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Abstract. The isotopic compositions of water vapour and 1 Introduction
its condensates have long been used as tracers of the global
hydrological cycle, but may also be useful for understand-
ing processes within individual convective clouds. We re- Because the relative abundances of the stable isotopologues
view here the representation of processes that alter wate?f Water — HDO, B'%0, and HO - are sensitive to phase
isotopic compositions during processing of air in convec- changes that occur within air masses, water isotopic ratios
tive updrafts and present a unified model for water vapourave long been used as tracers of the atmospheric water cy-
isotopic evolution within undiluted deep convective cores, cle (since pioneering works in the 1950s; deansgaard
with a special focus on the out-of-equilibrium conditions 1964for review). Although the primary motivation for iso-
of mixed-phase zones where metastable liquid water andOPic studies in the past has been the interpretation of pa-
ice coexist. We use our model to show that a combina-l€oclimatic measurementdduzel and Merlivat1984 and
tion of water isotopologue measurements can constrain critteferences herewith), a second motivation is to obtain oth-
ical convective parameters, including degree of supersatura@"Wise irretrievable information about convective processes
tion, supercooled water content and glaciation temperature{Jouzel et al.1975 Risi et al, 2008 Lee et al, 2009 Ku-
Important isotopic processes in updrafts include kinetic ef-fita et al, 2011). Constraining convective processes has been
fects that are a consequence of diffusive growth or decay oft major incentive for recent efforts to include water isotopo-
cloud particles within a supersaturated or subsaturated erlogues in atmospheric general circulation models (AGCMs)
vironment; isotopic re-equilibration between vapour and su-(Joussaume et all984 Jouzel et al.1987 Schmidt et al.
percooled droplets, which buffers isotopic distillation; and 2005 Bony et al, 2008. These modelling studies, along
differing mechanisms of glaciation (droplet freezing vs. the with the recent availability of spaceborne observations of the
Wegener—Bergeron—Findeisen process). As all of these prdSotopic composition of water vapouMoyer et al, 1996
cesses are related to updraft strength, particle size distribd<uang et al. 2003 Nassar et a].2007 Steinwagner et al.
tion and the retention of supercooled water, isotopic mea2007 Worden et al.2011), have shown the potential of using
surements can serve as a probe of in-cloud conditions of imWater isotopologues to test our understanding of large-scale
portance to convective processes. We study the sensitivity ofitmospheric processeRigi et al, 2008 Lee et al, 2009. At
the profile of water vapour isotopic composition to differing smaller scales, in situ measurements and inclusion of water
model assumptions and show how measurements of isotopi$otopologues in cloud-resolving models may bring insight
composition at cloud base and cloud top alone may be suffilnto the deep convective transport of water to the tropical
cient to retrieve key cloud parameters. tropopause layer (TTL)Smith et al, 2006 Hanisco et al.
2007 Blossey et a].201Q Sayres et al2010.
In the tropics, convective clouds provide the only mech-
anism for transporting vapour and condensates across isen-
tropes in the free troposphere, and most air parcels, dried
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out within the convective cells, eventually sink back to the of microphysics. In particular, we are interested in the ef-
surface owing to radiational heat loss once they reach befects related to saturation and glaciation on the distribution
yond the confines of convective anvilBdlkins and Martin ~ of isotopologues within deep convective clouds, which may
2005. Fast large-scale stirring also redistributes air parcelsopen a way to retrieve quantitative information on these key
towards the subtropics, moving upward in a quasi-isentropigprocesses from isotopic observations. This work is motivated
way (Pierrehumbert and Rocd998 Couhert et al.2010 by the recent surge of field and satellite measurements in the
and providing further dehydratiorGalewsky et al.2005. upper troposphereSayres et al.2009 Nassar et a).2007,
While moisture is fixed by the last dehydration within or out- Steinwagner et gl2007 Randel et a].2012 and by rising
side the clouds, the water isotopic signature depends on thimterest in using isotopologues to diagnose cloud processes
whole history of the air parcel since its last contact with the and their impact on tropical variability. For example, water
boundary layer. The isotopic signature of free tropospheridsotopologues have recently been used to study the origin of
water vapour in the tropics and subtropics is therefore largelywater and circulations around clouds in hurricartasieyasu
determined by processes within convective clouds and by thet al, 2008 Lawrence and Gedzelmah996 2003 and the
evaporation of condensates formed by convectimight Madden—Julian oscillatiorKrita et al, 2011, Berkelham-
et al, 2009 Risi et al, 2012). mer et al, 2012. A consistent model can aid interpretation
Our ability to model the convective transport of water iso- of measurements and can be useful in helping to design mea-
topologues depends on how well we account for the rele-surement programs.
vant physical processes in convective clouds. In that regard, In this paper, we describe and discuss a minimal model
some current assumptions about water isotopologues madéat predicts the isotopic composition of water vapour within
in AGCMs may need to be revisited. The need to reproduceconvective clouds. We restrict the model based on two as-
the observed isotopic content of precipitations over very coldsumptions. First, we omit any interaction between precipitat-
regions (Greenland, Antarctica) was the main incentive to in-ing species and the environment they descend through, and
clude kinetic isotope effects (i.e. the fact that isotope frac-include only transformations between vapour, cloud water,
tionation is limited by diffusion of water vapour and heat) in and cloud ice. This assumption does not invalidate treatment
AGCMs (Jouzel and Merlivatl 984 Ciais and Jouzell 994). of water vapour in updrafts, since precipitating condensates
As clouds and precipitations are parametrised rather than extend to be collected in convective-scale downdrafts that are
plicitly represented in AGCMSs, supersaturation over ice hasspatially distinct from updrafts (see, elggMone and Zipser
been commonly represented as a simple function of tem498Q Kirkpatrick et al, 2009. Second, we assume that those
perature with the dependence chosen to reproduce isotopitansformations are adiabatic (i.e. that entrainment is negli-
signatures in polar regiongdduzel et al. 1987 Hoffmann  gible). The modelling framework we present therefore best
et al, 1998. Temperatures as low as those over the poles areepresents undiluted deep convection that reaches the upper
also found at the top of convective towers, but the conditionstroposphere (i.e. tropical hot toweRighl and Malkus1958
within vertically-rising convective air parcels are very dif- Fierro et al, 2009. These limitations seem legitimate for a
ferent from those associated with transport of moisture fromfirst step and do not hamper our ability to investigate how
evaporation to deposition zones at polar latitudes. Convecvariations in updraft physics produce variations in the distri-
tive towers, unlike stratiform clouds, are characterised by abution of vapour isotopologues within clouds.
high amount of condensed phase retained in the cloud and In the sections that follow, Se@.reviews the physics of
supercooled droplets may persist to temperatures as low agactionation and the kinetic effects induced by the diffu-
—40°C level. Supersaturation in convective clouds dependssional growth of droplets and crystals; Sektlescribes the
on updraft velocity, on the size distribution of liquid and ice bulk approach to modelling and derives the equation gov-
particles, and on the retention of supercooled water. The diserning the water vapour isotopic profile; and Settdis-
tribution of stable isotopologues is therefore expected to becusses model results for the distillation of water vapour as an
sensitive to the representation of convective processes. air parcel ascends and its sensitivity to saturation and other
Much of the material discussed in this paper has alreadymicrophysical processes. Sectibrdiscusses the compara-
been treated in the literature, and the basic physics of isotive evolution of the HO/HDO and HO/H,80 systems;
topologues is not new. Studies of isotopologues in the conSect.6 evaluates the use of combined observation of HDO
text of convection can be traced back to the pioneering worksand H180 to retrieve key convective parameters; and Skct.
of Jouzel et al(1979 andFederer et al(1982. Further con-  summarises and offers further discussion.
tributions to the field includ&edzelman and Arnol(l994;
Moyer et al.(1996; Bony et al.(2008; Lee et al (2009 and
Blossey et al(2010. Our aim here is to provide a consis- 2 Fractionation physics
tent picture of how isotopic distributions are linked to cloud
microphysics and thermodynamics, incorporating elementBefore presenting model equations, it is useful to review
that are spread across several studies. As stated above, wee basic physics of isotopes partitioning at microphysical
will revisit some current assumptions on the representatiorscales and its connection with the macroscopic description
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of cloud physics. We describe notation (Seztl) and re-
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view both equilibrium isotopic partitioning (Se@.2) and 19 (a) o
the additional fractionation induced by the kinetics of parti- 18 :feu'd water
cle growth/decay (Sec®.3). Additional material on kinetic 4 17}
effects is included in appendices: Appendixreviews the 3 o
K . 16 homogeneous 0°C isotherm
growth and loss rates of droplets and ice crystals that is the § freezing level | I
basis of the isotopic kinetic effects and AppenBiprovides g 157 [ [
the full derivation of kinetic fractionation factors. We fol- 5 1.4} [ |
low closely the derivations afouzel et al(1975 andJouzel i 13l [ [
and Merlivat(1984), but emphasize the differences between § | |
fractionation of ice and liquid water and highlight interpre- © 121 | ]
tations that are specific to the context of deep convection. 1.1} D/H :\p\
Reviews covering similar material includéedzelman and ; , , | |
Arnold (1994 andBlossey et al(2010. -120 -100 -80 -60 -40  -20 0 20
cloud temp. [°C]

2.1 Isotopic notation 108

(b) -
Isotopic abundances are typically described in terms of iso-  1.071 :?emd e
topic ratios, e.g. for the deuterated watee=[D] /[H] (or £ 106l
R= %[HDO] /[H2Q]). These isotopic ratios are themselves § homogeneous ! 0°C isotherm !
typically reported as per mil deviations from a standard: g 1.05 freezing level | |
8= 1000(,% - 1), whereRy is the isotopic ratio of the stan- é 1.04} : :
dard (the symbol$D and §80 are used for the isotopic < 103} | |
abundances of deuterium and oxygen 18 in water vapour, re % |
spectively). For water isotopologues, the reference standar 8 102y ,\
is generally the Vienna Sea Mean Ocean Water (VSMOW)  1.01 180,180 | |
(Hagemann et gl.197Q Gonfiantinj 1978 Stichler et al. . , , , l , l
1995. In this work, we have found it convenient to define 120 -100 -80 -60 -40  -20 0 20

isotopic ratio as the ratio of isotopologue masses rather tha: .

as the ratio of their abundances. ThatRs= pHpo/pH,0 =
2pp/pH OF R = py,180/ PH,0 = P18p/ P16, where thep[. 1S
represent densities of heavy and light isotopologues. Our de

inition of Rp (see AppendiXD?2). Fractionation factors (de-

(HDO or H,'80) by a prime letter, e.g? = p//p.

2.2 Equilibrium fractionation

stitution of an atom by its heavy isotope equivaldté(zfeld
and Teller 1938 Urey, 1947 Bigeleisen 1961 Van Hook

cloud temp. [°C]

H:ig. 1. Equilibrium fractionation factors for vapour—liquid (blue)
e . : and vapour—ice (green) phase transition as a function of tempera-
inition leavesss unaffected, given an adjustment of the def- ture.(a) HDO/H0: (b) H»180/H,0. Notice that fractionation over

ice is higher than fractionation over liquid in the mixed-phase zone.
fined below) are also unaffected by our definition. Through-This equilibrium behaviour is eventually reversed when kinetic ef-
out this work, we represent the heavy isotopologue quantityfects and droplet evaporation are considered (WBF process).

Achieving this thermodynamic equilibrium fractionation

The vapour pressure isotope effect is a quantum phenomenarquires that vapour surrounding cloud droplets or crystals
that results from a lowering of vibrational energies upon sub-be exactly at saturation, with no temperature contrast be-
tween environment vapour and condensates. In real-world
cloud conditions, these conditions are unlikely to hold. First,

19698. At phase equilibrium between liquid and solid, or condensates grow and evaporate under supersaturated or sub-
vapour and solid, the condensed phase is then relatively ersaturated environments. Second, growth and evaporation typ-
riched in heavy isotopologues. This equilibrium partitioning ically occur rapidly enough that condensate surfaces are not

is described by the equilibrium fractionation facterg =
Rii/Ry =1 whereRy, R and R; are the isotopic ratios of

ature, and is larger at colder temperatures (see Find
AppendixD3).

www.atmos-chem-phys.net/13/7903/2013/

in thermodynamic equilibrium with their environments. Iso-
topic models must therefore be built on a broader kinetic
vapour, liquid and ice, respectively (the double index I,i is theory in which thermal equilibrium behaviour applies only
used throughout as a shorthand notation for relations whictat the surface of droplets or ice crystals, which interacts
are valid for both liquid water and ice). The fractionation fac- with ambient air through a diffusive boundary layer. Un-
tor oy is a physical parameter that depends only on temperder stationary conditions, this combination yields a pseudo-
equilibrium between condensates and the environment. We
describe this pseudo-equilibrium in the next section.

Atmos. Chem. Phys., 13, 79085 2013
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2.3 Kinetic fractionation and isotopic relaxation in R
droplets and ice R, | =Ry [RY = Ri[E >
RS
Voo l\

. . ip . . . RE, ) 1 .
Kinetic modifications to fractionation factors occur when- | distance
ever phase transformations take place in conditions other Ry=m | R r RO i
than thermodynamic equilibrium, i.e. whenever ambient wa- et o
ter vapour is super- or subsaturated. Such effects were first I l .

. K distance
discussed for ocean evaporation bansgaard1964 and @ H,0, HDO diff. flux >
Craig and Gordor§1965, and were later investigated in the . |
context of cloud physics b@edzelman and Lawren¢&982 esar [T] !
andJouzel and Merliva(1984). s [T0] \

Phase changes in super- or subsaturated environments are ¢ 1 > distance

common in nature. Cloud droplets and crystals may grow in

a supersaturated environment when the surrounding VapOLﬁig' 2. Sketch of the evaporation of a droplet in a subsaturated en-
field cannot adjust to saturation over liquid water or ice (asvironment. The lower panel displays the raFiiaI variation o.f Watgr
may happen when temperature and pressure drop is rapiﬂapour partial pressure. 'I_'he upper panel c_:llsplays the radial varia-
and nuclei are limited; see, e orolev and Mazin 2003. tion of vapour isotopic ratios. The superscripgsand (co) denote

Conversely, supercooled droplets may evaporate in a Subsaﬁlues at droplet surface and outside the diffusive boundary layer,
- . . - espectively. Vapour partial pressure decreases across the bound-
urated enylrgnment n mixed-phase condltl.ons, Where VapOULy |ayer in a way that depends on thermal and molecular diffu-
pressure is intermediate between saturation over liquid an@ivity. Note thatesad 7(®] < esal (] since the droplet surface
that over ice. In supersaturated (subsaturated) conditionss cooled below environmental temperature at evaporatigs £
heavy and light vapour molecules diffuse toward (away from)liquid saturation here). Thus, thermal impedance limits subsatura-
the condensate across a boundary layer that connects the caien at droplet surface compared to what it would b& P were
densate surface to the far field environment, and the latengqual to7 (°®, and consequently limits isotopic kinetic effects. The
heat of phase transformation is extracted from (imported to)decrease of vapour isotopic ratio across the boundary layer explains

the condensate through a corresponding thermal boundal’f)’hy the kinetic fractionation factor is enhanced over its equilibrium
layer. (See Appendi for a more detailed review). value. Note also that the whole droplet is assumed to equilibrate

As a result of diffusive exchanges, gradients in temper_With its surrounding vapour field (grey shaded area = water actively

ature and both light and heavy water vapour isotopologueszxmc:lfngmg with vapour) if its isotopic relaxation time is sufficiently

develop across the boundary layer. That is, the surface values

of vapour density)\(,s), temperaturg’® and vapour isotopic

ratio RS = pi® /p® differ from those in the far field envi- common expression far anday; is
ronment p>, 70 and RP™ = pi® /oML, Gradients

in isotopologue vapour density necessarily differ because of R|(,is) ol
both the preferential condensation and the lower diffusivity “KI = o) = 1+ (B — 1) (1_ (S(eﬂ))_l)’
of heavy isotopologuedVerlivat, 1978, meaning that gra- Y hi Li

dients also develop in isotopic compositidﬂﬁo") < R\(,S) at

droplet evaporation, anﬁ\(,oo) > R\(,s) atdroplet condensation

or ice deposition (Fig2 and3). It is conventional to capture g _ (1 A (1 - S_.l))fl

these effects by defining kinetic fractionation factors between™i i Li

condensate surface and far field vapau{ = lef) /R\(,°°)

that differ from the equilibrium fractionation factors that ac-

tually govern partitioning at the surface (= R /R\”). satlt
' . ; ; ) b .

