We remove this senten
e that was not so useful.213214 22) P. 17, L. 33: h0 (62%) is the largest explained fra
tion of all the variables 
onsidered and should thus be put215 �rst. This 
ould be a hint that large-s
ale horizontal adve
tion plays an important role at the synopti
 times
ale216 in these regions.217218 The numbers have 
hanged be
ause (1) we now a

ount for rain evaporation and horizontal adve
tion, and219 (2) we now add an additional 
ondition to make our 
al
ulation: se
tion 3.1: �to avoid numeri
al problems when220 estimating e�e
t of horizontal adve
tion and rain evaporation, only grid boxes and days where E > 0.5 mm/d are221 
onsidered. This represents 99.7% of all tropi
al o
eani
 grid boxes.�222 With the new values, the e�e
t of h0 is redu
ed and the e�e
t of rorig is enhan
ed (table 3). Se
tion 4.1: �In223 subsiding regions, the e�e
t of SST is muted due to its slow variability, and rorig (82 %) be
omes the main fa
tor.224 �225226 23) P. 19, Fig. 10: The bin sizes (number of data points per bin should be added).227 We now add this information in Fig 8, and we write in the 
aption: �The number of samples in ea
h bin is228 indi
ated on a logarithmi
 s
ale on the right-hand-side (dotted bla
k line).�229230 If I understood 
orre
tly from the 
aption, the authors used the seasonal averaged �elds from LMDZ. Why not231 making these 
omposites using the 6-hourly outputs? For me there is a times
ale dis
repan
y between the pro
esses232 (mixing, evaporation) that the authors look at and the averaging times
ale of the used �elds.233234 The 
omposites are based on seasonal-mean EIS or ω500 be
ause this allows a better link with the large-s
ale235 dynami
al regime. Mixing and evaporation are pro
esses that a
t at short time s
ales, but their relationship to the236 large-s
ale 
ir
ulation is best 
onstrained by energeti
s at time s
ales longer than synopti
. Let's 
onsider ω500, for237 example. It relates to 
onve
tive a
tivity and other diabati
 pro
esses through the 
onservation equation of moist238 stati
 energy. Adiabati
 
ooling by large-s
ale as
ent balan
es latent heating by 
onve
tion ([Yanai et al., 1973℄),239 or adiabati
 heating by large-s
ale subsiden
e balan
es radiative 
ooling ([Emanuel et al., 1994℄). The stationarity240 in the 
onservation of moist stati
 equation is most valid at time s
ales longer than synopti
, otherwise, the storage241 term be
omes important ([Masunaga and Sumi, 2017℄). This is why in [Bony et al., 2004℄ and subsequent papers242 (e.g. [Bony et al., 2013℄) based on ω500, monthly-mean ω500 is used, whi
h yields similar results to seasonal-mean.243 A similar rationale applies to EIS. This is why many papers on EIS use seasonal-mean values, notably the paper244 de�ning this quantity ([Wood and Bretherton, 2006℄).245246 We now explain this in se
tion 3.5: �Note that su
h 
omposites are done on seasonal-mean ω500 be
ause 
loud247 pro
esses and their asso
iated diabati
 heating are tied to the large-s
ale 
ir
ulation through energeti
 
onstrains248 ([Yanai et al., 1973, Emanuel et al., 1994℄) that are best valid at longer time s
ales (otherwise, the energy storage249 term may be
ome signi�
ant, e.g. [Masunaga and Sumi, 2017℄). This is why ω500 is generally averaged over a month250 or longer (e.g. [Bony et al., 1997, Williams et al., 2003, Bony et al., 2004, Wyant et al., 2006, Bony et al., 2013℄).251 In addition, we primarily fo
us on understanding the seasonal and spatial distribution of δD0.�252 and for EIS: �Using seasonal-mean values is 
onsistent with [Wood and Bretherton, 2006℄ and with the better253 link at longer time s
ales between 
loud pro
esses and the large-s
ale dynami
al regime.�.254255 In addition, we do not look at the diurnal variations: the stationarity assumption in our simple model would be256 violated. We now explain this in the abstra
t: �the steady-state assumption restri
ts the appli
ation of this model257 to time s
ales longer than daily.� and in se
tion 2.1: �We assume that the SCL is at steady state. For example, its258 depth is 
onstant. Sin
e the SCL properties may exhibit a diurnal 
y
le ([Duynkerke et al., 2004℄), this hypothesis259 restri
ts the appli
ation of this model to time s
ales longer than daily. �260261 24) P. 27, L. 28: a referen
e to a more te
hni
al paper su
h as Aemisegger et al. 2012 AMT, would be ni
e here.262 We add this referen
e263 Small te
hni
al 
omments:264 1) P. 2, L. 22 : �su�ers from a low bias�265 5



2) P. 3, L. 28: �
apturing the se
ond-order...�266 3) P. 8, L. 26: no parenthesis after B)267 4) P. 12, L.7: �based� -> �biased�268 5) P. 15, L . 1: Figure 8d269 6) P. 15, L. 4: �Values of alphae�...�270 7) P. 15, L. 5: using a fra
tionation 
oe�
ient alpha eq as a fun
tion of temperature�271 8) P. 17, L. 14: spa
e missing between rorig and (272 9) P. 18, L. 1: �Overall, the results...�273 We 
orre
t all these mistakes.274 10) In general, the authors do not 
onsistently use B15 for Benetti et al. (2015)275 We now use B15 
onsistently.276277 11) P. 21, L. 2: �with the strongest inversion�278 12) P. 27, L. 27: measurement errors279 13) P. 28, L. 2: �if we measure...�280 14) P. 29, L. 14: very pre
ise281 15) P. 30, L. 11: from whi
h altitude the air 
omes282 We 
orre
t all these mistakes.283 2 Reviewer 2284 We thank reviewer 2 for his/her 
omments.285286 This paper presents a simple box model solving the water isotope budget in the sub-
loud layer to quantify the287 relative 
ontributions of sea surfa
e temperature, relative humidity, mid-tropospheri
 depletion, and the fra
tion288 of moisture from the free troposphere (rorig) on the variability of δD in near-surfa
e water vapor (δD0). The289 
ontribution of rorig is further separated into 
ontributions of spe
i�
 humidity at the surfa
e, and the height290 (zorig), relative humidity and temperature from whi
h the free tropospheri
 air originates. Zorigis found to be an291 important fa
tor explaining the seasonal-spatial and daily variations of δD0. This means that measurements of292 Dδ0, if pre
ise enough, 
an potentially be used to estimate zorig and distinguish between di�erent mixing pro
esses293 in the atmosphere.294 The paper is interesting and well written, and it ni
ely demonstrates the use of measuring water vapor isotopes295 on short time s
ales. The box model's theoreti
al framework is des
ribedin detail and its drawba
ks are 
learly296 identi�ed by the authors. I only have a few 
omments about the methods, the rest are mainly ideas for 
larifying297 the paper. I re
ommend that the paper be published after minor revisions.298 General 
omments299 1) I like the method for quantifying the 
ontributions of di�erent fa
tors by linear regression. I see how this works300 when the 
ontributing fa
tors have the same units as the variable of interest, whi
h was the 
ase in the previous301 studies that used this method and are 
ited in this paper (Risi et al. 2010, Oueslati et al., 2016). Here the di�erent302 fa
tors all have di�erent units, and the slope therefore depends on the units, or how mu
h the 
omponents vary. I303 assume this was a

ounted for somehow, as the slopes in the tables are all unitless, but it is not 
lear from the text,304 and makes me a bit skepti
al about the results. More explanation on that would be useful.305306 The 
ontributing fa
tors have the same units as the variable of interest, i.e. permil. We now 
larify this307 in the text. We also explain better the 
al
ulation with the 
ontribution of rorig as an example, and we give308 all equations for other 
ontributions in Table 1. Se
tion 3.6: �To understand what 
ontrols the δD0 spatio-309 temporal variations, δD0 is de
omposed into 4 
ontributions based on Eq. (8). First, we de�ne rorig,bas = 0.3,310
αeff,bas = 1.09 , SST bas=25°C, h0,bas = 0.7, φbas = 0, ηbas = 0, βbas = 1 and αevap,bas = 1 as a basi
 state. We 
all311
δD0,func(rorig, αeff , SST, h0, φ, β, η, αevap) the fun
tion giving δD0 as a fun
tion of rorig, αeff , SST, h0, φ, β, η and312
αevap following Eq. (8), and δD0,bas = δD0,func(rorig,bas, αeff,bas, SSTbas, h0,bas, φbas, βbas, ηbas, αevap,bas). The rel-313 ative 
ontribution of rorig to δD0 is estimated as δD0,func(rorig, αeff,bas, SSTbas, h0,bas, φbas, βbas, ηbas, αevap,bas)−314
δD0,bas. Similarly, the 
ontributions of αeff , SST, h0, φ and η are to δD0 are estimated as detailed in Table 1. All315 the 
ontributions have the same units as δD0 (h).�.316317 6



2) As stated in the paper, the methods rely on the assumption that the δD pro�le follows a Rayleigh-like line,318 and that there is no e�e
t of rain evaporation. Figures 7 and 8 show that the δD pro�le is often 
loser to a mixing319 line than a Rayleigh line, and the large 
ontribution of rorig mainly 
omes from as
ending regions, where 
louds are320 most likely pre
ipitating. It would be ni
e to see some quanti�
ation of how this impa
ts the results. A possible321 way to do this is to remove days/lo
ations where the RMSE of the mixing line is smaller than the RMSE of the322 Rayleigh line and where there is pre
ipitation, then repeat the analysis for these new �elds and add the results in323 bra
kets in Tables 1, 2 and as dotted lines in Figures 10, 12.324325 � E�e
t of rain evaporation. Now we expli
itly a

ount for the e�e
t of rain evaporation. Equations are given326 in the main text. The 
ontributions of this e�e
t are plotted as maps in Fig. 7g, and as 
omposites as a327 fun
tion of ω500 and EIS in Fig. 8. Table 2 
ompares the e�e
t of rorig if rain evaporation and horizontal328 adve
tion are negle
ted or not. The e�e
t of rain evaporation on zorig estimates are plotted in Fig. 14b.329 � E�e
t of the deviation of the δD pro�le from a Rayleigh distillation line. This is more di�
ult to quantify. Now330 we dis
uss this in detail in the dis
ussion se
tion: subse
tion 6.5 untitled �Rayleigh assumption for the shape of331
δD pro�les�: �Finally, a �fth sour
e of un
ertainty 
omes the assumption that the δD pro�le follows a Rayleigh332 distillation line (se
tion 2.2). However, both in LMDZ (appendix D) and nature ([Sodemann et al., 2017℄),333
δD pro�les are usually intermediate between Rayleigh and mixing lines. The pre
ision of our zorig estimate is334 maximum in the Rayleigh distillation 
ase. When trying to dire
tly �nd a numeri
al solution for zorig from Eq.335 (6), a solution 
an be found only in 0.1 % of 
ases. This is be
ause... However, it is possible that δD pro�les336 simulated by LMDZ are 
loser to mixing lines than real pro�les, sin
e GCMs are known to overestimate verti
al337 mixing through the troposphere ([Risi et al., 2012℄) and to mix the lower free troposphere too frequently by338 deep 
onve
tion in trade-wind regions ([Nuijens et al., 2015b, Nuijens et al., 2015a℄). Therefore, the shape of339
δD pro�les simulated by LMDZ is not a su�
ient reason to reje
t the Rayleigh assumption. The un
ertainty340 asso
iated with this assumption is very di�
ult to quantify in LMDZ. More measurements of full δD pro�les341 are very wel
ome to help quantify it.�342343 3) The paper presents the new box model as an extension of the model by Benetti et al. (2015), whi
h is344 te
hni
ally true, but 
an be a bit misleading be
ause its appli
ation is di�erent. Rather than predi
ting δD0 from345 zorig, it predi
ts zorig from δD0 and therefore requires δD0 to be known. This means it 
annot be applied to346 initialize Rayleigh models like the model by Benetti et al. (2015), whi
h assumes 
onstant zorig. This 
ould be347 written more 
learly (e.g., from the abstra
t it seems like the model 
an be used to predi
t δD0, whi
h is only348 possible if zorig is known).349350 The model 
an be used both ways, either to predi
t δD0 as a fun
tion of zorig, or to estimate zorig from δD0.351 We now 
larify this:352 � in the abstra
t: �The model express δD0 as a fun
tion of zorig, humidity and temperature pro�les, surfa
e353 
onditions a parameter des
ribing the steepness of the δD verti
al gradient and a few parameters des
ribing354 rain evaporation and horizontal adve
tion e�e
ts. �.355 � in se
tion 2.2: �If the goal is to predi
t R0 from zorig , we 
an apply Eq. (6) if we know the q and δD verti
al356 pro�les. Conversely, if the goal is to predi
t zorig from R0, we 
an numeri
ally solve Eq. (6) if we know the q357 and δD verti
al pro�les.�.358359 4) Changing some of the 
olors and 
olormaps 
ould make the �gures easier to understand. For example, I360 think the 
ontributions of di�erent fa
tors and how they add up in Figures 9 and 11 would be more intuitive with361 a per
eptually uniform 
olormap going from light to dark 
olors. Also, the red and pink lines in Figures 3, 4, 7, 10,362 12, 15 look very similar to ea
h other. It would be good to use a di�erent 
olor for one of them.363364 � Now all maps are 
olored in shaded of blue for negative values and shaded of red for positive values.365 � We now 
hange the line 
olor from pink to purple to distinguish it from red (Figures 3, 4, 5), or from red to366 dark red to distinguish it from pink (Figures 8, 10, 13).367 7



Spe
i�
 
omments368 P1 L13: [D℄/[H℄ instead of [HDO℄/[H2O℄369 We modify.370371 P2 L22: high bias instead of low bias?372 Corre
ted.373374 P2 L30: Please introdu
e the abbreviation for LCL375 Done.376377 P3 L4: pointed out the important role378 Corre
ted.379380 P3 L15: �We do not 
all it entrained�: The word entrained/entrainment still appears a few times in the text381 (e.g. in Fig. 2, the title of se
tion 4.4)382 We modify all the o

uren
es of �entrainment�, ex
ept when it really refers to entrainment.383384 P3 L23: during a �eld 
ampaign, global outputs of an isotope-enabled GCM.385 Corre
ted.386387 P3 L24: �at the global s
ale�: Really? There are no global maps. Are the numbers in Tables 1, 2 and the lines388 in Figures 10, 12 from global output, or from the region shown on the maps?389 We now modify by �in the Tropi
s�. We pre
ise in the 
aptions for these Tables and Figures: �All seasons and390 lo
ations over tropi
al o
eans (30◦N − 30◦S, o
ean fra
tion>80%) are 
onsidered.�391392 P3 L28: 
apturing the se
ond-order parameter d-ex
ess393 Corre
ted.394395 P3 L32: �MJ79 already performs quite well for d-ex
ess�: Pfahl and Wernli (2009) would probably disagree.396 Now we modify as (se
tion 1.3): �In addition, the need for an extension of MJ79 is more needed for δD than for d-397 ex
ess, sin
e the e�e
t of 
onve
tive mixing is larger on δD than on d-ex
ess ([Risi et al., 2010, Benetti et al., 2014℄).�.398 This does not 
ontradi
t Pfahl and Wernli (2009).399400 P5 L23: r → rorig401 Corre
ted.402403 P6 L20: measurements404 Corre
ted.405406 P6 L20: �Therefore, variations of δD0 that are mediated by q0 or h0 do not interest us�: But δD in the FT is407 pres
ribed as a fun
tion of q (
onfusing).408 We remove this 
onfusing senten
e and we write (se
tion 2.1): �We attempt to express neither h0 as a fun
tion409 of q0 as in B15, and nor the q pro�le as a fun
tion of q0�.410411 P8 L11: Refer to l'Hopital's rule?412 Now we add: �(L'Hopital's rule was used to 
al
ulate this limit).� (se
tion 2.2°413414 P8 L21: follows as mixing line415 Corre
ted.416417 P9: Fig.3: αeff = αeq instead of αeff = 1/αeq418 Corre
ted.419420 P11 L25: �Only pro�les during the as
ending phase of the balloons are 
onsidered�: (Why?)421422 8



We now justify this 
hoi
e: �Only pro�les during the as
ending phase of the balloon are 
onsidered, be
ause the423 des
ent phase is often lo
ated far away from the initial laun
h point ([M
Grath et al., 2006, Seidel et al., 2011℄). �424 (se
tion 3.2)425426 P11 L27 (title): write somewhere that these results are based on LMDZ output (not observations)427 Now we write (se
tion 3.3): �Here we explain how zorig is estimated based on LMDZ outputs.�. Later in the428 se
tion, we write: �When estimating zorig from observations, we follow the same methodology ex
ept that...�.429430 P12 Fig. 5: Des
ribe abbreviations (LCL, EIS, SCL) in 
aption.431 Done432433 P12 L2: �if the end member is de�ned below 500hPa (e.g. 600hPa) results are not always reasonable�: In what434 sense? Why?435 Now we write: �However, the end member should be de�ned above 500 hPa to ensure that it is well above436 boundary layer pro
esses. If the end member is de�ned below 500 hPa (e.g. 600 hPa), there are 
ases where q437 in
reases with altitude (qf > q0) due to horizontal adve
tion or 
onve
tive detrainment from nearby moister regions;438 meanwhile, δD de
reases monoti
ally, leading to unrealisti
 values for αeff .�439440 P15 Fig. 7: What meteorologi
al 
onditions do these examples represent? Would it be possible to show441 all (/more) simulated pro�les in the ba
kground, e.g. in some transparent 
olor, to get a better feeling for the442 variability? Also, I suggest adding markers to highlight where the levels are.443444 We have removed this �gure, be
ause it was misleading. We repla
e it by Fig. 16 in appendix D to better do
u-445 ment the temporal and spatial variability in free tropospheri
 pro�les. Maps show parameter f =
δDLMDZ−δDRayleigh

δDmix−δDRayleigh
446 des
ribing whether simulated δD is 
loser to Rayleigh line or a mixing line (Fig 16b,d). We also show maps for the447 standard deviation of f to illustrate the temporal variability (Fig 16 
,e).448 In addition, markers are added in Fig 16a to highlight the model levels.449450 P15 L1: Figure 8d instead of 8
.451 Corre
ted452453 P15 L5: αeq as a fun
tion of temperature454 Corre
ted455456 P16 Fig. 8: in boreal winters of all years457 Corre
ted458459 P17 L22: �in the 
old upwelling regions�: for example where?460 Now we add: �
old upwelling regions, for example o� Peru or Namibia� (se
tion 4.1)461462 P17 L23: probably re�e
ts463464 This senten
e was removed be
ause rorig 
annot re�e
t rain evaporation any more.465466 P17 L24: �the e�e
t of rorig 
an be seen on the 
omposites as a fun
tion of EIS and not as a fun
tion of ω500 �:467 I don't see this, please elaborate.468 This senten
e was removed.469470 P17 L30: followed by h0 (23%), rorig (16%), ...471 Corre
ted472473 P18 Fig. 9: Are the 
orrelations signi�
ant everywhere? Otherwise, add hat
hing where not signi�
ant?474475 In this �gure (now Fig. 7), we do not show the 
orrelations, but rather the 
ontributions to δD0 on a h s
ale.476 We now explain better in the text how these 
ontributions are 
al
ulated (se
tion 3.6), and we add table 1 to give477 the exa
t equations used to 
al
ulate ea
h 
ontribution.478 9



The spatial-seasonal 
orrelations are shown in Table 2. We now write between bra
kets when 
orrelations are479 not statisti
ally signi�
ant at 99%. We write in the 
aption: �The threshold for the 
orrelation 
oe�
ient to be480 statisti
ally signi�
ant at 99 % is 0.15 or lower in all 
ases. We write 
orrelation 
oe�
ient and slope values between481 bra
kets when they are not signi�
ant at 99%.�482483 P19 Fig.10: ω500 (hPa/d)484 Corre
ted485486 P20 Tab. 2: q0 seems to be important in Fig. 12, but the slope is 0.0 here, h0 seems to be unimportant in Fig.487 12 but slope is 0.91 here. Why is that?488 We now explain this: se
tion 4.2: �Note that this e�e
t 
an be seen only in most stable regions, but when489 
onsidering all subsiding regions, the 
ontribution is small (Table 2). �490491 P20 L1: �it would translate into a lower zorig.�: Why?492493 For example, in 
ase of deep 
onve
tion with depleting rain evaporation, a larger rorig is ne
essary to mat
h the494 depleted δD0, and a lower zorig is ne
essary to mat
h this large rorig.495 Now this senten
e is removed, sin
e we expli
itely a

ount for rain evaporation and horizontal adve
tion. We496 do not need this kind of rationale any more.497498 P22 Fig.12: ω500(hPa/d)499 Corre
ted500501 P25 L6: the 
ruises goes502 Corre
ted503504 P25 L8: �when 
onsidering only the 6 data points when zorig < 2000m�: Rationale behind this?505506 We now 
larify what we mean: se
tion 5: �Remarkably, there are 6 days when zorig 
oin
ides with zi with a root507 means square error of 31h and 
orrelation 
oe�
ient of 0.996 (Fig. 15
). This indi
ates that the air exa
tly 
omes508 from the inversion layer. When re
alling that zorig and zi are estimated from 
ompletely independent observations,509 the 
oin
iden
e is remarkable and lends support to the fa
t that on these days, our zorig estimate is physi
al.510 However, there remains 9 days when zorig is mu
h higher than zi. This may re�e
t more penetrative downdrafts as511 we approa
h deeper 
onve
tive regimes. But it may also be an artifa
t of our negle
t of horizontal adve
tion. For512 example, on these days whi
h are 
hara
terized by lower h0, negle
ting the adve
tion of enri
hed water vapor from513 nearby regions with higher h0 
ould be mis-interpreted as lower rorig and thus higher zorig. �.514515 P25 L14: ... at the seasonal-spatial and daily s
ale is the proportion of the water vapor in the SCL that is516 originates from above517 Corre
ted518519 P26 Fig. 15: r → rorig520 Corre
ted521522 P27 L1: there → they523 Corre
ted524525 P27 L13: the temporal variability of αeff . Is it possible to estimate the un
ertainty from the spatial variability526 of αeff as well (in the verti
al, i.e. how mu
h the δ pro�le di�ers from a Rayleigh line with 
onstant αeff )?527528 We now better do
ument the spatio-temporal variability in the shape of free tropospheri
 δD pro�les in the529 appendix D.1. To address this spe
i�
 
omment, we now plot parameter f =
δDLMDZ−δDRayleigh

δDmix−δDRayleigh
des
ribing whether530 simulated δD is 
loser to Rayleigh line or a mixing line. We show verti
al pro�les and maps of f at both 1000 m531 and 4000 m (Fig 16 b,d).532 We tried to 
ompare the zorig estimate with and without the assumption that the δD pro�le follows a Rayleigh533 line. However, it didn't work as well as expe
ted. We now explain this when examining all errors on zorig (se
tion534 10



