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Abstract. Understanding what controls the water vapor isotopic composition of the sub-cloud layer (SCL) over tropical oceans
(6 Dy) is a first step towards understanding the water vapor isotopic composition everywhere in the troposphere. We propose
an analytical model to prediétD, as a function of sea surface conditions, humidity and temperature profiles, and the altitude
from which the free tropospheric air originates,{z). To do so, we extend previous studies by (1) prescribing the shape of

0.D vertical profiles, and (2) linking Dy to z,.;,. The model relies on the hypotheses th&tprofiles are steeper than mixing

lines and no clouds are precipitating. We show thag does not depend on the intensity of entrainment, dampening hope that
0D measurements could help constrain this long-searched quantity. Based on an isotope-enabled general circulation mode
simulation, we show thakD, variations are mainly controlled by mid-tropospheric depletion and rain evaporation in ascending
regions, and by sea surface temperaturezang in subsiding regions. When the air mixing into the SCL is lower in altitude,

it is moister, and thus it depletes more efficiently the SCL. In turn, célild measurements help estimatg,, and thus
discriminatebetweerdifferentmixing processesEstimateghatareaccurateenoughto be usefulwould be difficult to achieve

in practice,requiringmeasuringdaily § D profiles,andmeasuring) Dy with anaccuracyof 0.1 % and0.4 %o in trade-wind

cumulusandstrato-cumulugloudsrespectively.

1 Introduction
1.1 What controls the water vapor isotopic composition?

The water vapor isotopic composition (e = (R/Rsyow — 1) x 1000 expressed in %o, wher& = HDO/H>0O and

SMOW is the Standard Mean Ocean Water reference) has been shown to be sensitive to a wide range of atmospheric pro
cesses (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



10

15

20

25

30

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-254 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 29 March 2019 and Physics
© Author(s) 2019. CC BY 4.0 License.

Discussions

(Lawrence et al., 2004; Tremoy et al., 2014), the conved®pth (Lacour et al., 2017), the proportion of precipitattbat
occurs as convective or large-scale precipitation (Le& e2809; Kurita, 2013; Aggarwal et al., 2016), vertical tinig in
the lower troposphere (Benetti et al., 2015; Galewsky, 2003, mid-troposphere (Risi et al., 2012b) or upper-trppese
(Galewsky and Samuels-Crow, 2014), convective detrainiihoyer et al., 1996; Webster and Heymsfield, 2003), ice aicr
physics (Bolot et al., 2013). Itis therefore very challemgio quantitatively understand what controls the isotopimposition
of water vapor.

Afirst step towards this goal is to understand what conth@siater vapor isotopic composition in the sub-cloud |lag€zL()
of tropical (30 S-30°N) oceans. Indeed, this water vapor is a important sourcsterdng air masses traveling to land regions
(Gimeno et al., 2010; Ent and Savenije, 2013) and towardsehiigtitudes (Ciais et al., 1995; Delaygue et al., 2000%. diso
ultimately the only source of water vapor in the tropicakfteoposphere, since water vapor in the free troposphearsaiély
originates from convective detrainment (Sherwood, 1986} convection ultimately feeds from the SCL air (Bony et al.
2008). Therefore, the water vapor isotopic compositiom&$CL of tropical oceans serves as initial conditions tceustdnd
the isotopic composition in land waters and in the tropospheater vapor everywhere on Earth. We focus here on the SCL
because, by definition, there is no complication by clouddemsation processes.

The goal of this paper is thus to propose a simple analytipahton that allows us to understand and quantify the factor
controlling thed D in the water vapor in the SCL of tropical oceans. So far, thetnfimmous analytical equation for this
purpose has been the closure equation developed by Meatidaiouzel (1979) (MJ79). This closure equation can beekkriv
by assuming that all the water vapor in the SCL air originétes surface evaporation. The water balance of the SCL can be
closed by assuming a mass export at the SCL top (e.g. by diveverass fluxes) and a totally dry entrainment into the SCL
to compensate this mass export. The MJ79 equation has pvevediseful to capture the sensitivity &0 and second-order
parameter d-excess to sea-surface conditions (Merlichfanzel, 1979; Ciais et al., 1995; Risi et al., 2010d). Haxethe
0D calculated from this equation suffers a low bias in tropregions (Jouzel and Koster, 1996). This bias can be exuldipe
the neglect of vertical mixing between the SCL and air ent&difrom the free troposphere (FT). The MJ79 equation cartbet
reproduce surface water vapor observation when extend&akéointo account this mixing (Benetti et al., 2015), heteraf
B15). However, this extension requires to know the specifimidlity (¢) and water vapod D of the entrained air, which are
often unknown. In addition, they assumed that the air emdcinto the boundary layer comes from a constant altitudiéw

does not reflects the complexity of entrainment and mixirggesses in marine boundary layers.
1.2 Entrainment and mixing mechanisms

Figure 1 summarizes our knowledge about these entrainmenniaing processes. In strato-cumulus regions, cloudthame
and the inversion is just above the LCL. Air is entrained fritni@ FT by cloud-top entrainment driven by radiative coolang
wind shear instabilities (Mellado, 2017), possibly amptifby evaporative cooling of droplets (Lozar and Melladd,3)0Both
Direct Numerical Simulations (Mellado, 2017) and obseorst of tracers (Faloona et al., 2005) and cloud holes (Gexto.,
2005) show that air is entrained from a thin layer above thersion, thinner than 80m and as small as 5m. The boundary
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layer itself is animated by updrafts, downdrafts and asdediturbulent shells that bring air from the cloud layer daward
(Brient et al., 2019; Davini et al., 2017).

In trade-wind cumulus regions, the cloudy layer is a bit @ee@bservational studies and large-eddy simulations have
pointed the important role of thin subsiding shells aroumahglus clouds, driven by mixing and evaporative coolingrofdets
(Jonas, 1990; Rodts et al., 2003; Heus and Jonker, 2008;édalis 2009; Park et al., 2016). This brings air from the dipu
layer to the SCL. Subsiding shells may also cover overshgatiumes of the cumulus clouds, entraining FT air into tloaid!
layer (Heus and Jonker, 2008).

In deep convective regions, unsaturated downdrafts dhiyeain evaporation (Zipser, 1977) are known to contribigai&
icantly to the energy budget of the SCL (Emanuel et al., 199dige-eddy simulations show that subsiding shells, sintd
those documented in shallow convection, also exist aroee@ donvective clouds (Glenn and Krueger, 2014). In the-clea
environment between clouds, turbulent entrainment ikd2GL may also play a significant role (Thayer-Calder and B#nd
2015).

Therefore, whatever the cloud regime, air entering the SGinfabove may originate either from the cloud layer or from
the free troposphere, depending on the mixing mechaniserefdre, in this paper in contrast with Benetti et al. (2048 let
the altitude from which the air originates,,;,, be variable. We do not call it “entrained” air because entn@nt sometimes
refer to mixing processes through an interface (e.g. De Roay. (2013); Davini et al. (2017)), whereas air in the SClyma
also enter through deep, coherent and penetrative stegcturch as unsaturated downdrafts. We do not call it FT dierit
since it may originate from the cloudy layer.