The kinetic fractionation factors for liquid—vapour and Saturation at far field temperatupg /Psad TV], Al are
ice—vapour phase transitions are obtained by coupling th&oefficients that represent the thermal |mpedance to conden-
laws of diffusion for heat and for light and heavy vapour (full Saté growth or evaporation (see Appenéiand Eq. £6)
derivation is performed in Append®; see alsalouzel and for definition of A;;) and g are coefficients defined in the

Merlivat, 1984 and Ciais and Jouzel1994. The resulting next paragraph. A crucial distinction in deriving andoy; is
the fact that small droplets are assumed to fully re-equilibrate

isotopically with the surrounding vapour, but the migration of
molecules within the crystal lattice of ice is too slow to sup-

1The environment beyond the diffusive boundary layer is also POrtsuch an equilibration assumption. For the liquid case, we

1)

where

is the effective saturation of vapour over liquid or ice mea-
sured at surface temperatuaséoo)/p's'gt[T@], Si is vapour

the far field from the point of view of diffusive theory (see Ap- therefore writewq = Ri/R{™, and assume that the droplet
pendixA), hence the superscripto). surface is identical in composition to the bulk composition

Atmos. Chem. Phys., 13, 7903935 2013 www.atmos-chem-phys.net/13/7903/2013/
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; | . . <
Ry 1= RE‘S]/R(VS) @i = RE'S)/R(VOO) <ai
R‘J’:) !
(s /
Ry > distance
I
(s) _ dm’ [d ) _ (00) _ 1™
R = 4t R = R =2
| l ,
distance
| ~€——— 11,0, HDOiff. flux
€
£(®)
I
Csat [T(s)] r/”
(o0)
Csat [T] | distance

Fig. 3. Same as Fig2 but for ice deposition in a supersaturated
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no diffusion limitation and no kinetic isotope effects occur:
the kinetic fractionation factors reducedgy,i = a,i.

It is important to recognise that any factor that causes
Bii # 1 gives rise to kinetic fractionation effects. Preferen-
tial uptake at droplet or ice surface would alone produce an
isotopic gradient between particle surface and far field and
a kinetic isotope effect even if there were no differences in
diffusivity between isotopologues. For,B/HDO, equilib-
rium fractionation at droplet or ice surface is in fact a larger
contributor to kinetic effects than is differential diffusivity
sinceKy/K|, ~ 1.03 anda; > o ~ 1.1 even at Earth’s sur-
face temperatures and increases further with altitude. For
H»0/H,180, both effects contribute more equally: the diffu-
sivity ratio is againkKy /K, ~ 1.03 but equilibrium fraction-

environment. Vapour pressure is now increasing across the difation is onlya; ~ 1.02— 1.05. This difference makes evo-

fusive boundary layer surrounding the crystal, arg{T®] >

lution of the oxygen isotopologue system more sensitive to

esal T(°)], owing to the surface being heated above environmentalvapour saturatiots; ;.

temperature at depositiobsgt = ice saturation here). Thus, thermal

Kinetic effects on fractionation are somewhat reduced by

impedance reduces supersaturation compared to what it would bgarmal impedance, i.e. by the fact that particle and droplet

if 79 were equal ta"(°), and limits kinetic effects at deposition

too. The increase of vapour isotopic ratio across the boundary layer
explains why the kinetic fractionation factor is reduced compared to

its equilibrium value. Note that isotopic equilibration with vapour is

surface temperatures differ from ambient temperature (this
effect is responsible for the effective saturatliftﬁﬁ) differ-

ing from S;). Thermal impedance effectively reduces both

restricted to the surface layer of the crystal (grey shaded area). Thi§ubsaturation and supersaturation because evaporation low-

is the main difference with the droplet case.

ers surface temperature (i%; < Sf?ﬁ)

raises surface temperature (i.e<19|(?ﬁ) < 8i). In all envi-

< 1) and deposition

ronmental conditions, then, thermal impedance reduces the
'kinetic modifications to equilibrium fractionation. The ef-

< , fects of thermal impedance decrease as temperature falls and
The coefficientss;i combine three factors that are respon- g are Jess important with altitude (see Appendix A for dis-

sible for a gradient in isotopic composition between parti- ¢ ;ssjon of the magnitude of thermal impedance effects).
cle surface and its environment: the equilibrium fractionation 1o representation of isotopic fractionation for droplets

R|. Forice, we assume that fractionation occurs only betwee

ice surface and vapousk = R® /R{™.

factorse i, the ratio of light to heavy isotopologue molecular
diffusivities Ky/K,,, and the ratio of light to heavy isotopo-
logue ventilation coefficientg, /f,, i.e.

Ky fv

i=aj——.
ﬁLI L,i K\// f\;

given above follows most isotopic models in assuming that
cloud droplets instantly equilibrate with their surrounding
vapour. However, at low temperatures, larger cloud droplets
(tens of microns) that are still below the typical size for onset
of precipitation Houze 1993 chap. 3.1.3) can have equi-
libration times of a minute or more (see Appendidxand

B is always larger than 1 since the first two factors actdiscussion in Sect.]). While small droplets can be con-
in the same direction — heavy isotopes preferentially con-Sidered to fully equilibrate with surrounding vapour as they

dense, meaning equilibrium fractionation factarg are al-

ways > 1, and heavy isotopologues have lower diffusivity

than light ones, meaningy/K,, > 1 — and the ratio of ven-

ascend in updrafts, larger droplets may not do so, especially
for high updraft speeds and low temperatures. A full tracking
of isotopic exchange between droplets and their surrounding

tilation coefficients f,/f, is close to unity. The result is v&Pour would require integrating a relaxation equation for
thatin supersaturated conditions, fractionation during droplefiOPIets isotopic ratio (see EB3) over a spectrum of droplet

growth or ice deposition is reduced relative to the equilibriu

m Sizes. In the modelling treatment described below, we choose

scenario and in subsaturated conditions, fractionation is eninStéad a simplified approach. We separate droplets into two

hanced: the sign afy) i — i iS opposite to that QS,(?ﬁ) —

(see AppendiceB5 and AppendixA for discussion of diffu-

classes: “cloud water” that undergo instantaneous exchanges
and “passive water” that can be seen as representing either

sivities and diffusional growth rates and Online SupplementPr€cipitation or any fraction of cloud liquid that does not

Sect. 1 for ventilation coefficients).
Mathematically, kinetic isotopic effects arise from the dif-
ferences in behaviour between isotopologugg # 1) in

conditions of super- or subsaturatios](f(ﬂ) #1). If the am-

bient environment is exactly at effective saturation, there is

www.atmos-chem-phys.net/13/7903/2013/

fully exchange. We impose a simple ad hoc parametrisation
in which a constant fractioq| of actively exchanging cloud
liquid and ice is auto-converted at each altitude in the uplift.
Several factors pose no significant complications for mod-
elling. Thermal relaxation times in droplets are always

Atmos. Chem. Phys., 13, 79085 2013
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Table 1. The four free parameters of the isotopic model.

Symbol Unit Meaning Reference value
e - Saturation parameter 1

y - Glaciation parameter 3.5

b - Fraction of liquid water converted to ice via the WBF process 0

C m~1  Fractional rate of auto-conversion (deactivation/precipitation) of liquid water 0

considerably smaller than isotopic relaxation times, justify- isotopic composition requires that we represent the inter-
ing the use of a steady-state solution of the heat transfer equactions between bulk vapour, cloud liquid and cloud ice.
tion in deriving the evolution of droplet and vapour isotopic A closed-form solution requires bulk modelling of heavy
ratios (Appendix A, FigB1). Droplet freezing is also fast and light isotopologues in several classes of water species
relative to isotopic relaxation, justifying the assumption thatand an expression for conservation of energy. We describe
freezing does not produce isotopic fractionation (Supplementhe phases of water and their isotopologue content in terms
Sect. 2, FigB1). of mass mixing ratios of vapour, liquid, and ice(r, ri)

We note one factor omitted in our framework that may be and corresponding isotopic rati®s = ry/ry, Ry = r{/r and
of importance for ice crystal isotopic evolution. We have as- Rj =r{/ri. We assume that the cloud column is stationary
sumed conditions of thermodynamic equilibrium at the sur-in time and therefore time dependence along the path of a
face of both droplets and ice crystals (ipé‘?) — p's';t[T(S)], given parcel can be replaced by a dependency of all vari-

(s ables onz only. The updraft velocity, which determines the

R® =Ry’ andR® = «;R{). This assumption is reason- ) .
able for droplets of sufficient size such that surface curva-ate of change of pressure and temperature in the air parcel,

ture and salt molarity effects are negligible. However, it is IS N0t explicitly defined in our model but it implicitly deter-
less obviously appropriate for ice crystals. Surface kinetic™in€s @ height of relaxation for processes that adjust over a
processes are known to be of importance in crystal growthf!n'te t|me._ This relaxation height is _the product of the ver-
which cannot be accurately described by simple capacitancgcal veloc_lty b_y the process relaxation timescale (the latter
models Kuroda 1984. Because slight supersaturations at 'S Shown in Fig.B1 for a number of processes). If the re-
crystal surface appear necessary to overcome surface king@X@tion height is sufficiently small compared to the spatial
ics, deposition coefficients for heavy and light isotopologuesrselution of the model, the corresponding process may be
may differ, inducing additional fractionation effects. Theo- ¢Onsidered as adjusted, i.e. it can be modelled as if it had a
ries of isotopic fractionation incorporating surface kinetic ef- Null Intrinsic timescale. Hence, "active” liquid water, as de-
fects are only recently under developmeBePaolo 2011 fined in Sect2.3 is modelled as if droplets were to instan-
Nelson 2011 and we cannot include them here. However taneously equilibrate. However, the largest droplets cannot
ice crystal shapes suggest that at high supersaturations, cry@€ considered to fully re-equilibrate for high updraft speeds

tal growth may be compatible with a pure diffusional theory and low temperatures, which could produce variations with
and surface kinetic effects are less important. height of the size of the “active” liquid water reservoir. This

is accounted for in a simple way by our model by specify-
ing an ad hoc conversion of actively exchanging cloud liquid
water to passive water, as will be described in Se@&.3

Since we use an exact adiabatic assumption for the con-

In this section, we describe our model. We first describe theservation of energy, our model requires the conservation of
various classes of water Species involved (Sad), then total water. In order to SatiSfy the adiabatic aSSUmption, as
present a simple representation of the microphysics and thedliscussed above, we track all precipitation as “deactivated”
modynamics of rising air parcels, considering light water water carried with the air parcel and included in the water
alone (Sect3.2), and finally apply the previously established budget. Retaining water rather than allowing precipitation to
isotope physics to extract the evolution of the isotopic ratiofall out does introduce small differences in entropy and buoy-
of water vapourR, (Sect.3.3). The model uses only four free ancy, but these do not affect our results significantly. The to-
parameters, listed in Tablg(for a full list of all symbols used ~ tal light water and heavy isotopologue contents are then
throughout the manuscript, see TaBJe

3 Modelling isotopic composition

rr=rvt+n+r+ rl(p) + ri(p), 2
r{:r\’,—i—r{—l—ri’—i—r/l(p)—l—r’i(p), ©)

While the previous section described fractionation between
vapour and single droplets or ice crystals, modelling vapourwhere deactivated/precipitated species are denotetPas

3.1 Bulk approach
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The differing kinetic isotope properties of liquid water and tendency ing; arising from irreversibility has only a small
ice have important consequences for bulk relationships. Ireffect on the temperature profilBrfyan and Fritsch2004),
the case of liquid water, the assumed rapid equilibration ofso can be neglected, allowirdg to be treated as a perfectly
the active cloud water with its environment means that theconservative variable.
fractionation factor describes partitioning of isotopologues Conservation of ice—liquid water potential temperature is

between bulk vapour and bulk liquid of active droplets: written as
doy
il ry M _o (6)
- = v 4 s
. oKl ry (4) dz

Because the kinetic fractionation factors previously definedW'th % given by

relate properties of the condensed phase with those of vapour ® O\ X
beyond the diffusive boundary layer, we no longer need toe_ -7 pPo X 1- n+n"+ri+r
distinguish between surface and far field quantities, and can i €+ rt
therefore unambiguously remove the parenthesised super- ® O\ —?
scripts(oo) or (s) introduced in the previous section unless » (1_ M4r )
surface quantities are explicitly required.

In the case of ice, we assume that the fractionation fac-

It

tor describes partitioning between isotopologues in the bulk —Ly <”I + V|(p)> —Ls (ri + ri(p))
vapour and the surface of ice crystals, with no effect from X exp (cotcpr) T
crystal size or shape, so that PP
(dr! /dr) r, Ry ® O\

— o Y 5 + ——— A+ )INS+(ri+7r" )InS
(dri/dr) o ry ®) Cp+Cpylt << ! ) ( I ) )
Note that the bulk composition//r; is generally differ- ™

ent from the composition of instantaneously deposited icewith
(dr{/dt)/(dri/dt). The bulk ice compositiom//r; depends
on the history of the accumulation of ice in each crystal. R+ Ry

Coc +epurt
3.2 Microphysics and thermodynamics PRVt

and
3.2.1 Thermodynamics

9 = R\’;rt
As mentioned above, we assume that the rising air par- — cp+ cpvrt
cel experiences adiabatic thermodynamics and therefore that _ _
its ice—liquid water potential temperatuég is conserved 3.2.2 Vapour pressure adjustment to saturation
(Tripoli and Cotton 1982, Bryan and Fritsch2004). This

assumption is equivalent to assuming perfect conservation oft 0ur simplified model, we do not represent the growth and

total entropy for dry air and all water species, and therefore€vaporation/sublimation rates of droplets and ice particles in

precludes any entrainment of environmental air. The utility @ Prognostic way, butinstead specify the evolution of relative

of the model is therefore limited to the cores of deep con-NUMidity in the air parcel and assume that phase changes oc-
vection, which arguably do not entrain, or to cores embed-curin coherence with that evolution. Our treatment of vapour

ded within mesoscale convective systems that are plausiblﬁ?"""tur"’1ti0n is negessgrily ad ho'c but is designed to reproduce
somewhat isolated from their broader environment. For striceXPected behaviour in convective clouds (theory of supersat-

adiabaticity and conservation éf to hold, total water must uration in convective clouds is discussed in greater depth in

be conserved and transformations must be reversible. As di2PPeNdixC).

cussed above, total water conservation is enforced by retain- At temperatures above"C, we assume that clouds are en-
ing deactivated/precipitated species (tH&) and ¢®) wa- tirely liquid and that vapour is at sayuratlon over Illqwd yvgter.
ter classes, cf. Sec8.1) within the parcel. Because of that, Supersaturation over liquid water is neglect_ed since it is ex-
we compute an upper bound on cloud temperature and buoyP€Cted not to exceed a few percentage poikiaglev and
ancy since we do not allow entropy exportation through hy-Mazin 2003 see also Appendig); it would therefore have
drometeor fallout. Reversibility of the transformations does N€dligible consequences in our framework as the kinetic iso-

not strictly hold in our model since condensation and evap-tOpe effect would not be significant and our model does not

oration may happen in non-equilibrium conditions (indeed’e_xplicitly calculate growth rates as a function of supersatura-
Si.i # 1is unavoidable in mixed-phase clouds). However, thell®"-
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Table 2. Relation between internal parametersy and C| of the model and physical quantities. Row 2: vapour saturation over ice at

T < —40°C as a function of obtained from Eq.&). Rows 4 to 9: glaciation temperature, altitude and pressure (conventionally defined
wherer| = 10-6 kg kg—l) as a function ofy for two extreme values of the auto-conversion coefficient for liquid wa&feemperature is
computed from a full integration of the model with cloud base level at 1050 m. Pressure and altitude grids are taken from a mean tropical
profile from the ERA-Interim reanalysi®ge et al.2011). The saturation parametgiis set to 1 in these computations. Setting it to 0 affects

the glaciation temperature by less than 2% in all cases. Row 11:r1atiqgiapat 7 = 0°C between the (active) liquid water content for

a given value of”| and the same quantity f@F; = O (adiabatic content). This ratio is calculated from a full integration of the model and is

not sensitive to glaciation and saturation parameters, which are ineffective at positive temperatures.