6.5): �When trying to �nd a numeri
al solution for zorig dire
tly from Eq. (6), a solution 
an be found only in535 0.1 % of 
ases.�. We explain why, and we also explain why it may work better in nature.536537 P27 L21: estimating zorig from δD0measurements on a daily basis (?)538539 Now we write: �estimating zorig from daily δD0 measurements 
annot be useful unless we measure δD pro�les540 on a daily basis as well.�541542 P28 L2: and if we measure543 Corre
ted544545 P28 L3: swap trade-wind 
umulus and strato-
umulus 
louds546 Corre
ted547548 P29 L14: very pre
ised estimates549 Corre
ted550551 P29 L18: the altitude from whi
h the air is originates, and is not to biased by552 Corre
ted553 Referen
es554 [Benetti et al., 2014℄ Benetti, M., Reverdin, G., Pierre, C., Merlivat, L., Risi, C., and Vimeux., F. (2014). Deu-555 terium ex
ess in marine water vapor: Dependen
y on relative humidity and surfa
e wind speed during evaporation.556 J. Geophys. Res, 119:584�593, DOI: 10.1002/2013JD020535.557 [Bony et al., 2013℄ Bony, S., Bellon, G., Klo
ke, D., Sherwood, S., Fermepin, S., and Denvil, S. (2013). Robust558 dire
t e�e
t of 
arbon dioxide on tropi
al 
ir
ulation and regional pre
ipitation. Nature Geos
ien
e, 6(6):447�451.559 [Bony et al., 2004℄ Bony, S., Dufresne, J.-L., Le Treut, H., Mor
rette, J.-J., and Senior, C. (2004). On dynami
560 and thermodynami
 
omponents of 
loud 
hanges. Climate Dynami
s, 22:71�86.561 [Bony et al., 1997℄ Bony, S., Lau, K., and Sud, Y. (1997). Sea surfa
e temperature and large-s
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ir
ulation562 in�uen
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t and 
loud radiative for
ing. Journal of Climate, 10(8):2055�2077.563 [Dee et al., 2018℄ Dee, S. G., Nusbaumer, J., Bailey, A., Russell, J. M., Lee, J.-E., Kone
ky, B., Buenning, N. H.,564 and Noone, D. C. (2018). Tra
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al Resear
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Abstract. Understanding what controls the water vapor isotopic composition of the sub-cloud layer (SCL) over tropical oceans

(δD0) is a first step towards understanding the water vapor isotopic composition everywhere in the troposphere. We propose an

analytical model to predictδD0 asafunctionof seasurfaceconditions,humidityandtemperatureprofiles,andthe
::::::::

motivated
:::

by

:::

the
::::::::::

hypothesis
:::

that
:::

the
:

altitude from which the free tropospheric air originates (zorig) . To doso,weextendpreviousstudiesby

(1)
:

is
:::

an
:::::::::

important
::::::

factor:
:::::

when
:::

the
:::

air
:::::::

mixing
::::

into
:::

the
::::

SCL
::

is
::::::

lower
::

in
:::::::

altitude,
::

it
::

is
:::::::::

generally
:::::::

moister,
::::

and
::::

thus
:

it
::::::::

depletes
:::::

more5

:::::::::

efficiently
:::

the
:::::

SCL.
:::

We
:::::::

extend
:::::::

previous
:::::::

simple
:::

box
:::::::

models
:::

of
:::

the
::::

SCL
:::

by prescribing the shape ofδD vertical profiles, and(2)

linking δD0 to zorig
::

as
:

a
::::::::

function
::

of
:::::::::

humidity
:::::::

profiles
:::

and
:::

by
::::::::::

accounting
:::

for
::::

rain
:::::::::::

evaporation
::::

and
:::::::::

horizontal
:::::::::

advection
::::::

effects.

The model relies on thehypotheses
::::::::::

assumptionthatδD profiles are steeper than mixing linesandno cloudsareprecipitating.

:

,
:::

and
::::

that
::::

the
::::

SCL
::

is
:::

at
::::::

steady
:::::

state,
:::::::::

restricting
:::

its
:::::::::::

applications
:::

to
::::

time
::::::

scales
::::::

longer
:::::

than
:::::

daily.
::::

The
::::::

model
:::::::

express
:::::

δD0
::

as
::

a

:::::::

function
:::

of
:::::

zorig,
::::::::

humidity
::::

and
:::::::::::

temperature
:::::::

profiles,
:::::::

surface
::::::::::

conditions,
::

a
:::::::::

parameter
:::::::::

describing
:::

the
:::::::::

steepness
::

of
::::

the
:::

δD
:::::::

vertical10

:::::::

gradient
::::

and
:

a
::::

few
::::::::::

parameters
::::::::::

describing
:::

rain
:::::::::::

evaporation
::::

and
:::::::::

horizontal
:::::::::

advection
:::::::

effects.We show thatδD0 does not depend

on the intensity of entrainment, dampening hope thatδD0 measurements could help constrain this long-searched quantity.

Based on an isotope-enabled general circulation model simulation, we show thatδD0 variations are mainly controlled by

mid-tropospheric depletion and rain evaporation in ascending regions, and by sea surface temperature andzorig in subsiding

regions.Whentheair mixing into theSCL is lower in altitude,it is moister,andthusit depletesmoreefficiently theSCL.15

In turn, couldδD0 measurements help estimatezorig and thus discriminate between different mixing processes?Estimates

thatareaccurateenough
:::

For
:::::

such
::::::::::::

isotope-based
:::::::::

estimates
::

of
:::::

zorig to be usefulwouldbedifficult toachievein practice,requiring

measuringdaily
:

,
:::

we
::::::

would
:::::

need
::

a
:::::::::

precision
::

of
::

a
::::

few
:::::::::

hundreds
::::::

meters
:::

in
:::::

deep
::::::::::

convective
:::::::

regions
::::

and
:::::::

smaller
:::::

than
::

20
:::

m

::

in
::::::::::::::

strato-cumulus
:::::::

regions.
:::

To
::::::

reach
::::

this
::::::

target,
::::

we
::::::

would
:::::

need
:::::

daily
::::::::::::::

measurements
::

of
:

δD profiles, and measuring
:

in
::::

the

::::::::::::::

mid-troposphere
::::

and
::::::::

accurate
:::::::::::::

measurements
:::

of δD0 with anaccuracyof
::::::::

(accuracy
::::::

down
::

to
:

0.1 ‰ and0.4 ‰ in trade-wind20

cumulusand
:

in
::::

the
::::

case
:::

of strato-cumulus
::::::

clouds,
::::::

which
::

is
:::::::::

currently
:::::::

difficult
::

to
::::::::

obtain).
:::

We
::::::

would
::::

also
:::::

need
:::::::::::

information
:::

on

:::

the
:::::::::

horizontal
:::::::::::

distribution
::

of
::::

δD
::

to
::::::::

account
:::

for
:::::::::

horizontal
::::::::::

advection
:::::::

effects,
:::

and
::::

full
::::

δD
:::::::

profiles
::

to
::::::::

quantify
:::

the
:::::::::::

uncertainty

:::::::::

associated
::::

with
::::

the
::::::::

assumed
:::::

shape
::::

for
:::

δD
::::::::

profiles.
:::::::

Finally,
::::

rain
:::::::::::

evaporation
::

is
::

an
:::::

issue
:::

in
::

all
::::::::

regimes,
:::::

even
::

in
::::::::::::::

strato-cumulus

cloudsrespectively.
:

.
:::::::::

Innovative
::::::::::

techniques
::::::

would
:::::

need
::

to
:::

be
:::::::::

developed
::

to
::::::::

quantify
::::

this
:::::

effect
:::::

from
::::::::::::

observations.
:
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1 Introduction

1.1 What controls the water vapor isotopic composition?

The water vapor isotopic composition (e.g.δD = (R/RSMOW − 1)× 1000 expressed in ‰, whereR = HDO/H2O
::

R
::

is

:::

the
::::

D/H
:::::

ratio
:

and SMOW is the Standard Mean Ocean Water reference) has beenshown to be sensitive to a wide range of5

atmospheric processes (Galewsky et al., 2016), such as continental recycling (Salati et al., 1979; Risi et al., 2013), unsaturated

downdrafts (Risi et al., 2008, 2010a), rain evaporation (Worden et al., 2007; Field et al., 2010), the degree of organization of

convection (Lawrence et al., 2004; Tremoy et al., 2014), theconvective depth (Lacour et al., 2017b), the proportion of precip-

itation that occurs as convective or large-scale precipitation (Lee et al., 2009; Kurita, 2013; Aggarwal et al., 2016),vertical

mixing in the lower troposphere (Benetti et al., 2015; Galewsky, 2018a, b), mid-troposphere (Risi et al., 2012b) or upper-10

troposphere (Galewsky and Samuels-Crow, 2014), convective detrainment (Moyer et al., 1996; Webster and Heymsfield, 2003),

ice microphysics (Bolot et al., 2013). It is therefore very challenging to quantitatively understand what controls theisotopic

composition of water vapor.

A first step towards this goal is to understand what controls the water vapor isotopic composition in the sub-cloud layer

(SCL) of tropical (30◦S-30◦N) oceans. Indeed, this water vapor isa
::

an
:

important source moistening air masses traveling to15

land regions (Gimeno et al., 2010; Ent and Savenije, 2013) and towards higher latitudes (Ciais et al., 1995; Delaygue et al.,

2000). It is also ultimately the only source of water vapor inthe tropical free troposphere, since water vapor in the free

troposphere ultimately originates from convective detrainment (Sherwood, 1996), and convection ultimately feeds from the

SCL air (Bony et al., 2008). Therefore, the water vapor isotopic composition in the SCL of tropical oceans serves as initial

conditions to understand the isotopic composition in land waters and in the tropospheric water vapor everywhere on Earth. We20

focus here on the SCL because, by definition, there is no complication by cloud condensation processes.

The goal of this paper is thus to propose a simple analytical equation that allows us to understand and quantify the factors

controlling theδD in the water vapor in the SCL of tropical oceans. So far, the most famous analytical equation for this purpose

has been the closure equation developed byMerlivat and Jouzel (1979)
::::::::::::::::::::::::

Merlivat and Jouzel (1979)(MJ79). This closure equa-

tion can be derived by assuming that all the water vapor in theSCL air originates from surface evaporation. The water balance of25

the SCL can be closed by assuming a mass export at the SCL top (e.g. by convective mass fluxes) and a totally dry entrainment

into the SCL to compensate this mass export. The MJ79 equation has proved very useful to capture the sensitivity ofδD and

second-order parameter d-excess to sea-surface conditions (Merlivat and Jouzel, 1979; Ciais et al., 1995; Risi et al., 2010d)

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::

Merlivat and Jouzel (1979); Ciais et al. (1995); Risi et al. (2010d). However, theδD calculated from this equation suffersalow

::::

from
::

a
::::

high
:

bias in tropical regions(Jouzel and Koster, 1996)
::::::::::::::::::::::

Jouzel and Koster (1996). This bias can be explained by the ne-30

glect of vertical mixing between the SCL and air entrained from the free troposphere (FT). The MJ79 equation can better repro-

duce surface water vapor observation when extended to take into account this mixing(Benetti et al., 2015)
::::::::::::::::::

(Benetti et al. (2015)

, hereafter B15).However,this
:::

This
:

extension requires to know the specific humidity (q) and water vaporδD of the entrained
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air, whichareoftenunknown.In addition,theyassumed
:

.
::

To
:::

get
:::::

these
:::::::

values,
::::

they
:::::::

assumethat the air entrained into the bound-

ary layer comes from a constant altitude, whichdoesnot reflects
:

.
:::::::::

However,
:::

this
:::::

does
:::

not
::::::

reflect
:

the complexity of entrainment

and mixing processes in marine boundary layers.

1.2 Entrainment and mixing mechanisms

Figure 1 summarizes our knowledge about these entrainment and mixing processes. In strato-cumulus regions, clouds arethin5

and the inversion is just above theLCL
:::::

lifting
::::::::::::

condensation
:::::

level
::::::

(LCL). Air is entrained from the FT by cloud-top entrainment

driven by radiative cooling or wind shear instabilities (Mellado, 2017), possibly amplified by evaporative cooling of droplets

(Lozar and Mellado, 2015). Both Direct Numerical Simulations (Mellado, 2017) and observations of tracers (Faloona et al.,

2005) and cloud holes (Gerber et al., 2005) show that air is entrained from a thin layer above the inversion, thinner than 80m

and as small as 5m. The boundary layer itself is animated by updrafts, downdrafts and associated turbulent shells that bring air10

from the cloud layer downward (Brient et al., 2019; Davini etal., 2017).

In trade-wind cumulus regions, the cloudy layer is a bit deeper. Observational studies and large-eddy simulations have

pointed
:::

out
:

the important role of thin subsiding shells around cumulus clouds, driven by
::::::::

cloud-top
::::::::

radiative
::::::::

cooling,
:

mixing

and evaporative cooling of droplets (Jonas, 1990; Rodts et al., 2003; Heus and Jonker, 2008; Heus et al., 2009; Park et al.,

2016). This brings air from the cloudy layer to the SCL. Subsiding shells may also cover overshooting plumes of the cumulus15

clouds, entraining FT air into the cloud layer (Heus and Jonker, 2008).

In deep convective regions, unsaturated downdrafts drivenby rain evaporation (Zipser, 1977) are known to contribute signif-

icantly to the energy budget of the SCL (Emanuel et al., 1994). Large-eddy simulations show that subsiding shells, similar to

those documented in shallow convection, also exist around deep convective clouds (Glenn and Krueger, 2014). In the clear-sky

environment between clouds, turbulent entrainment into the SCL may also play a significant role (Thayer-Calder and Randall,20

2015).

Therefore, whatever the cloud regime, air entering the SCL from above may originate either from the cloud layer or from

the free troposphere, depending on the mixing mechanism. Therefore, in this paper in contrast withBenetti et al. (2015)

:::::::::::::::::

Benetti et al. (2015), we let the altitude from which the air originates,zorig, be variable. We do not call it “entrained” air

because entrainment sometimes refer to mixing processes through an interface (e.g.De Rooy et al. (2013); Davini et al. (2017)25

:::::::::::::::::::::::::::::::::::::

De Rooy et al. (2013); Davini et al. (2017)), whereas air in the SCL may also enter through deep, coherent and penetrative

structures such as unsaturated downdrafts. We do not call itFT air either, since it may originate from the cloudy layer.

1.3 Goal of the article

To acknowledge the diversity and complexity of mixing mechanisms, we extend the B15 framework intwo
::::::

several
:

ways. First,

we assume that we know therelationshipbetween
:::::

shape
:::

of δD and
:::::::

profiles
::

as
::

a
::::::::

function
::

of qin theFT, which allowsusto get30

rid of oneunknown. Second, we write the specific humidity of the air originating from above the SCL as a function ofzorig.

:::::

Third,
:::

we
::::::::

account
:::

for
::::

rain
:::::::::::

evaporation
:::

and
::::::::::

horizontal
:::::::

effects.

3
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Figure 1. Schematics showing the different types of clouds and mixing processesas a function of the large-scale circulation.

While B15 focused on observations during
:

a
:

field campaign, we also apply the extended equation to globaloutputs
::

of
:

an

isotope-enabled general circulation model, with the aim toquantify the different factors controlling theδD variability at the

globalscale
::

in
:::

the
:::::::

Tropics. The variablezorig will emerge as an important factor. Therefore, we discuss the possibility thatδD

measurements at the near surface and through the lower FT could help estimatezorig, and thus the mixing processes between

the SCL and the air above.5

Note that we focus onδD only. Results forδ18O are similar. We do not aim at capturing
:::

the
:

second-order parameter d-

excess, because our model requires some knowledge about free tropospheric vertical profiles of isotopic composition. While

δD is known to decrease with altitude (Ehhalt, 1974; Ehhalt et al., 2005; Sodemann et al., 2017), vertical profiles of d-excess

are more diverse and less well understood (Sodemann et al., 2017)
:

). In addition, the need for an extension of MJ79 is more

needed forδD than for d-excessanyway,sinceMJ79alreadyperformsquitewell for ,
:::::

since
:::

the
::::::

effect
::

of
::::::::::

convective
:::::::

mixing
::

is10

:::::

larger
:::

on
:::

δD
:::::

than
::

on
:

d-excess (Risi et al., 2010d; Benetti et al., 2014).

2 Theoretical framework

2.1 Assumptionsleading to the Benetti et al 2015equation
::::

Box
::::::

model
::::

and
:::::::

budget
::::::::::

equations
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In this section,we recall how the equationin Benetti et al. (2014)
::::::::

Building
::

on
:::::::::::::::::::

Benetti et al. (2014)and B15wasderivedand

explicit all underlyingassumptions.

We ,
:::

we
:

consider a simple box representing the SCL (Fig. 2). We assume that the airmaycome
::::::

comesfrom above (M ) or

from the
:::

and
:::::

from
:::

the
:::::::::

incoming
:

large-scale horizontalconvergence(D < 0
::::::::

advection
::::::

(Fadv), and is exported through the SCL

top (N , e.g. turbulent mixing or convective mass flux)or
:::

and
:::

by
::::::::

outgoing
:

large-scale horizontaldivergence(D > 0
::::::::

advection5

::::::::

(Fadv,out). We assume that the SCL is at steady state.In particular
:::

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.
:

The air mass budget of the SCL thus writes:

M+Fadv
:::::

= N +DFadv,out
:::::::

(1)

These fluxes also transport water vapor and isotopes. In addition, surface evaporationE imports
::::

and
::::

rain
::::::::::

evaporation
::::::

Fevap10

::::::

import water vapor and isotopes (Fig. 2).Weneglectimport of watervaporandisotopesby rainevaporation(Albrecht, 1993)

andwill testthesensitivityto thiseffect in appendixB.

Hereafter, to simplify equations, we use the isotopic ratioR instead ofδD.

The SCL is usually well-mixed (Betts and Ridgway, 1989; Stevens, 2006; De Roode et al., 2016), so that we can .
::::

We

::::

thus assume that the humidity and isotopic properties are constant vertically and horizontally in the SCL. They are noted15

(q0, R0). The humidity and isotopic properties of the mass flux export N are thus also (q0, R0). In caseof net horizontal

divergence(D > 0), the
::::

Theproperties of thedivergenceflux arealso(q0, R0). In caseof netconvergence(D < 0), weneglect

large-scale
:::

flux
:::

M
:::

are
::::::

noted
::::::

(qorig,
:::::::

Rorig).
::::

The
:::::::::

properties
::

of
::::

the
::::::::

incoming
:::

air
:::

by
:::::::::

horizontal
:::::::::

advection
::::

are
:::::

noted
::::::

(qadv,
::::::

Radv).

:::

For
:::::::::

simplicity
:::

we
:::::::

neglect
::::

here
::::

the
:::::

effect
::

of
:

horizontal gradients inair properties,sothatthepropertiesof theconvergenceflux

arealso(q0, R0). Thepropertiesof theflux M arenoted(qorig, Rorig)
::::::::

humidity
::::

(i.e.
::::::::::

qadv = q0),
:::::::::

assuming
:::

that
::::

the
:::::

main
:::::

effect20

::

of
:::::::::

horizontal
:::::::::

advection
:::

on
:::::

δD0
:::::

arises
:::::

from
:::::::::

horizontal
:::::::::

gradients
::

in
::::

δD.
::::::::::

Appendix
::

C
:::::::

explains
:::::

how
:::::

Radv
::::

can
::

be
::::::::::

calculated.
:

At

steady state, the water budget of the SCL writes:

M · qorig +E+Fevap +Fadv · q0
::::::::::::::::

= (N +DFadv,out
:::::::

) · q0 (2)

This model is consistent with SCL water budgets that have already been derived in previous studies (Bretherton et al., 1995),

except that we consider steady state. This equation can be solved for q0:25

q0 = qorig +E/M
E +Fevap

M
:::::::::

(3)

The SCL humidityq0 is thus sensitive toM , justifying that it can be used to estimate the mixing intensity or theentrainment

velocity
:::::::::::

“entrainment
::::::::

velocity”
:

we = M/ρ0 (ρ 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 · qorig ·Rorig +E ·RE+Fevap ·Revap +Fadv · q0 ·Radv
:::::::::::::::::::::::::::::

= (N +DFadv,out
:::::::

) · q0 ·R0 (4)

whereRE is the isotopic composition of the surface evaporation. It is assumed to follow theCraig and Gordon (1965)

:::::::::::::::::::::::

Craig and Gordon (1965)equation:

RE =
Roce/αeq −h0 ·R0

αK · (1−h0)
(5)5

whereRoce is the isotopic ratio in the surface ocean water,αeq is the equilibrium fractionation calculated at the ocean

surface temperature (SST) (Majoube, 1971),αK is the kinetic fractionation coefficient (MJ79) andh0 is the relative humidity

normalized at the SST (h0 = q0/qs(SST,P0) whereqs is the
::::::::

saturation
:

specific humidity atsaturationfunction
:::

SST
:

andP0 is

the surface pressure).