1.3 Goal of the article

To acknowledge the diversity and complexity of mixing matkms, we extend the B15 framework in two ways. First, we
assume that we know the relationship betwéé&handq in the FT, which allows us to get rid of one unknown. Second, we
write the specific humidity of the air originating from ababe SCL as a function of,,.;,.

While B15 focused on observations during field campaign, we apply the extended equation to global outputs an isotope-
enabled general circulation model, with the aim to quarttily different factors controlling th&D variability at the global
scale. The variable,,;, will emerge as an important factor. Therefore, we discusptssibility thav D measurements at the
near surface and through the lower FT could help estimatg, and thus the mixing processes between the SCL and the air
above.

Note that we focus oAD only. Results fos 'O are similar. We do not aim at capturing second-order parmaeexcess,
because our model requires some knowledge about free pbeos vertical profiles of isotopic composition. Whiié is
known to decrease with altitude (Ehhalt, 1974; Ehhalt et28l05; Sodemann et al., 2017), vertical profiles of d-exeges
more diverse and less well understood (Sodemann et al.) 2@&ddition, the need for an extension of MJ79 is more néede

for 6 D than for d-excess anyway, since MJ79 already performs guglifor d-excess (Risi et al., 2010d; Benetti et al., 2014).
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Figure 1. Schematics showing the different types of clouds and mixing procasseunction of the large-scale circulation.

2 Theoretical framework
2.1 Assumptions leading to the Benetti et al 2015 equation

In this section, we recall how the equation in Benetti et2014) and B15 was derived and explicit all underlying assionp.

We consider a simple box representing the SCL (Fig. 2). Wanasshat the air may come from abov&/ ) or from the
large-scale horizontal convergende € 0), and is exported through the SCL tal (e.g. turbulent mixing or convective mass
flux) or large-scale horizontal divergende ¢ 0). We assume that the SCL is at steady state. In particidatejth is constant.
The air mass budget of the SCL thus writes:

M=N+D @

These fluxes also transport water vapor and isotopes. Iniagdsurface evaporatiofl imports water vapor and isotopes
(Fig. 2). We neglect import of water vapor and isotopes by exaporation (Albrecht, 1993) and will test the sensiitt this
effect in appendix B.

Hereafter, to simplify equations, we use the isotopic r&imstead of D.
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The SCL is usually well-mixed (Betts and Ridgway, 1989; 8tey 2006; De Roode et al., 2016), so that we can assume
that the humidity and isotopic properties are constantcadly and horizontally in the SCL. They are noteg,(Ry). The
humidity and isotopic properties of the mass flux expérare thus alsog, Ry). In case of net horizontal divergende ¢ 0),
the properties of the divergence flux are algg (Ry). In case of net convergenc® (< 0), we neglect large-scale horizontal
gradients in air properties, so that the properties of theemence flux are als@d, Ry). The properties of the flud/ are
noted @orig, Rorig) At steady state, the water budget of the SCL writes:

M'qorig+E:(N+D)'q0 (2)

This model is consistent with SCL water budgets that haveadly been derived in previous studies (Bretherton et 85).9
except that we consider steady state. This equation canmddor ¢:

4o = Yorig + E/M (3)

The SCL humidityg, is thus sensitive td/, justifying that it can be used to estimate the mixing intign@ the entrainment
velocity w. = M/po (p being the air volumic mass) (Bretherton et al., 1995).
At steady state, the water isotope budget of the SCL writes:

M'Qom’g'Romﬁg"'E'RE:(N+D)'QO'RO (4)

where Rg is the isotopic composition of the surface evaporations lassumed to follow the Craig and Gordon (1965)
equation:

Ry = Roce/aeq —ho - Ry
QK - (1 — ho)

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

®)

surface temperature (SST) (Majoube, 1974y, is the kinetic fractionation coefficient (MJ79) angd is the relative humidity
normalized at the SSTh( = q0/q:(SST, Py) whereg, is the specific humidity at saturation function afgl is the surface
pressure).

By combining all these equations, we get:

(1 - rorig) . Roce/aeq + K - (1 - hO) T R()T'ig

R =
0 (1= Topig) - ho +ax - (1— ho)

(6)

wherer,,;q = qorig/qo is the proportion of the water vapor in the SCL that origisdtem above.
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An intriguing aspect of this equation is that the sensifitat M/ disappears. In contrastig, R, is not sensitive td//. There-
fore, it appears illusory to promise that water vapor ismaopeasurements could help constrain the entrainment it lbat
many studies have strived to estimate (Nicholls and Turt886; Khalsa, 1993; Wang and Albrecht, 1994; Brethertor.et a
1995; Faloona et al., 2005; Gerber et al., 2005, 2013). Tekedbsensitivity of R, to M is explained physically by the fact that
for a givengo andq,,i4, if M increases, thel’ increases in the same proportion to maintain the water balarherefore, the
proportion of the water vapor originating from surface exapion and from above, to which, is sensitive, remains constant.
Rather, since; and R vary with altitude, R, is sensitive to the altitude from which the air originates aagued in the next
paragraph.

2.2 Two additional assumptions to close the equation

Equation (6) requires to know,,;, and R,,.;,. B15 closed it by taking the values gf,;, and R,,;, at 700 hPa from GCM
outputs. We modify this in two ways.
First, we want to acknowledge the diversity and complexftynxing mechanisms by taking,,;, andR,,;, at a variable

altitudez,,4:

QOTig = h(zorig) Qs (T(Zorig) + 5T(Zorig)7 P(Zorig)) (7)

whereT(zmg) + 0T (20rig) = T (2orig) IS the temperature at altitudg, 4, T is the tropical-ocean-mean temperature pro-
files, h(zorig) and P(zorig) are the relative humidity and pressurezgt;,, andd7'(zori4) is the temperature perturbation
compared td". Therefore, the unknowd,,i4 is replaced by the unknows,.; ;.

Note that in all our equations, we assume that temperatutdamidity profiles and all basic surface meteorological-var
ables are known. We make no attempt to expigsas a function ofyy as in B15. Our ultimate goal is to assess the added value
of 0D assuming that meteorological measurement are alreadypetutione. Therefore, variations 6D, that are mediated
by qo or hg do not interest us.

Second, to deal witli,,.;, in Eq. (6) and get an analytical solution, we assume thatehigcal profile of? follows a known
relationship as a function @f Measured vertical profiles ofD are usually bounded by two curves when plotted ig,a D)
diagram (Sodemann et al., 2017): Rayleigh distillationvetand mixing line. We explore these two extreme cases indke n
section and in appendix A respectively.

2.3 Closure if the tropospheric profile follows a Rayleigh lne

Here we assume thé#l,,.;, is uniquely related tq,,;, by Rayleigh distillation (Dansgaard, 1964), as in Galewashkgl Rabanus
(2016):

Rorig = Ro - Tac‘ffil (8)

orig
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Figure 2. Schematics showing the simple box model on which the theoretical frarkésvbased, and illustrating the main notations.