Saturation parameter 0 0.2 0.4 0.6 0.8 1
SjatT < —40°C 1 1.09 1.18 1.28 1.37 1.47
Glaciation parameter 1 2 3 4 6 9
Ty (°C) —13.12 -23.09 -29.07 -—-32.64 -35.93 -38.04
=0 zg (km) 7.70 9.20 10.00 10.45 10.85 11.10
pg (hPa) 394 321 286 268 253 244
Ty (°C) —-11.30 -20.63 —-26.4 -—-30.25 -—-34.28 -37.19
C=05km™1  zg (km) 7.40 8.85 9.65 10.15 10.65  11.00
pg (hPa) 410 337 301 280 261 248
Auto-conversion coefficient) 0 0.1 0.2 0.3 0.4 0.5
11/7,adiapatT = 0°C (%) 100 80 64 51 40 31

Between 0C and—40°C, vapour pressure is expected to pressure as governed by the relative weight of ice among wa-
be constrained to within a few percentage points of liquidter condensate§ = ri/ (ri + ).
water saturation as long as supercooled droplets dominate The parametrization of vapour pressugg over the whole
ice crystals in mixed-phase updrafts, departing from that contange of temperature is then
straint only when glaciation is sufficiently advanc&(olev . |
and Mazin 2003 Korolev and Isaac200§. In sufficiently ~ ¢adi[7 > 0°C] = esa
slow updrafts, vapour pressure would fall to saturation over
ice el as ice becomes dominant, but faster updrafts are ex-

T_a0° o — A |
pected to retain a higher degree of saturation after full glacia—eadj[ 40C<T <0 C] (1= f)esa

tion. In real-world convective systems, the range of possible + fi [e'sat[T] el [T](1— ;)] , (8)
saturation values is wide, depends on updraft velocity and

droplet and ice crystal number densities, and can evolve over LT =—40°C] ] .

the lifetime of an updraftiorolev and Mazin(2003; see  €adj[T < —40°C]=|1-¢ + }QAWK esal T
also AppendixC for more extensive discussion of supersatu- esal T =~ ]

ration in convective clouds). For simplicity, we assume hereg 5 3 Droplet and cloud ice mass balance
that fully glaciated updrafts experience some fixed interme-
diate vapour pressure between the saturated pressure over liihe change in the amount of liquid water or ice held by
uid water and the saturated pressure over ice. The specifieg rising parcel can be split into three components: diffu-
degree of supersaturation can be seen as a proxy for thosgonal growth of condensates accommodating changes in
parameters (updraft velocity, particle size distribution) thatambient saturation, conversion of liquid water to ice, and
we do not explicitly model. The intermediate vapour pres- auto-conversion of condensates to deactivated/precipitated
sure is parametrised down 40°C asey,¢ +eky(1— ),  species. Even the simplest isotopic model must represent all
where¢ is a free parameter of the model. Once temperatureshree effects.
cool below—40°C, the degree of supersaturation assigned As an air parcel is lifted adiabatically, condensed phases
over ice at —40C is fixed from that point on. Throughout are assumed to take up vapour to maintain the adjusted
this manuscript, we useto describe supersaturation, but see vapour pressure specified in E§).(At temperatures above
Table2 to relate¢ to the final supersaturation over ice. We 0°C, vapour uptake results in the growth of droplets. Be-
model the evolution of vapour pressure in mixed-phase upiow 0°C, both growth of liquid droplets and deposition onto
drafts from saturation over liquid to the intermediate vapourice can occur if updraft velocity is sufficiently strong (i.e. if
wup > Wy, seeKorolev and Mazin(2003 and AppendixC).
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Table 3. Unit, meaning, and location of all symbols used in the text. Some symbols which are only local to a single formula are not listed
here. In the last column, “Supplt” stands for the Supplement.

Symbol Unit Meaning Defined near
a m Radius of a droplet Eq. B3)

aj m Half maximum dimension of an ice particle Appendix
Ay, Aj - Thermal transfer coefficient between water vapour and condensates (liquid and ice) A5EQ. (

b - Fraction of cloud liquid converted to ice via the WBF process 29). (

By, Bi, Big, Bi* m?s7! Coefficients local to Appendi€ AppendixC
cpvs €1, € Jkg iK1 Specific thermal capacity at constant pressure of water vapour, liquid water and ice

co m-1 Coefficient local to Appendic AppendixC

c1, €2, €3 - Coefficients local to Appendi€ AppendixC

Cc m Crystal capacitance (effective radius for diffusional growth) Bq)(

Cii m—1 Rate of auto-conversion (precipitation/removal) of liquid water and ice . (

d %o Deuterium excesssD—85180) Sect5

"lsar e;at Pa Saturation pressure of water vapour over liquid water and ice HoDL), (D2)
ead Pa Adjusted saturation vapour pressure BY. (

fi - ri/ (ri+n)

fhn - Thermal ventilation coefficient EgAR)

Moy - Ventilation coefficient for light and heavy isotopologue vapour E4%),((B1)
kn Jm1K—1s1  Thermal conductivity of air EqA2), AppendixD4
Ky Jm1k-1s-1  Modified thermal conductivity of air Supplt. Egs. (4-7)
Kn m2s~1 Thermal diffusivity of air Eq. A7)

Le - Lewis number Eq. (A6), Supplt. Eq. (1)
Kv, K, m2s~1 Molecular diffusivity of light and heavy isotopologue vapour in air Edsl), (B1), AppendixD5
Ly, Lj, L¢ Jkgt Latent heat of evaporation, sublimation and fusion Appeidix
Ny, Nj m—3 Number concentration of droplets and ice particles Appef@dix
m, m' kg Light and heavy isotopologues mass in a single droplet or crystal Et).(B1)
p Pa Air pressure

Pr - Prandtl number Supplt. Sect. 1
q's'gt - Saturation specific humidity with respect to liquid water or ice Ba) (

rv, 1, i kgkg1 Mass mixing ratio of light isotopologue vapour, liquid water and ice

y, rl’, ri’ kgkg~t Mass mixing ratio of heavy isotopologue vapour, liquid water and ice

r,rf kgkg1 Total mass mixing ratio of light water and heavy isotopologues

RY, Ry Jkg k-1 Gas constant for dry air and water vapour

Re - Reynolds number Supplt. Sect. 1
Ry, R|, R - Isotopic ratio of vapour, liquid water or ice

Ro - Isotopic ratio of the Vienna Sea Mean Ocean Water standard

Sc - Schmidt number Supplt. Sect. 1
S|, Si - Vapour saturation over liquid water or ice

Sl(eﬁ), Si(eﬁ) Effective vapour saturation over liquid water or ice, computed at droplet or ice surface temperaturel) Eq. (
Sgsh Sgsi - Quasi-steady saturation over liquid water or ice Appe@ix
t s Freezing time Supplt. Eq. (6)
h s Thermal relaxation time Supplt. Eq. (8)
T K Air temperature

Ty K Glaciation temperature (where= 10-%kgkg™1)

Uxo ms1 Particle terminal fall speed Supplt. Sect. 1
wup ms1 Updraft vertical speed

wjp ms1 Minimum vertical speed for vapour uptake on supercooled droplets Appéndix
X (%) Value of quantityX in the environment, beyond the boundary layer surrounding droplets or crystals

x® Value of quantityX at the surface of droplets or crystals

x® Value of quantityX for deactivated/precipitated species

z m Altitude

ay, Qj - Equilibrium fractionation factor for liquid—vapour and ice—vapour phase transition B8sD6)
akl, A - Kinetic fractionation factor for liquid—vapour and ice—vapour phase transition 1Eq. (

B - i (Kv/KD(fu/ 1) Ea. 1)

y - Glaciation parameter EqLy)

sD, 5180 %o Isotopic depletion in deuterium and oxygen-18 SBdt.

€ - RY/RY

¢ - Saturation parameter Eqg. 8)

n - WBF parameter Eqg. 30)

Ol K Ice liquid water potential temperature Eq) (

A - Generalised fractionation factor EG2)

m Pas Dynamic viscosity Supplt. Sect. 1
& - Fraction of net condensate diffusional growth occurring as ice deposition FodqQ

o kgm—3 Density of air

Pice kgm—3 Density of ice Eq. D2)

X kgm—3 Density of specie X

Pdrop kgm—3 Density of a droplet Eq. B5)

v, Py kgm—3 Density of light water vapour and heavy isotopologue vapour

Pl Phat kgm=3 Saturation density of water vapour over liquid water and ice

Tdrop s E-folding time of droplet isotopic relaxation E®RY)

T, Tpi s Times of phase relaxation over liquid water and ice Appefidix
@ m-1 Fractional conversion rate from liquid water to ice ER)(
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In these conditions, and as long as the number concentraation of freezing is intended to capture different mecha-
tion of supercooled droplets dominates that of ice crystalsnisms, depending on the temperature range considered. Since
vapour pressure stays close to liquid saturation (as discussetie droplets of active liquid water are presumably small,
in the previous section) and most vapour uptake should occutheir heterogeneous freezing in immersion-mode is likely
on supercooled droplets. As glaciation proceeds, depositiopromoted at lower temperatures of the mixed-phase zone,
onto ice eventually dominates over growth of supercooledwhile freezing at warmer temperatures should occur mostly
droplets. in contact-mode via particle interaction (i.e. rimindprgp-

We represent net diffusional growth accommodating pacher and Klett1978 Kumijian et al, 2012. The droplets
changes in vapour saturation by the following set of equa-eventually freeze homogeneously if they get in the vicin-
tions: ity of the —40°C level. Our parametrisation of freezing thus
contains tendencies due to homogeneous freezing, heteroge-

(;—2 = —Ei(:j—rzv, 9) neous immersion freezing and riming. Conditions that pro-
as mote strong updraft (hence high vapour saturation and no
| _ 1—) dry (10) WBF) and low riming potential (continental aerosol spectra,
dz |gjs Yodz shallow warm cloud depth) delay cloud glaciation to lower
temperatures.

where the notation “ajs” refers to “adjustment at saturation”
and;i_ is the fraction of condensate growth resulting inice de'chosen to ensure zero conversiolat 0°C and maximum
position. In order to reproduce the expected transition fromconversion afl’ = —40°C:
droplet growth to ice deposition in mixed-phase updrafts, and

for the sake of simplicity, we require that the importance 1 <27315_ T)J/

The temperature dependence of the conversiongadte

of ice deposition positively corresponds with the fraction of ¢ (1) = 0 20 (13)
ice among condensates. That is, we&et f;. Notice that

Egs. @) and (L0) hold for any temperaturé; being equal to . . g i
0 in the liquid domain, 1 in the glaciated domain and taking whereT is in Kelvin and is in m - The glaciation param-
etery controls the rate of glaciation of the cloud, which in

intermediate values in the domain of coexistence of IIquIdturn sets the effective altitude at which liquid water is fully

and ice (remaining close to 0 when supercooled liquid water . : o
. . converted to ice. Highey produces lower glaciation rates,
dominates ice).

Supercooled droplets can be converted to ice by two Ioro_delaymg cloud glaciation and allowing significant amounts

cesses: either by freezing of droplets (homogeneous or hetc-);s; g?:ﬁggtlf;[iggullgttl?sgesr;lzsr;éoahégzgtrailtt Ilt;ds?es 'rzla:tgrirghtie
erogeneous) or by the Wegener—Bergeron—Findeisen (WB ixed-phase re ic;n The falloff in liquid water vf/)ith altitude
process\(Vegener1911 Bergeron 1935 Korolev, 2007 in . P! glon. 1 q . -

: in the mixed-phase region, under the sole action of liquid to
which cloud droplets evaporate to water vapour that then re-

. . : ice conversion (no auto-conversion), is derived by integrating
deposits as ice on growing crystals. Those processes hav

a complex dependency upon updraft velocity, droplet andteq' (L2) over the range of altitude betweefi© and—40°C,

ice particle size distributions and aerosols characteristicsand yields

(Kumijian et al, 2012 Korolev, 2007, which we cannot re-
produce in our model. We will instead assume that the con—m( d ) N z[0°C] —z[-40°C]
version from liquid water to ice can be described by a single  \ 7 [0°C] 50(y +1

ad hoc fractional rate of conversignwith a free parame- 2[0°C] — 2 y+1

ter b describing the fraction of liquid water converted to ice (z[O"C] — z[—40°C]) (14)
through the WBF process versus droplet freezing. In our rep-
resentation, the route to cloud glaciation does not matter fo':l'he altitude above which

liqui . | X f : drops below some threshold
Iquid water and ice mass balance but it does for vapour iSO e,y increases with. By convention, we define the glacia-

topic composition because the two processes bear very diﬁfon temperaturely and glaciation altitude as the loca-

tinct isotopic signatures. o . tion wherer, = 10-%kgkg™?! is reached. Glaciation altitude
The conversion of liquid water to ice is thus parametnsedis mainly a function ofy, but also depends slightly on the

as conversion of droplets to deactivated/precipitated species and
dri|  dn dry — (T (11) very slightly on supersaturation. This dependency is illus-
dz g Ozlgy Oz lwpr o(in, trated in Table2. Notice that, with our definitions, any choice
of y less than 9 ensures full glaciation before thé0°C
dr dry dry .
=% = —@(T)n, (12)  levelis reached.
Cleli - Btz B Twbf As discussed in Se@.1, we represent the auto-conversion

where the subscript “cli” refers to liquid—ice conversion and of condensates to deactivated/precipitated species as a con-
“frz” and “wbf” are self-evident. Notice that our represen- stant fractional loss of mass from the activated liquid and ice
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water classes: and the thermodynamic equation:
dil _ e (15) 0= ?(T,?j—T,r,g—r,p). (22)
dz | 4oy z Z z
dn e (16) After replacement of @/dz using Eq. R1), Eq. @2) is
dz | 5ev turned into an implicit equation forT/dz which is solved
dr® iteratively after discretisation. This solution is then readily
' = Cjri, a7) used to make a step df in the vertical and to make a step
de | for the water classes mixing ratiesn Eq. (21).
drl(p) The model is solved with a spatial resolution of 50 m. Up-
& =Cin, (18)  draft velocities ranging from 10 n$ to 50 ms ! thus cor-
acv respond to implicit time steps of 1s to 5s. As shown by

o ) Fig. B1, such time steps essentially support an equilibration
where the subscript “acv” refers to auto-conversi@h,  assumption for all processes except for phase relaxation over
and Cj are fractional auto-conversion coefficients for lig- jce ang isotopic equilibration of large droplets at low temper-

uid water and ice, and the superscrifg) refers to de-  tyres (below-20°C). This is consistent with our modelling
activated/precipitated species. Our parametrization of autogpgices.

conversion contains tendencies due to precipitation and

growth of droplets to non-fully-exchanging sizes (see3.3 Vapour isotopic composition

Sects.2.3and3.1). Note thatC; is a dummy parameter that

is included for completeness of the representation but has ndhe tendency irRy may be derived from the conservation of

effect on vapour isotopic ratio (see Se28). heavy isotopologues:

Saturation adjustment, liquid to ice conversion and deacti-
vation/precipitation can be combined into expressions for the— (r(, +r+r+ rl/ L ri’ “”) =0. (23)
vertical variation of the liquid water and ice mixing ratios: <
q q Expanding the terms of this equation into relevant physical

" " - . S
d_zl — d_zv —Ciri+o(T)n, (19) ;;r(/)cesszsRylelds f(:/e master equations:
dr| dr gy Uiy v
G =" A=8) g —Cn—gn, 200 § =g TR (24)

dr/ dR, dry dry

along with Egs. {7) and (18) for the deactivated/precipitated g ="' 7g, TR dz ais 0z | s
components.