:::

We
:::::

write
:::

the
::::::::

isotopic
:::::::::::

composition
::

of
::::

the
::::

rain
:::::::::::

evaporation,
::::::

Revap,
:::

as:
:

10

Revap = αevap ·R0
:::::::::::::::::

::::::

where
:::::

αevap
::

is
:::

an
::::::::

effective
::::::::::::

fractionation
::::::::::

coefficient.
:::

For
:::::::::

example,
::

if
:::::::

droplets
::::

are
:::::::

formed
::::

near
:::

the
:::::

cloud
:::::

base,
::::::

some
::

of
:::::

them

:::::::::

precipitate
::::

and
:::::::::

evaporate
::::::

totally
::::

into
:::

the
:::::

SCL
::::

(e.g.
::

in
::::::::::::::::

non-precipitating
:::::::

shallow
::::::::

cumulus
::::::::

clouds),
::::

then
:::::::::::::::::::::

αevap = α(Tcloudbase).

::

In
::::::::

contrast,
::

if
:::::::

droplets
:::

are
:::::::

formed
:::

in
::::

deep
::::::::::

convective
::::::::

updrafts
::::

after
:::::

total
::::::::::::

condensation
::

of
:::

the
:::::

SCL
::::::

vapor,
:::

and
:::::

then
:

a
:::::

very
:::::

small

:::::::

fraction
::

of
:::

the
::::

rain
::

is
::::::::::

evaporated
::::

into
::

a
::::

very
::::

dry
:::::

SCL,
::::

then
:::::::::::::::::::::::

αevap = 1/α(TSCL)/αK
::::::::::::::

(Stewart, 1975)
:

.15

:::

We
::::

note
::::::::::::

η = Fevap/E
:::

the
:::::

ratio
::

of
:::::

water
::::::

vapor
:::::::

coming
::::

from
::::

rain
:::::::::::

evaporation
::

to
::::

that
::

of
::::::

surface
::::::::::::

evaporation,
:::

and
:::::::::::::::::

φ = Fadv · qadv/E

:::

the
::::

ratio
:::

of
:::::

water
:::::

vapor
:::::::

coming
:::::

from
:::::::::

horizontal
:::::::::

advection
:::

to
:::

that
::::::::

coming
::::

from
:::::::

surface
:::::::::::

evaporation.
::::

We
::::

note
:::::::::::::

β = Radv/R0
:::

the

::::

ratio
::

of
::::::::

isotopic
:::::

ratios
:::

of
:::::::::

horizontal
:::::::::

advection
::

to
::::

that
::

of
::::

the
:::::

SCL.

::::

Note
:::::

that
::

in
:::

all
::::

our
::::::::::

equations,
:::

we
::::::::

assume
::::

that
:::::::::::

temperature
::::

and
:::::::::

humidity
:::::::

profiles
::::

and
:::

all
::::::

basic
:::::::

surface
::::::::::::::

meteorological

::::::::

variables
:::

are
:::::::

known.
::::

We
:::::::

attempt
:::

to
:::::::

express
:::::::

neither
:::

h0
::

as
::

a
::::::::

function
:::

of
::

q0
:::

as
:::

in
::::

B15,
::::

nor
::::

the
:

q
:::::::

profile
::

as
::

a
::::::::

function
:::

of
:::

q0.20

:::

Our
::::::::

ultimate
::::

goal
::

is
:::

to
::::::

assess
:::

the
::::::

added
:::::

value
::

of
::::

δD
::::::::

assuming
::::

that
::::::::::::::

meteorological
:::::::::::::

measurements
:::

are
:::::::

already
::::::::

routinely
::::::

done.

By combining all these equations, we get:

R0 =
(1− rorig) ·Roce/αeq +αK · (1−h0) · r ·Rorig

(1− rorig) ·h0 +αK · (1−h0)

(1− rorig) ·Roce/αeq +αK · (1−h0) · rorig · (1+ η) ·Rorig

(1− rorig) ·h0 +αK · (1−h0) · (1+ η +(1− rorig) · (φ · (1−β)− η ·αevap)
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

(6)

whererorig = qorig/q0 is the proportion of the water vapor in the SCL that originates from above.
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Figure 2.
:::::::::

Schematics
:::::::

showing
:::

the
::::::

simple
:::

box
::::::

model
::

on
:::::

which
:::

the
:::::::::

theoretical
:::::::::

framework
::

is
:::::

based,
::::

and
:::::::::

illustrating
::

the
:::::

main
::::::::

notations.

An intriguing aspect of this equation is that the sensitivity to M disappears. In contrast toq0, R0 is not sensitive toM .

Therefore, it appears illusory to promise that water vapor isotopic measurements could help constrain the entrainmentveloc-

ity that many studies havestrived
::::::

striven
:

to estimate (Nicholls and Turton, 1986; Khalsa, 1993; Wang and Albrecht, 1994;

Bretherton et al., 1995; Faloona et al., 2005; Gerber et al.,2005, 2013). The lack of sensitivity ofR0 to M is explained physi-

cally by the fact that for a givenq0 andqorig, if M increases, thenE
:::::::::

E +Fevap
:

increases in the same proportion to maintain5

the water balance. Therefore, the
::::::

relative
:

proportion of the water vapor originating from surfaceevaporationand
:::

and
::::

rain

::::::::::

evaporation
:::

to
:::

that
::::::::

comingfrom above, to whichR0 is sensitive, remains constant. Rather, sinceq andR vary with altitude,

R0 is sensitive to the altitude from which the air originates, asarguedin thenextparagraph.

2.2 Two additional assumptionsto closethe equation

2.2
:::::::

Closure
::

if
::::

δD
::::::

profile
::::::::

follows
:

a
:::::::::

Rayleigh
::::::::::

distillation
::::

line10

:::

Eq.
:

(6) requires to knowqorig andRorig. B15 closedit by taking thevaluesof qorig andRorig
:::

take
:::::

these
::::::

values
:::::

from
::::::

GCM

::::::

outputs
:

at 700 hPafrom GCM outputs.Wemodify this in two ways.

7



First,we wantto
:

.
::

In
::::::::

contrast,
:::::

here
:::

we acknowledge the diversity and complexity of mixing mechanisms bytaking
:::::::

keeping

:::

the
:::::::::

possibility
:::

to
::::

takeqorig andRorig at a variable altitudezorig:
:

.

qorig = h(zorig) · qs(T̄ (zorig)+ δT (zorig),P (zorig))

where T̄ (zorig)+ δT (zorig) = T (zorig) is the temperatureat altitude
::

If
:::

the
:::::

goal
::

is
:::

to
:::::::

predict
:::

R0
:::::

from
:

zorig , T̄ is the

tropical-ocean-meantemperatureprofiles,h(zorig)
::

we
::::

can
:::::

apply
:::

Eq.
:::

(6)
::

if
:::

we
:::::

know
:::

the
::

q andP (zorig) aretherelativehumidity5

andpressureat
:::

δD
:::::::

vertical
::::::::

profiles.
::::::::::

Conversely,
::

if
::::

the
::::

goal
::

is
::

to
:::::::

predict
:

zorig , andδT (zorig) is thetemperatureperturbation

comparedto T̄ . Therefore,
::::

from
::::

R0,
:::

we
:::

can
:::::::::::

numerically
:::::

solve
::::

Eq.
:::

(6)
::

if
:::

we
:::::

know
:::

the
::

q
::::

and
:::

δD
:::::::

vertical
::::::::

profiles.
:::

No
:::::::::

analytical

:::::::

solution
:::::

exists
:::

in theunknownqorig is replacedby theunknown
::::::

general
:::::

case,
:::

but
:

a
::::::::::

numerical
:::::::

solution
::::

can
::

be
::::::::

searched
:::

for
:

zorig

.
:::::

based
:::

on
::::

Eq.
:::

(6).
:::::::::

However,
:::

the
:::::::::

existence
::::

and
:::::::

unicity
::

of
:::

the
::::::::

solution
::

is
::::

not
:::::::::

warranted
:::

for
:::

all
:::::

kinds
:::

of
:::::::

profiles
::::

(e.g.
:::::::::

appendix

:::

A).10

Notethatin all ourequations,weassumethattemperatureandhumidityprofilesandall basicsurfacemeteorologicalvariables

areknown.We makeno attemptto expressh0 asa functionof q0 asin B15.Our ultimategoal is to assesstheaddedvalueof

δD assumingthatmeteorologicalmeasurementarealreadyroutinelydone.Therefore,variationsof δD0 thataremediatedby

q0 or h0 donot interestus.

Second,to dealwith Rorig in Eq. (6) andgetananalyticalsolution,we assume
:

In
:::::::::

practice,
:::

full
::::::::

isotopic
:::::::

profiles
:::

are
::::::

costly15

::

to
::::::::

measure.
:::

In
::::::::

addition,
::::

our
::::

goal
::

is
:::

to
:::::::

develop
:::

an
:::::::::

analytical
:::::::

model.
::::::::::

Therefore,
::

in
:::

the
::::::::::

following
:::

we
::::::::

simplify
:::

the
::::::::

problem
:::

by

::::::::

assuming
:

that the vertical profile ofR follows a known relationship as a function ofq. Measured vertical profiles ofδD are

usually bounded by two curves when plotted in a (q, δD) diagram (Sodemann et al., 2017): Rayleigh distillation curve and

mixing line.Weexplorethesetwo extremecasesin thenextsectionandin appendixA respectively.

Schematicsshowingthesimpleboxmodelonwhich thetheoreticalframeworkis based,andillustratingthemainnotations.20

2.3 Closure if the tropospheric profile follows a Rayleigh line

Here we assumethat Rorig is uniquely relatedto qorig by Rayleighdistillation
:::::

First,
:::

we
::::::::

explore
:::

the
:::::

case
::

of
::

a
:::::::::

Rayleigh

:::::::::

distillation
::::::

curve(Dansgaard, 1964), as inGalewsky and Rabanus (2016)
:::::::::::::::::::::::::::

Galewsky and Rabanus (2016):

Rorig = R0 · r
αeff−1
orig (7)

whereαeff is an effective fractionation coefficient. Typically,q decreases with altitude, soR also decreases with altitude.25

However, in observations and models, vertical profiles ofR can be very diverse (Bony et al., 2008; Sodemann et al., 2017).

The water vapor may be more (Worden et al., 2007) or less (Sodemann et al., 2017) depleted than predicted by Rayleigh curve

using a realistic fractionation factor that depends on local temperature. Therefore, here we letαeff be a free parameter larger

than 1. Rather than assuming a true Rayleigh curve, we simplyassume thatR andq are logarithmically related.
::::::

Effects
:::

of

:::::::::

horizontal
:::::::::

advection
::::

and
:::

rain
:::::::::::

evaporation
:::

on
:::::::::::

tropospheric
::::::::

profiles
:::

are
::::::::::::

encapsulated
::::

into
:::::

αeff .
:

30
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Injecting Eq. (7) into Eq. (6), we get:

R0 =
Roce

αeq

·
1

h0 +αK · (1−h0) ·

(

(1+ η) ·
1−r

αeff
orig

1−rorig
− η ·αevap +φ · (1−β)

)

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

(8)

::

A
:::::::

simpler
:::::

form
:::

can
:::

be
:::::

found
::

if
::::::::::

neglecting
:::::::::

horizontal
:::::::::

advection
::::

and
::::

rain
:::::::::::

evaporation
::::::

effects
::::::::::::

(φ = η = 0):

R0 =
Roce

αeq

·
1

h0 +αK · (1−h0) ·
1−r

αeff
orig

1−rorig

(9)

As a consistency check, in the limit case where the air comingfrom above is totally dry (rorig = 0), wefind
:::

Eq.
:::

(9)
::::::::

becomes5

the MJ79 equation:

R0 =
Roce

αeq

·
1

h0 +αK · (1−h0)
(10)

Equation (9
:

8) tells us that wheneverαeff > 1, R0 decreases asrorig increases (Fig. 3 red), i.e. asqorig is moister. Therefore,

R0 decreases aszorig is lower in altitude. This result may be counter-intuitive,but can be physically interpreted as follows. If

zorig is high, mixing brings air with very depleted water vapor, but since the air is dry, the depleting effect is small. In contrast,10

if zorig is low, mixing brings air with water vapor that is not very depleted, but since the air is moist, the depleting effect is

large (Fig. 4a).

Figure 3 (red) shows that the range of possibleδD values is restricted to -70 ‰ to -85 ‰. This explains why in quiescent con-

ditions near the sea level in tropical ocean locations, the water vaporδD varies littleBenetti et al. (2014)(
::::::::::::::::::

(Benetti et al. (2014)
:

,

F. Vimeux pers. comm.). In the limit case whererorig → 1 (i.e. the air comes from the SCL top),R0 →
Roce

αeq
· 1
h0+αK ·(1−h0)·αeff

15

:::::::::::

(L’Hopital’s
:::

rule
::::

was
:::::

used
::

to
::::::::

calculate
::::

this
:::::

limit) . This lower bound is not so depleted compared to the more depleted water va-

por observed in regions of deep convection (e.g.Lawrence et al. (2002); Lawrence et al. (2004); Kurita (2013)
::::::::::::::::::::::::::

Lawrence et al. (2002); Lawre

). This is because whenrorig → 1, the water vapor coming from above has a composition very close to that of the SCL, so the

depleting effect is limited. In addition, surface evaporation strongly damps the depleting effect of mixing. Only rainevaporation

or liquid-vapor exchanges (Lawrence et al., 2004; Worden etal., 2007) can further decreaseR0 (appendix B).20

Figure 3 (green) shows that the sensitivity toαeff is relatively small but cannot be neglected. Therefore, predicting water

vaporδD
::::

δD0
:

requires to have some knowledge about the steepness of the isotopic profiles in the FT.
::::

Rain
:::::::::::

evaporation
::::

and

:::::::::

horizontal
:::::::::

advection
:::

can
:::::

have
::::::

either
::

an
:::::::::

enriching
:::

or
::::::::

depleting
::::::

effect,
::::

but
::

do
::::

not
:::::::::::

qualitatively
:::::::

change
:::

the
::::::

results
:::::

(Fig.
::

3
::::::

purple

:::

and
::::::

blue).

AssumingaRayleighshapefor theδD profileallowsusto find agood-lookinganalyticalsolution,butour
::::

Now
:::

we
::::::::

consider25

:::

the
::::

case
:::

of
::

a
:::::::

mixing
::::

line.
:::::::::

Detailed
::::::::::

calculation
:::

in
::::::::

appendix
:::

A
:::::

show
::::

that
::::

the
::::::::::

sensitivity
::

to
:::::

rorig
:::

is
::::

lost.
::::

An
:::::::

infinity
:::

of
:::

FT

:::

end
:::::::::

members
::::

can
::::

lead
::

to
::::

the
:::::

same
:::::

δD0
:::::

when
::::::

mixed
:::::

with
:::

the
:::::::

surface
::::::::::::

evaporation,
::

as
::::::::::

illustrated
::

in
::::

Fig.
:::

4b
::::

and
:::::::::::

analytically

9



::::::::::::

demonstrated
::

in
:::::::::

appendix
:::

A.
::::

Our
:

main results (more depletedδD0 as rorig increases, restricted range ofδD0 variations,

relationship withzorig) would hold for any
::::

hold
:::::

only
:::

for
:

δD profile that is steeperthanthe
::::::

profiles
::::

that
::::

are
:::::::

steeper
::::

than
::

a

mixing line. If theprofile follows as
:::

This
:::

is
:::

the
::::

case
:::

for
::::::::

profiles
:::

that
::::

are
:::::::::::

intermediate
::::::::

between
::

a
::::::::

Rayleigh
::::

and
::

a mixing line,

however,our resultswould not hold anymore,becauseno singleendmembercanbeidentified,asillustratedin Fig. 4b and

analyticallydemonstratedin appendixA. Therefore,in theremainingof thepaper,wewill assumethatR follows alogarithmic5

line. We will assessthevalidity of this assumptionin sectionD1.
::

as
::

is
:::::::

usually
:::

the
:::::

case
::

in
::::::

nature
::::::::::::::::::::::

(Sodemann et al., 2017)
::

or
::

in

:

a
:::::::

general
::::::::::

circulation
::::::

model
:::::::::

(appendix
:::::

D1).

An importantassumptionthat led to Eq. (9) is theneglectof SCL moisteningby rain evaporation.We proposeanextended

equationincluding rain evaporationin appendixB). Rainevaporationcanhavea depletingor enrichingeffect (e.g.pink and

blue curvesin Fig. 3), dependingon microphysicaldetailsthat aretoo complexto beaddressedhere.Therefore,we neglect10

rainevaporationeffectsandourresultswill bevalid only in regionscoveredby non-precipitatingclouds,e.g.subsidingregions

coveredby non-precipitatingtrade-windcumulus,strato-cumulusor stratusclouds.

3 Model simulations, observations and methods

3.1 LMDZ simulations

We use an isotope-enabled general circulation model (GCM) as a laboratory to test our hypotheses and investigateisotopic15

controls
::::

what
::::::::

controls
:::

the
::::::::

isotopic
:::::::::::

composition. We use the LMDZ5A version of LMDZ (Laboratoire de Météorologie Dy-

namique Zoom), which is the atmospheric component of the IPSL-CM5A coupled model (Dufresne et al., 2012) that took

part in CMIP5 (Coupled Model Intercomparison Project,Taylor et al. (2012)
:::::::::::::::::

Taylor et al. (2012)). This version is very close

to LMDZ4 (Hourdin et al., 2006). Water isotopes are implemented the same way as in its predecessor LMDZ4 (Risi et al.,

2010c). We use 4 years (2009-2012) of an AMIP (Atmospheric Model Intercomparison Project)-type simulation (Gates, 1992)20

that was initialized in 1977. The winds are nudged towards ERA-40 reanalyses (Uppala et al., 2005) to ensure a more realistic

simulation. Such a simulation has already been described and extensively validated for isotopic variables in both precipitation

and water vapor (Risi et al., 2010c, 2012a). The ocean surface waterδDoce is assumed constant and set to 4 ‰. The resolution

is 2.5◦ in latitude× 3.75◦ in longitude, with 39 vertical levels. Over the ocean, the first layer extends up to 64 m, and a typical

SCL extending up to 600 m is resolved by 6 layers. Around 2500 m, a typical altitude for the inversion for trade-wind cumulus25

clouds, the resolution is about 500 m.

:::

For
::::

our
:::::::::::

calculations,
::::

we
::::

only
::::

use
:::::::

tropical
:::::

grid
:::::

boxes
::::::::::::

(30◦S-30◦N)
:::::

over
:::::::

tropical
:::::::

oceans
:::::::

(>80%
:::::

ocean
::::::::

fraction
::

in
::::

the
::::

grid

:::::

box).
::

In
::::::::

addition,
:::

to
:::::

avoid
:::::::::

numerical
:::::::::

problems
:::::

when
::::::::::

estimating
:::::

effect
:::

of
:::::::::

horizontal
:::::::::

advection
::::

and
::::

rain
:::::::::::

evaporation,
:::::

only
::::

grid

:::::

boxes
::::

and
::::

days
::::::

where
::::::::

E > 0.5
::::::

mm/d
:::

are
::::::::::

considered.
:::::

This
:::::::::

represents
::::::

99.7%
:::

of
::

all
::::::::

tropical
:::::::

oceanic
::::

grid
::::::

boxes.
:

:::::::

Specific
:::::::::::

diagnostics
:::

for
:::::::::

horizontal
:::::::::

advection
::::

and
::::

rain
::::::::::

evaporation
::::

are
:::::::

detailed
::

in
:::::::::

appendix
::

B
::::

and
::

C.
:

30
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Figure 3. δD0 as a function ofrorig according to Eq. (9), withαeff = αeq as an example (red).

:::

For
:::

this
:::::::::

illustrative
::::::::

purpose,
:::

we
::::::

assume

:::::::::

SST=30°C,
::::::::

h0 = 0.8,
:::::::::::

δDoce = 0‰
::::

and
:::::::::

φ = η = 0. The sensitivity to the effective fractionation factorαeff (green) is shown.In caseof
:

If

rain evaporationfractionation
::

is
::::

25%
::

of
::::::

surface
::::::::::

evaporation
:::::::::

(η = 0.25), the
::::

solid
::::

pink
::::

and
::::

blue
:::::

curves
:::::

show
:::

thesensitivity to the effective

fractionation factorαre (seeappendixB)
:::::

αevap.
:::

If
:::

the
:::::::

incoming
:::::

water
:::::

vapor
:::

by
::::::::

horizontal
::::::::

advection
:

is shown
::::

25%
::

of
::::::

surface
::::::::::

evaporation

(pink
::::::::

φ = 0.25),
::

the
::::::

dashed
::::

pink
::::

andblue)
:::::

curves
::::

show
:::

the
:::::::::

sensitivity
::

to
:::

the
::::::

isotopic
:::::::

gradient
:::::::::

quantified
::

by
::

β.

11



−140

−130

−120

−110

−100

−90

−80

−70

 10  12  14  16  18  20  22  24

−140

−130

−120

−110

−100

−90

−80

−70

 10  12  14  16  18  20  22  24

(a) Rayleigh vertical profile

(b) mixing vertical profile

SCL airmixingRayleighair from aboverorig = 0.5

SCL airmixingRayleighrorig = 0.7

q (g/kg)

δ
D

(h) air from above

mixingSCL airair from above, rorig = 0.7air from above, rorig = 0.5

q (g/kg)

δ
D

(h)

Figure 4. Idealizedq− δD diagrams showing how the SCL water vaporδD is set.
:::

For
:::

this
:::::::::

illustrative
::::::::

purpose,
:::

we
::::::

assume
::::::::::

SST=30°C,

::::::::

h0 = 0.8,
:::::::::::

δDoce = 0‰
:::

and
:::

and
:::::::::

φ = η = 0.
:

(a) If δD profiles follow Rayleigh distillation. The red curve shows the Rayleigh profilestarting

from the SCL and the pink curve shows the mixing line connecting the air coming from above to the surface evaporation, in the case

rorig = qorig/q0 = 0.7. The green curve shows the the Rayleigh profile starting from the SCL andthe blue curve shows the mixing line

connecting the air coming from above to the surface evaporation, in the caserorig = qorig/q0 = 0.5. One can visually see that whenrorig is

lower, the mixing line is more curved, leading to more enriched values. (b)If δD profiles follow a mixing line. Thepink
:::::

purplecurve joins

the SCL air and the air at all altitudes above the SCL. One can see that different values forrorig can lead to the same value ofδD in the

SCL.
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3.2 STRASSE observations

We also apply our theoretical framework to observations during the STRASSE (subtropical Atlantic surface salinity exper-

iment) cruise that took place in the Northern subtropical ocean in August and September 2012 (Benetti et al., 2014). This

campaign accumulates several advantages that are important for our analysis: (1) continuousδD0 measurements in the surface

water vapor (17m) at a high temporal frequency during one month (Benetti et al., 2014, 2015, 2017b), (2) associated surface5

meteorological measurements, including SST andh0, (3) 22 radio-soundings relatively well distributed over the campaign

period and providing vertical profiles of altitude, temperature, relative humidity and pressure, (4) ocean surface water δDoce

measurements (Benetti et al., 2017a), (5) a variety of conditions ranging from quiescent weather to convective conditions, (6)

on many vertical profiles, a well defined temperature inversion allows to calculate the inversion altitude.