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

Injecting Eq. (8) into Eg. (6), we get:

ROCG 1
RO = % ' 1_7."eff (9)
eq ho-i-OéK’(l_hO). 1—:(::1‘1
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As a consistency check, in the limit case where the air corfrioig above is totally dry«,,;, = 0), we find the MJ79
equation:

ROCE 1

Ry = :
0 Oéeq h0+OéK(17h0)

(10)

Equation (9) tells us that whenevet,; > 1, Ry decreases as,.;, increases (Fig. 3 red), i.e. as.;, is moister. Therefore,
R, decreases as,, is lower in altitude. This result may be counter-intuitibeit can be physically interpreted as follows. If
Zorig 1S high, mixing brings air with very depleted water vaport simce the air is dry, the depleting effect is small. In casty
if zorig 1S lOw, mMixing brings air with water vapor that is not very detpd, but since the air is moist, the depleting effect is
large (Fig. 4a).

Figure 3 (red) shows that the range of possihigvalues is restricted to -70 %o to -85 %0. This explains why in guent
conditions near the sea level in tropical ocean locatidms,water vapop D varies little Benetti et al. (2014) ( F. Vimeux
pers. comm.). In the limit case wherg,;, — 1 (i.e. the air comes from the SCL topk, — ’fy L . This

¢  hotax-(I—ho)-acss
lower bound is not so depleted compared to the more depleteéer wapor observed in regions of deep convection (e.g.

Lawrence et al. (2002); Lawrence et al. (2004); Kurita (901Bhis is because whem,.;, — 1, the water vapor coming from
above has a composition very close to that of the SCL, so thletiieg effect is limited. In addition, surface evaporatgirongly
damps the depleting effect of mixing. Only rain evaporatotiquid-vapor exchanges (Lawrence et al., 2004; Wordeal. gt
2007) can further decreasg (appendix B).

Figure 3 (green) shows that the sensitivityotgy ¢ is relatively small but cannot be neglected. Thereforedipting water
vapord D requires to have some knowledge about the steepness obtbpitsprofiles in the FT.

Assuming a Rayleigh shape for th® profile allows us to find a good-looking analytical solutibat our main results (more
depletedi D, asr,;, increases, restricted rangedd, variations, relationship with,.;,) would hold for anys D profile that
is steeper than the mixing line. If the profile follows as mixiline, however, our results would not hold any more, beeaus
no single end member can be identified, as illustrated in4igand analytically demonstrated in appendix A. Therefore,
the remaining of the paper, we will assume tRafiollows a logarithmic line. We will assess the validity ofglassumption in
section 4.1.

An important assumption that led to Eq. (9) is the neglect@E $oistening by rain evaporation. We propose an extended
equation including rain evaporation in appendix B). Raiaparation can have a depleting or enriching effect (e.k pimd
blue curves in Fig. 3), depending on microphysical det&iéd tire too complex to be addressed here. Therefore, wechegle
rain evaporation effects and our results will be valid onlyegions covered by non-precipitating clouds, e.g. sihgicgions
covered by non-precipitating trade-wind cumulus, sti@ioiulus or stratus clouds.



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-254 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 29 March 2019 and Physics
© Author(s) 2019. CC BY 4.0 License.

Discussions

-65 T T T T

N
S
5=
S
o
-85} i
_90 1 1 1 1
0 0.2 0.4 0.6 0.8 1
Tom'g ()
|

aerr = 1/a,

o ozeﬁ incréasgzd by 10%0

___ raln evaporation is 25% of surface evaporation
Qe = Qleg

Qe = 1/t

Figure 3.9 Dy as a function of-,.;4 according to Eq. (9), withx. s ; = aeq as an example (red). The sensitivity to the effective fractionation
factoraess (green) is shown. In case of rain evaporation fractionation, the sétysit the effective fractionation factat,.. (see appendix
B) is shown (pink, blue).
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Figure 4. Idealizedq — 6 D diagrams showing how the SCL water vap@ is set. (a) Ifé D profiles follow Rayleigh distillation. The red
curve shows the Rayleigh profile starting from the SCL and the pink clme@sthe mixing line connecting the air coming from above to
the surface evaporation, in the casgi; = gorig/qo = 0.7. The green curve shows the the Rayleigh profile starting from the SCithend
blue curve shows the mixing line connecting the air coming from above tatiffieece evaporation, in the cagg.ig = gorig/q0 = 0.5. One
can visually see that whemn, ;4 is lower, the mixing line is more curved, leading to more enriched valug$. {tb profiles follow a mixing

line. The pink curve joins the SCL air and the air at all altitudes above the 8@&.can see that different values for;, can lead to the
same value of D in the SCL.
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3 Model simulations, observations and methods
3.1 LMDZ simulations

We use an isotope-enabled general circulation model (GGM) kaboratory to test our hypotheses and investigate igotop
controls. We use the LMDZ5A version of LMDZ (Laboratoire deétdorologie Dynamique Zoom), which is the atmospheric
component of the IPSL-CM5A coupled model (Dufresne et 8112 that took part in CMIP5 (Coupled Model Intercompari-
son Project, Taylor et al. (2012)). This version is very elasLMDZ4 (Hourdin et al., 2006). Water isotopes are implatad

the same way as in its predecessor LMDZ4 (Risi et al., 200e)use 4 years (2009-2012) of an AMIP (Atmospheric Model
Intercomparison Project)-type simulation (Gates, 19823) was initialized in 1977. The winds are nudged towards HRA
reanalyses (Uppala et al., 2005) to ensure a more realistidagion. Such a simulation has already been describee xten-
sively validated for isotopic variables in both precipibatand water vapor (Risi et al., 2010c, 2012a). The ocedacivater
0D, IS assumed constant and set to 4 %o.. The resolution fsi2 latitude x 3.75 in longitude, with 39 vertical levels. Over
the ocean, the first layer extends up to 64 m, and a typical S@nding up to 600 m is resolved by 6 layers. Around 2500 m,
a typical altitude for the inversion for trade-wind cumutisuds, the resolution is about 500 m.

3.2 STRASSE observations

We also apply our theoretical framework to observationsnduthe STRASSE (subtropical Atlantic surface salinity exp
iment) cruise that took place in the Northern subtropicaarcin August and September 2012 (Benetti et al., 2014). This
campaign accumulates several advantages that are impfatanir analysis: (1) continuousD, measurements in the surface
water vapor (17m) at a high temporal frequency during onetm@enetti et al., 2014, 2015, 2017b), (2) associated serfa
meteorological measurements, including SST apd(3) 22 radio-soundings relatively well distributed ovke tcampaign
period and providing vertical profiles of altitude, tempara, relative humidity and pressure, (4) ocean surfacenéd?, ..
measurements (Benetti et al., 2017a), (5) a variety of ¢immdi ranging from quiescent weather to convective coolj (6)

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

We used Dy measurements on a 15-minute time step. The measurementgan water were interpolated on the same
time steps using a Gaussian filter with a width of 3 days. Theraoundings are used together with all water vapor isotop
measurements that are within 30 minutes of the radio-soagrdunch. Only profiles during the ascending phase of tHednal
are considered.