The full model of light water transformations in the con- + dn + an ) (25)
vective plume then consists of EQ) (water mass balance); dz ff, 2 |aey
Egs. (L7)—(20) (tendencies for the (), (i), ‘@)_, and (i?) wa- o/ © [ dr dr
ter classes); Eqs6) and (7) (thermodynamics); and Eq8X P R e
(vapour saturation assignment). . “lajs < Twbf

dr| (V) dri
. —R—| +R7 —| , (26)
3.2.4 Model solving dz |, ' dzaey
/()

The full model has @ dependent variables, the temperature dri =R dn , (27)
T and the light water mixing ratios = (rv,r|,ri,r|(p),ri(p)). dz dz |acy
The control parameters (y, b, C)) are fixed (see Tabig).  dr/® ®
Boundary conditions must be provided at cloud base. At™q,~ = % g oy (28)

cloud base, water vapour is assumed to be saturated, with all

condensate water classes set to zero and the ice—liquid pgvhich we now discuss in greater detail.

tential temperature set at a valje= 6, which is then pre- The first two Eqgs. Z4) and @5) simply reflect the defini-

served aloft within the convective plume. The stratification tion of the isotopic ratios for vapour and liquig|; = ry Ry

in the environment of the cloud is assumed to be hydrostaticandr{ = riR;. The liquid mixing ratioR, here is predicated
The set of equations of the model can be reduced to the@n an assumption that all cloud water has homogeneous com-

mixing ratios equation: position R| = a Ry. If droplets froze slowly relative to iso-
topic exchange timescales between liquid and vapour, we

dr dr would need an additional term describing the extraction of

dz =F <r’ dz T, p> ’ (21) further heavy water from the vapour phase as an ice germ
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grows within the droplet. However, droplet freezing can ro- where

bustly be assumed to be fast relative to isotopic exchange
timescales (see Supplement Sect. 2). A(T, Si, &, n) = &ioki + (1 —&i) ot + 1 (oi — aka) (32)

The third equation, Eq.26), describes the tendency of s 5 generalised fractionation factor that depends on temper-
he(gvy |sotopolpgues 'r‘ ice. The |§otop|c ratio at ice Surfaceature, cloud saturation, the importance of ice deposition ver-
R;”, appears in the right hand side for the two processesyys droplet condensation following changes in ambient satu-
thatinvolve diffusional growth of ice crystals (growth follow-  (ation, and on the intensity of the WBF processtakes its
ing adjustment of vapour saturation and the WBF process)name from the fact that it varies continuously framto
These two processes produce kinetic fractionation betweegg 3 function of non-equilibrium conditions.
vapour and ice surfaceR(” = aiRy). The two remaining Equation 81) is equivalent to Eq. (18) oFederer et al.
terms describe the source from droplet freezing and the sink1982 if we drop entrainment (i.e. set =0) and dif-
from auto-conversion. Freezing has to be represented sepausive isotopic exchange with rain (i.e. s&, =0) in
rately from the WBF process because it preserves the isotheir representation; notice thal — & — ) dry/dz = Pyc
topic composition of the freezing droplet, whereas transitionand (& + ) dry/dz = P,i, where P,c and P,; are, respec-
through the vapour phase in the WBF process involves fractively, their production term for cloud water and cloud ice.
tionation. Equation 81) offers many deep insights on inspection.

The final two equations, Eqs27) and @8), describe  The generalised fractionation factarcontains only the pro-
the auto-conversion of liquid water and ice to deacti- cesses involving diffusive exchanges of isotopologues with
vated/precipitated species. Deactivated liquid droplets carrwapour and excludes freezing and auto-conversion processes.
the isotopic composition of the cloud water class at the timeThe termé&joy + (1 — &) — 1 in Eq. B2) corresponds to
of deactivation. Deactivation of liquid droplets affect vapour the net growth of droplets and ice crystals driven by adia-
composition by modifying the size of the liquid water reser- patic cooling, whiley (axi — i) corresponds to the isotopic
voir that exchanges with vapour. In contrast, precipitation ofchanges induced by the WBF process. The former term is
ice in Eq. @6) has no effect on the water vapour isotopic always larger than 1 and leads to a depletion of heavy iso-
composition, since ice did not exchange with vapour in thetopologues in the vapour phase. In other words, net growth
first place. Therefore the net isotopic content of precipitat-of droplets or ice crystals following parcel cooling results
ing ice Ri(p), which depends on the ice crystal size distribu- in the well-known progressive distillation of heavy isotopo-
tion and individual crystal isotopic composition, may take logues out of the vapour phase. The WBF term, on the other
any value without affecting our results, as seen below. hand, can be of either sign, depending on the magnitude of

The isotopic composition of water vapo&, can then liquid—ice disequilibrium (discussed at length in SdcB). If
be determined analytically by expanding E@3) using kinetic effects are strong, the fractionation factor over liquid
Egs. @4)—(28) and using the expressions for light water mi- may actually exceed that over iagy > «y;. In these condi-
crophysical tendencies derived in Se8t2.3 We neglect tions, if a significant fraction of droplet freezing occurs via
fractional changes iy, compared to that iRy, implying the WBF, then the WBF term may outweigh the net distil-
that dR|/dz ~ axdRy/dz. Carrying through the calculations lation term and actually lead to local isotopic enrichment of
yields the following expression: water vapour.

dinRy
dz

3.4 Impact of glaciation on isotopic distillation

dry
= [(Siaki +@A =& — l)d_z
1 The presence of liquid water reduces distillation compared
— b (T)r (o —ozk|)i|—, (29) to the case where liquid water is absent: cloud droplets re-
Tv Qi tained within the parcel buffer vapour isotopic composition
The parameteb is the fraction of liquid to ice conversion by exchanging isotopically with the vapour. This effect is
occurring via the WBF process (see SexR.3 as opposed represented by the componengr in the denominator of
to via direct freezing. It is convenient to define a WBF pa- the unbracketed term in Ec8J). In the case where all con-
rametem that measures the ratio between the amount of wa-densates are removed from the parcel and no liquid water is
ter vapour deposited as ice that results from droplet evaporaretained £ = 0), buffering vanishes and the overall expres-
tion to that resulting from decreasing vapour pressure due tgion for change in vapour isotopic composition reduces to

adiabatic cooling of the parcel: a pure Rayleigh distillation procesRdyleigh and Ramsay
bo (T 1895 Dansgaard1964) with a modified fractionation fac-
1= /e (30)  tor (A). Maximum buffering from re-equilibration between
vapour and liquid occurs when is maximum, i.e. when
Eq. @9) then reads auto-conversion efficiency is zero and all condensates are re-
dry/dz tained and can exchange with water vapour. This condition is

dinRy/dz = [A(T, Si, &, n) —1] o tomn’ (1)  termed the adiabatic scenariodyuzel et al(1975. The loss
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of liquid water on glaciation results in a well-known tran- ter vapour to cloud processes and parameters: supersatura-
sition between liquid and ice regimes during parcel ascention, retention of liquid water, and the nature of glaciation.
(Federer et @) 1982 Moyer et al, 1996. In each set of experiments we vary a single parameter and
For illustrative purposes, we obtain an approximate solu-keep others fixed. Isotopic profiles are determined by inte-
tion in the ice and liquid regime by setting constant. This  grating Eq. 81) from surface to tropopause along the trajec-
approximation is in most regions reasonable, sincenay  tory of a rising air parcel. A similar approach was followed
vary by four orders of magnitude during the ascent of a deefby Federer et al(1982 and Moyer et al.(1996. However,
convective system to the tropopause, Aut 1 varies up to  to our knowledge no further extensive study of sensitivity of
a factor of 5. The approximate solution in the warm, liquid- isotopic profiles to microphysics in convective systems has
only region under the adiabatic assumption is found by re-been conducted.

placing A (anday) by a fixed fractionation factono and Unless otherwise stated, the reference scenario (i.e. we
assumingry + r| to be constant. Equatior8]) can then be vary one parameter at a time around this reference) from
integrated to yield which the sensitivity studies are performed assumes the fol-
lowing:
R, = Rvorvo ’ (33) 9
Aorvo— (Ao —Dry — there is no auto-conversion to deactivated/precipitated
whereR\g andryg are cloud base values & andry. species (i.eC| = 0)

The approximate solution in the ice-only regime is found

by setting| to zero to yield the expression for Rayleigh dis- — the WBF process plays no role £ 1 = 0)

tillation: — full glaciation occurs at —33C (the glaciation parame-
n \ ot terisy = 3.5; see Tabl®)
Ry =Rn1 <_) s (34)

v — the value of saturation over ice is set by equilibrium sat-
where(Ry1, rv1) is a reference point on the Rayleigh curve. uration over liquid water in the mixed-phase zone and
These “adiabatic” and “Rayleigh” solutions are shown in saturates at 147 % for temperatures bele0°C (i.e.
Fig. 4 along with the full integrated solution of Eg31). the saturation parametergs= 1)

The behaviour of the full solution is well reproduced other ] ) N )

than in the coldest uppermost troposphere (whgréeparts The model integration assumes conditions typical of the
significantly fromAg) and of course in the transition region tropics. We take a cloud base at 1050 m with background
between regimes. temperature and pressure profiles from a multi-annual aver-

As would be expected, the two approximate solutions yield@de of the ERA-Interim reanalysi¢e et al. 2011) within
very different asymptotic values in the limit where all vapour the 20 S=20 N latitude band. The isotopic ratios are ini-
is removed from the air parcek(— 0). In the Rayleigh tialised at cloud base with values typical of the marine
regime, loss of all vapour corresponds to complete distilla-Poundary layer for a relative humidity of 95 % and under
tion of heavy isotopologues out of the vapour phage:> 0 guiescent weather conditiontD=—70%o ands**0=—10%o
whenr, — 0. In the adiabatic regimeRy saturates at a finite  (Craig and Gordon1965 Lawrence et a).2004. All other
value Ryo/ Ao When liquid water dominates total water. This Microphysical constants and parameters are given in the Ap-
value corresponds to the state of vapour in isotopic equilib-Pendix.
rium with liquid water when the latter inherits the surface
isotopic ratio of water vapour.

b If? the refe;l V\f[OI’|d, _rglr:jogt Iln thg watrm ?hﬁ]se will I'rt?]'t th;. We first explore the effects of varying supersaturation in the
uttering etiect proviced by iquid water. In this case the adl- 550 nce of the WBF process £ 0). Although we do not

abatic solutilon quld_ pverest|mate the heavy ISOtOpOIOgueconsider supersaturation over liquid in the liquid-only cloud
content during the initial stage of the ascent. Nevertheless

the presence of liquid water is a powerful factor in isotopic

evolution. In the mixed-phase region, the location of the tran—1964 Jouzel and Merlivat1984 Moyer et al, 1996. As

sition to the Rayleigh regime is governed by any inhibition Si increases, the effective fractionation factor will decrease

ofglamapoq _that aIIow§ supercooled water to persist and re-t any temperature, for both HDOJB and H80/H,0,
main a significant fraction of total water.

though the effects are stronger fos#80/H,0 (see Sec?.3
for discussion of kinetic fractionation).
4 Sensitivity of vapour isotopic composition to cloud In our model, the specification of a constant saturation pa-
physics rameter¢ by definition produces some retained degree of
supersaturation over ice after the cloud has glaciated and
In this section, we use the framework developed above torapour pressure can drift away from liquid saturation. The ef-
explore the sensitivity of the isotopic composition of wa- fect of that supersaturation en(A — 1) is shown in Figsba

4.1 Sensitivity to vapour saturation

regime, supersaturation over ice in the mixed-phase and ice-
only regime can have strong isotopic effecBafisgaard
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Fig. 4. (a and b) isotopic depletion of water vapour (solid black), (active) liquid water (solid blue) and ice surface layer (solid red) as

a function of the temperature of a rising cloud parcel, computed from integratin@Bgcémpared to the simplified adiabatic and Rayleigh
solutions under constant generalised fractionation coefficddgn{dashed). The integration of EqBY) is performed as described in the

default scenario of Sect and the values of\ for the simplified laws of Eqs.33) (adiabatic) and34) (Rayleigh) are given in the right

panel.(a) is for HDO/H,O and(b) is for H2180/H20. (c) Ratio of the (active) liquid to vapour mass mixing ratipgry. The glaciation

level is defined wherg drops below 106 kg kg—l. (a, b) The isotopic ratio of active liquid water is computed®s= oy Ry, and that of

ice surface layer is computed Eés) = akj Ry (8 andsé; are the corresponding valuesédmotation). Note that the transition from adiabatic

to Rayleigh behaviour is less pronounced for oxygen 18 owing to smaller overall fractionation between vapour and condensed phase (the
relative mass difference between isotopologues is smaller).