We useδD0 measurements on a 15-minute time step. The measurements in ocean water were interpolated on the same time10

steps using a Gaussian filter with a width of 3 days. The radio-soundings are used together with all water vapor isotopic mea-

surements that are within 30 minutes of the radio-sounding launch. 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)

.

3.3 Estimating the altitude from which the air originates15

First,αeff is estimatedassumingthat
::::

Here
:::

we
:::::::

explain
::::

how
:::::

zorig
::

is
:::::::::

estimated
::::::

based
:::

on
::::::

LMDZ
::::::::

outputs.
:::::

First,
:::

we
:::::::

assume
::::

that

:::

the
:

q
::::

and
::::

δD
::

at
::::

500
::::

hPa
:

(qf , δDf ) at 500hPafollows
::::::

belong
::

to
:

a Rayleigh distillation
::::

line
:::::::

starting
:

from the surface
::::

with

:::::::

effective
::::::::::::

fractionation
:::::

αeff :

αeff = 1+
ln(Rf/R0)

ln(qf/q0)

::

In
::

a
:::

real
:::::

field
:::::::::

campaign,
::::

this
::::::::::

assumption
:::::::

means
:::

that
::::

we
::

do
::::

not
::::

need
::

to
::::::::

measure
:::

the
::::

full
:::::::

vertical
::::::

profile
:::

of
::::

δD,
:::

but
::::

only
:::::

δDf20

::

at
:

a
:::::

given
::::

free
::::::::::::

tropospheric
:::::::

altitude
::::

(e.g.
::::

500
:::::

hPa).
:

We checked that results are similar when defining the end member at 400 hPa rather than 500 hPa. However,if the end mem-

ber is
::::::

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),resultsarenot alwaysreasonable
::::

there
:::

are
::

a
:::

few
::::::

cases
::::::

where
:

q
:::::::::

increases
::::

with
:::::::

altitude
:::::::::

(qf > q0)

:::

due
::

to
::::::::::

horizontal
:::::::::

advection
::

or
::::::::::

convective
:::::::::::

detrainment
:::::

from
::::::

nearby
::::::::

moister
:::::::

regions;
:::::::::::

meanwhile,
:::

δD
:::::::::

decreases
::::::::::::::

monotonically,25

::::::

leading
:::

to
:::::::::

unrealistic
::::::

values
:::

for
:::::

αeff .

Second,rorig is estimated based on Eq. (9), usingαeff , αeq, αK , δDoce, h0 andδD0
:::::::::

simulated
::

by
:::::::

LMDZ.

Third, the altitudezorig is estimated fromrorig. Using theq vertical profile, we findzorig so thatq(zorig) = rorig · q0 (Fig.

5, red).

Notethat
:::::

When
:::::::::

estimating
:::::

zorig
:::::

from
::::::::::::

observations,
:::

we
::::::

follow
:::

the
:::::

same
::::::::::::

methodology
::::::

except
:::

that
::

in
::::::::

absence
::

of
:::::::::::::

measurements30

:::

for
::

qf
::::

and
:::::

δDf
:::

we
:::::::

assume
:

a
::::::::

constant
::::::::::::

αeff = 1.07
:::::

based
:::

on
:::::::

LMDZ
::::::::::

simulation,
::::

and
::::

that
::::

αeq,
::::

αK
:

,
:::::::

δDoce,
::

h0
::::

and
:::::

δD0
:::::

come

::::

from
:::::::

surface
::::::::::::

observations.
:
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Figure 5.Schematics illustrating the typical structure of tropical marine boundary layers.
:::

The
::::::::

sub-cloud
::::

layer
:::::

(SCL)
:::::::

extends
::::

from
:::

the
::::::

surface

::

to
::

the
::::::

lifting
:::::::::::

condensation
::::

level
:::::

(LCL)
::::

and
::

the
:::::

cloud
:::::

layer
::::::

extends
::::

from
:::

the
::::

LCL
::

to
:::

the
::::::::

inversion
::::

(zi).
:::

EIS
::::::

stands
::

for
:::

the
::::::::

estimated
::::::::

inversion

:::::::

strength.Left: shape of the vertical profile inq (black) andqs (green). Right: shape of the vertical profile in potential temperatureθ, inspired

by Wood and Bretherton (2006)
:::::::::::::::::::::::

(Wood and Bretherton, 2006). The LCL, zorig , zorig,rorig=0.6 andzi altitudes defined in section 3.4 are

indicated.

::::

Note
:::::

that
:::::

rorig
::::

and
:::::

zorig
::::

are
:::

not
::::::

direct
:::::::::::

diagnostics
:::::

from
:::

the
:::::::::::

simulation,
::::

but
::::::

rather
:::::::::::

a-posteriori
:::::::::

estimates
::

to
::::::

match
::::

the

::::::::

simulated
::::::

δD0.
:::::::::

Therefore,
:

if assumptions underlying Eq. (9) are violated, then the estimate ofrorig, and subsequentlyzorig,

will be based
:::::

biased. The estimate ofrorig encapsulates the effect of mixing processes, but also all other processes that have

been neglected in our theoretical framework, such as temporal variations in SCL depth,q0 or δD0 , horizontalgradientsin
::

or

:::::::

vertical
:::::::::

variations
::

of
:

q0 or δD0 , or rain evaporation.For example,in caseof deepconvection,depletingrain evaporationwill5

reflect into an artificially largerrorig andlower zorig. We haveto keepthis in mind wheninterpretingthe results
::::::

within
:::

the

::::

SCL.

3.4 Boundary layer structure diagnostics

Figure 5 illustrates the structure of a typical tropical marine boundary layer covered by strato-cumulus or cumulus clouds

(Betts and Ridgway, 1989; Wood, 2012; Wood and Bretherton, 2004; Neggers et al., 2006; Stevens, 2006). The cloud base10

corresponds to the lifting condensation level (LCL). Belowis the 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 specific humidity near the surface equals the specific humidity at saturation

of a parcel that is lifted following a dry adiabat (Fig. 5).In LMDZ, theinversion
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::::

The
::::::::::

temperature
:::::::::

inversion
::

is
::

an
::::::

abrupt
::::::::

increase
::

in
:::::::::::

temperature
:::

that
:::::

caps
:::

the
::::::::

boundary
::::::

layer.
:::::::::

Therefore,
::

a
:::::::

method
::

to
::::::::::::

automatically

:::::::

estimate
:::

itsaltitudezi is calculated
::

to
::::::

detect
:

a
:::::::::

maximum
:::

in
:::

the
:::::::

vertical
:::::::

gradient
::

of
::::::::

potential
:::::::::::

temperature
::::::::::::::::::::::::::::::::

(Stull, 1988; Oke, 1988; Sorbjan, 19

:

.
::::

This
:::::::

method
::

is
::::::::

sensitive
:::

to
:::

the
:::::::::

resolution
:::

of
:::::::

vertical
:::::::

profiles
:::::::::::::::::::::::::::::::::::

(Siebert et al., 2000; Seidel et al., 2010)
:

.
:::::::::

Therefore,
::::

we
:::::::

adapted

:::

this
::::::::

method
::

in
::::::

order
::

to
:::::

yield
:::

zi
::::::

values
::::

that
:::::

best
:::::

agree
:::::

with
:::::

what
:::

we
:::::::

would
::::::::

estimate
:::::

from
::::::

visual
::::::::::

inspection
::

of
::::::::::

individual

::::::::::

temperature
::::::::

profiles.
:::

In
:::::::

LMDZ,
:::

we
::::::::

calculate
:::

zi as the first level at which the vertical potential temperature gradients
:::::::

gradient5

exceeds 3 times the moist-adiabatic lapse rate. In observations,
:::

we
:::::::::

calculatezi is calculatedas the first level at which the

vertical potential temperaturegradients
:::::::

gradient
:

exceeds 5 times the moist-adiabatic lapse rate, because radio-soundings are

noisier than simulated profiles.Theseestimatesareconsistentwith whatwe would estimatefrom visual inspectionof vertical

profiles.

Finally, we calculatezorig,rorig=0.6, which is thezorig altitude if rorig is set to 0.6. This usually coincides with the altitude10

of strong humidity decrease near the inversion (Fig. 5).

3.5 Averages and composites

All calculations are done on daily values for LMDZ, and on 15-minute values for observations.

For LMDZ, when analyzing spatial and seasonal variability,seasonal averages are calculated at each grid box
::::

over
:::::::

tropical

::::::

oceansby averaging all days of all years that belong to each season.Seasons are defined as boreal winter (December-January-15

February), spring (March-April-May), summer (June-July-August) and fall (September-October-November). For illustration

purpose, all maps are plotted for boreal winter. Standard deviations are also calculated among all days of all years for each

season.

The type of clouds and mixing processes depends strongly on the large-scale velocity at 500 hPa (ω500,
:::

map
:::::::

shown

::

in
:

Fig. 6a), with shallow clouds in subsiding regions and deeper clouds in ascending regions ((Bony et al., 2004), Fig. 1).20

Therefore,compositesare calculatedby averaging
:

it
::

is
::::::::::

convenient
:::

to
::::

plot
:::::::::

variables
:::

as
:::::::::::

composites
::

as
::

a
::::::::

function
:::

of
:::::

ω500

::::::::::::::::

(Bony et al., 2004)
:

.
:::

To
:::::

make
:::::

such
::::::

plots,
:::

we
::::::

divide
::::

the
:::::

ω500
:::::

range
:::::

from
::::

-30
:::

to
:::

50
:::::

hPa/d
:::::

into
::::::::

intervals
::

of
::

5
:::::::

hPa/d.
::

In
:::::

each

:::::

given
::::::::

interval,
:::

we
::::::::

averageall seasonal-mean values at all locationsthat belongto a given interval of
::::

over
:::::::

tropical
:::::::

oceans

:::

for
::::::

which
:::::::::::::

seasonal-mean
:

ω500
:::::::

belongs
:::

to
:::

this
::::::::

interval
::::

(e.g.
::::

Fig.
:::

8a
::::

will
:::

be
::

an
::::::::::

example).
:::::

Note
::::

that
::::

such
:::::::::::

composites
:::

are
:::::

done

::

on
::::::::::::::

seasonal-mean
:::::

ω500
:::::::

because
::::::

cloud
:::::::::

processes
::::

and
:::::

their
:::::::::

associated
::::::::

diabatic
:::::::

heating
::::

are
::::

tied
::

to
::::

the
::::::::::

large-scale
::::::::::

circulation25

:::::::

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
:::::

ω500
::

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
::::

δD0.

The cloud cover stronglydependson
::::::::

correlates
:::::

with
:

the inversion strength,with increasingcloud fraction as inversion30

strengthincreases.We use
:::::

which
::::

can
:::

be
:::::::::

quantified
:::

by
:::

the
:

Estimated Inversion Strength (EIS) (Wood and Bretherton, 2006)

(,
::::::::::::::::::::::::::

Wood and Bretherton (2006)
:

,
::::

map
::::::

shown
:::

in
:

Fig. 6b) as a measure of inversion strength.Compositesas
:::

We
:::::

thus
::::

also
::::

plot

::::::::

variables
::

as
:::::::::::

composites
::

as
:

a function of EISarecalculatedby averaging
:

.
:::

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
::::::::

averageall seasonal-mean values at all locationsthat belong
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Figure 6. Maps of winter-meanω500 (a) and EIS (b) simulated by LMDZ.

to a given interval of EIS.
::::

over
:::::::

tropical
:::::::

oceans
:::

for
::::::

which
::::::::::::::

seasonal-mean
::::

EIS
:::::::

belongs
:::

to
:::

this
::::::::

interval
::::

(e.g.
::::

Fig.
:::

8b
::::

will
:::

be
:::

an

:::::::::

example).
:::::

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.
:

3.6 Decomposition method forδD0

To understand what controls theδD0 spatio-temporal variations,δD0 is decomposed into 4 contributions based on Eq. (9).The5

4 factors,rorig
::

8).
:::::

First,
:::

we
::::::

define
:::::::::::::

rorig,bas = 0.3, αeff
:::::::::::::

αeff,bas = 1.09
:

, SSTandh0, arealternativelyvariedeachoneatatime,

assumingthatall otherfactorsareconstant(rorig = 0.6, αeff = 1.09 , SST
:::::::

SST bas=25°C,h0 = 0.8). Thisyields4components

:::::::::::

h0,bas = 0.7, representingtheeffectsof thevariability of
::::::::

φbas = 0,
:::::::::

ηbas = 0,
::::::::

βbas = 1
::::

and
::::::::::::

αevap,bas = 1
:::

as
:

a
:::::

basic
:::::

state.
::::

We

:::

call
:::::::::::::::::::::::::::::::::::::::::

δD0,func(rorig,αeff ,SST,h0,φ,β,η,αevap)
:::

the
::::::::

function
::::::

giving
:::::

δD0
::

as
::

a
::::::::

function
::

of
:

rorig, αeff , SSTand,
:::::

SST,
:

h0on

δD0. ,
:::

φ,
::

β,
:

η
::::

and
::::::

αevap
::::::::

following
::::

Eq.
:::

(8),
::::

and
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

δD0,bas = δD0,func(rorig,bas,αeff,bas,SSTbas,h0,bas,φbas,βbas,ηbas,αevap,bas).10

:::

The
:::::::

relative
:::::::::::

contribution
:::

of
::::

rorig
::

to
:::::

δD0
::

is
::::::::

estimated
:::

as
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

δD0,func(rorig,αeff,bas,SSTbas,h0,bas,φbas,βbas,ηbas,αevap,bas)− δD0,bas.

:::::::::

Similarly,
:::

the
::::::::::::

contributions
:::

of
:::::

αeff ,
:::::

SST,
::::

h0,
::

φ
:::

and
::

η
::::

are
::

to
:::::

δD0
:::

are
:::::::::

estimated
:::

as
:::::::

detailed
:::

in
:::::

table
::

1.
:::

All
::::

the
::::::::::::

contributions

::::

have
:::

the
:::::

same
:::::

units
::

as
:::::

δD0
::::

(‰).
::::

The
::::

sum
:::

of
:::::

these
:::::::::::

components
::::::

yields
:

a
::::::::

quantity
:::

that
::

is
:::::

very
:::::

close
::

to
:::

the
:::::::::

simulated
:::::

δD0,
::::::

which

::::::::

confirms
:::

the
:::::::

validity
::

of
::::

this
::::::

linear
::::::::::::::

decomposition.
:::::

These
:::::::::::

components
::::

and
:::::

their
::::

sum
:::

can
:::

be
:::::::

plotted
::

as
::::::

maps:
::::

Fig.
:

7
::::::::

provides
:::

an

::::::::

example.15

The relativecontribution
::::::::::::

contributionsof each of theseeffects
:::::::::::

componentsto theδD variability is
:::

arequantified by perform-

ing a linear regression of each of the components as a function of δD0. If the correlation coefficient is significant for a given fac-

tor, then the slope quantifies the contribution of this factor to the variability ofδD0. The sum of all contributions may not always

be 1 due to non-linearity. Such a method has already been applied in previous studies (e.g.Risi et al. (2010b); Oueslati et al. (2016)

:::::::::::::::::::::::::::::::::::

Risi et al. (2010b); Oueslati et al. (2016)). The contributions to the seasonal-spatial variability of δD0 can be quantified by per-20

forming the regression among all locations and seasons. Thecontributions to the daily variability ofδD0 can be quantified by

performing the regression among all days of a given season ata given location.
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::::::::::

Contribution
:::::::::

Calculation
: :::::::

Physical
:::::::

meaning

::::

rorig
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

δD0,func(rorig,αeff,bas,SSTbas,h0,bas,φbas,βbas,ηbas,αevap,bas)− δD0,bas
:::::::

Altitude
::::

from
:::::

which
:::

the
:::

air

::::::::

originates

::::

αeff
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

δD0,func(rorig,bas,αeff ,SSTbas,h0,bas,φbas,βbas,ηbas,αevap,bas)− δD0,bas
::::::::

Steepness
::

of
:::

the
:::

δD

::::::

vertical
:::::::

gradient
::

in
::

the
:::

FT

::::

SST
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

δD0,func(rorig,bas,αeff,bas,SST,h0,bas,φbas,βbas,ηbas,αevap,basic)− δD0,bas
::::

SST

::

h0
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

δD0,func(rorig,bas,αeff,bas,SSTbas,h0,φbas,βbas,ηbas,αevap,bas)− δD0,bas
::

h0

::

φ
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

δD0,func(rorig,bas,αeff,bas,SSTbas,h0,bas,φ,β,ηbas,αevap,bas)− δD0,bas
::::::::

Horizontal
::::::::

advection

::::::

through
:::::::::

horizontal
:::

δD

::::::::

gradients

:

η
: :::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

δD0,func(rorig,bas,αeff,bas,SSTbas,h0,bas,φbas,βbas,η,αevap)− δD0,bas
: ::::

Rain
:::::::::

evaporation
::

in
:::

the

::::

SCL
Table 1.

:::::::

Equations
:::

to
:::::::

calculate
::::

the
::::::

relative
:::::::::::

contributions
:::

of
:::::

rorig,
:::::

αeff ,
:::::

SST,
:::

h0,
::

φ
:::

and
::

η
:::

to
::::

δD0,
::::

and
:::

the
:::::::

physical
::::::::

meaning
::

of
:::::

these

:::::::::::

contributions.

3.7 Decomposition method forrorig

To understand what controlsrorig, a similar method
::

as
:::

for
:::

the
::::::::::::::

decomposition
::

of
:::::

δD0 can be applied, basedon Eq. (??).
::::

We

:::

can
:::::

write
:::::

rorig
::

as:

rorig =
h(zorig) · qs(T̄ (zorig)+ δT (zorig),P (zorig))

q0
(11)

::::::

where
:::::::::::::::::::::::::::::

T̄ (zorig)+ δT (zorig) = T (zorig)
::

is
:::

the
:::::::::::

temperature
::

at
:::::::

altitude
:::::

zorig,
::

T̄
::

is
:::

the
::::::::::::::::::

tropical-ocean-mean
:::::::::::

temperature
::::::::

profiles,5

:::::::

h(zorig)
::::

and
::::::::

P (zorig)
::::

are
:::

the
:::::::

relative
::::::::

humidity
::::

and
::::::::

pressure
::

at
:::::

zorig,
::::

and
:::::::::

δT (zorig)
::

is
::::

the
:::::::::::

temperature
:::::::::::

perturbation
:::::::::

compared

::

to
::

T̄ .
:

Therefore, the variability ofrorig is decomposed into the effect of 4 factors:q0, zorig, h(zorig) andδT (zorig). In practice,

rorig andzorig are calculated following section 3.3, then Eq. (11) is applied.

4 Results from LMDZ

4.1 Doesthe tropospheric profile follow a mixing or Rayleigh line?10
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First, we testwhethertheδD verticalprofilessimulatedby LMDZ follow a Rayleighor mixing curveasa functionof q. For

theRayleighcurve,αeff is estimatedasexplainedin section3.3.For themixing line, theendmember(qf , Rf ) is alsotaken

at 500hPa.Examplesof verticalδD profilessimulatedby LMDZ andpredictedby theRayleighandmixing linesareplotted

in Fig. ??. We canseethat simulatedprofilesareusuallyboundedby thesetwo extremelines,consistentwith observations

(Sodemann et al., 2017). Profilesarehowevermuchsmootherthanin observations,dueto thecoarseverticalresolutionof the5

model.Thecoarseverticalresolutionis a limitation to keepin mind whendiscussingtheshapeof verticalprofiles.

Whenassuminga Rayleighor mixing curve, the root meansquareerror (RMSE) on the δD profile from the surfaceto

500hParangesfrom 5 to 30 ‰ (Fig. D1a-b). In average,RMSE are slightly larger for Rayleigh,but this dependson the

locationandno genericcurvefits perfectlywell theverticalprofiles.This is consistentwith thediversity of observedprofile

shapes(Sodemann et al., 2017). In thefollowing, we will assumethat theRayleighcurveis a goodfirst orderapproximation.10

Our methodof zorig estimateremainsvalid evenif δD vertical profilesdo not follow Rayleigh,aslong they follow a curve

thatis steeperthanmixing. This is thecasein LMDZ (Fig. ??).

FigureD1c showstheestimatedαeff . It is maximumin regionsof deepconvection.This is consistentwith themaximum

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

steeperδD profiles.Thepatternof αeff mayalsoreflecthorizontaladvectioneffects(Dee et al., 2018).15

Valuesαeff areof thesameorderof magnitudeasreal fractionationfactors,but thespatialvariationsdo not reflectthose

predictedif usinga fractionationcoefficientαeq a functionof temperatureT (Fig. D1f). Rayleighcurvesusingαeq(T ) poorly

predictverticalprofilesof δD (Fig. D1c),with RMSEvaluesexceeding20‰ atmostlocations.