3.3 Estimating the altitude from which the air originates
First,a. s is estimated assuming that( 6D ) at 500hPa follows a Rayleigh distillation from the surface

l’I’L(Rf/R(])

Qerf =1+
1 In(qr/q)

11
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Figure 5. Schematics illustrating the typical structure of tropical marine boundamrsay.eft: shape of the vertical profile in(black)
andgs (green). Right: shape of the vertical profile in potential temperaduiespired by Wood and Bretherton (2006). The LClyg ,
Zorig,rorig=0.6 @Ndz; altitudes defined in section 3.4 are indicated.

We checked that results are similar when defining the end ree@h400 hPa rather than 500 hPa. However, if the end
member is defined below 500 hPa (e.g. 600 hPa), results aedwenis reasonable.

Secondy,,i4 is estimated based on Eq. (9), usigy s, ceq, 0k , §Doce, ho anddDy.

Third, the altitudez,,;, is estimated fromr,,;,. Using theg vertical profile, we fintk,,;, S0 thatg(2orig) = 7orig - g0 (FiQ.

5 5, red).

Note that if assumptions underlying Eq. (9) are violateéntthe estimate of,,;,, and subsequently,,;,, will be based.
The estimate of-,,;, encapsulates the effect of mixing processes, but also fadir girocesses that have been neglected in
our theoretical framework, such as temporal variations@b Septh,qg or d Dy, horizontal gradients iy or 6Dy, or rain
evaporation. For example, in case of deep convection, tieglain evaporation will reflect into an artificially lange,,;, and

10 lower z,.;4. We have to keep this in mind when interpreting the results.

3.4 Boundary layer structure diagnostics

Figure 5 illustrates the structure of a typical tropical marboundary layer covered by strato-cumulus or cumulusdso

(Betts and Ridgway, 1989; Wood, 2012; Wood and Brethert@042 Neggers et al., 2006; Stevens, 2006). The cloud base

corresponds to the lifting condensation level (LCL). Bel@athe well-mixed SCL. Above is the cloud layer, topped by a
15 temperature inversion. Above the inversion is the FT.
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Figure 6. Maps of winter-meawsoo (a) and EIS (b) simulated by LMDZ.

The LCL is calculated as the altitude at which the specificiditynnear the surface equals the specific humidity at sdtura
of a parcel that is lifted following a dry adiabat (Fig. 5) LUNDZ, the inversion altitude; is calculated as the first level at which
the vertical potential temperature gradients exceeds &stiffie moist-adiabatic lapse rate. In observationis calculated as
the first level at which the vertical potential temperaturadients exceeds 5 times the moist-adiabatic lapse rataube
radio-soundings are noisier than simulated profiles. Tleeieates are consistent with what we would estimate frauali
inspection of vertical profiles. Finally, we calculatg., ,,,,—o.6, Which is thez,,.;, altitude ifr,,, is set to 0.6. This usually
coincides with the altitude of strong humidity decrease tleainversion (Fig. 5).

3.5 Averages and composites

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

For LMDZ, when analyzing spatial and seasonal variabiiggasonal averages are calculated at each grid box by awgragi
all days of all years that belong to each season. Seasongfimedias boreal winter (December-January-Februaryngpri
(March-April-May), summer (June-July-August) and faleffember-October-November). For illustration purpoienaps
are plotted for boreal winter. Standard deviations are eddculated among all days of all years for each season.

The type of clouds and mixing processes depends stronglyedartge-scale velocity at 500 hRa;, Fig. 6a), with shallow
clouds in subsiding regions and deeper clouds in ascendiigrns ((Bony et al., 2004), Fig. 1). Therefore, composites
calculated by averaging all seasonal-mean values at allitots that belong to a given interval ©f.

The cloud cover strongly depends on the inversion stremgth jncreasing cloud fraction as inversion strength iases. We
use Estimated Inversion Strength (EIS) (Wood and Brethe&006) (Fig. 6b) as a measure of inversion strength. Coitgsos

as a function of EIS are calculated by averaging all seasoeahn values at all locations that belong to a given intest/&llS.
3.6 Decomposition method fod Dq

To understand what controls thé, spatio-temporal variations,D, is decomposed into 4 contributions based on Eq. (9).
The 4 factorsr,,ig, et s, SST andhg, are alternatively varied each one at a time, assuming thather factors are constant

13
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(rorig = 0.6, acpy = 1.09, SST=25°Cho = 0.8). This yields 4 components, representing the effects ofanebility of r,,.;,
aerf, SST andhg ondDy.

The relative contribution of each of these effects todhevariability is quantified by performing a linear regressafreach
of the components as a function@®,. If the correlation coefficient is significant for a given fa then the slope quantifies
the contribution of this factor to the variability 6fDy. The sum of all contributions may not always be 1 due to noedirity.
Such a method has already been applied in previous studgeRi&@ et al. (2010b); Oueslati et al. (2016)). The comnitidns
to the seasonal-spatial variability &0, can be quantified by performing the regression among altimtaand seasons. The
contributions to the daily variability of Dy can be quantified by performing the regression among all dagsgiven season
at a given location.

3.7 Decomposition method forr,,.;4

To understand what controts,.;,, a similar method can be applied, based on Eq. (7):

h orig) " Us T ori T ort 7P ori
o = MCort) 4T g)qjé (Zorig): PZorig)) an

Therefore, the variability of,,, is decomposed into the effect of 4 factafs; zorig, 1(2orig) ANAIT (2orig). IN practices orig
andz,,;, are calculated following section 3.3, then Eq. (11) is agpli

4 Results from LMDZ
4.1 Does the tropospheric profile follow a mixing or RayleigHine?

First, we test whether th&D vertical profiles simulated by LMDZ follow a Rayleigh or mirg curve as a function af. For

the Rayleigh curveq. s is estimated as explained in section 3.3. For the mixing limne end membe¢, Ry) is also taken

at 500 hPa. Examples of verticaD profiles simulated by LMDZ and predicted by the Rayleigh arximg lines are plotted

in Fig. 7. We can see that simulated profiles are usually bedrxy these two extreme lines, consistent with observations
(Sodemann et al., 2017). Profiles are however much smodtaeiih observations, due to the coarse vertical resolufidimeo
model. The coarse vertical resolution is a limitation togkeéemind when discussing the shape of vertical profiles.