-0.8 -0.6 -0.4 -02-01 0 0.1 02 0.4 0.6 0.8

(®) e -0 (©) 1-oy#nloy oy ]

C=0.2 t=0.5/ C=0.8 c=1

cloud temp. [°C]
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Fig. 5. Variations in the mixed-phase domain 6f A = 1—oyj+n (ak — akj) and its components for the HDOB system A = generalised
fractionation factor)&; has been set to 1, in coherence with the discussion in Skdteand4.3. (a) Sensitivity to saturation of % qy;
(corresponding to net adiabatic cooling of moisture)is set to 9.(b) Sensitivity to saturation ofy — ak (corresponding to droplet
evaporation). The line in solid black marks the sign revergalb) Iso< lines correspond to supersaturation over ice for each value of
¢, as computed in the moddk) Sensitivity of 1— A to the WBF parametey; ¢ has been set to 3. measures the ratio of the source of
vapour from droplet evaporation to that from net adiabatic cooling of moisture. 3aves show the variations gffor a rising cloud parcel

as computed in the model for each value of the glaciation parametgpeaks at some cloud temperature which is somewhat higher than
glaciation temperature. This is due to enhanced conversion of liquid to ice near glaciation, while evaporation eventually tails off as liquid
water becomes depleted. o= 1 and 3, the WBF process reinforces depletion.jFef 6, the WBF process enriches vapour with HDO so
that the depletion is decreased compared to thegasB. Fory = 9, the WBF effect is strong enough to exceed the effect of net adiabatic
moisture cooling and the overall effect is vapour enrichment in the rai39e C to —40°C.
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Fig. 6. Same as Fig5 but for the H180/H,0 system. H180/H,0 is more sensitive than HDOA® to kinetic effects, which means
stronger fractionation limitation with ice supersaturatfahpand stronger re-enrichment ir]giLFO with the WBF effec{b), with onset of the
re-enrichment at higher cloud temperature. A larger portion of the positive domain afih (c) is sampled along the trajectoriesmpthan

for HDO/H,O. Combining the effects of net moisture cooling and droplet evaporation, one can see that vapour is now re-enriched in heavy
isotopologue whety = 6 in addition toy = 9, compared to the HDOAO system.

and 6a. For simplicity and readabilityy has been set to cally reproduce isotopic profiles they must involve a care-
9 and§; to 1 in those figures (thus effective fractionation ful parametrization of in-cloud supersaturation. Simplified
is set toayi), which slightly overestimated in the liquid- parametrizations that depend only on temperature may not
water-dominated zone, but yields the expected value in thde appropriate in convective models. The appropriate physics
glaciated zone where scenarios are sensitive.t@hoices  for supersaturation in convective clouds involves a balance
of ¢ from O to 1 produce final supersaturation over ice between the adiabatic cooling rate of moisture and the rate
from 100 % to 150 %. Within this range &, at —40°C, of vapour uptake due to growth of condensed ph&sgiifes
— (A —1) varies for HDO/HO by a factor of 1.5, from (1952; Twomey(1959; Korolev and Mazin2003; see also
—0.23 t0—0.15 (Fig.5a), and for H80/H,0 by a factor of ~ AppendixC). Higher updraft speeds, lower concentration of
3, from—0.03 to—0.01 (note from Eq.31) that— (A — 1) is ice particles or smaller crystals will result in higher supersat-
the relevant metric for comparison of isotopic effects ratherurations over ice, which limits isotopic fractionation, espe-
than the effective fractionation factax). At temperatures cially for 180.
lower than—40°C, relative variations of (A — 1) = 1—ay; Theory suggests that supersaturation in convective clouds
with saturation stay of the same order. is constrained to within a few percentage points of the value

The resulting effects on isotopic profiles are shown in pan-set by liquid saturation in liquid-water dominated zones and
els (a) and (d) of Fig7 (& is now set back tqgf, following can be highly variable in the glaciated zone. The conditions
Sect.3.2.3. While isotopic changes in the glaciation region of sustained liquid saturation in a mixed-phase updraft (nec-
itself are small, supersaturations persist during the remainessary for vapour uptake on supercooled droplets) can be
ing ascent to the tropopause, and progressive distillation aderived within the theoretical framework developedKxy
water vapour deposits to ice means that supersaturation cawlev and Mazin(2003 (updraft velocity must exceed,;
produce substantial isotopic effects: supersaturations of 100see Appendix). For an ice number concentration of 5¢tin
150 % ¢ of 0-1) produce isotopic profiles differing by upto and a mean ice equivalent radius of 20 um (which are in
~ 50%o for sD and~ 150%. for3180. The curves in panel  the range of observations for maritime convectiobjwg-
(a) of Fig. 7 actually converge at the coldest temperaturesgon et al, 201Q Stith et al, 2002), steady-state liquid sat-
not because of any saturation effect but because the larggration at—20°C (i.e. 22 % supersaturation over ice) may
mass ratio DH produces such strong fractionations that by pe sustained in a vertical stream of at least 16 ice
very cold temperatures, deuterium is fully stripped out of thenymber concentration falls to lower values, liquid satura-
vapour phase, that i8$D — —1000 %o, and the metriéD  tjon is even more readily sustained. However, many mod-
loses sensitivity to saturation. elling studies, including at mesoscakéoffmann et al.1998

The sensitivity of water isotopologues to supersaturationschmidt et al. 2007 Lee et al, 2007 Yoshimura et al.
means that if numerical convective schemes are to realistiopog Tindall et al, 2009 Risi et al, 201Q Kurita et al,
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Fig. 7. Values of water vapoutD (a—c) ands180 (d—f) along cloud parcel temperatui@, d) Sensitivity to the saturation parameter(b,
e) Sensitivity to the glaciation parametgr(glaciation temperature decreasingyascreases, see Tab®. (c, f) Sensitivity to liquid water
auto-conversion paramet€r. Parameters not varied are taken from the default scenario of4&ect.

2011, use a parametrisation of ice supersaturation of theet al, 2012. Near-complete retention of liquid water has
form i = 1— AT[°C] (initially derived byJouzel and Mer- indeed been observed for such conditioRsisenfeld and
livat, 1984 to represent supersaturation in inversion layersWoodley(2000 measured a near-adiabatic liquid water con-
over Greenland and Antarctica). These parametrisations limitent of 1.8 gn13 down to—37.5°C in a case of vigorous con-
supersaturation over ice at20°C to 6—10 %, for the range tinental convection over the USA state of Texas. The other
of choices im. (between 0.003C~! and 0.005C 1 accord-  extreme case of full glaciation at much warmer temperatures
ing to Risi et al, 2012, less than half the value expected is also documentedstith et al.(2004 found no liquid wa-

for vigorous convection (i.e. 22 % over ice, set by saturationter at temperatures colder thar17°C in cases of maritime
over liquid). The sensitivity of isotopic compositions to su- convection over Kwajalein, Marshall Islands. The isotopic
persaturation means that this discrepancy is significant foeffects that arise from these variations in the size of the ac-
models that track the isotopic composition of water vapour,tively exchanging liquid water reservoir are expected to be
and should be a focus of future study (see further discussiostrong. Moreover, in the case of continental convection just

in Sect.5). mentioned, a conservative assumption of 20 ffsr the up-
draught velocity and reported values of median volume di-
4.2 Sensitivity to (isotopically active) liquid water ameter of supercooled droplets yields a median volume iso-
content topic adjustment length scale of 14 m atl0°C, 39m at

—20°C and 200 m at-35°C (see also SecP.3). This sug-

Liquid water content in clouds is affected by entrainment gests that a significant part of liquid water may not be con-
rates, updraft velocities, precipitation efficiencies, particle sigered to fully equilibrate with vapour at temperatures lower
size distribution and the relative dominance of warm rainthan —20°C, at least during the active stage of convection.
versus ice processe€¢tton et al. 2011, chap. 8.12). The | other words, the combined variability in the liquid water
supercooled liquid water content (SLWC) persisting in the content and in the fraction of actively exchanging droplets is
“mixed-phase zone” between 0 ar@l0°C is then expected  expected to significantly impact water vapour isotopic com-
to be quite variable. Conditions that promote the retentionposition within convective systems.

of high SLWC down to the homogeneous freezing level are \we do not seek to accurately model the physics of re-
thought to exist in vigorous continental clouds with a shal- joval of liquid water, as we are interested in the isotopic

low warm-phase zone where most liquid water is expected inconsequences of variations in the liquid reservoir size. In our
the form of large concentrations of small dropletsifjian

Atmos. Chem. Phys., 13, 7903935 2013 www.atmos-chem-phys.net/13/7903/2013/



M. Bolot et al.: Vapour isotopic composition in updrafts 7919

model, the vertical profile of active liquid water is primar- erns the fraction of glaciation that occurs via WBF, from:

ily governed by two parameters that control auto-conversion0 (no WBF) tob = 1 (all glaciation by WBF). The glaciation
processes and the ability of supercooled droplets to survivgparametey is set to a high value, 9, to move final glaciation
at negative temperatures;, the auto-conversion coefficient, to a high altitude, since isotopic effects of the WBF process
andy, which controls the conversion of liquid to ice and ef- are most obvious at low temperatures, as will be discussed
fectively sets the glaciation altitude. below.

Figure7 (panels b and e) shows that vapour isotopic com- As seen in Fig8, the main isotopic effect produced by
position is sensitive to the altitude of glaciation. Chang-the WBF is an enhancement in heavy isotopologues of wa-
ing the glaciation altitude (vig’) with other parameters ter vapour that occurs in the glaciation region. The enhance-
held fixed changes the level of transition from the adia- ment occurs because effective fractionation over liquid be-
batic to the Rayleigh isotopic regimes. Trajectories where thecomes larger than effective fractionation over ice at small
cloud glaciates fully at lower altitudes (higher temperatures)temperature, as was recognised@gis and Jouze(1994
produce more depleted vapour isotopic compositions in theandMoyer et al.(1996). This effect is illustrated in Figsb
middle and upper troposphere, since the strong Rayleigland 6b. The reason for this reversal is that as temperature
fractionation over ice begins earlier. If supercooled water isdecreases, kinetic isotopic effects decraggeand increase
retained to higher altitudes (lower temperature), vapour isowy, as a result of growing liquid-ice disequilibrium, until
topic composition is relatively enhanced. The isotopic differ- they cross. At this point, transferring water from liquid to
ences at some altitudes may be larger than 100 %sDor vapour and then re-condensing it as ice produces enrichment

The sensitivity of isotopic profiles to auto-conversion effi- of vapour, since freshly deposited ice is isotopically lighter
ciency is also strong (Fig.,, panels ¢ and f). In this case, we than the supercooled droplets. However, net ice deposition
vary C; from 0 (adiabatic active water content) to 0.5kln  and droplet growth following adiabatic cooling, correspond-
At the highest value of|, active liquid water content at'@ ing to the term 1 (&jaki + (L — &) aw) in A, always results
level is reduced to 31 % of its adiabatic value. Wign= 0, in a depletion of vapour isotopic composition. The balance
the transition between the adiabatic regime in which vapoubetween these two counteracting processes produces the iso-
exchanges with liquid cloud water to the Rayleigh regime istopic profiles seen in Fig8. The phenomenon of net iso-
sharp. As active liquid water content decreases, its bufferingopic enhancement occurs only at cold temperatures, when
effect is reduced and the transition between regimes becomes; < «y and droplet evaporation can supply enough vapour
less sharp. In the limit of full auto-conversion,=0 and  to outweigh the effects of adiabatic moisture cooling. In our
isotopic evolution throughout cloud ascent occurs by purerepresentation, the enhancement scales with the importance
Rayleigh distillation. of the WBF process in glaciation (i.6). Notice that Fig8

Moyer et al. (1996 described a similar dependency of shows the upper bound of isotopic enrichment from WBF
cloud vapour isotopic composition to condensate retentionpecause of the assumption of no auto-conversion in the ref-
under the assumption that all droplets actively re-equilibrate erence scenario (auto-conversion would reduce the reservoir
and showed the limiting cases of immediate condensate resf cloud liquid water available for evaporation).
moval and full condensate retentioRederer et al(1982 While Fig. 8 shows isotopic profiles for only a single as-
pointed out that their microphysical model exhibits an adia-sumption of glaciation altitudey(= 9), the occurrence and
batic behaviour when raindrops are excluded from consideriocation of the isotopic enhancement in different glaciation
ation as a result of assuming a continental droplet spectrumconditions can be inferred from examining the generalised
They also assumed that droplets are always in isotopic equifractionation factorA. Figures5c and6¢c show — (A — 1),
librium with vapour. Our model results (Fig@) agree with  combining both WBF and the effects of adiabatic cooling
previous work in showing that the isotopic consequences obver the entire mixed-phase region for a range of the WBF
retention of liquid water are strongest in the mid-troposphere parametern. The structure of dependence of generalised
Once glaciation is complete, isotopic differences due to lig-fractionation upon the altitude of glaciation is simplified by
uid water content are gradually eroded by continued distilla-setting&; = 1 in those figures, which makes the fractionation

tion. term accommodating adiabatic coolingaf; + (1 — &) ak)
independent of glaciation, but retains the dependence upon
4.3 Droplet evaporation in the mixed-phase region the glaciation parameter in. That is, we set- (A — 1) =
(WBF) 1— ki — n(ak — aki)- As discussed previously, measures

the ratio of the source of vapour from droplet evaporation to
In Sects.4.1 and 4.2, glaciation was assumed to occur by that from net adiabatic cooling of moisture (it thus measures
freezing of liquid droplets, so that the phase change itselthe magnitude of WBF). Variations af with cloud temper-
does not produce fractionation. If glaciation proceeds in-ature are superimposed on the same panel, for rising parcels
stead via the WBF process (liquid-vapour-ice), as previouslywith several values of the glaciation parametef is fixed
shown, it produces fractionation. We explore these isotopido 1 in those simulations). The values gfexhibit excur-
effects in our model by varying the paramebemvhich gov-  sions which peak at temperatures somewhat warmer than the
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of isotopic composition occurs more readily fos30/H,O

_40 @) than for HDO/HO, with onset at warmer temperatures. This
-100 } effect is not surprising, since the WBF is driven by non-
-30 equilibrium processes that result in stronger kinetic fraction-

_ ‘ ation effects for the systemgljf‘O/Hgo than for HDO/HO.

o 2000 150 —100 We note that the simplificatio; = 1 in Figs.5¢ and 6¢

g slightly overestimates-+ A > 0 whenn = 0; the minimuny,

g —90 for WBF enhancement would be slightly lower without that

% b=0 simplification.

S b=0.2 Conditions where the WBF effect is important could be
b=04 \ produced when strong convection loses buoyancy and enters
b=06 \ its dissipating stage. If a significant amount of supercooled

o — Efo's Vo] droplets have survived to low temperatures during the pre-

. - 1. . . 7 ceding active stage, then ice will begin to grow at the ex-

1000 -800 —600  —400  —-200 0 pense of droplet evaporation in residual vapour-limited up-

oD [permil] lifts at temperatures above40°C. These ice crystals even-

- - tually serve as seeds for stratiform precipitation. Theory pre-

50 () dicts also that the WBF process is more efficient than hetero-

-100r o 1 geneous freezing in transforming supercooled liquid to ice
at these low temperature®iville and Kopp 1977, Fig. 3).
-30 " /

— Thus, we speculate that the transition from convective to

° ‘2940 —éo 0 stratiform physics, in cases of strong convection, may pro-

éi duce an isotopic enhancement in the-30°C to —40°C

s 50 region, especially fot®0.

g b=0 Finally, note that models can only simulate WBF isotopic

© b=0.2 enhancement if they represent kinetic effects for both droplet
b=04 evaporation and ice deposition within the mixed-phase zone.

0 g : 8'2 ] If kinetic effects are neglected for both processes, &eh
b=1 erer et al(1982), then no enhancement is possible.
-300 -200 -100 0
5'°0 [permil] 5 Deuterium oxygen-18 relationship

Fig. 8. (a) Sensitivity of§D along cloud parcel temperature to the It is common in geochemistry. when multiple isotonoloaue
WBF parameteb with the glaciation parameter = 9 (glaciation 9 Y, P poiog

temperature —38C). (b) Same aga) for 5180. Other parameters systems are available, to exploit the relationships .between

are taken from the default scenario of Sdct. different isotopologues as tracers of relevant physical pro-
cesses. These comparisons can both eliminate dependence
on the concentration of the primary species and can eluci-

date subtle kinetic effects that affect isotopologues differ-

Q'aCia“‘?” temp(_eraturles. of Fhe parcels and decreasing _Wm%ntly. With atmospheric water vapour, the very large change
increasingy . This variation is due to enhanced conversion in concentration — four orders of magnitude from surface to

Of.ll'qu:ffj to 'F N r_ldear glambatlon, Wh'(lje e?/apgra_ltjrc])n eventu?IIy ropopause — makes direct comparisorsti0 andsD es-
talls off as liquid water becomes depleted. The generalise ecially useful, and it has been used since the inception of

fractionation factor (or rather (A — 1) here) is then deter- isotopic measurements (e@raig 1961a Dansgaard1964

mined according to the temperature and the excursion in \ojivat and Jouzel1979

along the trajectories of the parcels. In our model, we can readily combine the separate distil-
These results show that if glaciation is largely completed ali5tion equations (d Iy /dz) for HDO/H,0 and H80/H,0

low altitudes (warm temperatures), the WBF effect can only(See Eq31) in order to eliminate the dependence on water

yield further isotopic depletion. Net enhancement of vapour, ;. concentration. Combining these equations yields the
isotopic composition via WBF occurs when-1A > 0. This local slope oBD vs. 8180 in the vapour phase:

circumstance is reached only when sufficient liquid water is
retained at cold temperatures (-30°C or less). The iso- 180 %5 b
topic effect of the WBF process therefore depends on the dsbD (RO ) ( RY ) [1+ %K _“kl] AP—1 , (35)

average level to which supercooled droplets have managed3*®0 — \ rY | \ R0 Moy |ATO-1
to survive conversion to ice. Note that WBF enhancement 3

1 2
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where the superscript labels the isotopologue systems
HDO/H,0 and H80/H,0.