Examplesof vertical profiles simulatedby LMDZ (red), predictedby a Rayleighcurve with αeff estimatedto fit the

simulatedδD at 500 hPa(section3.3, green),andpredictedby a mixing line with the dry endmemberat 500 hPa(pink).20

Threeexamplesaregiven:(a) thesimulatedprofile is closedto amixing line, (b) thesimulatedprofile is closedto aRayleigh

line, and(c) the simulatedprofile deviatesboth from a mixing anda Rayleighline (c). The RMS valuesindicatethe RMS

differencebetweensimulatedprofileandmixing line (pink) or Rayleighcurve(green).

a) Root meansquareerror (RMSE) betweenthe simulatedδD profile anda δD profile that would follow a mixing curve

betweenthesurfaceand500hPa.b) Sameasa but for a profile thatwould follow a Rayleighcurvebetweenthesurfaceand25

500hPa,with αeff determinedbasedonsimulatedδD at500hPa.c) Sameasb but for aprofile thatwould follow aRayleigh

curveusingequilibriumfractionationcalculatedasafunctionof temperature,αeq(T ) . d)αeff − 1, whereαeff is theeffective

fractionationcoefficient,expressedin ‰. e)Standarddeviationof αeff amongall daysin winter of all years,expressedin ‰.

f) αeq(T )− 1 expressedin ‰. For a-dandf, all daily valuesareaveragedoverall daysin wintersof all years.

4.1 Decomposition ofδD0 variability30

The spatial variations ofδD0 simulated by LMDZ (Fig. 7a) are characterized by depleted values near mid-latitudes and in

dry subsiding regions (e.g. off the coast of Peru and over other upwellingregions) andin deepconvectiveregions
:::::::

regions
::

of

:::::::

oceanic
::::::::::

upwelling)
:::

and
:::::::

regions
:::

of
:::::::::::

atmospheric
:::::

deep
::::::::::

convection(e.g. Maritime Continent). Consistently,δD0 values exhibit a

maximum for weakly ascending or subsiding regions:δD0 decreasesasω500 is morestronglyascendingor descending
::::

with
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:::::::::

increasing
:::::::

vertical
::::::::

velocity
:::

of
::::

both
:::::

signs
:

(Fig. 8a black);δD0 decreases as EIS increases reflecting more stable, subsiding

conditions (Fig. 8b black). This pattern is consistent withprevious studies (e.g.Good et al. (2015)
::::::::::::::::

Good et al. (2015)). For the

first time, we propose a theoretical framework to interpret this pattern, decomposing it into4
:

6
:

contributions:rorig, αeff ,

SSTand,
:

h0
:

,
::::

rain
:::::::::::

evaporation
:::

and
::::::::::

horizontal
:::::::::

advection
:::::::

effects(section 3.6). We check that the reconstructedδD0 from the

sum of its 4 contributions is very similar to the simulatedδD0 (Fig. 7b, 8 dashed black).5

In ascending regions, the main contribution explaining themore depletedδD0 in deep convective regions is that ofαeff

(Fig. 7d, 8a red).αeff is higher in more ascending regions.
::::

(Fig.
::::::

D1d).
:

This means that the main factor depletingδD0 in

deep convective regions is the fact that the mid-troposphere is more depleted. This leads to a steeper gradient (higherαeff ),

and thus a more efficient depletion by vertical mixing. This is consistent with deep convection depleting the water vapormost

efficiently in the mid-troposphere(Bony et al. (2008))
::::::::::::::::

(Bony et al., 2008). The second main contribution is that associated with10

rorig (Fig. 7c, 8a green).rorig is larger in deep convective regions. However,we recall that Eq. (9) doesnot considerrain

evaporation,which is a significantsourceof watervaporin deepconvectiveregions(Worden et al. (2007)). Rainevaporation

in deepconvectiveregionsis expectedto depletethewatervapor(sectionB), sothatneglectingrain evaporationleadsto an

over-estimateof rorig in theseregions.Therefore,thestrongerrorig in deepconvectiveregionscould bepartially anartifact

reflectingtheeffectof rainevaporation.
:::

(as
:::::::::

explained
::

in
:::::::

section
::::

4.2).
:

15

In subsidence regions, the main factor explaining the more depletedδD0 as subsidence is stronger, or as EIS increases, is

the cold SST (Fig. 7e, 8a pink), leading to largerαeq, and to a lesser extent the dryh0 (Fig. 7f, 8a purple). The contribution of

rorig is also a significant contribution to the depletion ofδD0 in the cold upwelling regions
:

,
:::

for
::::::::

example
:::

off
::::

Peru
:::

or
::::::::

Namibia

(Fig. 7c). In subsidenceregions,rorig, is unlikely to be an artifact of rain evaporationthere,andprobablyreally reflect the

importanceof mixing processes.The shallower boundary layer there are associated with higher rorig. Thefact that theeffect20

of rorig canbeseenon thecompositesasafunctionof EIS

::::

The
:::::::::::

contribution
:::

of
::::

rain
:::::::::::

evaporation
:::

on
::::

δD0
::

is
::::::

minor
::::::::::

compared
::

to
::::::

other
::::::::::::

contributions,
:::::::

except
::

in
::::

the
:::::::

deepest
::::::::::

convective

::::::

regions
:

(Fig. 8b,green)andnotasa functionof ω500 mayreflectthefact thatEIS reflectsmorefaithfully thecloudandmixing

processesin dry, stableregionsthanω500 does(Wood and Bretherton, 2006)
::::

7g).
:::::

Rain
:::::::::::

evaporation
::::

has
::

a
:::::::

slightly
:::::::::

depleting

:::::

effect
::

in
:::::::

regions
:::

of
::::::

strong
:::::

deep
::::::::::

convection
::::

and
:

a
:::::::

slightly
:::::::::

enriching
::::::

effect
::

in
:::::::

regions
:::

of
::::::::

moderate
:::::

deep
:::::::::::

convection.
::::::

When
:::

the25

:::::::

fraction
::

of
:::::::::

raindrops
::::

that
:::::::::

evaporate
::

is
::::::

small,
::::::::

isotopic
:::::::::::

fractionation
::::::

favors
:::::::::::

evaporation
:::

of
:::

the
::::::

lighter
::::::::::::::

isotopologues.
:::::::::

Therefore

::

in
::::::::::

convective,
::::::

moist
::::::::

regions,
::::

rain
:::::::::::

evaporation
:::

has
::

a
:::::::::

depleting
::::::

effect
:::

on
:::

the
:::::

SCL
:::::::::::::::::::

(Worden et al., 2007)
:

.
::

In
:::::::::

contrast,
::

in
:::::

drier

:::::::

regions,
::::

rain
::::::::::

evaporates
::::::

almost
:::::::

totally.
::::

The
::::::::::

evaporation
::::

flux
:::::

thus
:::

has
:::::::

almost
:::

the
:::::

same
:::::::::::

composition
:::

as
:::

the
:::::

initial
:::::

rain,
::::::

which
::

is

::::

more
:::::::::

enriched
::::

than
:::

the
:::::

water
::::::

vapor.

::::

The
:::::::::::

contribution
:::

of
:::::::::

horizontal
::::::::::

advection
::

to
:::::

δD0
::

is
::::::::::

significant
:::::

only
::::::

where
::::::::

isotopic
:::::::::

gradients
:::

are
::::

the
::::::

largest
:::::

(Fig.
::::::

C1h).30

:::::::::

Horizontal
::::::::::

advection
:::

has
::::::::

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
::::::::::::::::::::

(Lacour et al., 2017a).
:

From a quantitative point of view, we can decompose theδD0 seasonal-spatial variations into these different effects(section

3.6). In regions of large-scale ascent,αeff is the main factor explaining theδD0 seasonal-spatial variations (37
::

33%), followed35
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Regime ascending Subsiding

correlation coefficient slope correlation coefficient slope

rorig 0.71
:::

0.59
:

0.17
:::

0.19
:

0.50
:::

0.52
:

0.16
:::

0.29

αeff 0.75
:::

0.73
:

0.37
:::

0.33
:

0.36
:::

0.26
:

0.14
:::

0.10

SST -0.20
::::

-0.23
:

-0.06 0.89 0.54

h0 0.09
:::::

(0.06)
:

0.03
:::::

(0.01) 0.35
:::

0.28
:

0.23
:::

0.13

:::

rain
::::::::::

evaporation
:::

0.67
: :::

0.20
: ::::

-0.36
::::

-0.05

::::::::

horizontal
:::::::::

advection
::::

-0.26
::::

-0.12
:::::

(0.10)
: :::::

(0.04)

::::

rorig
:

if
::::

rain
::::::::::

evaporation
:::

and

::::::::

horizontal
::::::::

advection
:::

are
::::::::

neglected

:::

0.69
: :::

0.30
: :::

0.58
: :::

0.34

Decompositionof thespatialandseasonalvariationin δD0 into its 4 contributions:effectof

Table 2.
::::::::::::

Decomposition
::

of
:::

the
::::::

spatial
:::

and
:::::::

seasonal
::::::::

variation
::

in
::::

δD0
:::

into
:::

its
:

6
:::::::::::

contributions:
:::::

effect
::

of
:::::

rorig,
:::::

αeff ,
:::::

SST,
:::

h0,
:::

rain
::::::::::

evaporation

:::

and
::::::::

horizontal
:::::::::

advection.
:::

For
::::

each
:::::::::::

contribution,
:::

we
::::

show
:::

the
:::::::::

correlation
:::::::::

coefficient
::

of
:::

the
:::::

linear
::::::::

regression
::

of
:::

the
::::::::::

contribution
:::

as
:

a
:::::::

function

::

of
::::

δD0.
::::

The
::::::

analysis
::

is
:::::

done
::::::::

separately
:::

for
::::::::

ascending
:::

and
::::::::

subsiding
:::::::

regimes.
:::

All
:::::::

seasons
:::

and
::::::::

locations
::::

over
::::::

tropical
::::::

oceans
:::::::::::::

(30◦N − 30◦S,

:::::

ocean
:::::::::::

fraction>80%,
::::::

surface
::::::::::::::

evaporation>0.5
:::::

mm/d)
:::

are
::::::::::

considered.
:::

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%.

by
:::

rain
:::::::::::

evaporation
::::::

(20%)
:::

and
:

rorig (17
:::

19%)
:::

and
:

(Table 2). In regions of large-scale descent, SST is the mainfactor explaining

the seasonal-spatial variations (54 %), followed byrorig (16
:::

29%)
:::

h0
::::::

(13%),
:

andαeff (14
::

10%) (table
:::::

Table
:

2).
::::

Note
::::

that
:::

the

:::::::::::

contribution
::

of
:::::

rorig
::::::

would
::

be
:::::::

similar
::

if
:::

we
:::::::

neglect
::::

rain
:::::::::::

evaporation
:::

and
::::::::::

horizontal
:::::::::

advection
::::::

effects
::::::

(Table
:::

2).

The decomposition method can also be applied to decompose theδD0 variability at the daily time scale at each location and

for each season
::::::

(Table
::

3). On average, in ascending regions,rorig is the main factor (49
::

52 %), followed by
:::

rain
:::::::::::

evaporation5

:::::

(48%)
::::

and
:

αeff (39
::

35 %). In subsiding regions, the effect of SST is muted due to itsslow variability, androrig (59
:::

82 %) ,

αeff (49%) andh0 (62%) becomethemainfactors
::::::::

becomes
:::

the
:::::

main
:::::

factor.

Overall,
::

the
:

results highlight the importance ofrorig as one of the main factors controlling the spatio-temporal variability of

δD0.

4.2 Decomposition ofrorig variability10

Given the importance ofrorig in controlling theδD0 variations, we now decomposerorig into its 4 contributions:q0, zorig,

horig and δTorig (section 3.6). Spatially,rorig is maximum in regions of strong large-scale ascent (Fig. 10a) such as the

Maritime continent (Fig. 9a), and in very stable regions (Fig. 10b) such as upwelling regions (Fig. 10a). We check that the

reconstructedrorig from the sum of its 4 contributions is very similar to the simulatedrorig (Fig. 9b, 10 dashed black).
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tion
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Figure 7.a) Map of winter-meanδD0 simulated by LMDZ. b) Map of winter-meanδD0 reconstructed as the sum of the 4 contributions.Note

thatto focusonvariationsonly andto getvaluesof thesameorderof magnitudeasthesimulated
:::::::::::

Tropical-mean
:

δD0 field, wesubtractedthe

meanof the4 contributionsand
:::

was
:

addedthemeanof simulatedδD0 to
:::::::

compare
::::

with
:

a
:::

on thereconstructedδD0 field
:::::

same
::::

color
::::

scale. c)

Map of
:::

the
::::::::::

contribution
::

of
::::

rorig
:::

on winter-meanδD0 calculated from Eq. (9)if only rorig varies(see section 3.6). d) Same as b butof only

::

for
:

αeff varies. e) Same as b butif only
::

for
:

SSTvaries. f) Same as b butif only
::

for
:

h0varies.
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Figure 8. Composites as a function ofω500 (a) and of EIS (b) of the seasonal averages ofδD0 simulated by LMDZ over all tropical ocean

locations (black). Same for the sum of the contributions (black dashed) and for each individual contribution toδD0: rorig varies (green),

αeff (
::::

darkred), SST (pink)and,
:

h0 (purple),
::::

rain
:::::::::

evaporation
:::::::

(dashed
::::::

brown)
:::

and
:::::::::

horizontal
::::::::

advection
::::::

(dashed
:::::

blue).
:::

the
::::::

tropical
:::::

mean
::::

δD0

:::

was
:::::

added
::

to
::::

each
::::::::::

contribution
::

to
::::

plot
::

on
:::

the
:::::

same
::::

scale
::

as
::::::::

simulated
:::::

δD0.
::::

The
::::::

number
::

of
:::::::

samples
::

in
::::

each
:::

bin
::

is
::::::::

indicated
::

on
:

a
::::::::::

logarithmic

::::

scale
::

on
:::

the
:::::::::::::

right-hand-side
::::::

(dotted
:::::

black
::::

line).
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:::::::

Regime
Ascending Subsiding

:::::::::

correlation
:::::::::

coefficient
::::

slope
: :::::::::

correlation
:::::::::

coefficient
::::

slope

rorig ,
::::

0.46
:::

0.52
: ::::

0.42
:::

0.82

αeff ,
::::

0.34
:::

0.35
: ::::

0.14
:::

0.40

SSTand
::::

-0.12
::::

-0.01
: ::::

0.25
:::

0.22

h0 variations.For each

contribution,weshow
::::

0.06
:::

0.26
: ::::

0.15
:::

0.39

:::

rain
::::::::::

evaporation
::::

0.49
:::

0.48
: ::::

0.19
:::

0.20

::::::::

horizontal
:::::::::

advection
::::

-0.26
::::

-0.24
: ::::

-0.15
::::

-0.31

Table 3.
:::

As
::

in
::::

table
::

4
:::

but
::

at
:

the correlationcoefficientof the linear regressionof the contributionasa function of δD0
::::

daily
:::::

scale. The

thresholdfor thecorrelationcoefficientto bestatisticallysignificantat 99 % is 0.15or lower in
:::::::::

coefficients
::::

and
:::::

slopes
:::

are
::::::::

averaged
:::

over
:

all

cases.Theanalysisis done
::::::

seasons
::::

and
:::::::

locations
::::

over
:::::::

tropical
::::::

oceans
:::::::::::::

(30◦N − 30◦S,
:::::

ocean
:::::::::::::

fraction>80%),separately for ascending and

subsiding regimes.All seasonsandtropicaloceanslocationsareconsidered.

In regions of strong large-scale ascent,rorig is larger mainly becausehorig is larger (Fig. 9e, 10a pink). Thissuggeststhat

eventhoughtheeffectof rain evaporationmayartificially biashigh theestimateof rorig , asubstantialpartof therorig signal

is actuallyphysical.Indeed,if thelargerorig waspurelyanartifactof theneglectof rainevaporation,it would translatetotally

into a lowerzorig. Physically,the
:

is
:::::::

because
::::

themoister the FT, the higher the contribution of vapor coming from above to the

vapor of the SCL, and thus the higherrorig and the more depletedδD0. This mechanism through which a moister FT leads5

to a more depletedδD0 is consistent with that argued in B15.
:::::

zorig
::::::

damps
::::

this
::::::

effect:
:::::

when
::::::::::

convection
::

is
::::::::

stronger
::::

and
:::

the
:::

FT

:::::::

moister,
::::::::::

convection
::

is
::::

also
:::::::

deeper,
::

so
::::

the
::

air
::::::::::

originates
::::

from
:::::::

higher
::

in
:::::::

altitude
::::::

where
:::

the
:::

air
::

is
:::::

drier.

In very stable regions,rorig is largermainly becauseq0 is small
:::::

larger
:

(Fig. 9c, 10b green), consistent with the drier

conditions in these regions of large-scale descent, and.
:::::

Note
::::

that
::::

this
:::::

effect
::::

can
::

be
:::::

seen
::::

only
::

in
:::::

most
::::::

stable
:::::::

regions,
::::

but
:::::

when

::::::::::

considering
:::

all
:::::::::

subsiding
:::::::

regions,
:::

the
::::::::::::

contribution
::

is
:::::

small
::::::

(Table
:::

2).
:::::

rorig
::

is
:::::

larger
::::

also
:

becausezorig is lower in altitude (Fig.10

9d, 10b red), consistentwith the shallowerboundarylayersasEIS increases.Physically,the lower in altitudethe
:

.
:::

As
::::

EIS

:::::::::

increases,
:::

the
:::::::::

boundary
::::::

layers
:::

are
:::::::::

shallower,
::::

theair comes from, thehigher
:::::

lower
::

in
::::::::

altitude,
:

rorig andthemoredepleted
:

is

::::::

higher
:::

and
::::

thus
:

δD0
::

is
:::::

more
::::::::

depleted. This mechanism was not considered inBenetti et al. (2015)
::::

B15but our decomposition

shows that it is a key mechanism drivingrorig and thusδD0 variations in stable regions.

Quantitatively, in ascending regions, the mainfactors
:::::

factorcontrolling the seasonal-spatial variations inrorig are
::

is horig15

(94
:::

182%)and
:

,
:::::::::

dampened
:::

by zorig (61
:::

-67%) (Table 4).Similarly, in
::

In descending regions, the mainfactorsare
:::::

factor
::

is also

horig (91
::

96 %)and
:

,
::::::::

followed
:::

by zorig (72
::

41 %) (Table 4). At the daily scale, the same two factors dominate the variability of

rorig: horig andzorig contribute to67
::

78% and76
::

39% of rorig variations in average over ascending regions, and to104
::::

118%

and73
::

39% in average over descending regions
::::::

(Table
::

5).
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Figure 9. a) Map of winter-meanrorig simulated by LMDZ. b) Map of winter-meanrorig reconstructed as the sum of the 4 contributions.

:::::::::::

Tropical-mean
:::::

rorig
::::

was
:::::

added
::

to
:::::::

compare
::::

with
::

a
::::

with
:::

the
::::

same
:::::

color
:::::

scale.c) Map of winter-meanrorig calculated from Eq. (11) if only

q0 varies (see section 3.6). d) Same as b but of onlyzorig varies. e) Same as b but if onlyh(zorig) varies. f) Same as b but if onlyδTorig

varies.

4.3 Entrainment
:::::::::::

Estimating altitude estimate
:::::

zorig

Estimated altitudezorig is minimum in dry subsiding regions, especially in upwelling regions (Fig. 11a, Fig. 12), corresponding

to regions with
::

the
:

strongest inversion (Fig. 11). This contributes to the depletedδD0 in these regions.

As explained in 3.3, our estimate ofzorig may be artificially biased due to the neglect of some processes in our theoretical

framework. Ideally, to check whetherzorig really physically represents the altitude from which the air originates, additional5

model experiments where water vapor from different levels are tagged (Risi et al., 2010b) would be needed. While we leave

this for future work,in the meanwhilewe check whetherzorig estimates are consistent with what we expect based on what

we know about mixing processes in the marine boundary layers. We expect that in strato-cumulus regions, airis entrained

:::::::::

originatesfrom a very shallow (a few tens of meters) layer above the inversion, whereas the mixing processes may be more

diverse, and possibly deeper in the FT, as the boundary layerdeepens (Fig. 1).10
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Figure 10.Composites as a function ofω500 (a) and of EIS (b) of the seasonal averages ofrorig simulated by LMDZ over all tropical ocean

locations (black). Same for the sum of the contributions (black dashed) and for each individual contribution tororig : q0 varies (green),zorig

(
:::

dark
:

red),h(zorig) (pink) andδTorig (purple).
:::

The
::::::

number
::

of
:::::::

samples
::

in
::::

each
:::

bin
::

is
::::::::

indicated
::

on
:

a
::::::::::

logarithmic
::::

scale
:::

on
::

the
:::::::::::::

right-hand-side

::

as
::::

bars.
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Regime Ascending Subsiding

correlation coefficient slope correlation coefficient slope

q0 -0.24
::::

-0.82
:

0.0
::::

-0.33 0.09
:::

0.21
:

0.0
:::

0.12

zorig 0.88
::::

-0.91 0.61
::::

-0.67
:

0.65
:::

0.77
:

0.72
::::

0.41

horig 0.75
:::

0.98
:

0.94
:::

1.82 0.53 0.91
::::

0.96

δTorig 0.33
:::

0.55
:

0.12
:::

0.06 -0.34
::::

-0.37
:

-0.27
::::

-0.12
Decompositionof thespatial-seasonalvariationin rorig into its 4 contributions:effectof

Table 4.
::::::::::::

Decomposition
:::

of
:::

the
:::::::::::::

spatial-seasonal
:::::::

variation
::

in
:::::

rorig
::::

into
::

its
::

4
:::::::::::

contributions:
:::::

effect
:::

of
:::

q0,
:::::

zorig,
:::::

horig
:::

and
::::::

δTorig
:::::::::

variations.

:::

For
::::

each
::::::::::

contribution,
:::

we
:::::

show
:::

the
:::::::::

correlation
:::::::::

coefficient
::

of
:::

the
:::::

linear
::::::::

regression
:::

of
:::

the
::::::::::

contribution
::

as
:

a
:::::::

function
:::

of
:::::

rorig.
:::

The
:::::::

analysis
::

is

::::

done
::::::::

separately
:::

for
:::::::::

ascending
:::

and
::::::::

subsiding
:::::::

regimes.
::::

All
::::::

seasons
::::

and
:::::::

locations
::::

over
:::::::

tropical
::::::

oceans
:::::::::::::

(30◦N − 30◦S,
:::::

ocean
::::::::::::

fraction>80%)

::

are
::::::::::

considered.
:::

The
::::::::

threshold
::

for
:::

the
:::::::::

correlation
:::::::::

coefficient
::

to
:::

be
:::::::::

statistically
:::::::::

significant
::

is
::::

0.15
::

or
:::::

lower
::

in
:::

all
:::::

cases.
:::

We
:::::

write
:::::::::

correlation

::::::::

coefficient
::::

and
::::

slope
::::::

values
:::::::

between
:::::::

brackets
::::

when
::::

they
:::

are
:::

not
:::::::::

significant
::

at
::::

99%.