When assuming a Rayleigh or mixing curve, the root mean soeraoe (RMSE) on thed D profile from the surface to
500hPa ranges from 5 to 30 %o (Fig. 8a-b). In average, RMSEligttly larger for Rayleigh, but this depends on the locatio
and no generic curve fits perfectly well the vertical profil€kis is consistent with the diversity of observed profilesbs
(Sodemann et al., 2017). In the following, we will assuméd tha Rayleigh curve is a good first order approximation. Our
method ofz,,.;, estimate remains valid evendaD vertical profiles do not follow Rayleigh, as long they foll@xcurve that is
steeper than mixing. This is the case in LMDZ (Fig. 7).

14
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Figure 7. Examples of vertical profiles simulated by LMDZ (red), predicted by si&gh curve witha. ¢ estimated to fit the simulated
6D at 500 hPa (section 3.3, green), and predicted by a mixing line with thendftynember at 500 hPa (pink). Three examples are given: (a)
the simulated profile is closed to a mixing line, (b) the simulated profile is closadRayleigh line, and (c) the simulated profile deviates
both from a mixing and a Rayleigh line (c). The RMS values indicate the RM&rélifce between simulated profile and mixing line (pink)

or Rayleigh curve (green).

Figure 8c shows the estimated . It is maximum in regions of deep convection. This is comsisivith the maximum
depletion simulated in deep convective regions in the mogdsphere simulated by models (Bony et al., 2008), leatting
steepep D profiles. The pattern af. s may also reflect horizontal advection effects (Dee et all320

Valuesa. s are of the same order of magnitude as real fractionatiomfacbut the spatial variations do not reflect those
predicted if using a fractionation coefficient, a function of temperatur@ (Fig. 8f). Rayleigh curves using.,(1") poorly

predict vertical profiles of D (Fig. 8c), with RMSE values exceeding 20 %0 at most locations.
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Figure 8.a) Root mean square error (RMSE) between the simulafeprofile and & D profile that would follow a mixing curve between the
surface and 500 hPa. b) Same as a but for a profile that would follaykeigh curve between the surface and 500 hPa,adiy determined
based on simulatefiD at 500 hPa. ¢) Same as b but for a profile that would follow a Rayleigleaising equilibrium fractionation calculated
as a function of temperature.,(7') . d) a.s s — 1, wherea. s s is the effective fractionation coefficient, expressed in %.. ) Standauidiion

of aey @among all days in winter of all years, expressed in %af)(7") — 1 expressed in %o. For a-d and f, all daily values are averaged

over all days in winters of all years.
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4.2 Decomposition ofd Dg variability

The spatial variations afDy simulated by LMDZ (Fig. 9a) are characterized by depletddesnear mid-latitudes and in dry
subsiding regions (e.g. off the coast of Peru and over otpeelling regions) and in deep convective regions (e.g. tae
Continent). Consistently,D, values exhibit a maximum for weakly ascending or subsidegians:é D, decreases assog

is more strongly ascending or descending (Fig. 10a bladR); decreases as EIS increases reflecting more stable, supsidin
conditions (Fig. 10b black). This pattern is consistenthvgtevious studies (e.g. Good et al. (2015)). For the firse time
propose a theoretical framework to interpret this pattéecomposing it into 4 contributions,,.;,, e s s, SST andhg (section
3.6). We check that the reconstructé&d, from the sum of its 4 contributions is very similar to the slatedd D, (Fig. 9b, 10
dashed black).

In ascending regions, the main contribution explainingrtiare depleted D, in deep convective regions is that @f s
(Fig. 9d, 10a red)a. s s is higher in more ascending regions. This means that the faetior depleting D, in deep convective
regions is the fact that the mid-troposphere is more degldtkis leads to a steeper gradient (highgf¢), and thus a more
efficient depletion by vertical mixing. This is consistenittwdeep convection depleting the water vapor most effityent
the mid-troposphere (Bony et al. (2008)). The second mairiribwition is that associated with,,;,(Fig. 9c, 10a green).
Torig 1S larger in deep convective regions. However, we recall Bg (9) does not consider rain evaporation, which is a
significant source of water vapor in deep convective regi@f@den et al. (2007)). Rain evaporation in deep convectigeons
is expected to deplete the water vapor (section B), so thgé¢cing rain evaporation leads to an over-estimate,qf, in these
regions. Therefore, the strongey,;, in deep convective regions could be partially an artifadiecting the effect of rain
evaporation.

In subsidence regions, the main factor explaining the mepededd Dy as subsidence is stronger, or as EIS increases, is
the cold SST (Fig. 9e, 10a pink), leading to largey, and to a lesser extent the dwy (Fig. 9f, 10a purple). The contribution
of 7,44 IS @lso a significant contribution to the depletioni@l, in the cold upwelling regions (Fig. 9¢). In subsidence ragio
rorigs IS UNlikely to be an artifact of rain evaporation there, anobably really reflect the importance of mixing processée
shallower boundary layer there are associated with highey. The fact that the effect of,,.;, can be seen on the composites
as a function of EIS (Fig. 10b, green) and not as a functions;gf may reflect the fact that EIS reflects more faithfully the
cloud and mixing processes in dry, stable regions thap does (Wood and Bretherton, 2006).

From a quantitative point of view, we can decomposethig seasonal-spatial variations into these different effesestion
3.6). In regions of large-scale ascemi, ¢ is the main factor explaining theD, seasonal-spatial variations (37 %), followed
by 70rig (17 %) (Table 1). In regions of large-scale descent, SSTeisrhin factor explaining the seasonal-spatial variations
(54 %), followed byr,,;4 (16 %) ando. ¢ (14 %) (table 1).

The decomposition method can also be applied to decompesaif variability at the daily time scale at each location
and for each season. On average, in ascending regigpsis the main factor (49 %), followed by, ;¢ (39 %). In subsiding
regions, the effect of SST is muted due to its slow varighiindr,,;, (59 %), s (49 %) andhg (62 %) become the main
factors.
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Figure 9. a) Map of winter-meam D, simulated by LMDZ. b) Map of winter-meahD, reconstructed as the sum of the 4 contributions.
Note that to focus on variations only and to get values of the same oraeagrfitude as the simulatéd, field, we subtracted the mean
of the 4 contributions and added the mean of simulaid to the reconstructedD, field. ¢c) Map of winter-meawn D, calculated from Eq.

(9) if only ro.44 varies (see section 3.6). d) Same as b but of enly; varies. e) Same as b but if only SST varies. f) Same as b but if only
ho varies.

Overall, results highlight the importance @af,;, as one of the main factors controlling the spatio-tempoaaiability of
dDy.

4.3 Decomposition ofr,,.;4 variability

Given the importance aof,,;, in controlling thed D, variations, we now decomposg,.;, into its 4 contributionsyo, Zorig,
horig @and 01,4 (section 3.6). Spatiallyy,.;, is maximum in regions of strong large-scale ascent (Fig) $Rah as the
Maritime continent (Fig. 11a), and in very stable regionig)(E2b) such as upwelling regions (Fig. 12a). We check that t
reconstructeda,,,;, from the sum of its 4 contributions is very similar to the slatadr,,;, (Fig. 11b, 12 dashed black).