Among the factors in the right-hand side of E§5) that
control the slope, the first two (term 1) are pure scaling terms.
The third factor (term 2) contains the dependence upon lig-
uid water contenty. It is relatively invariant, being bound
between 1 and 4 0.2(r,/r| + 1)1 for temperature down to
—40°C. Even in the most extreme case without liquid auto-
conversion, water vapour would constitute at least 20 % of
total water content in the lower tropospherg/¢ > 0.2),
so that this factor does not exceed 1.16. Thus, while lig-
uid water re-equilibration with vapour has strong effects on
isotopic ratios, it is relatively unimportant to th®—s80

cloud temp. [°C]

. . . 20 ! ; ; ;
slope. The main factor controlling the slope (term 3) arises 0 2 4 6 8 10 12 14 16

from the different tendencies of fractionation in HDGQ/® déD/ds™0

and Fblso/HZQ for rising parcels_and dep_e_nds on the local Fig. 9. Slope of 5D versuss180 as a function of cloud parcel

thermodynamical and microphysical conditions. temperature with extreme choices for vapour saturatjoa 0 and
Although thesD—5'80 slope is nearly invariant to convec- — 1, corresponding to 100% and 147 % final saturation over ice;

tive conditions at low altitudes, it becomes highly sensitive in see Table?) and glaciation temperature & 1 andy = 9; see Ta-

the mixed-phase region and above (Figwhich shows the  ble 2). No WBF effect is considered. The vertical line indicates the

slope given by Eq.35) with extreme choices for vapour satu- value 8 used in the definition of d-excess (when the slopé&Dof

ration and glaciation temperature). In the liquid-only regime versuss'80 equals 8, d-excess is conserved).

of the lower troposphere and down to abet20°C in the

mixed-phase regime, no choice of parameters causes much

dispersion and the value of the slope remains close to 8, th€onsequently, one expects that the simultaneous measure-

slope of the meteoric water line originally defined from pre- ment of §D, §180 and T provides a joint estimation ab

cipitation samples b¢raig (19618. At higher altitudes and andy at warm temperature, leavingfairly undetermined,

lower temperature, the deviation from the meteoric water linewhereas it provides an estimatezobut leavesd andy fairly

is significant and the choice of cloud parameters becomesindetermined at low temperatures. These properties are ex-

important. In conditions close to ice saturation, the slope liesploited in the next section. Any additional independent mea-

below 8, but at high supersaturations it can actually exceedurement or hypothesis that links the parameters would re-

8. duce the uncertainty. For instance, in updrafts sufficiently
Figure 10a shows how the differences in slope dis- strong to sustain vapour pressure in excess of liquid satura-

cussed above translate to differences between trajectories ton (wup > wi,; see Appendix), the conditions for droplet

8D—38180 space. It appears that the relative dispersion due ta@vaporation are not met and the WBF process can be dis-

vapour saturation dominates the dispersion due to glaciatiorarded.

temperature. Greater separation with saturation is promoted The variability in thesD versuss'80 relationship found

at low temperatures while the separation due to glaciatiorin cold, glaciated regions of a rising convective system sug-

temperature is bound by the converging slopes in&ighis gests that the commonly used metric of deuterium exedss (

dominance of sensitivity to supersaturation suggests that ibriginally defined byDansgaard1964) asd = §D—88180 to

may be possible to estimate its value from the joint mea-account for kinetic effects in meteoric water formation and

surement ofsD and 5180, regardless of the knowledge of precipitation, may be highly sensitive to in-cloud processes.

the glaciation temperature. Such possibility is hampered byAny deviation from the value 8 in Fi§.is indicative of a pos-

the sensitivity of the slope to the WBF process, as seen intive or negative tendency in deuterium excess.

Fig. 10b (where WBF is measured from the WBF fractibn Profiles of deuterium excess along parcel trajectories ex-

of liquid to ice conversion). This sensitivity is concentrated hibit both vertical structure and sensitivity to assumptions

in the temperature range —30°C to —40°C where WBF  about cloud processes. Figutd shows the sensitivity of

enhancement takes place and results in successive sign ré-to saturation, glaciation parameter, and the WBF effect.

versals of the generalised fractionation coefficients (as seefRrom the boundary layer to about20°C, d is roughly

in Figs.5c and6c). Additional information can, however, be constant atd ~ 10%. in all simulations, because the slope

provided by parcel temperature; isotherms in dBe-5180 dsD/ds180 stays close to 8 (as shown in F8). In the mid-

space depend on glaciation temperature and WBF fraction. to upper troposphere (11-15km), however, modelled deu-
The isotherms (see Figs0a and b) separate more with  terium excess shows wide variations, ranging fre200 to

and b at warm temperatures where the is@urves merge  +300%o..d in this region is reduced by larger supersatura-

than at low temperatures where the is@urves separate. tions, higher glaciation altitudes, and increased WBF, with
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oD [permil] Fig. 11. (a)Deuterium excess values for conditions of equilibrium

saturation over ice¢(=0) and varying values of the glaciation
and WBF parameters, andb, as indicated in the panel. Magenta
area: range of d-excess values when the saturation is parameter-
ized asS; = 1— AT[°C] where varies in the range 0.00&~1
—0.005°C~1, and the glaciation temperature445°C (y = 1.5).

(b) Same aga) except for conditions of equilibrium saturation over
liquid water in the mixed-phase zong £ 1). The cas& =b=0

andy = 1is reproduced from pané) for the sake of comparison.

Fig. 10. (a) Sensitivity of thesD—3§180 relationship to glacia-
tion and saturation parameteys and ¢. Glaciation proceeds as
pure freezing £ =0). (b) Same as(a) but glaciation proceeds
as a pure WBF proces$ & 1) when the glaciation parameter is
y = 9. Isotherm curves at80°C, —70°C, —60°C and —-50°C
are shown for varying from 0 to 1 under the following scenar-
ios:y =1, b =0 (solid lines, panelaandb), y =9, b = 0 (dashed
lines, paneh), y =9, b = 1 (dashed lines, panb).

Tindall et al, 2009 Risi et al, 201Q Kurita et al, 2011 as
some combinations drivind negative, typically at convec- discussed in Sec#t.1L Spanning the range of used across
tive detrainment levels. In the tropopause transition regionthese studies, assuming a glaciation temperature-e15°C
(above 15 km), modelled is positive in nearly all conditions and no WBF, yields d-excess in convective cores that in-
but with variations of up to a thousand permil, depending oncrease monotonically with altitude to reach values of 20—
cloud processes. 130 %0 between 12 and 14 km (see Fid). These values are

The vertical structure and sensitivity th may make it  grossly consistent with our scenarios where- 0.4— 0.5,
a useful tracer of cloud processes, but care must be takewhich saturate at 18—-23 % over ice below 280 However,
to understand the factors that affect it. Several recent modas discussed throughout this paper, physical processes may
elling studies Bony et al, 2008 Blossey et al.201Q Ku- well vary outside those assumptions, which would yield very
rita et al, 2017 have used! as a tracer of upper tropo- different values of d-excess at low temperatures.
spheric air subsiding to the surface, while using simplified Our prediction is that low or negative values of d-excess
parametrized physics of vapour saturation. In global mod-could be found in and near convective clouds at detrain-
els S =1—AT[°C] is often used Hoffmann et al. 1998 ment levels given conditions of high supersaturation, high
Schmidt et al.2007 Lee et al, 2007 Yoshimura et a|.2008 glaciation altitude, or a significant WBF effect. In particular,
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vapour-limited conditions that could take place in stratiform C), y, andb, as well as the values of vapour isotopic compo-

anvils and promote supercooled droplet evaporation shouldition at cloud baséP ands, . These parameters are treated

be marked by a shift of up te-100%. in the deuterium-  as independent random variables and sampled from uniform
excess of vapour. We stress that a better understanding of théistributions {/) over plausible ranges of values:
drivers of d-excess variations is important for the interpreta-

tion of field measurements. P©)=U(0, 1),
P(C)=U ([Okm’l, o.5km*1]) ,
6 Towards a retrieval of physical parameters from PO)=U(L 9)).

water isotopologues
P(b) =U([O, 1]),
The modelling framework presented here allows us to test p(s§yD) =u([_go%q _70%0]),
quantitatively how combined observations of water vapour 18
8180 andsD at several altitudes can provide informations P(807°0) = U ([~15%0 ~10%]).

abgu:lln-clo#fd cfor_1d|t|on_s, |Ir|10Iud!ng VTpOJ'T_Su_%ersaturif:onumform distribution is the simplest possible choice for this
and the profile of (isotopically active) cloud liquid water. Al- study. If more realistic distributions were available, the pro-

though the environment of a convective core means that i< followed here would easily be adapted to incorporate
is unlikely that in situ measurements can be obtained therethat increase in knowledge. We generaté dithulations and
high altitude aircraft measurements in anvil clouds seem tqy ., se a kernel-based rﬁethcﬁtb(ev et al, 2010 to esti-
be able to sample convective outflow that is sufficiently " mate the joint probability densities of composite observables

cent that_ neither stro_ng mixing with the environment nor W andIT with relevant cloud parameters(¢, \Lf),p(Tg, H)
evaporation of lofted ice has occurred. Such well resolved, 4 p(n[—20°C], )

measurements give the hope to achieve observational data rjq re12 shows the joint distributions estimated from that

at cIouq tOP (in the range 12 to 14km typically). At the rocedure at 12 and 14 km. In many cases, a compact relation
same time, It seems relatively easy to pgrform observgnon merges, indicating that isotopic measurements provide ro-
wCI%Ud 26‘38 l(ork'r; the boun_daryhl_a)r/]e_r ar bglngbentralned)bust tracers of cloud parameters. Relationships are generally
eht ere (l)r_e doo or case_sdln_vxli Ic |s_otopg: 0 S(Iarv‘;’;t'onsstronger at one altitude than another. Supersaturation is more
at these altitudes can provide information about cloud pro~q iy retrieved at higher altitudes, where the footprint of

cesses. We do not seek to be exhaustive as our main purpoggyn s from the various processes involved in cloud glacia-
is illustrative. . __tion has partially vanished, and parameters associated with
To eval_uate_ w_hethe_zr this type qf measurement campaigi glaciation are, logically enough, more readily retrieved
can provide |ns_|ght ”_“O convective thS'CS' we test theat lower altitudes, closer to the glaciation region. The satura-
utility of these isotopic measurements in retrieving threeyjo, narameter is essentially linear with at both altitudes
arbitrarily chosen pa.rameters0 of interegt: which mea- (panels a and d), butis better resolved by at 14 km than at
sures vapour saturation;[-20°C], the abundance of su- 12 km. Isotopic measurements at 12 km, conversely, are bet-
perc.oqled WaFer at-20°C; andTy, ﬂl% temperaturg of full " ter racers of glaciation temperatufg (b and e) and liquid
glaciation defined ady=T[n =10"°]. We combine the - content; [—20°C] (c and f) than measurements per-

cloud base and cloud top measurements into o COMPOSgy e at 14 km. These results are consistent with inferences
ite “observables” chosen to be particularly sensitive to cloudabout the use o8O andsD measurements drawn in Se&t

saturation and to cloud liquid water profile, respectively. = p oy analysis shows that processes controlling liquid
The saturation-sensitive observable quantity is defined ag, .o transition (i.e.y, b) and auto-conversion (i.eC))

18,
W =In (W)/In(ﬁi&%) where “top” and “gnd”re-  compete to broaden the joint distributiops(7g, IT) and
spectivell)e/v dég;g)te cIouthop and cloud base observations? (7 [_ZOOC].’ M. In pr_actice,_th_e_s e joint S tatistics can be
the liquid-sensitive observable quantity is definedlas- improved by mcorp_oratmg aprion mformguon on cloud pro-
RD(top) _ S _ . cesses (e.g. polarimetric radar observations, CAPE estima-

In (Rvo(gnq)), which contains information on the vertical pro- tjon), which is essentially equivalent to reducing the Monte
file of cloud liquid water. Carlo sampling to a subset of cases. A full treatment of ob-

Owing to the complexity of in-cloud isotopic physics, even servations should also involve a Bayesian analysis that takes
within our model, there is no simple deterministic relation into account observational errors.
between these isotopic observables and cloud parameters; theAlthough we suggest here new ways of exploring con-
problem is under-determined. We can, however, examine th@ective physics from isotopic measurements, more work is
statistical relationship between composite observables andeeded to assess how our conclusions apply to real world
parameters to be retrieved, taking into account the ranges aflouds, especially regarding the assumption of adiabaticity
possible values for all unknown cloud parameters. We set upnade throughout the paper. The extent of mixing between
a Monte Carlo simulation, varying our control parametgers cumulus clouds and their environment is far from a settled
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(a) 200 P(T,,M). top = 12 km (b) 0.95 p(r[-20°C],1T), top = 12 km (©

(W), top = 12 km

¢ (saturation parameter)
1[-20°C] x10° [kg/kg]

@
3
glaciation temp. [°C]
&
&
)
B

2
-0.2 -08 -07 -06 -05 -04 -03 -02 x10%

"o 0.02 06 -05 -04 -03
1 =In(RC{top] / Rlgnd)) 1 = In(R]top] / Rlgnd])

X 004 006 008 01 01
w =In(R!*[top] / R*°[gnd)) / In(R[top] / RV[gnd])

—20% - f
p(C,W), top = 14 km 200 p(Tg,ﬂ), top = 14 km (e) 0.95 p(r[-20°C],IN), top = 14 km (U]

0.8
0.6

0.4

°
&
&
[-20°C] x10° [kg/kg]

¢ (saturation parameter)

0.2

0

-0.2 —45 -2
0 0.02 0.04 0.06 0.08 0.1 0.12 -06 -05 -13 -12 -1.1 -1 -09 -08 -0.7 -0.6 -0.5 x10?
W =In(R!*[top] / R*°[gnd)) / In(R[top] / RV[gnd]) 11 = In(RY[top] / RC[gnd))

-1 —g —OBD -0.7
1 =In(R]{top] / Rlgnd))
Fig. 12. First row: cloud top isotopic ratiosR@(top), R\l,go(top)) taken at 12 km(a): values of the joint probability density(¢, ¥) as

D
1155‘3((;?%) (b) Values of the joint probability density(7g, IT) as

. . Rlso(top)
a function of the saturation parameteand ¥ = In< Vs )/In(
Ry O(gnd)

RY (top)
RP(gnd
of the supercooled liquid water content at °20Dr[—20°C] andII. Second row(d), (e) and(f): same as first rowa), (b) and(c) but for
cloud top isotopic ratios taken at 14 km\'?(gnu) andR\l,SO(gnu) are cloud base isotopic ratios.