::::::

Regime
:

Ascending Subsiding

:::::::::

correlation
:::::::::

coefficient
::::

slope
: :::::::::

correlation
:::::::::

coefficient
::::

slope

q0 ,
::::

-0.37
::::

-0.04
: ::::

-0.23
::::

-0.07

zorig ,
::::

0.91
:::

0.39
: ::::

0.80
:::

0.39

horig and
::::

0.58
:::

0.78
: ::::

0.58
:::

1.18

δTorig variations.For eachcontribution,weshow
::::

-0.14
:::

0.01
: ::::

-0.23
::::

-0.12
Table 5.

:::

As
::

in
::::

table
::

4
:::

but
::

at
:

the correlationcoefficientof the linear regressionof the contributionasa function of rorig
::::

daily
:::::

scale. The

thresholdfor thecorrelationcoefficientto bestatisticallysignificantis 0.15or lower in
:::::::::

coefficients
:::

and
::::::

slopes
:::

are
:::::::

averaged
::::

over
:

all cases.

Theanalysisis done
::::::

seasons
:::

and
::::::::

locations
::::

over
::::::

tropical
::::::

oceans
:::::::::::::

(30◦N − 30◦S,
:::::

ocean
::::::::::::

fraction>80%),
:

separately for ascending and subsiding

regimes.All seasonsandtropicaloceanslocationsareconsidered.

To check whether estimatedzorig is consistent with this picture, we comparezorig to zorig,rorig=0.6 (zorig that we would

estimate isrorig was set constant to 0.6) andzi (section 3.4), which are measures of the altitude of the humidity drop and

temperature inversion respectively. As expected from Fig.1, they are minimum in dry upwelling regions, intermediate in trade-

wind regions, and maximum values in convective regions (Fig. 11c-d, 12 green, blue). Therefore, the lowzorig in upwelling

regions reflects the lowzi. Consistently, in subsiding regions,zorig correlates well withzorig,rorig=0.6 (correlation coefficient5

of 0.52, statistically significant beyond 99 %). If we focus on very stable regions only (EIS>7 K),zorig correlates well with

both zorig,rorig=0.6 andzi (correlation coefficient of 0.58 and 0.52 respectively, statistically significant beyond 99 %). The

altitudezorig is a few meters above the inversion in strato-cumulus regions, and up to 1km above the inversion in cumulus and

deep convective regions (Fig. 12), consistent with our expectations from Fig. 1. This lends support to the fact that at least in

subsiding regions, our isotope-basedzorig estimate effectivelyreflect
::::::

reflects
:

the origin of air coming from above.10
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Figure 11. a) Map of winter-meanzorig estimated fromδD0 simulated by LMDZ. b) Same as a butzorig that we would estimate ifrorig

was constant set to 0.6 (zorig,rorig=0.6). c). Same as a but forzi simulated from LMDZ. Only days when EIS>2 K are considered, otherwise

zi is difficult to estimate. d) Same as a but for LCL simulated by LMDZ.

In ascending regions, in contrast,zorig does not correlate significantly withzorig,rorig=0.6 or zi. This may indicate either

that ourzorig estimate is biased by neglected processes such as rain evaporation, or that in deep convective regions, the origin

of FT air into the SCL is very diverse due to the variety of mixing processes (1).

5 Results from observations

To check whether our results obtained with LMDZ are realistic, we apply our methods to the measurements gathered during5

the STRASSE campaign.In theabsenceof measuredδD profiles,weassumethatαeff is 1.07basedonLMDZ simulation
:::

For

:::::::::

simplicity
::::

and
::

in
::::::::

absence
:::

of
:::

all
:::::::::

necessary
::::::::::::::

measurements,
:::::

here
::::

we
:::::::

neglect
:::

the
:::::::

effects
:::

of
::::

rain
:::::::::::

evaporation
::::

and
::::::::::

horizontal

::::::::

advection.

Throughout the cruise,δD0 shows a large variability, ranging from around -75 ‰ in quiescent conditions to -120 ‰ during

the two convective conditions (Benetti et al., 2014) (Fig. 13a red). Variability inrorig is the major factor contributing to this10

variability (58 %) (Fig. 13a green, Table 6). This crucial importance of mixing processes is consistent with B15.

During the two convective events, the estimatedrorig saturates at 1 (Fig. 13b). This proves thatrorig estimated in these

conditions is biased high because it encapsulates the effect of neglected processes, i.e. depletion by rain evaporation. Equation

(9) is not valid in this case. In addition, at the scale of a fewhours, the steady-state assumptions may be violated. Rain

evaporation may strongly deplete the SCL before surface evaporation has the time to play its dampening role, hence the15

possibility to reach very lowδD0 that cannot be predicted even when considering rain evaporation (appendix B).
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Figure 12.Composites as a function of EIS of seasonal-mean ofzorig (black),zorig,rorig=0.6 (green),zi (blue) and LCL (red). The composite

profiles of cloud cover are also shown, showing deep clouds when EISis close to 0 and shallowest clouds when EIS is largest.
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contributions toδD0 correlation coefficient slope

rorig 0.77 0.58

SST 0.57 0.16

h0 0.40 0.48
Table 6.Same as Table 2 but for the STRASSE observations. Linear regressionsare calculated among 1977 data points.

contributions tororig correlation coefficient slope

q0 -0.46 -1.49

zorig 0.66 0.90

horig 0.81 0.70

δTorig -0.36 -0.91
Table 7. Same as Table 4 but for the STRASSE observations. Linear regressionsare calculated 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 controlling the rorig variability arezorig (90 %) andhorig (70 %). The

importance of FT humidity in controllingrorig was already highlighted in B15. However, in their paper, thevariability in zorig

was neglected, whereas it appears here as the main factor.

Through September, thecruises
:::::

cruise
:

goes from a shallow boundary layer in early September to deeper boundary layers

with higher inversions, before reaching the convective conditions (Fig. 13c). Consistently with this deepening boundary layer,5

the air is entrained
:::::::::

originates
:

from increasingly higher in altitude.Whenconsideringonly the
:::::::::::

Remarkably,
:::::

there
::::

are
:

6 data

pointswhenzorig <2000m,
::::

days
::::::

whenzorig coincidesalmostexactlywith zi
::::

with
::

a
::::

root
::::::

means
::::::

square
:::::

error
:::

of
:::::

31‰
::::

and

:::::::::

correlation
::::::::::

coefficient
::

of
::::::

0.996(Fig. 13c; thecorrelationcoefficientbetweenzorig andzi is 0.996). This indicates that the airis

entrainedinto theSCL exactly
::::::

exactly
:::::::

comesfrom the inversion layer.Evenif thenumberof sampleis small,thecoincidence

is remarkable,especiallywhen
:::::

When
:

recalling thatzorig and zi are estimated from completely independent observations.10

This
:

,
:::

the
:::::::::::

coincidence
::

is
:::::::::::

remarkable
::::

andlends support to the fact that
::

on
:::::

these
:::::

days,
:

our zorig estimate is physical.
::::::::

However,

::::

there
::::::::

remains
::

9
::::

days
:::::

when
:::::

zorig
::

is
::::::

much
::::::

higher
::::

than
:::

zi.
:::::

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
::::

h0,
:::::::::

neglecting
:::

the
::::::::::

advection
::

of
::::::::

enriched
:::::

water
::::::

vapor
:::::

from
::::::

nearby
:::::::

regions
:::::

with
::::::

higher
:::

h0
:::::

could
:::

be

:::::::::::::

mis-interpreted
:::

as
:::::

lower
:::::

rorig
::::

and
::::

thus
::::::

higher
::::::

zorig.15

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

We have shown in the previous section that one of the main factors controllingδD0 at the seasonal-spatial and daily scale are

the proportion of the water vapor in the SCL thatis originates from above (rorig), and that one of the main factor controlling

rorig is the altitude from which the air originates (zorig). In turn, could we use water vapor isotopic measurements toconstrain
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zorig? This would open the door to discriminating between different mixing processes at play (Fig. 1). Since mixing processes

are crucial to determine the sensitivity of cloud fraction to SST (Sherwood et al., 2014; Bretherton, 2015; Vial et al., 2016),

such a prospect would allow us to improve our knowledge of cloud feedbacks, and hence of climate sensitivity.

With this in mind, we assess the errors associated withzorig estimates fromδD0 measurements, and discuss whetherthere

::::

they
:

are small enough forzorig estimates to be useful. In strato-cumulus clouds where the air is believed tobe entrained5

::::::::

originatefrom the first few tens of meters above cloud top (Faloona et al., 2005; Mellado, 2017),zorig estimates are not useful

if the errors are larger than a few tens of meters, e.g. 20 m. Incumulus clouds where mixing processes are more diverse and

possibly deeper (Fig. 1),zorig estimates may be useful if errors are of the order of 80 m.

Let’s assume that we have a field campaign where we measureδD0, surface meteorological variables, temperature and

humidity profiles (e.g. radio-soundings), and a fewδD profiles (e.g. by aircraft). This is what we can expect for example from10

the future EUREC4A (Elucidating the role of clouds-circulation coupling in climate) campaign to study trade-wind cumulus

clouds (Bony et al., 2017).
:::::

Below
:::

we
::::::::

quantify
::::

the
::::::

effects
::

of
::::

five
:::::::

sources
::

of
:::::::::::

uncertainty
::

on
:::::

zorig
::::::::::

estimates.

6.1
:::::::::::::

Measurement
::::::

errors

The first source of uncertaintythat we have highlighted in this article is the effect of rain evaporation.As long as the

microphysicalprocessesand associatedisotopic fractionationprocessesare not well constrained
:::

are
::::::::::::

measurement
:::::::

errors.15

:::

We
:::::::::::

re-calculate
:::::

zorig
:::::::::

assuming
:::

an
:::::

error
::

of
::::

0.4
:::

‰
:::

on
::::

δD0
::::::::

(typical
::

of
:::::

what
::::

we
::::

can
::::::::

measure
::::

with
:::::::

in-situ
::::

laser
::::::::::::

instruments,

::::::::::::::::::::::::::::::::::::::::

Aemisegger et al. (2012); Benetti et al. (2014)
:

)
::::

and
:

1
:::

‰
::

on
:::::

δDf
::::::

(larger
:::::

errors
::::

due
::

to
:::::

lower
:::::::::

humidity
:::

and
:::

the
:::::::::

increased
::::::::::

complexity

::

of
:::::::::::::

measurements
::

in
::::::::

altitude).
::::

The
:::::::::

averaged
:::::

errors
:::

on
:::::

zorig
:::

and
:::::

their
::::::::

standard
:::::::::

deviations
:::

are
:::::::

plotted
::

as
::

a
::::::::

function
::

of
::::

EIS
::

in
::::

Fig.

::::

14a.
::::::::

Whereas
:::::

errors
:::

on
:::::

δDf
::::

lead
::

to
::::::

errors
::

on
:::::

zorig
:::

of
:::

the
:::::

order
::

of
:::

20
::

m
:::::

(Fig.
::::

14a,
:::::::

green),
:::::

errors
:::

on
::::

δD0
:::::

lead
::

to
:::::

errors
:::

on
:::::

zorig

::

of
:::

the
:::::

order
:::

of
:::

80
::

m
:::::

(Fig.
::::

14a,
:::::

red).
:::

Yet
:::

in
::::::::::::::

strato-cumulus,
:::::

none
:::::::

expects
:::

the
:::

air
::

to
:::::::::

originate
::::

from
::

a
::::::

higher
:::::::

altitude
:::::

than
:::

80
::

m20

:::::

above
:::

the
::::::::::

inversion.
:::::::::

Therefore,
:::::

δD0
:::::::::::::

measurements
::::::

would
:::::

need
::

to
:::

be
:::::

more
::::::::

accurate
::::

than
:::::

usual
::

to
:::

be
::::::

useful
::

in
::::::::::::::

strato-cumulus

:::::::

regions,
:::

i.e.
::::

0.1
:::

‰
::

to
:::::

yield
::

a
:::

20
::

m
:::::::::

precision
:::

on
:::::

zorig.
:::

In
::::::::::

trade-wind
::::::::

cumulus
::::::::

regions,
:::

the
:::::::::

precision
::

of
::::

0.4
::

‰
:::

is
:::::::

enough
:::

for

::::

zorig
:::

to
::

be
:::::::

useful.

6.2
::::::::::

Neglecting
::::

rain
::::::::::::

evaporation

:::

The
:::::::

second
::::::

source
:::

of
::::::::::

uncertainty
::

is
:::::::::

associated
:::::

with
:::::::::

neglecting
::::

rain
::::::::::::

evaporation.
::::

This
:::::

effect
::::

can
::

be
::::::::::

quantified
::

in
:

a
:::::::

model,
:::

but
::

it25

:

is
:::::

very
:::::::

difficult
:::

to
:::::::

quantify
:::

in
::::::

nature
:::::::

because
::

it
::

is
:::::::::::

complicated
::::

and
::::::::

uncertain
:::

to
:::::::

measure
::

η
::::::::::::::::::::::::::

(Rosenfeld and Mintz, 1988),
::::

and
::

it

:

is
:::::

even
:::::

more
:::::::::::

complicated
::

to
::::::::

measure
:::

or
::::::

predict
::::::

αevap.
:::::

Rain
:::::::::::

evaporation
:::

can
:::::

have
:

a
:::::::::

depleting
::

or
:::::::::

enriching
::::::

effect
:::::::::

depending
:::

on

::::::::::::

microphysical
:::::::

details
:::

that
:::

are
::::

too
::::::::

complex
::

to
::

be
:::::::::

addressed
::::

here
:::::::::::::::::

(Graf et al., 2019).
::::::::::

Neglecting
::::

rain
:::::::::::

evaporation
:::::

leads
::

to
::

an
:::::

error

::

of
:::

the
:::::

order
::

of
::::

500
:::

m
::

in
:::::::

regions
::

of
::::

low
::::

EIS
:::

and
::::

250
::

m
::

in
:::::::

regions
:::

of
::::::

strong
:::

EIS
:::::

(Fig.
:::::

14b,
:::::::

brown).
::

In
:::::::

regions
::

of
::::::::::::::

strato-cumulus

:::::::

regions,
::::

rain
:::::::::::

evaporation
::

is
::

a
::::::::::

significant
::::::

source
:::

of
:::::

error
::

in
:::::

spite
:::

of
:::

the
:::::::::

relatively
:::::

small
::::::::

amount
::

of
::::::::::::

precipitation
:::::::::

available
::

to30

:::::::::

evaporate.
::::

This
::

is
::::::::

because
::::

total
:::::::::::

evaporation
::

of
::::

the
:::

rain
::::::::::

efficiently
::::::::

enriches
:::

the
:::::

SCL,
::::

and
:::::

easily
::::::::

modifies
:::::

δD0
::

by
:::::

more
:::::

than
:::

the

:::::

0.1‰
::::::::

targeted
::::::::

precision
:::::::::

explained
:::::::

above.
::::::::

However, it is saferto restrainzorig estimatesto non-precipitatingclouds
:::::::

possible

:::

that
:::::::

LMDZ
:::::::::::::

overestimates
:::

this
:::::::

source
::

of
:::::

error
::

in
::::::::::

trade-wind
::::::::

cumulus
::::

and
::::::::::::::

strato-cumulus
:::::::

regions.
:::::::

LMDZ
::

is
::::

one
::

of
::::

the
::::::

GCMs
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:::::::::

producing
:::

the
::::::::

strongest
::::

rain
:::

in
::::::::::::

srato-cumulus
:::::::

regions
::::::::::::::::::

(Zhang et al., 2013)
:

,
:::

and
:::::::

GCMs
:::

are
::::::

known
::

to
:::::::

trigger
::::::::::

convection
::

to
:::::

often

::

in
::::::::::

trade-wind
::::::::

cumulus
:::::::

regions
::::::::::::::::::::::

(Nuijens et al., 2015a, b).

Thesecond

6.3
::::::::::

Neglecting
::::::::::

horizontal
:::::::::

advection

:::

The
:::::

third
:

source of uncertainty isthe
:::::::::

associated
::::

with
::::::::::

horizontal
:::::::::

advection.
:::

In
::::::

nature,
::

φ
::::

can
:::

be
::::::::

estimated
:::::

from
::::::::::::::

meteorological5

::::::::

analyzes
:::

and
::

β
::::

can
:::

be
:::::::::

estimated
:::::

from
::::::::::::

near-surface
:::::::

isotopic
:::::::::::::

measurements
:::

at
:::::::

several
::::::::

locations
:::::

(e.g.
::::::::

sounding
:::::::

arrays
::::::

during

::::::

typical
::::

field
::::::::::::

campaigns).
::

In
::::::::

absence
::

of
:::::

these
::::::::::

additional
:::::::::::::

measurements,
::::::::::

neglecting
::::

this
:::::

effect
::::::

leads
::

to
:::

an
::::

error
:::

of
:::

the
::::::

order
::

of

:::

800
:::

m
::::

(Fig.
:::::

14b,
:::::::

purple).
::::

This
::::::

limits
:::

the
::::::::::

usefulness
::

of
:::::

zorig
:::::::::

estimates
:::

for
:::

all
:::::

cloud
::::::::

regimes.
:

6.4
:::::

Daily
::::::::::

variability
::

in
::::

the
:::::::::

steepness
::

of
::::

δD
::::::::

profiles

:::

The
::::::

fourth
:::::::

source
::

of
:::::::::::

uncertainty
:::::

arises
:::::

from
::::

the
:::::

daily variability in αeff . Measuringdaily
:::::::::

(appendix
:::::

D2).
::::::::::

Estimating
:::::

αeff10

:::::::

requires
::

to
::::::::

measure
:::::

δDf
::

at
::::

500
::::

hPa.
::::::::

Satellite
:::::::::::::

measurements
:::

are
:::::::::

available
:::

but
:::

are
::::::::

affected
:::

by
:::::::

random
::::::

errors
:::

that
::::

are
:::

too
:::::

large

:::

for
:::

our
::::::::::

application
:::::::::::::::::::::::::::::::::::::::::::

(Worden et al., 2011, 2012; Lacour et al., 2015).
:::::::

Precise
::::::

in-situ
::::::::::::::

measurements
::

of
::::::

water
:::::

vapor
:

δD profiles

is
::

in
:::::::

altitude
:::

are
:

costly and difficult (Sodemann et al., 2017).

Let’s assume that we have only oneprofile
::::

δDf
::::::

valuethat represents the seasonal-average at a given location.The daily

standarddeviationof αeff (σαeff
) for a given seasonrangesfrom 5‰ in the CentralAtlantic to 40‰ nearthe Maritime15

Continent(Fig. D1d). To estimate the resulting error onzorig, we re-estimatezorig every day and at each location using

¯αeff +σαeff
and ¯αeff −σαeff

. The error onzorig is calculated as
(

zorig( ¯αeff −σαeff
)− zorig( ¯αeff +σαeff

)
)

/2. The

averaged error and its standard deviation is plotted as a function of EIS in Fig. 14
:

c (black). It is of the order of 400m, and rarely

below 200m. If we attempt to estimateαeff as the fractionation coefficient as a function of local temperature, errors would be

even more dissuasive (Fig. 14
:

c,
:

blue).20

Therefore, estimatingzorig from
::::

daily
:

δD0 measurements cannot be useful unless we measuredaily δD profiles
::::

δDf
::

on
::

a

::::

daily
:::::

basis
:::

as
::::

well. Practically, we could imagine measuring FT properties (δDf ) at the top of a mountain while we measure

δD0 at the sea level (e.g. on Islands such as Hawaii or La Réunion,Galewsky et al. (2007); Bailey et al. (2013); Guilpart et al.(2017)

). Wecouldalsoimagineretrievingαeff from daily
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

Galewsky et al. (2007); Bailey et al. (2013); Guilpart et al.(2017)
:

).
:

6.5
::::::::

Rayleigh
:::::::::::

assumption
::::

for
:::

the
::::::

shape
::

of
::::

δD
::::::::

profiles25

:::::::

Finally,
:

a
:::::

fifth
:::::::

source
::

of
:::::::::::

uncertainty
:::::::

comes
:::

the
:::::::::::

assumption
::::

that
::::

the
:

δD profiles retrievedfrom spaceby IASI (Infrared

AtmosphericSoundingInterferometer,Lacour et al. (2012, 2015)) , but this would beassociatedwith additionalerrorswhose

estimateis beyondthe scopeof this paper
:::::

profile
:::::::

follows
::

a
:::::::::

Rayleigh
::::::::::

distillation
::::

line
:::::::

(section
:::::

2.2).
:::::::::

However,
:::::

both
::

in
:::::::

LMDZ

:::::::::

(appendix
::::

D1)
::::

and
::::::

nature
:::::::::::::::::::::

(Sodemann et al., 2017)
:

,
:::

δD
::::::::

profiles
:::

are
:::::::

usually
:::::::::::

intermediate
::::::::

between
:::::::::

Rayleigh
::::

and
:::::::

mixing
:::::

lines.