In regions of strong large-scale asceny,;, is larger mainly becausk,,;, is larger (Fig. 11e, 12a pink). This suggests
that even though the effect of rain evaporation may artificisias high the estimate of,,;, , a substantial part of the,,;,
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Figure 10. Composites as a function afgo () and of EIS (b) of the seasonal average§of simulated by LMDZ over all tropical ocean
locations (black). Same for the sum of the contributions (black dashetijoa each individual contribution t6Do: 7.r;4 Varies (green),
acyy (red), SST (pink) ando (purple).

19



10

Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-254 Atmospheric

Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 29 March 2019 and Physics
© Author(s) 2019. CC BY 4.0 License. Discussions
Regime ascending Subsiding

correlation coefficient| slope | correlation coefficient slope

Torig 0.71 0.17 0.50 0.16

Qeff 0.75 0.37 0.36 0.14

SST -0.20 -0.06 0.89 0.54

ho 0.09 0.03 0.35 0.23

Table 1. Decomposition of the spatial and seasonal variatiofi/ly into its 4 contributions: effect of,,ig, aerr, SST andhg variations.

For each contribution, we show the correlation coefficient of the lineaession of the contribution as a functionidd,. The threshold for
the correlation coefficient to be statistically significant at 99 % is 0.15 ordawnall cases. The analysis is done separately for ascending and

subsiding regimes. All seasons and tropical oceans locations ardemts

Regime Ascending Subsiding
correlation coefficient| slope | correlation coefficient slope
qo -0.24 0.0 0.09 0.0
Zorig 0.88 0.61 0.65 0.72
horig 0.75 0.94 0.53 0.91
0T orig 0.33 0.12 -0.34 -0.27

Table 2. Decomposition of the spatial-seasonal variationJn, into its 4 contributions: effect afo, zorig, forig aNddT5,i4 Variations. For
each contribution, we show the correlation coefficient of the linear ssge of the contribution as a functionxj.;4. The threshold for the
correlation coefficient to be statistically significant is 0.15 or lower in alesa$he analysis is done separately for ascending and subsiding

regimes. All seasons and tropical oceans locations are considered.

signal is actually physical. Indeed, if the largg;, was purely an artifact of the neglect of rain evaporatiowauld translate
totally into a lowerz,,;,. Physically, the moister the FT, the higher the contributid vapor coming from above to the vapor
of the SCL, and thus the highey,.;, and the more depletex,. This mechanism through which a moister FT leads to a more
depleted Dy is consistent with that argued in B15.

In very stable regions;,,.;, is larger mainly becausg is small (Fig. 11c, 12b green), consistent with the drierditions
in these regions of large-scale descent, and becausgeis lower in altitude (Fig. 11d, 12b red), consistent with siallower
boundary layers as EIS increases. Physically, the loweltitnde the air comes from, the highey,.;, and the more depleted
0Dg. This mechanism was not considered in Benetti et al. (20L6pbr decomposition shows that it is a key mechanism
driving ;4 and thusi Dy variations in stable regions.

Quantitatively, in ascending regions, the main factorstr@iimg the seasonal-spatial variationsrig).;, arehq.iq (94 %)
andz,.i4 (61 %) (Table 2). Similarly, in descending regions, the niagtors are als@,,;, (91 %) andz,,.;, (72 %) (Table 2).
At the daily scale, the same two factors dominate the vditiaif r,.;4: horig @ndz,,i4 contribute to 67 % and 76 % of,.;,

variations in average over ascending regions, and to 104d4d&/% in average over descending regions.
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Figure 11.a) Map of winter-meam,,;4 Simulated by LMDZ. b) Map of winter-mean,,.;, reconstructed as the sum of the 4 contributions.
c) Map of winter-mean,;, calculated from Eq. (11) if only, varies (see section 3.6). d) Same as b but of aply, varies. ) Same as b
but if only h(z.ri4) varies. f) Same as b but if onb75,;4 varies.

4.4 Entrainment altitude estimate

Estimated altitude,,,.;, is minimum in dry subsiding regions, especially in upweliregions (Fig. 13a, Fig. 14), corresponding
to regions with strongest inversion (Fig. 13). This conités to the depletedlD, in these regions.
As explained in 3.3, our estimate of,,, may be artificially biased due to the neglect of some proseisseur theoretical

5 framework. Ideally, to check whethey,;, really physically represents the altitude from which theaaiginates, additional
model experiments where water vapor from different levetdstagged (Risi et al., 2010b) would be needed. While we leave
this for future work, in the meanwhile we check whethgr;, estimates are consistent with what we expect based on what we
know about mixing processes in the marine boundary layeesexjdect that in strato-cumulus regions, air is entraineah fa
very shallow (a few tens of meters) layer above the inversidrereas the mixing processes may be more diverse, andlyossi

10 deeper inthe FT, as the boundary layer deepens (Fig. 1).

21



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2019-254 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 29 March 2019 and Physics
© Author(s) 2019. CC BY 4.0 License.

Discussions

Torig

Torig

EIS (K)

— simulated 744

—__. sum of contributions
— contribution of g
——  contribution of z.4
——  contribution of A4
—  contribution of 07,4

Figure 12. Composites as a function aoo (a) and of EIS (b) of the seasonal averages.pf, simulated by LMDZ over all tropical ocean
locations (black). Same for the sum of the contributions (black dasimedpaeach individual contribution a4 : go varies (green)zorig

(red),h(zorig) (PiNK) @anddTorig (purple).
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Figure 13.a) Map of winter-mearn,,;; estimated fromy Dy simulated by LMDZ. b) Same as a buy, ;4 that we would estimate if,.;4
was constant set to 0.64-ig,r,,,,=0.6)- C). Same as a but fa; simulated from LMDZ. Only days when EIS>2 K are considered, otherwis
z; is difficult to estimate. d) Same as a but for LCL simulated by LMDZ.

To check whether estimated,;, is consistent with this picture, we compaig., 10 2orig,r,,.,=0.6 (20rig that we would
estimate is-,,;, was set constant to 0.6) ang (section 3.4), which are measures of the altitude of the Hityndrop and
temperature inversion respectively. As expected from Eithey are minimum in dry upwelling regions, intermediat¢rade-
wind regions, and maximum values in convective regions.(E8g-d, 14 green, blue). Therefore, the loyy;, in upwelling
regions reflects the low;. Consistently, in subsiding regions,.;, correlates well withe,;4 ,,,,=0.6 (correlation coefficient
of 0.52, statistically significant beyond 99 %). If we focuswery stable regions only (EIS>7 Kj,,.;, correlates well with
both zorig,r,,.,—0.6 @ndz; (correlation coefficient of 0.58 and 0.52 respectivelytistaally significant beyond 99 %). The
altitudez,,, is a few meters above the inversion in strato-cumulus regiand up to 1km above the inversion in cumulus and
deep convective regions (Fig. 14), consistent with our etgimns from Fig. 1. This lends support to the fact that asien
subsiding regions, our isotope-basgg;, estimate effectively reflect the origin of air coming fronoab.