. (¢) Values of the joint probability density(r|[—20°C], IT) as a function

a function of the glaciation temperatufg andIT = In (

question. While the traditional thinking in convective stud- cloud ice. It is motivated by the current trend in the literature
ies Riehl and Malkus1958§ is that only non entraining or to investigate cloud processes from isotopic measurements
weakly entraining parcels can penetrate to the highest levelgFudeyasu et gl.2008 Lawrence and Gedzelmani996
modern LES/CRM studies find that the flux of undiluted air 2003 Risi et al, 2008 Kurita et al, 2011, Berkelhammer

at upper tropospheric levels is negligibRgqmps and Kuang  etal, 2012 and the need to re-examine some widely used as-
201Q Sherwood et a].2013. The latter studies usually fo- sumptions regarding convective physics in global models. By
cus on isolated cumulus clouds in their developing stage, sanvestigating the sensitivity of isotopic composition to rel-
that their conclusions may not be transferable to storms irevant parameters of cloud physics, this work also suggests
their fully developed stage or to more organised forms ofnew ways to estimate these parameters from carefully de-
convection. Therefore, it is not necessarily unrealistic to as-signed measurements of isotopologues. We limit the scope
sume undiluted ascent as an initial working assumption wherof this study to updraft physics and its intrinsic variability,
large mesoscale convective systems are considered. Furthand for this reason consider the boundary layer conditions
developments are then needed to estimate how entrainmeas fixed and neglect any processus related to evaporation of
impacts our conclusions, but these are beyond the scope gifrecipitations and entrainment.

this paper. Our purpose here is to give evidence as to how We show that isotopic kinetic effects at evapora-
a carefully designed observational campaign that measuretson/deposition are driven not only by the differential molec-
isotopic composition of water vapour in air that has been pro-ular diffusivity between light and heavy isotopologues, as
cessed by clouds can provide insights into previously hidderis sometimes suggested, but also by the preferential uptake
convective processes. of heavy isotopologues at condensate surface. Both effects
conspire to set up gradients in molecular abundance across
a diffusive boundary layer surrounding condensate, which
differ between heavy and light isotopologues. We also show
éhat the magnitude of isotopic kinetic effects is reduced by

This work revisits the basic processes setting the isotopi h i d ‘ al th/droplet tion i
composition of water vapour in a rising unmixed air parcel, erma’ iImpedance lo crystal growth/droplet evaporation in
a way that vanishes with altitude.

with a consistent and physically-based treatment of micro-
physics and thermodynamics over vapour, liquid water and

7 Conclusions
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Model simulations replicate the well-known regime transi- Appendix A
tion between warm, liquid-only clouds where vapour isotopic
evolution is buffered to some extent by re-equilibration with Diffusional growth rate of droplets and ice crystals
liquid water, and cold, fully glaciated clouds in which iso-
topic evolution is essentially pure Rayleigh distillation, mod- We consider a single droplet or an ice crystal of mass
ified only by the kinetic effects associated with the growth growing by diffusion of water vapour to its surface. We fur-
of ice particles. The dominant convective variables affectingther assume that the droplet or crystal has already grown
vapour isotopic composition are the profile of supercooledfrom its nucleus and that its temperature is homogeneous.
water in active equilibrium with vapour within the interven- We assume the contribution of heavy isotopologues is small,
ing mixed-phase regime (betweeA® and—40°C), the su- SO thatm corresponds to the mass of light water within the
persaturation over ice in the ascending air parceL which govcondensate. The rate of mass accretion according to station-
erns kinetic modifications to isotopic fractionation, and the ary diffusion theory is then given bpruppacher and Klett
route to cloud glaciation (through the Wegener—Bergeron—<(1978 as

Findeisen WBF process versus freezing). These parameterg, -
are affected by the number density of cloud particles and the = = vaV/ Voy-do
updraft speed of the rising air parcel. In particular, the size of S

the supercooled liquid water reservoir that can be considered s 00

in isotopic balance with vapour depends on droplets spec- —4rCRvfv (p‘(’ ) _p‘(’ )>’ (A1)

tra and updraft strength. In the mixed-phase region, we showyhere(s) stands for the surface of the droplet or the ice crys-
that glaciation by the WBF process, which is expected to 0C+a| and (co) for the far field environment( is the droplet
cur in vapour limited conditions, may produce an isotopic radius or crystal capacitance (an effective radius for diffu-
enhancement prOVidEd SUperCOOled drOpletS have SUrVivegiona| growth that depends 0n|y on the geometry of the crys-
to very low temperatures<30°C to —40°C). This effectis  +tal), K, is the molecular diffusivity of light vapour ang,
stronger for the system##0/H,0 and, consequently, may s the ventilation coefficient for light vapour that describes
produce a shift in d-excess of up 6100 %.. Such condi- enhancement of mass accretion over pure diffusive theory
tions may happen during transition from active convection toowing to the condensate fall relatively to the air. The light

decaying stratiform stage. N N ~ vapour density fielgh, satisfies the stationary Laplace equa-
. Since severe tqrbulence, hg|l and icing cor_1d|t|ons are ubigiion V2, = 0 with boundary conditiong, = o at the sur-
uitous WIFhII’I active convective cores, in _S|tu sampling of face of the condensate apg = p\(/oo) in the far field. Equa-
such environments comes at a very high risk. Because Watetllron (A1) holds for both deposition, whe, © _ (9 ang
vapour within convective systems and their immediate sur- _ © (S)p ' W<
rounding has acquired its isotopic composition in updrafts,gvaPoration, whepy” > py ,
it may be possible to use isotopic measurements to probe W& assume here a scale separation between sub-
convective physics remotely. We have described how meaMmillimetric diffusive processes and hydrodynamics, so that
surements 08D ands180 at cloud base and over restricted the far field values of vapour concentratipf® and tem-
altitude regions at cloud top can be combined to estimate suPerature7 > are equivalent to the macroscopic values in
persaturation and supercooled liquid water contents withinthe air parcel being modelled. This approximation might be
updrafts. The fact that in-cloud measurements are not requestionable in highly turbulent regions of convective clouds
quired greatly simplifies experimental requirements and carfLanotte et al.2009.
facilitate planning future measurement strategies. Cloud base e assume also that phase equilibrium applies at the sur-
measurements can be easily obtained from ground-based if@ce of the droplet or the ice crystal. In this case surface
struments and cloud top measurements would be possiblgapour concentration corresponds to saturation at surface
from aircraft campaignsHanisco et al.2007 Sayres etal.  temperature and pressupg® = ol T, pl, whereT® is
2010 or even remotely by absorption in the mid-infrared the surface temperature of the condensate and “sat” stands
(Nassar et al.2007 Randel et a].2012), active microwave for the equilibrium saturation value at the indicated temper-
limb sounding Kursinski et al, 2004, or possibly by far- ature and pressure. This assumptiorpb% breaks down for
infrared thermal emissioHgrbin et al, 2009. If measuring  very small droplets (essentially inactivated aerosols) when
the isotopic composition of vapour at cloud top is sufficient, surface curvature and salt concentration effects cannot be ig-
then a relatively tractable measurement program using existrored, but those conditions can be neglected in isotopic mod-
ing techniques may permit diagnosing aspects of cloud dy-els since total water content in particles this small is negligi-
namics from space. ble compared to remaining vapour and so has negligible iso-
topic effect. Further comments on the growth of ice crystals
are provided at the end of this section.
The accretion or evaporation represented by Bq) (s
associated with a corresponding release or intake of latent
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heat d)/dr = —Ljdm/dr (whereL,; is the latent heat of with

vaporisation or sublimation). Continuity of the heat flow at _

the surface of the particle requires that this heat source is fv KyLij pg;“) Ly
balanced by the diffusive flux of heat between the particIeA"i =1+ <R\9;T(oo> B 1)
and its environment. This balance holds because the rate of

heat storage accommodating the variation of particle temperThe A, ; are transfer coefficients between vapour and conden-
ature as it rises within the cloud is negligible compared to thesate that represent reduced mass accretion (or loss) owing to
rate of latent heat release and that of diffusive heat export, athe need to extract (or provide) latent heat of condensation
evidenced by the smallness of thermal relaxation tinfM&-( (or evaporation) across the diffusive boundary layer.

son 1956 see also Supplement Sect. 2 and Bg). Heat The impeding effect of thermal diffusion on crystal growth
diffusion can then be handled in the same way as vapour difvaries with altitude in the cloud. From Eq#3) and @4),
fusion since the underlying physical processes are formallithe temperature difference across the boundary layer may be

-1

fo knT©®

(A6)

equivalent. Hence, we have obtained and arranged as follows:
= Li— (9 _ ooy _ BN o v li(co)
dr " ar r==1""= p (1= Si) Le /i 152t
S - —
= khfh/ VT-do 1 2
< -1
— (8 _ 7(00) Lii 1 Lij i
47 Ckn fh (T T ) . (A2) o | 1a L by < Wi l) qls,ggoo) (A7)
cp Lefnh T \ RET ()
. . L . —_—
The temperature field satisfi®’ T = 0 with boundary con- 1 2 3
ditions 7 = T® at the surface of the condensate ahe- A
7 in the far field.kp, is the thermal conductivity of moist !
air and fy is the thermal ventilation coefficient. whereqls’ggoo) _ pls,;oo)/p(oo) is the saturation specific hu-

Replacing Eq.A1) in Eq. (A2) yields midity with respect to liquid water or ice, measured in the far

field, and the Lewis number L& K,/ Ky measures the ratio
kn fh (T(s) - T(Oo)) =—LiiKvfv (p\(/s) - P\(/oo)) . (A3) between thermal and molecular diffusivity (thermal diffusiv-
ity Kp is defined bykn = p*cpKp). It can be shown from
which shows that the surface temperature of the condensatde kinetic theory of gases that Le is a function of gas mix-
is raised above the environmental temperature during depoture composition only (i.e. it is independent of temperature
sition, or lowered below it during evaporation, as expected. and pressure), and that term 2 of E47{ is close to 1 (see
Since water vapour at the particle surface is assumed t&upplement Sect. 1). Term 1 is weakly dependent on tem-
be at saturations’® — p{® can be expressed as a function perature and the strong decreaseydf> with decreasing
of densities at saturation and then expanded to first order itemperature (see Appendixl) dominates the temperature
T® — 7 py using the Clausius—Clapeyron relation, lead- dependency of term 3. Thus, thermal impedance to crystal

ing to growth depends on altitude mostly throu§h (it vanishes
at exact saturation) al ’;§°°). For the sake of illustration,
(S _ p(00) o phic) (1 o consider a cloud parcel at20°C (8.5km a.g.l.) with 10 %
v P Psat b supersaturation over ice. In these conditions, our model (see
1 Lii © o Sect.3) shows 'Fhat growing crystals are heated'@4bove
+ = <W - l) (T -T )) (A4) 7> evaporating droplets are cooled 0Gbelow? ) and
v A is ~ 0.65, so the crystal growth is reduced. As the parcel
i (00): i rises within the cloud and its temperature drops, the temper-
where pgy; s shorthand for pge[ 77, p] and 8 = atures at droplet surface approach that of the environment
P /pk () s the relative humidity of the air parcel over (T — T eventually vanishes) and; approaches unity,
liquid water or ice. i.e. crystal growth is no longer impeded by heat diffusion.

The rate of mass accretion for droplets or ice crystals can
be then rewritten as a function of parcel temperature only by
solving forp\(,s) - p5°°) from Eqg. A3) and Eqg. A4), and then

replacing it in Eq. A1) (Mason 1971):

dm i
o = CNKy (1—58,) Avipgat™ (AS)
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Appendix B 60

. .
@ o1
Lo

Derivation of the kinetic fractionation factor and isotopic Lo

. . . [
relaxation time for droplets and ice ~or Y

|
|
0l [
The kinetic modification to the fractionation factor can be \ l\ o
derived by considering the accretion of heavy and light iso- ‘

1y
(I
[

cloud temp. [°C]
L
o

topologues separately. Since diffusion of all water isotopo- 10} s ' dolum
logues is governed by the same physics, the rate of accretion ol boundary layer,
of a heavy water isotopologue onto a cloud droplet or crys- fffct‘f"ftﬁ"
tal can be written analogously to that for light isotopes (cf. 1or Vo
Eq.Al): 20 = l “ﬁ L
10 10 10
characteristic time [s]
dm’ 1 pr (9 7(00) -0
dr =_47tCvav(pv —Pv ), (B1) ®)
-50f sat. over ice

wherem’ is the mass of the heavy isotopologue within the o} . 10 junfern {/ Ljumjemn

.. . at. ove
droplet,p’®andp’{™ are the densities of the heavyisotopo-  _ _| liquid i
logue vapour at the surface of the droplet and in the air parcel, é o S=1=0
K is molecular diffusivity of the heavy vapour, afdis the L I P )
corresponding coefficient. S 0f .

In the case of a droplet, equilibrium fractionation is as- o I
sumed to apply at its surface, thi®&® = R® /a), where
10+ bl

Rl(s) is the isotopic ratio of liquid water at the droplet sur- 10 m/s
face (as stated in Appendi, this as_sumpnon is _re_zasonable e = 1 = 7 1 1
for droplets much larger than the size of the initial conden- quasi-steady supersaturation %]

sation nucleus). We can then express the vapour pressure of , , o
h ter isotopoloaues é(VS) _ RO (s)/ If we then Fig. B1. (a) [dash-dotted black]: isotopic equilibration timgop
eavy wa Pologues a5~ = K~ pv /a1 (Eq. B5), AppendixB). [dotted black]: freezing timer (Eq. (6),

takep® from Eq. @4), Eq. B1) becomes Online Supplement). [solid black]: thermal equilibration time
(Eq. (8), Supplement). Computations assume droplets of radius: 5,
dm’ R©® 10, 20, 30 and 40 um. [solid blue]: times of phase relaxation over
= —4nCK\’,f\;[S| ('— — R\(,°°)> pure liquid waterry (Eq. (C2), AppendixC) assuming an updraft
dr o velocity of 10 ms 1 and for values oz of 10% and 1¢ pmcnt 3.

RO [solid red]: times of phase relaxation over pure i¢g (Eq. (C3),
+ A ( 1) o Psat - (B2) AppendixC) assuming an updraft velocity of 10 mand for val-
' ues of Njaj of 1 and 100 um cmd. [dashed black]: characteristic

. . . . time to set-up a diffusive boundary layer around spherical particles
The evolution of the isotopic ratif for the whole droplet of varying radii (5 um, 10 ym, 20 um, 30 um, 40 pm), which is also

f:an now be derlved_ from_EquS) a_n_d BZ_) k_)y assum-  ihe time necessary to set-up kinetic isotope fractionation between
ing a homogeneous isotopic composition within the droplet,4rticie surface and far field environment. Computation follows
a reasonable assumption given the fast self-diffusion of lig-sect. 13.1.1 oPruppacher and Kle(1978. (b) [solid blue]: Val-

uid water Wang 1951B. With this assumption, the surface ues of quasi-steady supersaturation over pure liquid wigr- 1
isotopic composition holds for the whole droplet, that is, (gq. (c2), AppendixC) assuming an updraft velocity of 10 m%

RI(S) = Ry andR| = m'/m. Itis also reasonable to further as- and for the same values fa as in(a). [solid red]: Values of quasi-
sume a spherical droplet of some raditisn which case the  steady supersaturation over pure$ggi—1 (Eq. C3), AppendixC)

effective radiug” becomes: and the mass: = %na%drop). assuming an updraft velocity of 10 m5and for the same values
Then the tendency on droplet isotopic ratio becomes of Njaj as in(a). [dashed red]: value of ice supersaturation set by
equilibrium saturation over liquid wateqsj— 1 is unlikely to get
dR 1 /dm’ dm above this value{a—b) For both panels, temperature, pressure and
9 m\ar R o9 vapour saturation used in the computations are taken along a refer-
| (00) ence integration of the cloud model as described in Sect.
3p.
= - == [—valeAl 1-5)
a“ Pdrop
R R
+ K, fy <S| (;—R\(,OO)>+A|(1—S|)(X—>}. (B3)
I [
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Equation B3) is equivalent to Eq. (5) oflouzel et al. of increasingly smaller radius: droplets should be no larger
(1979, and to Eq. (20) of5edzelman and Arnol@L994) if in radius than 20um at4°C, 10 um at—22°C and 5um
their (1+ ) is replaced byAfl. Equation B3) can be seen at —36°C (as illustrated in FigB1). Faster updraft speeds
as an adjustment of droplet isotopic composition, if rewrittenwould yield even smaller critical radii. It is thus expected
as that only a fraction of cloud liquid water fully re-equilibrates
with surrounding vapour and that this portion decreases at
lower temperatures (see also discussion in Set}.