:::

The
:::::::::

precision
::

of
::::

our
:::::

zorig
::::::::

estimate
::

is
:::::::::

maximum
::

in
:::

the
:::::::::

Rayleigh
::::::::::

distillation
::::

case.30
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Thethird sourceof uncertaintyaremeasurementserrors.We recalculate
:::::

When
::::::

trying
::

to
::::

find
::

a
:::::::::

numerical
::::::::

solution
:::

for
:

zorig

assuminganerrorof 0.4 ‰ on δD0 (typical of whatwe canmeasurewith in-situ laserinstruments,Benetti et al. (2014))and

1 ‰ on δDf (largererrorsdueto lower humidity andtheincreasedcomplexityof measurementsin altitude).Whereaserrors

on δDf leadto errorson
:::::::

directly
:::::

from
::::

Eq.
:::

(6),
::

a
:::::::

solution
::::

can
:::

be
:::::

found
:::::

only
::

in
::::

0.1
::

%
::

of
::::::

cases.
:::::

This
::

is
:::::::

because
:::::::::

simulated
::::

δD

:::::::

profiles
:::

are
:::::

often
:::::

close
::

to
::

a
::::::

mixing
::::

line
:::

in
:::

the
:::::

lower
:::::::::::

troposphere
:::::::::

(appendix
:::::

D1).
:::::::::

Whateverzorig of theorderof 20 m (Fig. 14,5

green),errorson
::

in
:::

the
:::::

lower
::::::::::::

troposphere,
:::

the
:

δD0 leadto errorson
:::::::::

calculated
::::

from
::::

Eq.
:::

(6)
::

is
::::::

nearly
::::::::

constant
:::::::

because
:::

the
::::

δD

::::::

profile
::

is
:::::

close
::

to
:

a
:::::::

mixing
::::

line
:::::::::

(appendix
:::

A,
::::

Fig.
::::

4b).
::::::::

Whatever
:

zorig of theorderof 80m. This is higherthantheupperbound

for theexpectedentrainmentaltitudein strato-cumulus.Therefore,
:

in
::::

the
::::::

middle
::::::::::::

troposphere,
:::

the
:

δD0 measurementswould

needto bemoreaccuratethanusualto beusefulin strato-cumulusregions,i.e. 0.1‰ to yield a20 m precisionon
:::::::::

calculated

::::

from
::::

Eq.
:::

(6)
::

is
::::

also
::::::

nearly
::::::::

constant
:::::::

because
:::::

rorig
:::::

there
::

is
::::

very
::::::

small.
:::

So
:::::::::

whateverzorig. In ,
::::

the
:::

δD
::::::::::

calculated
::::

from
::::

Eq.
:::

(6)
::

is10

:::::

nearly
:::::::::

constant,
::::

and
:::

the
:::::::::

numerical
::::::::

solution
::::

fails.
:

:::::::::

However,
::

it
::

is
::::::::

possible
::::

that
::::

δD
:::::::

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., 2012b)
:::

and
::

to
::::

mix
:::

the
::::::

lower
::::

free
:::::::::::

troposphere

:::

too
::::::::::

frequently
:::

by
:::::

deep
::::::::::

convection
::

in
:

trade-windcumulusregions, the precisionis enoughfor zorig to be useful.
::::::

regions

::::::::::::::::::::::

(Nuijens et al., 2015a, b).
::::::::::

Therefore,
::::

the
::::::

shape
::

of
::::

δD
:::::::

profiles
::::::::::

simulated
:::

by
:::::::

LMDZ
::

is
::::

not
::

a
:::::::::

sufficient
::::::

reason
:::

to
:::::

reject
::::

the15

::::::::

Rayleigh
:::::::::::

assumption.
::::

The
::::::::::

uncertainty
:::::::::

associated
:::::

with
:::

this
::::::::::

assumption
::

is
:::::

very
:::::::

difficult
::

to
::::::::

quantify
::

in
:::::::

LMDZ.
:::::

More
:::::::::::::

measurements

::

of
:::

full
::::

δD
:::::::

profiles
:::

are
:::::

very
::::::::

welcome
::

to
:::::

help
:::::::

quantify
:::

it.

:

To summarize,δD0 measurements could potentially be useful to estimatezorig with a useful precisionin cumulusand

strato-cumulusclouds,but only if we are able to measuredaily
:

,
:::

but
:::

if
:::

we
::::::::

measure
:::::

daily
:::::

δDf
:::

in
:::

the
::::::::::::::::

mid-troposphere,
::

if20

:::

the
:::::

shape
:::

of
:

δD profiles and if
:::

can
:::

be
::::::

better
::::::::::::

documented,
::

if
:::

we
::::::::

measure
:::::

δD0
::

at
::::::::

different
:::::::

places
::

to
::::::::

quantify
::::

the
:::::

effect
:::

of

:::::::::

horizontal
:::::::::

advection,
::::

and
::

if
:::

we
::::

can
:::::

invent
::::::::::

innovative
::::::::::

techniques
::

to
::::::

better
:::::::

quantify
::::

the
:::::

effect
::

of
::::

rain
::::::::::::

evaporation.
::

In
::::::::

addition
::

in

:::::::::::::

strato-cumulus
:::::::

clouds,
:::

we
::::

need
::

to
:

measureδD0 with an accuracy of 0.1 ‰and0.4‰ in trade-windcumulusandstrato-cumulus

cloudsrespectively.

7 Conclusion25

We propose an analytical model to predict the water vapor isotopic compositionδD0 of the sub-cloud layer (SCL) over tropical

oceans.Benetti et al. (2015)extendedtheMerlivat and Jouzel (1979)
:::

This
::::::

model
::::::

relies
::

on
:::

the
::::::::::

hypothesis
::::

that
:::

the
:::::::

altitude
:::::

from

:::::

which
:::

the
:::

air
::::::::::

originates,
:::::

zorig,
::

is
::

an
:::::::::

important
::::::

factor.
:::

We
:::::

build
:::

on
::::::::::::::::::

Benetti et al. (2015)
::::

who
::::::::

extended
:::

the
:::::::::::::::::::::::::

Merlivat and Jouzel (1979)

closure equation to make explicit the link betweenδD0 andFTentrainment
::::::

mixing
:::::::::

processes. We further extendtheBenetti et al. (2015)

equationintwo ways:first, weassumethatweknowtheshapeof
::::

their
::::::::

equation:
:::

we
:::::::

assume
::

a
:::::

shape
:::

for
:

theδD vertical profiles30

, andsecond,we let the altitudefrom which the air originates,zorig, vary
::

as
::

a
::::::::

function
::

of
::

q,
::::

and
::::

we
:::::::

account
:::

for
::::::::::

horizontal

::::::::

advection
::::

and
::::

rain
:::::::::::

evaporation
::::::

effects.

33



300
240
180
120
60
0

1500

1000

500

0

1500

1000

500

0

(d)

(a)

(b)

0 1 2 3 4 5 6 7 8 9
0 1 2 3 4 5 6 7 8 9
0 1 2 3 4 5 6 7 8 9

measurement error of 0.4 h on δD0measurement error of 1 h on δDferror if horizontal adve
tion is negle
tederror if rain evaporation is negle
tederror if assuming a seasonal-mean αeff

error if assuming Rayleigh distillation with αeq(T )

EIS (K)
EIS (K)erroron

z o
r
ig

(m)

erroron

z o
r
ig

(m)

erroron
z o

r
ig

(m)

EIS (K)

Figure 14. Errors when estimatingzorig from δD0 observations, as a function of EIS, as predicted by LMDZ: error if oneusesαeq as
:

.

afunction of local temperatureto estimateαeff , error if oneusesthe seasonal-meanprofile insteadof the daily profile to estimateαeff

(black) , error
::::

Error we would make ifδD0 is measured with a1‰ error (red), and error we would make ifδDf is measured with a1‰

error (green).
::

b)
::::

error
:::

we
:::::

would
:::::

make
:

if
:::

we
::::::

neglect
:::::::::

horizontal
::::::::

advection
:::::

effects
:::::::

(purple)
:::

and
::::

rain
::::::::::

evaporation
:::::

effects
:::::::

(brown).
::

c)
:::::

Error
::

if
:::

one

:::

uses
::::

αeq
::

as
:

a
:::::::

function
:::

of
::::

local
::::::::::

temperature
::

to
:::::::

estimate
::::

αeff
::::::

(blue),
::::

error
::

if
:::

one
::::

uses
:::

the
::::::::::::

seasonal-mean
::::::

profile
::::::

instead
::

of
:::

the
::::

daily
::::::

profile
::

to

:::::::

estimate
::::

αeff
:::::::

(black).The standard deviations among all daily errors estimated in each bin of EISare also shown.
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The resulting equation highlights the fact thatδD0 is not sensitive to the intensity ofentrainment
::::::

mixing
:::::::::

processes. Therefore,

it is unlikely that water vapor isotopic measurements couldhelp estimate the entrainment velocity that many studies have

strived
::::::

striven
:

to estimate (Bretherton et al., 1995). In contrast,δD0 is sensitive to the altitude from which the air originates.

Based on a simulation with LMDZ and observations during the STRASSE cruise, we show thatzorig is an important factor

explaining the seasonal-spatial and daily variations inδD0,
:::::::::

especially
:::

in
::::::::::

subsidence
::::::

regions. In turn, couldδD0 measurements,5

combined with vertical profiles of humidity, temperature and δD, help estimatezorig and thus discriminate between different

mixing processes?This shouldrely on a goodknowledgeof theδD verticalprofiles.We find that for
:::

For such isotope-based

estimates ofzorig to be useful, we would needfrequentvertical profiles of
:

a
:::::::::

precision
::

of
::

a
::::

few
:::::::::

hundreds
:::::::

meters
::

in
:::::

deep

:::::::::

convective
:::::::

regions
::::

and
:::::::

smaller
::::

than
:::

20
:::

m
::

in
:::::::::::::

strato-cumulus
::::::::

regions.
:::

To
:::::

reach
::::

this
::::::

target,
:::

we
::::::

would
:::::

need
:::::

daily
:::::::::::::

measurements

::

of δD
::

in
:::

the
:::::::::::::::

mid-troposphereand very accurate measurements ofδD0, which are currently difficult to obtain.In precipitating10

cloudsanddeepconvection
:::

We
::::::

would
::::

also
:::::

need
:::::::::::

information
:::

on
:::

the
::::::::::

horizontal
:::::::::::

distribution
::

of
::::

δD
::

to
::::::::

account
:::

for
::::::::::

horizontal

::::::::

advection
:::::::

effects,
::::

and
::::

full
:::

δD
:::::::

profiles
:::

to
::::::::

quantify
:::

the
::::::::::

uncertainty
::::::::::

associated
::::

with
::::

the
::::::::

assumed
:::::

shape
:::

for
::::

δD
::::::::

profiles.
::::::

Finally,

rain evaporation istoo large a sourceof uncertainty,whereasin
::

an
:::::

issue
:::

in
:::

all
::::::::

regimes,
:::::

even
:::

for
:

strato-cumulusregions,

very precisedestimatesof zorig (no larger than20 m) would be neededto be useful.Therefore,it is in regionsof shallow

cumuluscloudsthatsuchisotope-basedestimatesof zorig would bemostuseful.
::::::

clouds.
::::::::::

Innovative
::::::::::

techniques
::::::

would
:::::

need
::

to15

::

be
:::::::::

developed
:::

to
::::::::

quantify
:::

this
::::::

effect
:::::

from
::::::::::::

observations.

This study is preliminary in many respects. First, it would be safe to check using water tagging experiments in LMDZ

that zorig estimates reallyrepresents
::::::::

representthe altitude from which the airis originates, and is notto biases
::::::

biased
:

by

our simplifying assumptions. Second, the coarse vertical resolution of LMDZ, and the simplicity of mixing parameterizations

(e.g. cloud top entrainment is not represented) are a limitation of this study. Ideally, the relationship betweenδD0, zorig and20

the type of mixing processes should be investigated in isotope-enabled Large Eddy Simulations (LES) (Blossey et al., 2010;

Moore et al., 2014). Artificial tracers and structure detection methods (Park et al., 2016; Brient et al., 2019), combined with

conditional sampling methods (Couvreux et al., 2010), could help detect the different kinds of mixing structures, estimate their

contributions to vertical transport, and describe their isotopic signature. This would allow us to confirm, or infirm, many of

the hypotheses and conclusions in this paper. Finally, if the sensitivity ofδD0 to the type of mixing processes is confirmed,25

paired isotopic simulations of single-column model (SCM) versions of general circulation models (GCM) and LES, forcedby

the same forcing, could be very useful to help evaluate and improve the representation of mixing and entrainment processes in

GCMs, as is routinely the case for non-isotopic variables (Randall et al., 2003; Hourdin et al., 2013; Zhang et al., 2013).

Code and data availability.LMDZ can be downloaded from http://lmdz.lmd.jussieu.fr/. Program codesused for the analysis are available

on https://prodn.idris.fr/thredds/catalog/ipsl_public/rlmd698/article_mixing_processes/d_pgmf/catalog.html.30

Isotopic measurements from STRASSE can be downloaded from http://cds-espri.ipsl.fr/isowvdataatlantic/. All other datasets and pro-

cessed files are available on https://prodn.idris.fr/thredds/catalog/ipsl_public/rlmd698/article_mixing_processes/catalog.html.
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Appendix A: Closure if the tropospheric profile follows a mixing line

:::

For
::::::::::

simplicity,
:::

we
:::::::

neglect
::::

here
:::::::::

horizontal
:::::::::

advection
::::

and
::::

rain
:::::::::::

evaporation
:::::::

effects,
:::

but
::::::

results
::::::

would
:::

be
::::::

similar
::::::::::

otherwise.If we

assume thatRorig is uniquely related toqorig through a mixing line between the SCL air and a dry end-member(qf , Rf ):

qorig = a · q0 +(1− a) · qf (A1)

and5

Rorig = a · q0 ·R0 +(1− a) · qf ·Rf (A2)

Reorganizing Eq. (A1), we geta = r−p
1−p

with p = qf/q0. Sinceqf ≤ qorig ≤ q0, p ≤ rorig. Injecting Eq. (A2) into 6, we get:

R0 =
Roce/αeq + p/(1− p) ·Rf ·αK · (1−h0)

h0 +αK · (1−h0)/(1− p)
(A3)

As a consistency check, in the limit case where the end-member is totally dry (p = 0), we find the MJ79 equation, i.e. Eq.

(10).10

It is intriguing to realize thatrorig has disappeared from Eq. (A3). This can be understood physically: if the vertical profile

follows a mixing line, it does not matterat
::::

from
:

which altitude the air comesfrom: ultimately, what matters is how much dry

air has been mixed directly or indirectly into the SCL. This can be visualize in Fig. 4b. Therefore, ifRorig follows a mixing

line, we lose the sensitivity tozorig.

Appendix B: Modification in caseof
:::::::::::

Diagnostics
:::

for
:

rain evaporation
::

in
:::::::

LMDZ15

An importantassumptionthat led to Eq. (9)is theneglectof SCL moisteningby rain evaporation.Herewe testthesensitivity

to this assumptionby addinga rain evaporationcomponent.The new watervapor
::::

Rain
:::::::::::

evaporation
::::

can
:::

be
:::::::::

accounted
::::

for
::

in

::::::::

equation
:

8
::

if
::::

we
:::

can
::::::::

quantify
:::

η,
:::

the
:::::

ratio
:::

of
:::::

water
::::::

vapor
::::::::::

originating
:::::

from
::::

rain
:::::::::::

evaporation
:::

to
::::

that
::::::::::

originating
:::::

from
:::::::

surface

:::::::::::

evaporation,
:::

and
:::::::

αevap,
:::

the
::::

ratio
:::

of
:::::::

isotopic
:::::

ratio
::

in
:::

the
::::

rain
:::::::::::

evaporation
::::

flux
::

to
::::

R0.

B1
:::::::::

Equations20

::

In
:::::::

LMDZ,
::::

two
:::::::::::::::

parameterization
::::::::

schemes
:::

can
::::::::

produce
:::

rain
::::::::::::

evaporation:
:::

the
:::::::::

convective
:::::::

scheme
::::

and
:::

the
::::::::::

large-scale
::::::::::::

condensation

:::::::

scheme.
:::::

Their
:::::::::

respective
::::::::::::

precipitation
::::::::::

evaporation
:::::::::::

tendencies,
:::::::::::::::

(dq/dt)evap,conv andisotopicbudgetsof theSCLwrite
:::::::::::::

(dq/dt)evap,lsc

:

,
:::

are
:::::

given
::

in
:::::::::::::::::::

kgwater · kg−1
air · s

−1
:::

and
::::

are
::::

used
::

to
:::::::::

calculate
:::::

Fevap
:::

in
:::::::::::::::::

kgwater ·m
−2 · s−1:

M · qorig +F +E = (N +D) · q0
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Fevap =

kLCL
∑

k=1

(

(dq/dt)evap,conv +(dq/dt)evap,lsc

)

·
∆Pk

g
:::::::::::::::::::::::::::::::::::::::::::::::::::

M · qorig ·Rorig +F ·RF +E ·RE = (N +D) · q0 ·R0

whereF is the rain evaporationflux
:::::

where
::::::

kLCL
::

is
:::

the
::::

last
:::::

layer
::::::

below
:::

the
::::::

LCL,
::::

∆Pk
:::

is
:::

the
:::::

depth
:::

of
:::::

layer
::

k
::

in
::::::::

pressure

:::::::::

coordinate
::::

and
::

g
::

is
:::::::

gravity.5

::::

The
:::::::

isotopic
::::::::::

equivalent
::

of
::::

this
::::

flux,
:::::::::

Fevap,iso
:

,
::

is
:::::

used
::

to
::::::::

calculate
:::::::::::::::::::::::

Revap = Fevap,iso/Fevap. We noteF = η ·E. We write

theisotopiccompositionof therainevaporation,RF , as

:::::

Only
::::

grid
:::::

boxes
::::

and
::::

days
::::::

where
::::::::::::

Fevap > 0.05
::::::

mm/d
:::

are
::::::::::

considered
::

to
:::::::::

calculate
::::::

αevap.
::::

This
::::::::::

represents
::::::

94.0%
::

of
:::

all
:::::::

tropical

:::::::

oceanic
::::

grid
::::::

boxes.

B2
:::::::

Results10

:::::::::

Consistent
:::::

with
:::

the
::::::

larger
:::::::

amount
:::

of
::::::::::::

precipitation
::::::::

available
::::

for
:::::::::::

evaporation,
::

η
::

is
::::::::::

maximum
:::

in
:::::::

regions
::

of
:::::

deep
:::::::::::

convection,

::::::::

reaching
::::

30%
:::::::

around
::::

the
:::::::::

Maritime
:::::::::

continent
:::::

(Fig.
:::::

C1a).
:::

It
::

is
::::::::

minimal
:::::

over
:::

the
::::

dry
:::::::::::

descending
:::::::

regions,
:::::::::

reaching
::::

5%
:::

off

:::

the
::::::

coasts
::

of
:::::::::::

Mauritania,
:::::

Peru
:::

or
:::::::::

Namibia.
::::

The
::::

rain
:::::::::::

evaporation
::

is
:::::

more
:::::::::

depleted
::::

than
::::

the
::::

SCL
:::

in
:::::::

regions
:::

of
::::::

strong
:::::

deep

::::::::::

convection,
:::

by
:::

as
:::::

much
:::

as
:::::

70‰
:::::::

around
:::

the
:::::::::

Maritime
:::::::::

continent
:::::

(Fig.
::::::

C1b).
::::::

When
:::

the
::::::::

fraction
:::

of
:::::::::

raindrops
::::

that
:::::::::

evaporate

:

is
::::::

small,
:::

as
::

is
:::

the
:::::

case
::

in
:::::

such
::::::

moist
:::::::

regions,
::::::::

isotopic
::::::::::::

fractionation
::::::

favors
:::::::::::

evaporation
::

of
:::

the
:::::::

lighter
:::::::::::::

isotopologues.
:::

In
:::::

these15

:::::::

regions,
::::

rain
:::::::::::

evaporation
:::

has
::

a
::::::::

depleting
::::::

effect
:::

on
:::

the
:::::

SCL,
:::::::::

consistent
:::::

with
::::::::::::::::::

Worden et al. (2007)
:

.
::

In
::::::::

contrast,
::

in
:::::

other
::::::::

regions,

:::

rain
:::::::::::

evaporation
::::

has
:

a
:::::::::

enriching
::::::

effect
:::

on
:::

the
:::::

SCL,
:::

up
::

to
:::::

70‰
::

in
::::

dry
::::::::

regions.
::::

This
::

is
::::::::

because
::

in
::::

dry
:::::::

regions,
::::

rain
::::::::::

evaporates

::::::

almost
::::::

totally,
:::

so
::::

that
:::

the
:::::::::::

evaporation
:::

flux
::::

has
::::::

almost
::::

the
:::::

same
:::::::::::

composition
::

as
:::

the
::::::

initial
:::::

rain,
:::::

which
::

is
:::::

more
::::::::

enriched
:::::

than
:::

the

:::::

water
::::::

vapor.

Appendix C:
:::::::::::

Diagnostics
:::

for
::::::::::

horizontal
::::::::::

advection
::

in
:::::::

LMDZ20

:::

We
:::

can
::::::::

account
:::

for
:::::::::

horizontal
:::::::::

advection
::

in
:::

Eq.
:::

(8)
::

if
:::

we
::::

can
:::::::

quantify
::::::::::

parameters
:::::::::::::

φ = Fadv·qadv

E
,
::::

the
::::

ratio
::

of
::::::

water
:::::

vapor
:::::::

coming

::::

from
::::::::::

horizontal
:::::::::

advection
::

to
::::

that
:::::::

coming
::::

from
:::::::

surface
:::::::::::

evaporation,
::::

and
:::::::::::::

β = Radv/R0,
::::

the
::::

ratio
::

of
::::::::

isotopic
:::::

ratios
:::

of
:::::::::

horizontal

::::::::

advection
:::

to
::::

that
::

of
:::

the
:::::

SCL.
:

C1
:::::::::

Equations
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::::

Let’s
:::::::

assume
::::

that
:::

the
::::

box
:::::::::::

representing
:::

the
:::::

SCL
:::

has
::

a
:::::

zonal
::::::

extent
::::

∆y,
:

a
::::::::::

meridional
::::::

extent
::::

∆x
:::

and
::

is
:::::::::

composed
:::

of
:::::

kLCL
::::::

layers

::

of
:::::::

vertical
::::::

extent
:::::

∆zk.
::::

The
:::::::

quantity
::::::::::

Fadv · qadv
::::::::::

represents
:::

the
:::::

mass
::::

flux
::

of
:::::

water
::::::::

entering
:::

the
::::

grid
::::

box
:::

by
:::::::::

horizontal
:::::::::

advection

:::

per
:::::::

surface
::::

area,
:::::::::

expressed
:::

in
::::::::::::::::::

kgwater · s
−1 ·m−2.