In ascending regions, in contrast,.;, does not correlate significantly with,,.;, ..., 0.6 Of z;. This may indicate either
that ourz,,;, estimate is biased by neglected processes such as rairratiappor that in deep convective regions, the origin

of FT air into the SCL is very diverse due to the variety of mixprocesses (1).
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Figure 14.Composites as a function of EIS of seasonal-mean,of (black),zorig,r,,;,=0.6 (green)z; (blue) and LCL (red). The composite
profiles of cloud cover are also shown, showing deep clouds wheisEl8se to 0 and shallowest clouds when EIS is largest.

5 Results from observations

To check whether our results obtained with LMDZ are realjstie apply our methods to the measurements gathered during
the STRASSE campaign. In the absence of measifegrofiles, we assume that. ;¢ is 1.07 based on LMDZ simulation.
Throughout the cruisé,D, shows a large variability, ranging from around -75 %o in quegg conditions to -120 %o during
the two convective conditions (Benetti et al., 2014) (Figa Ted). Variability inr,,,, is the major factor contributing to this
variability (58 %) (Fig. 15a green, Table 3). This cruciapiantance of mixing processes is consistent with B15.
During the two convective events, the estimated, saturates at 1 (Fig. 15b). This proves that;, estimated in these
conditions is biased high because it encapsulates the effaeglected processes, i.e. depletion by rain evapaerafquation
(9) is not valid in this case. In addition, at the scale of a fesurs, the steady-state assumptions may be violated. Rain
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contributions tadDy | correlation coefficient| slope
Torig 0.77 0.58

SST 0.57 0.16

ho 0.40 0.48

Table 3. Same as Table 1 but for the STRASSE observations. Linear regressmnalculated among 1977 data points.

contributions tar,., | correlation coefficient| slope
o -0.46 -1.49

Zorig 0.66 0.90

horig 0.81 0.70

0T orig -0.36 -0.91

Table 4. Same as Table 2 but for the STRASSE observations. Linear regressi@rcalculated among 55 data points, so that correlation
coefficients above 0.35 are statistically significant at 99 %.

evaporation may strongly deplete the SCL before surfacpaation has the time to play its dampening role, hence the
possibility to reach very low D, that cannot be predicted even when considering rain evapor@ppendix B).

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

Through September, the cruises goes from a shallow bourdgey in early September to deeper boundary layers with
higher inversions, before reaching the convective comtiti(Fig. 15¢). Consistently with this deepening boundayget, the
air is entrained from increasingly higher in altitude. Whemsidering only the 6 data points whep,.;; <2000 m, z,,.i4
coincides almost exactly with; (Fig. 15c; the correlation coefficient betwees;, andz; is 0.996). This indicates that the air
is entrained into the SCL exactly from the inversion layeeikif the number of sample is small, the coincidence is r&atde,
especially when recalling that,;, andz; are estimated from completely independent observatidms.|&nds support to the
fact that ourz,,,, estimate is physical.

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

We have shown in the previous section that one of the mainfacontrollingd D, at the seasonal-spatial and daily scale are
the proportion of the water vapor in the SCL that is origisdtem above,,;,), and that one of the main factor controlling
Torig 1S the altitude from which the air originates.f;,). In turn, could we use water vapor isotopic measuremerasristrain
Zorig? This would open the door to discriminating between difiéraixing processes at play (Fig. 1). Since mixing processes
are crucial to determine the sensitivity of cloud fractionSST (Sherwood et al., 2014; Bretherton, 2015; Vial et 81162,
such a prospect would allow us to improve our knowledge aiali@edbacks, and hence of climate sensitivity.
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Figure 15.a) Time series of Dy observed during the STRASSE cruise, together with its 4 contributionss Dhef the surface ocean water
is also plotted with the scale on the right. b) Time series,pf, estimated from observations during the STRASSE campaign, together with
its 4 contributions. c) Times series &f,ig, Zorig,rorig=0.6 » LCL andz; estimated from the STRASSE observations.
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With this in mind, we assess the errors associated withy estimates frond D, measurements, and discuss whether there
are small enough fot,,,.;, estimates to be useful. In strato-cumulus clouds whereittis believed to be entrained from the
first few tens of meters above cloud top (Faloona et al., 2M¥tado, 2017)2,,;, estimates are not useful if the errors are
larger than a few tens of meters, e.g. 20 m. In cumulus cloddgevmixing processes are more diverse and possibly deeper
(Fig. 1), 2044 €stimates may be useful if errors are of the order of 80 m.

Let's assume that we have a field campaign where we meagiyesurface meteorological variables, temperature and
humidity profiles (e.g. radio-soundings), and a & profiles (e.g. by aircraft). This is what we can expect fomegbe from
the future EURECA4A (Elucidating the role of clouds-cirdida coupling in climate) campaign to study trade-wind clusu
clouds (Bony et al., 2017).

The first source of uncertainty that we have highlighted is #aticle is the effect of rain evaporation. As long as the
microphysical processes and associated isotopic fraatwm processes are not well constrained, it is safer toaiest,,;
estimates to non-precipitating clouds.

The second source of uncertainty is the variabilityin ;. Measuring daily D profiles is costly and difficult (Sodemann et al.,
2017). Let's assume that we have only one profile that reptesbe seasonal-average at a given location. The dailgaten
deviation ofa.ss (0a.,,) for a given season ranges frokfieo in the Central Atlantic tol0%. near the Maritime Continent
(Fig. 8d). To estimate the resulting error ep.;,, we re-estimate,,.;, every day and at each location using; s + o, ,,

andoacyf —oa,,,. The error or,,.;, is calculated aézm-g(agff — Oauss) = Zorig(Qeg s + aaeff)) /2. The averaged error and

eff
its standard deviation is plotted as a function of EIS in Hi§.(black). It is of the order of 400m, and rarely below 200m.
If we attempt to estimate.;; as the fractionation coefficient as a function of local terap&e, errors would be even more
dissuasive (Fig. 16 blue).

Therefore, estimating,,,, from §D, measurements cannot be useful unless we measureddaijyrofiles. Practically,
we could imagine measuring FT propertie${;) at the top of a mountain while we measutB, at the sea level (e.g. on
Islands such as Hawaii or La Réunion, Galewsky et al. (20B@jley et al. (2013); Guilpart et al. (2017) ). We could also
imagine retrievingx. sy from daily 6 D profiles retrieved from space by IASI (Infrared Atmosphe&aunding Interferometer,
Lacour et al. (2012, 2015)), but this would be associateti witditional errors whose estimate is beyond the scope ®f thi
paper.

The third source of uncertainty are measurements errorse@ddculate:,,;, assuming an error of 0.4 %o @D, (typical of
what we can measure with in-situ laser instruments, Beeed. (2014)) and 1 %0 08D (larger errors due to lower humidity
and the increased complexity of measurements in altitMlbgreas errors ofD ¢ lead to errors on,,;, of the order of 20 m
(Fig. 16, green), errors oD, lead to errors on,,;, of the order of 80 m. This is higher than the upper bound foettpected
entrainment altitude in strato-cumulus. Theref@rB, measurements would need to be more accurate than usual setog u
in strato-cumulus regions, i.e. 0.1 %o to yield a 20 m precigio z,;,4. In trade-wind cumulus regions, the precision is enough
for z,ri4 to be useful.
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Figure 16. Errors when estimating,;; from d Dy observations, as a function of EIS, as predicted by LMDZ: error if os®sa., as a
function of local temperature to estimatgy , error if one uses the seasonal-mean profile instead of the daily profiistitoatea. s s
(black), error we would make D, is measured with & %o error (red), and error we would makedD; is measured with a %o error

(green). The standard deviations among all daily errors estimatedhrb@aof EIS are also shown.

To summarizejD, measurements could potentially be useful to estimgtg, with a useful precision in cumulus and
strato-cumulus clouds, but only if we are able to measurly d&i profiles and if measur&D, with an accuracy of 0.1 %. and

0.4 %o in trade-wind cumulus and strato-cumulus clouds retspy.
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7 Conclusion

We propose an analytical model to predict the water vapdofso compositiord D of the sub-cloud layer (SCL) over tropical
oceans. Benetti et al. (2015) extended the Merlivat andeld@®79) closure equation to make explicit the link betwééx

and FT entrainment. We further extend the Benetti et al.§2@gjuation in two ways: first, we assume that we know the shape
of the D vertical profiles, and second, we let the altitude from whiehair originatesz,,.;4, vary.

The resulting equation highlights the fact tlad?, is not sensitive to the intensity of entrainment. Therefdris unlikely
that water vapor isotopic measurements could help estithatentrainment velocity that many studies have strivedtionate
(Bretherton et al., 1995). In contrast), is sensitive to the altitude from which the air originateasBd on a simulation with
LMDZ and observations during the STRASSE cruise, we showvthag, is an important factor explaining the seasonal-spatial
and daily variations i Dy. In turn, couldd Dy measurements, combined with vertical profiles of humidégperature and
0D, help estimate,,;, and thus discriminate between different mixing proces3és® should rely on a good knowledge of
the 0D vertical profiles. We find that for such isotope-based estimafz,,;, to be useful, we would need frequent vertical
profiles ofd D and very accurate measurements bf,, which are currently difficult to obtain. In precipitatingpads and deep
convection, rain evaporation is too large a source of uag#yt, whereas in strato-cumulus regions, very preciséthates
of z,rig (NO larger than 20 m) would be needed to be useful. Thereitoiein regions of shallow cumulus clouds that such
isotope-based estimatesf.;, would be most useful.

This study is preliminary in many respects. First, it wouls $afe to check using water tagging experiments in LMDZ
that z,,;, estimates really represents the altitude from which thasaariginates, and is not to biases by our simplifying
assumptions. Second, the coarse vertical resolution of ZMind the simplicity of mixing parameterizations (e.g.utdop
entrainment is not represented) are a limitation of thidystldeally, the relationship betweé), , z,,;, and the type of mixing
processes should be investigated in isotope-enabled Eafdg Simulations (LES) (Blossey et al., 2010; Moore et &1148).
Artificial tracers and structure detection methods (Padd.eR016; Brient et al., 2019), combined with conditionampling
methods (Couvreux et al., 2010), could help detect therdiffekinds of mixing structures, estimate their contribo$ to
vertical transport, and describe their isotopic signatiités would allow us to confirm, or infirm, many of the hypotees
and conclusions in this paper. Finally, if the sensitivifyo@, to the type of mixing processes is confirmed, paired isotopic
simulations of single-column model (SCM) versions of gaheirculation models (GCM) and LES, forced by the same fagci
could be very useful to help evaluate and improve the reptasen of mixing and entrainment processes in GCMs, as is
routinely the case for non-isotopic variables (Randall.e803; Hourdin et al., 2013; Zhang et al., 2013).

Code and data availabilityLMDZ can be downloaded from http://Imdz.Imd.jussieu.fr/. Program sad®d for the analysis are available
on https://prodn.idris.fr/thredds/catalog/ipsl_public/rimd698/article_mixingcesses/d_pgmf/catalog.html.

Isotopic measurements from STRASSE can be downloaded from httpegdsipsl.friisowvdataatlantic/. All other datasets and pro-
cessed files are available on https://prodn.idris.fr/thredds/catalog/ijmilc/pund698/article_mixing_processes/catalog.html.
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Appendix A: Closure if the tropospheric profile follows a mixing line

If we assume thaR,;, is uniquely related tq,,;, through a mixing line between the SCL air and a dry end-meriher;):

QOrig:a'q0+(1_a)'qf (Al)
and
Rorig:a'qO'RO""(l_a)'qf'Rf (A2)

Reorganizing Eq. (A1), we get= {:i With p = g5 /qo. Sincegqy < gorig < qo, P < Torig- INjecting Eq. (A2) into 6, we get:

Roce/aeq +p/(1=p)- Ry -ag - (1—hy)
ho+ak - (1—ho)/(1—p)
As a consistency check, in the limit case where the end-merstietally dry (p = 0), we find the MJ79 equation, i.e. Eq.
(10).
It is intriguing to realize that,,;, has disappeared from Eq. (A3). This can be understood milsiif the vertical profile

Ry = (A3)

follows a mixing line, it does not matter at which altitude thir comes from: ultimately, what matters is how much dnhas
been mixed directly or indirectly into the SCL. This can bsualize in Fig. 4b. Therefore, R,,,.;, follows a mixing line, we
lose the sensitivity t@,;;g.

Appendix B: Maodification in case of rain evaporation

An important assumption that led to Eq. (9) is the neglect@f &oistening by rain evaporation. Here we test the selityitiv

to this assumption by adding a rain evaporation componéra.new water vapor and isotopic budgets of the SCL write:

M'qorig+F+E:(N+D>'q0

M'QOrig'Rorig+F‘RF+E'RE:(N+D>'QO'RO

whereF' is the rain evaporation flux. We note= r - E. We write the isotopic composition of the rain evaporatiBm, as:

RF = Qe RO

wherea,.. is an effective fractionation coefficient. For example, ribplets are formed near the cloud base, some of them

precipitate and evaporate totally in the SCL (e.g. in nogejpitating shallow cumulus clouds), then. = a(Teoudbase)- IN
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contrast, if droplets are formed in deep convective updrafiter total condensation of the SCL vapor, and then a veallsm
fraction of the rain is evaporated in a very dry SCL, thep = 1/a(Tscr)/ax (Stewart, 1975).
Combining all equations, in the case of a logarithiie profile, we get:

. 1
Ro = Hoce (B1)

et f
Yt hotag - (1-ho) T2t - o - (1= ho) - (1= e

1—=7orig

Rain evaporation can have a depleting or enriching effegédéing on the sign of — «,.. (Fig. 3 pink, blue). In the paper,
we thus well neglect rain evaporation effects, to avoididgakith such an unknown parameter@as .
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