:::::::::

Assuming
:::

an
:::::::::

upstream
:::::::::

advection
:::::::

scheme,
::

it
::::

can
::

be
:::::::::

expressed
:::

as:

Fadv · qadv =

∑kLCL

k=1 (ρk · |uk| · quk ·∆y ·∆zk + ρk · |vv| · qvk ·∆x ·∆zk)

∆x ·∆y
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

(C1)

:::::

where
:::

uk
::::

and
::

vk
::::

are
:::

the
:::::

zonal
::::

and
::::::::::

meridional
::::

wind
:::::::::::

components
::

at
:::::

layer
:::

k,
::

ρk
::

is
:::

the
::::::::

volumic
:::::

mass
::

of
:::

air
::

at
:::::

layer
::

k,
::::

and
:::

quk
::::

and5

:::

qvk
:::

are
::::

the
:::::::::

humidities
:::

of
:::

the
:::::::::

incoming
:::

air
:::::

from
:::::

zonal
::::

and
::::::::::

meridional
:::::::::

advection
::

at
:::::

layer
::

k.
::::::

When
:::::::

uk > 0,
::::

quk
::

is
:::

the
:::::::::

humidity

::

in
:::

the
::::

grid
::::

box
::

to
:::

the
::::::

West.
:::::

When
::::::::

uk < 0,
:::

quk
::

is
::::

the
::::::::

humidity
::

in
:::

the
:::::

grid
:::

box
:::

to
:::

the
:::::

East.
:::::

When
:::::::

vk > 0,
::::

qvk
::

is
:::

the
:::::::::

humidity
::

in

:::

the
::::

grid
::::

box
::

to
:::

the
::::::

South.
::::::

When
:::::::

vk < 0,
:::

qvk
::

is
::::

the
::::::::

humidity
::

in
::::

the
::::

grid
:::

box
:::

to
:::

the
::::::

North.
:

::::::::

Applying
::::

the
::::::::::

hydrostatic
::::::::

equation
::

at
::::

each
:::::

layer
:::::::::::::::::::

(∆Pk = ρk · g ·∆zk,
::::::

where
:

g
::

is
:::::::

gravity
::::

and
::::

∆Pk
::

is
::::

the
:::::::

vertical
:::::

extent
:::

of
:::

the

::::

layer
::

k
::

in
::::::::

pressure
:::::::::::

coordinate),
:::

we
::::

get:
:

10

Fadv · qadv =

kLCL
∑

k=1

∆Pk

g
·

(

|uk| · quk

∆x
+

|vk| · qvk

∆y

)

:::::::::::::::::::::::::::::::::::::::::::::

::::

The
:::::::

quantity
:::::

Fadv
::::::::::

represents
:::

the
:::::::::

incoming
:::

air
:::::

mass
::::

flux
:::

by
::::::::::

horizontal
:::::::::

advection,
::::

and
:::::

qadv
:::::::::

represents
::::

the
::::::::

humidity
:::

of
:::

the

::::::::

incoming
::::

air.
:::

We
::::

can
::::

thus
:::::

write
:::::

them
:::

as:

Fadv =

kLCL
∑

k=1

(

|uk|

∆x
+

|vk|

∆y

)

·
∆Pk

g
:::::::::::::::::::::::::::::::

:::

and
:

15

qadv =

∑kLCL

k=1

(

|uk|
∆x

· quk + |vk|
∆y

· qvk

)

· ∆Pk

g

∑kLCL

k=1

(

|uk|
∆x

+ |vk|
∆y

)

· ∆Pk

g
::::::::::::::::::::::::::::::::::::::::

::::

The
:::::

same
::::::

budget
::

as
:::

in
:::

Eq.
:::

C1
::::

can
::

be
:::::::

written
:::

for
::::::

water
::::::::

isotopes:
:

Fadv · qadv ·Radv =

∑kLCL

k=1 (ρk · |uk| · quk ·Ruk ·∆y ·∆zk + ρk · |vv| · qvk ·Rvk ·∆x ·∆zk)

∆x ·∆y
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

::::::

where
:::::

Radv
:::::::::

represents
:::

the
::::::::

isotopic
::::

ratio
:::

of
:::

the
:::::::::

incoming
:::::

water
::::::

vapor:
:

Radv =

∑kLCL

k=1

(

|uk|
∆x

· quk ·Ruk + |vk|
∆y

· qvk ·Rvk

)

· ∆Pk

g

∑kLCL

k=1

(

|uk|
∆x

· quk + |vk|
∆y

· qvk

)

· ∆Pk

g
::::::::::::::::::::::::::::::::::::::::::::::::::
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::::

Note
::::

that
:::

the
:::::::::

upstream
::::::::

advection
:::::::

scheme
::::::::

assumed
:::::

here
::::::::::::

overestimates
:::

the
:::::

effect
:::

of
::::::::

advection
:::::::::

compared
:::

to
:::

the
:::::::::::::::

Van Leer (1977)

::::::::

advection
::::::::

scheme
::::

used
::

in
::::::::

LMDZ.
:::

We
::::

thus
::::::::

estimate
::::

here
:::

an
:::::

upper
::::::

bound
::::

for
:::

the
:::::::::

advection
::::::

effect.

::

In
::::::::

practice,
:::::

rather
:::::

than
::::::::::

calculating
::::::::::::

β = Radv/R0
:

,
:::

we
:::::::::

calculate
:::::::::::::::

β = Radv/RSCL
::::::

where
::::::

RSCL
::

is
:::

the
:::::::

isotopic
:::::

ratio
::

in
:::::::

average

:::::::

through
:::

the
:::::

SCL:
:

RF SCL
:::

= αre ·R0

∑kLCL

k=1 qk ·Rk
∆Pk

g
∑kLCL

k=1 qk
∆Pk

g
:::::::::::::::::

5

whereαre is aneffectivefractionationcoefficient.For example,if dropletsareformednearthecloudbase,someof them

precipitateandevaporatetotally in theSCL (e. g. in non-precipitatingshallowcumulusclouds),thenαre = α(Tcloudbase). In

contrast,if dropletsareformedin deepconvectiveupdraftsafter total condensationof theSCL vapor,andthena very small

fractionof therain is evaporatedin a very dry SCL, thenαre = 1/α(TSCL)/αK (Stewart, 1975).
:::

This
::::::::

prevents
::::

the
::::::::

advected

:::::

water
:::::

vapor
:::

to
::

be
:::::::::::::

systematically
:::::

more
::::::::

depleted
:::::

when
::::

the
:::::::::::

mixed-layer
::::::::::

hypothesis
::

is
:::

not
:::::::

exactly
:::::::

verified.
:

10

Combiningall equations,in thecaseof a logarithmicδD profile,weget:

C2
:::::::

Results

R0 =
Roce

αeq

·
1

h0 +αK · (1−h0) ·
1−r

αeff
orig

1−rorig
+ η ·αK · (1−h0) · (1−αre)

:::::::::

Parameter
::

φ
::

is
::::::::::

maximum
::::::

where
::::::

winds
::::

are
::::::::::

maximum,
:::::

such
:::

as
::::

near
::::

the
::::::::::::

extra-tropics
::

or
:::

in
:::

the
::::::

North
::::::::

Atlantic
:::::

(Fig.
::::::

C1a).

:::::::::

Horizontal
::::::::::

advection
:::

has
:::

an
:::::::::

enriching
::::::

effect
::

in
:::::

deep
::::::::::

convective
:::::::

regions
:::::::::

(probably
::::::::

because
:::::

water
::::::

vapor
::::::

comes
:::::

from
:::::::

nearby15

::::

drier
:::::::

regions
::::

that
:::::

have
:::::

been
::::

less
::::::::

depleted
:::

by
:::::

deep
:::::::::::

convection),
::::

and
::

a
:::::::::

depleting
::::::

effect
::::

near
:::

the
:::::::

coasts
:::::::::

(probably
:::::::

because
:::

of

:::::

winds
::::::::

bringing
::::::

vapor
::::

from
::::

the
::::::

nearby
::::

land
::::

that
::

is
::::::::

depleted
:::

by
:::

the
::::::::::

continental
:::::::

effect)
::::

(Fig.
::::::

C1b).

Rainevaporationcanhaveadepletingor enrichingeffectdependingonthesignof 1−αre (Fig
::::

Note
::::

that
::

in
::::

this
:::::::::::

formulation,

::::::::::

parameters
:

φ
::::

and
::

β
:::

are
::::::::::::::::::::

resolution-dependent.
:::

For
:::::::::

example,
::

in
:

a
:::::

finer
::::::::::

resolution,
::

φ
::::::

would
::

be
::::::

larger
:::

and
::

β
::::::

would
:::

be
::::::

closer
::

to
::

1,

:::

but
::::::::::::::::

Fadv · qadv ·Radv
:::

and
:::::

thus
:::

the
:::::::::::

contribution
::

of
::::::::::

horizontal
:::::::::

advection
::

in
:::

Eq.
::::

(8)
::::::

would
::::::

remain
:::

the
::::::

same.
:

20

Appendix D:
:::::::

LMDZ
::::

free
::::::::::::

tropospheric
:::::::

profiles

:::

The
:::::

goal
::

of
::::

this
:::::::::

appendix
::

is
::

to
:::::::::

document
:::

the
:::::::::::::::

spatio-temporal
:::::::::

variability
:::

in
:::

the
:::::

shape
::::::::

(section
::::

D1)
::::

and
::::::::

steepness
::::::::

(section
::::

D2)

::

of
:::::::::

simulated
::::

free
::::::::::::

tropospheric
::::

δD
::::::::

profiles.
:::::

Note
::::

that
:

a
::::::::

detailed
:::::::::::::

interpretation
::

of
:::::

these
::::::::

profiles
::

is
:::::::

beyond
::::

the
:::::

scope
:::

of
::::

this

:::::

paper.
:::::

This
:::::

paper
:::::

aims
::

at
:::::::::::::

understanding
:::::

δD0,
::::::

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
:::::

δD0. 3 pink, blue). In the paper,we25

thuswell neglectrainevaporationeffects,to avoiddealingwith suchanunknownparameterasαre.

D1
::::::

Shape
::

of
::::::::::::

tropospheric
::::::::

profiles
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Figure C1.
::

a)
:::::

Ratio
:

η
::

of
:::::

water
::

in
:::

the
::::

SCL
:::::::

coming
::::

from
::::

rain
:::::::::

evaporation
::

to
::::

that
::::::

coming
::::

from
:::::::

surface
::::::::::

evaporation.
::

b)
:::::::

Effective
:::::::::::

fractionation

::::::::

coefficient
::::::

αevap
:::::::

between
:::

the
::::

SCL
:::::

water
:::::

vapor
:::

and
:::

the
:::

rain
:::::::::::

evaporation.
::

c)
:::::

Ratio
:

φ
::

of
:::::

water
::

in
:::

the
:::::

SCL
::::::

coming
::::

from
:::::::::

horizontal
::::::::

advection

::

to
:::

that
::::::

coming
:::::

from
::::::

surface
::::::::::

evaporation.
::

d)
::::::::

Effective
:::::::::::

fractionation
::::::::

coefficient
::

β
:::::::

between
:::

the
::::

SCL
:::::

water
:::::

vapor
::::

and
:::

the
:::::

water
:::::

vapor
::::::

coming

::::

from
::::::::

horizontal
:::::::::

advection.

:::::

First,
:::

we
:::

test
::::::::

whether
:::

the
:::

δD
:::::::

vertical
::::::::

profiles
:::::::::

simulated
::

by
:::::::

LMDZ
::::::

follow
::

a
::::::::

Rayleigh
:::

or
::::::

mixing
::::

line
::

as
::

a
::::::::

function
::

of
::

q.
::::

For
:::

the

::::::::

Rayleigh
::::::

curve,
:::::

αeff
::

is
:::::::::

estimated
::

as
:::::::::

explained
:::

in
:::::::

section
:::

3.3.
::::

For
:::

the
:::::::

mixing
::::

line
:::::::::

(appendix
::::

A),
:::

the
::::

end
::::::::

member
::::

(qf ,
::::

Rf )
::

is

::::

also
:::::

taken
::

at
::::

500
::::

hPa.
:

::::

The
::::::::::::

tropical-mean
:::::::

vertical
::::

δD
:::::::

profiles
:::::::::

simulated
:::

by
:::::::

LMDZ
::

is
::::::::

bounded
:::

by
::::::::

Rayleigh
::::

and
:::::::

mixing
::::

lines
:::::

(Fig.
::::::

D1a).
::

To
::::::

better

:::::::::

document
:::

the
:::::::

spatial
:::::::::

variability
:::

in
::::

the
:::::

shape
:::

of
::::

δD
::::::::

profiles,
:::

we
:::::

plot
:::::::::

parameter
:::::::::::::::::::::::

f =
δDLMDZ−δDRayleigh

δDmix−δDRayleigh
,
::::::::::

describing
:::::

how5

::::

close
:::

is
:::

the
:::::::::

simulated
::::

δD
:::::::::::

(δDLMDZ)
::

to
::::

the
::::::::

Rayleigh
::::::::::::

(δDRayleigh)
::::

and
:::::::

mixing
::::::::

(δDmix)
::::::

lines.
:::

We
:::::

have
::::::

f = 0
::

in
:::::

case
::

of
::

a

:::::::

Raleigh
::::

line,
::::::

f = 1
::

in
:::::

case
::

of
::

a
:::::::

mixing
::::

line,
::::

and
::::::

f > 1
::

if
:::

δD
::

is
::::::

more
::::::::

enriched
::::

than
::

a
:::::::

mixing
::::

line.
:::

In
:::

the
:::::::::::::::::

lower-troposphere,

:::::::::

δDLMDZ
::

is
:::::

close
::

to
:

a
:::::::

mixing
:::

line
:::::

(and
::::::::::

sometimes
::::

even
:::::

more
:::::::::

enriched)
::

in
::::

deep
::::::::::

convective
:::::::

regions
:::::::

(Indian
::::::

Ocean,
::::::

South
::::::

Pacific

:::::::::::

Convergence
::::::

Zone,
::::::::

Atlantic
:::::::

ITCZ),
::::::::

probably
::::::::

because
:::::

deep
::::::::::

convection
::::::::::

efficiently
::::::

mixes
:::

the
::::::

lower
::::::::::::

troposphere.
::::::::::

Elsewhere,

:::::::::

δDLMDZ
::

is
:::::::::::

intermediate
::::::::

between
:::

the
::::

two
::::

lines
::::

(Fig
::::::

D1e).
::

In
:::

the
:::::::

middle
:::::::::::

troposphere,
:::::::::

δDLMDZ
::

is
:::::::::

relatively
:::::

closer
:::

to
::::::::

Rayleigh10

::::::::::

everywhere
::::

(Fig
::::::

D1b).

::::

The
:::::

daily
:::::::::

variability
:::

of
::

f
::

is
:::::

large
:::::::::::

everywhere
::::

and
::

at
:::

all
::::::

levels
:::::

(Fig
:::::::

D1c,e),
::::

with
:::::::::

standard
::::::::

deviation
:::

of
:::::

0.23
:::

and
:::::

0.44
:::

on

:::::::

tropical
:::::::

average
::

at
:::::

1000
::

m
::::

and
:::::

4000
::

m
:::::::::::

respectively.
:::

A
::::

large
:::::

daily
::::::::::

variability
::

in
:::

the
::::::

shape
::

of
:::::::

profiles
::

is
::::

also
:::::::::

observed
::

in
::::::

nature

:::::::::::::::::::::

(Sodemann et al., 2017).
:

D2
:::::::::

Steepness
::

of
:::::::::::::

tropospheric
:::::::

profiles15
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Figure D1.
:

a)
:::::::

Vertical
:::::::

profiles
::

of
:::::

water
:::::

vapor
:::

δD
:::::::::

simulated
::

by
::::::

LMDZ
:::::::

(black),
:::::::::

calculated
::

if
::::::::

assuming
:

a
::::::::::::

Rayleigh-type
:::::

curve
::::

with
:::::

αeff

::::::::

estimated
::::

from
:::::::::

(qf , δDf )
::

at
:::

500
::::

hPa
::::::

(green),
:::::::::

calculated
::

if
::::::::

assuming
:

a
::::::::::::

Rayleigh-type
:::::

curve
::::

with
:::::::

αeq(T )
::::::

(dashed
::::::

green)
::::

and
::::::::

calculated
::

if

:::::::

assuming
::

a
::::::

mixing
:::::

curve
:::::::

between
:::

the
:::

first
:::::

layer
:::

and
:::::::::

(qf , δDf )
::

at
:::

500
:::

hPa
::::::

(blue),
::

in
:::::::

average
::::

over
::

all
:::::::

tropical
::::::

oceanic
::::::::

locations
:::

and
:::::

days.
::

b)

::::::::::

Winter-mean
::::

map
::

of
:::::::::

parameter
:::::::::::::::::::::

f =
δDLMDZ−δDRayleigh

δDmix−δDRayleigh ::

at
:::::

4000
::

m,
:::

i.e.
::::::

slightly
::::::

below
:::

500
:::

hPa
::::::

where
::

qf
::::

and
::::

δDf
:::

are
:::::

taken.
::::::::

Parameter
::

f

:::::::

describes
::::

how
:::::

close
::

is
:::

the
::::::::

simulated
:::

δD
::::::::::

(δDLMDZ )
::

to
:::

the
::::::::

Rayleigh
:::::::::::

(δDRayleigh)
::::

and
::::::

mixing
::::

lines
::::::::

(δDmix):
::::::

f = 0
::

in
::::

case
::

of
:

a
:::::::

Raleigh

:::

line,
::::::

f = 1
::

in
::::

case
::

of
:

a
:::::::

mixing
::::

line,
:::

and
:::::

f > 1
::

if
:::

δD
::

is
:::::

more
:::::::

enriched
::::

than
:

a
:::::::

mixing
::::

line.
::

c)
:::::::

Standard
::::::::

deviation
::

of
:::::::::

parameter
::

f
:::::

among
:::

all

::::

days
::

in
:::::

winter
::

of
::

all
::::::

years,
:

at
:::::

4000
::

m.
::

d)
:::::

Same
::

as
::

b
::

but
::

at
:::::

1000
::

m,
:::

i.e.
::::::

slightly
:::::

above
:::

the
:::::

LCL.
::

e)
:::::

Same
::

as
:

c
:::

but
::

at
::::

1000
::

m.
:::

To
:::::

avoid
::::::::

numerical

::::::::

problems,
::::

only
::::

days
:::

and
::::::::

locations
:::::

where
:::::::::::::::::::::::::

|δDmix − δDRayleigh| > 5‰
:::

are
::::

used
::

in
:::

the
::::::::::

calculations.
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(a)

(b)

(c)
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(αeff − 1) × 1000
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standard deviation of αeff × 1000

(αeq(T ) − 1) × 1000 (h)

Figure D2.
:

a)
:::::::::

αeff − 1,
:::::

where
:::::

αeff
::

is
:::

the
:::::::

effective
:::::::::::

fractionation
::::::::::

coefficient,
::::::::

expressed
::

in
:::

‰.
:::

b)
:::::::::

αeq(T )− 1
:::::::::

expressed
::

in
:::

‰.
:::

All
:::::

daily

:::::

values
:::

are
:::::::

averaged
::::

over
:::

all
::::

days
::

in
::::::

winters
::

of
::

all
:::::

years.
::

c)
::::::::

Standard
::::::::

deviation
::

of
::::

αeff
::::::

among
::

all
::::

days
::

in
::::::

winter
::

of
::

all
:::::

years,
:::::::::

expressed
::

in
:::

‰.

:::

The
:::::::::

steepness
::

of
::::

the
:::

δD
::::::::

gradient
::::

from
:::

the
:::::::

surface
::

to
:::

the
:::::::

middle
:::::::::::

troposphere
::

is
:::::::::

described
::

by
:::

the
::::::::::

parameter
:::::

αeff .
::

It
::

is
:::::::::

maximum

::

in
:::::::

regions
::

of
:::::

deep
:::::::::::

convection,
:::

for
::::::::

example
:::::::

around
:::

the
:::::::::

Maritime
:::::::::

Continent
:::::

(Fig.
:::::

D2a).
:::::

This
::

is
::::::::::

consistent
::::

with
:::

the
::::::::::

maximum

::::::::

depletion
:::::::::

simulated
:::

in
:::::

deep
::::::::::

convective
:::::::

regions
:::

in
:::

the
:::::::::::::::

mid-troposphere
:::::::::

simulated
:::

by
::::::::

models
:::::::::::::::::

(Bony et al., 2008),
:::::::

leading
:::

to

::::::

steeper
::::

δD
::::::::

profiles.
::::

The
::::::

pattern
:::

of
:::::

αeff
::::

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)
::

).5

::::::

Values
::

of
:::::

αeff
:::

are
:::

of
:::

the
:::::

same
:::::

order
::

of
::::::::::

magnitude
:::

as
:::

real
::::::::::::

fractionation
:::::::

factors,
:::

but
::::

the
::::::

spatial
:::::::::

variations
:::

do
:::

not
::::::

reflect
:::::

those

::::::::

predicted
::

if
:::::

using
::

a
:::::::::::

fractionation
::::::::::

coefficient
::::

αeq
::

as
::

a
::::::::

function
::

of
:::::::::::

temperature
::

T
:::::

(Fig.
:::::

D2b).
:

::::

The
:::::

daily
::::::::

standard
::::::::

deviation
:::

of
:::::

αeff
:::::::

(σαeff
)
:::

for
::

a
:::::

given
:::::::

season
::::::

ranges
:::::

from
::::

5‰
:::

in
:::

the
:::::::

Central
::::::::

Atlantic
::

to
:::::

40‰
:::::

near
:::

the

::::::::

Maritime
:::::::::

Continent
:::::

(Fig.
::::::

D2c).
:::

On
::::::::

average
::::

over
:::

all
::::::::

seasons
::::

and
:::::::::

locations,
:::::

daily
::::::::

αeff − 1
:::

at
::

a
:::::

given
::::::::

location
::::::

varies
::::::

within

::::

±25
::

%
:::

of
::

its
::::::::::::::

seasonal-mean
:::::

mean
::::::

value.10
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