The cloud water droplets that adjust rapidly to their envi-

ronment through their diffusive layer reach a stationary iso-
The factorzgrop is then an e-folding time of droplet iso-  topic pseudo-equilibrium:

topic relaxation to equilibrium with its environment:

dRy R 3pi%?
— = + 2 K fuSIRY, (B4)
dr Tdrop  4“Pdrop

(00)
SIR
Ty = - Pdrop S+ A1 (1= 8)) —ar g A (1= 8))
drop 3,()'(00)K’f’ vv
t
= v Following Ciais and Jouz€]1994, this pseudo-equilibrium

! condition can be written as an effective kinetic fractiona-

-1

K - eg)
\/If\:Al 1 S|)} _ (85) t|cz£1 ;‘actor between cloud water and vapour, definiff’ =

Ky fy R{®Y/R{™ . By introducing the effective saturation over lig-

-1
2 uid water 5°" = [1—A| (1—5(1)] , as inJouzel and

The degree of adjustment depends on droplet size, vapouvierlivat (198432, Eq. B6) can be rearranged to give
saturation and altitude within the cloud. In a liquid-saturated o
environment (i.eS| = 1), zqrop reduces to the under-braced af(fcoz i , (B7)
term 1 of Eq. B5), which is also the relaxation time for sta- 1+(B -1 (1— (s ))‘1>
tionary droplets, as defined Bpuzel et al(1975 andStew-
art (1975. In this case, the kinetic theory of gases under thewith g = « i—:;—é
rigid elastic spheres approximatioBi{apman and Cowling The kinetic theory for ice is similar to that for cloud water
1970 predicts thatrarop behaves asi?/ qi>)11/2) (ne-  with one critical difference: ice does not homogenise isotopi-

at . . . .
glecting variations of the fractionation coefficient with tem- C2lly- The rate of accretion of heavy isotopologues is again

perature). Decreasing temperature and saturation specific h@ven by

midity at greater altitudes within the cloud slow down iso- ©

topic exchanges between droplets and vapour, as iIIustrateQﬂ — _47CD! f’[S- R|_ _ R
in Fig. B12. It must be added that supercooled droplets are dr I A Y

X [(SI +A(1=-8)) -«

likely to evaporate in a liquid-subsaturated environment (i.e. ROT .
Sy < 1), so that in subsaturated environments, diffusion of + A (L—S) i—}p'sgio), (B8)
vapour out of the droplets (term 2 of EB5) further length- i

ens isotopic relaxation times. _ which is identical to Eq. §2) other than the use of in-

To provide some perspective on the question of droplet adyices i to denote ice rather than I. However, because the
justment, note that the isotopic equilibration of droplets with diffusivity within ice crystal lattice is slow —Kuhn and
the surrounding vapour depends on temperature and size, btﬁnUrkauf(l%a have measured a diffusivity of HDO in ice
also on the updraft speed. For instance, a supercooled droplgf only 10-m2s~! — isotopic equilibrium between vapour
of radius 30 um has an isotopic relaxation time between 14 ¢4 5 \whole ice crystal will not occur over any reasonable
andt_20 S at—CI%_O % dei)endm_g O”IfWhet_th vapou(; Is at fsatt- timescale during the life cycle of a cloud. The mean isotopic
uration over liquid water or ice. If carried upward in a fas R, . © _

ratio within an ice crystalR;” = m’/m, then depends on the

updraft, the droplet can accumulate a significant isotopic 'm'growth history of the crystal. Unlike in the liquid case, iso-

balance with surrounding vapour. To understand how the Vaiopic pseudo-equilibrium holds only between vapour and the

I|d|t3_/ of isotopic relaxat_|on assumptions depends on lJpOIraftmost external layer of the crystal, and there is no transient to
vertical speedvyp, consider thatvyptgrop is the relevant ver- that state

tical scale of 'SOt.ODIC adjus.tment. For mstange, in order to The condition of equilibrium at the ice surface yields
relax over a maximum vertical scale of 10 m in a stream of

10ms1, a droplet must satisfygrop < 1s. As cloud tem- © dm'/dt B9
perature drops, this requirement is only satisfied by dropletsRi " dm/dr (B9)

2Note thatlouzel et al(1979 computerqrop at surface pressure, 31t appears that the definition dfi in this work is reversed from
which yields values overestimated by up to 300 %. its initial expression idouzel et al(1979.
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The instantaneous kinetic fractionation factor between ice Equation C1) still offers several insights upon inspection.
surface and vapour within the air parog] = Ri(s) /R\(,°°) can Assuming that changes in the quantiti@ and Nja; can be

then be readily derived upon replacing EB9J in Eq. (B8), neglected (this rules out new nuclei activation and demands
using Eg. A5) and re-arranging thusly: that integration of Eq.G1) be performed over a time period
Qi no longer than the time of phase adjustment, to be defined
aki = o1\’ (B10)  below), Eq. C1) describes adjustment 6f to a quasi-steady
1+Bi-1 (1— S~ ) saturationSqs| Over a characteristic time referred to as the
. time of phase relaxatior, by Korolev and Mazin(2003.
where Si<eff) = [1_ Aj (1_ Sifl is the effective satu- We first consider phase relaxation over pure liquid wa-

fer and over pure ice separately. In the former case, setting
N; =0in Eqg. C1) gives the expression for the quasi-steady

Jouzel and lv\/lérliva(1984). Note that the expression af; saturation over liquid wate§qs) and the time of phase relax-

ation over liquid watety (Egs. (16) and (17) dkorolev and
is formally equivalent to that ofS® although there is no Mazin 200:; pl (Egs. (16) and (17)

global equilibrium in this case.
Since fy/f, and fy/ fn do not deviate from 1 by more, re-
spectively, than 0.5% and 2% over all circumstances (se€qs =1+
Supplement Sect. 1), we systematically set these ratios to 1
in our computations of kinetic fractionation factors.

ration over ice taken at the temperature of the air parce
andg = ai%%. Equation B10) corresponds to Eq. (14) of

CcoWup 1

;o Tl = ———————.
c1B Nya Pl cowup + c1BINja

(C2)

Similarly, setting Ny=0 and using the fact thatj =
. (ela/ebanSi, EQ. (C1) may be rewritten to yield the quasi-
Appendix C steady value of saturation over iSgsj and the time of phase

. o relaxation over icerp (Egs. (20) and (21) oKorolev and
Water vapour supersaturation and phase relaxation time  \pazin, 2003:

The supersaturation of water vapour in convective clouds de-

pends on the speed of updraft, and on the microphys-  Sui=1+ ——— ; 1= —
ical characteristics of droplets and ice particles. We sum- cgBioNiai cowup + c3Bio Nidi
marise below the theory of supersaturation in clouds (re-

stricted to unmixed evolutions) developed Kgrolev and ~ where the new coefficients are defined as=1/r, +
Mazin (2003. L?/(cpR¥T?) and Big = 47 Ky Aiplyp ~1(C/ai).

From the conservation of total water and energy and the One sees that the departure from saturation of vapour
growth rates of droplets and ice crystals, the saturation of waover pure liquid water or ice tends to be proportional to the
ter vapour over liquid wate§; = py/pL,,within an air parcel ~ speed of updrafiv,, and inversely proportional ta/a or
evolves according to Eq. (9) &forolev and Mazin(2003: Niai. Profiles ofSqs1— 1, Sqsi— 1, Tpi and zp,; are displayed
in Fig. B1, for an updraft velocity of 10 nts' and typical
values ofNja or Nja; found in liquid water and ice clouds.
Because number concentrations of droplets are much higher

— (c1BINja + c2BiNiap) (S —1), (C1)  than those of ice crystals, departures from liquid saturation

do not exceed a few percentage points (a fact already noticed

where N; and N; are the number concentration of py warner 1968 and the time of phase relaxation is suffi-
droplets and ice particlesa and a are the av- cjently fast to support the use of saturation adjustment over
erage radii of the droplets and ice particles dis-jiquid in most models. Figur81 shows thatSqsi— 1 andzp
tributions  (i.e. @@= [M(a)ada/[Ni(a)da and  reach upto 1.5% and 3 s fofia = 103 pmenT3, dropping
a = [ Ni(aiaidai/ [ Ni(ai)dai). The remaining coeffi- {0 0.3% and 0.3 s foN;a = 10*umcnT23. On the contrary,
cients are defined aso = g (LIR}/(cpRyT) —1)/(R;T),  l|arge departures from ice saturation and long phase adjust-
c1=1/rA+LE/(cpRYT?), c2=1/ry+LILi/(cpRYT?), Bl=  ment times are expected for vapour over pure fgi— 1
A KyAiplap ™Y, Bi = 4n KyAiplyp ~1(C/ai)(ely/el) and  andry are respectively in the range 12-14 % and 13-19 s for
B = 4 KyAiplayp N (Clai)(ely/eby— 1. Eq. €1 is  Nig = 10%pment?3, reaching 1200-1400% and 95-155s
derived under the quasi-hydrostatic approximation andfor Nija; = 1 umcnt3. However, forT > —40°C, supersatu-
therefore is questionable for very large updraft velocity. ration over ice is unlikely to get above the value set by equi-

Equation C1) is the basis for predicting the evolution librium saturation over liquid water since activation of cloud
of vapour saturation in convective clouds. In order to inte- condensation nuclei will happen in large humbers past that
grate it, one must know the dependence of the quantfifigs  limit.
and Nja; upon diffusional growth and new nuclei activation,  In the mixed-phase zone, when liquid water and ice coex-
which is not feasible in our model. ist, Sqs1 and zp read as (Egs. (12) and (13) Kbrolev and

COWup . 1

. (C3)

1ds)

— — = cowup — c2B*Niai
S, dr 0Wup 2D; IVidj
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Mazin, 2003: Values of thermodynamic specific capacities and gas con-
stants:
CoWyp — czBi*Nia_i )

Sgsi=1 : . L
® =t BNa L BN G RE = 461Jkg 1K .
* — _
Tl = 1 ___ c4) R% =287Jkg K1,
cowup+ c1BINi@ + (c2Bi + c2B}') Nia; cov=1885Jkg 1K1,

_ —1—1
The disequilibrium between liquid water and ice would alone €1 =4186Jkg™K™,

tend to adjust vapour saturation to an intermediate value be-ci = 2106 Jkg K™%,
tween saturation over ice and saturation over liquid, only . o
a few percentage points below liquid saturation as long advith e = Rd/RV_
Nid@i < Nia. At the same time, uplift acts to increase vapour ~ -atent heats:
saturation and driveSqs) above 1 when vertical velocity ex- 1
ceedsw;, = c2B; Nigi/co, as shown byorolev and Mazin Lig = 2501x 10° Ikg ™,
(2003. Under such conditions of strong updraft, water up- L1 = Li©) — (c1 — cp)(T — 27315),
take occurs mostly on droplets until glaciation is sufficiently 1, o — 2.836x 10°Jkg™,
advanced that ice crystals exert control on saturation (i.e.

. : . Li = Lig — (¢i — T —27315).
Niaj is large enough, cf. Fig. (8) ¢forolev and Mazin2003 1= Lio = (ci = cpu) 2
and promote droplet evaporation, or until the limit of homo- g5ty ration vapour pressure over liquid, afiéurphy and

geneous freezing is reached. Koop (2009 (unit Pa):
In summary, the following picture of vapour saturation and

=0.622

diffusional growth processes in convective clouds emerges 676322
from Korolev and Mazin2003: Csat= exp<54.842763— —4.210In(T)
+0.000367T + tanh(0.0415T — 2188))

— above (°C, vapour saturation instantaneously adjusts to
within up to a few percentage points of the equilibrium
value over liquid water.

133122

X (53.878— —944523I1T) + 0.01402?) >

(D1)
— between 0C and—-40°C, as long as glaciation is not
advanced, and provided conditions of strong updraft
(wup > wyp), droplets take up all the available vapour
and still limit supersaturation over liquid water to up to
few percentage points.

This expression is given as accurate withid8% between
123K and 332K.

Saturation vapour pressure over ice, afidarphy and
Koop (2005 (unit Pa):

i 5723265
— as glaciation proceeds, vapour saturation is increasésat= exp(9.550426— —

ingly controlled by ice crystals. Quasi-steady values of

vapour saturation then range from saturation over ice +3.53068I1(T) —0.007283321">. (D2)

to saturation over liquid (and possibly more whEn<

—40°C), depending on updraft velocity and dWa;,

with corresponding values of phase relaxation timeslce density is fixed apice = 0.9 x 10°kgm™3, which corre-
ranging from tens of seconds to several minutes. VapousPonds to pure water composition without any included air.

saturation in that part of the cloud is expected to vary Note that the expression ofj given in Eq. 7) is
with the phase in the cloud life cycle. strictly valid only for fixed thermodynamic capacities while

Egs. O1) and D2) take into account the variation of the
thermodynamic capacities with temperature. This small in-
) consistency has no practical effect for temperature compu-
Appendix D tation, but allows more accurate expression of vapour sub-

) ) ) - /supersaturation in kinetic fractionation factors.
Thermodynamic and isotopic quantities

D2 Reference isotopic ratio
D1 Thermodynamic expressions

The reference isotopic ratio of deuterium for VSMOW is
We summarise here the standard thermodynamic expressioqsovided in the literatureHagemann et 11970 as a ra-
and constants used in this study. tio of abundances of deuterium to hydroggh]/[H] and
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takes the value .55764 0.0005x 10~4. In this study, we  The rigid elastic sphere approximation from gas kinetic the-
consider the ratio of mass of HDO to,8, which in-  ory predicts that these ratios are independent of temperature
volves a multiplication by a factor two and by the ratio and pressure\erlivat, 1978.

of molecular mass of HDO to #0D, i.e. 19/18. Hence, we The molecular diffusivity of light vapour in air has been
have Ro[HDO/H,0]=3.2891x 10~%. In the same way, the measured byHall and Pruppache(1976), yielding Ky =
VSMOW reference isotopic ratio of oxygen-18, as found in 211 x 104 (%) (yrare) 2 m2s~L wherep is in hPa

the literature, is transformed tBo[H»180/H,0]=2228 x andT in K P

4

107" in our study. The diffusivity of water molecules within the crystal lat-
tice of hexagonal ice is about 1®m?s~! (Kuhn and
Thurkauf 1958, and self-diffusivity of liquid water is about

The equilibrium fractionation factors depend only on tem- 10-°m?s™* (Wang 19513.
perature and have been measured in the laboratory for

HDO/H,0 by Merlivat and Nief(1967 who provide the fol-
lowing semi-empirical expressions, based on measuremen
made between-11°C and 55°C for liquid—vapour phase
transition and between-33°C and —6°C for ice—vapour
phase transition:

D3 Equilibrium fractionation factors

tSupplementary material related to this article is
Available online at: http://www.atmos-chem-phys.net/13/
7903/2013/acp-13-7903-2013-supplement.pdf

(D3)

a|(HDO/H20):exp< 15013 )

-0.1
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D4 Thermal conductivity

The thermal conductivity of moist air is calculated accord-
ing to Eqgs. (13-16), (13—-17) and (13-18)Rruppacher and
Klett (1978 usingMason and Saxend 958 theory.

For dry air and water vapour, thermal conductivities are,
respectively,

k, =4.3783x 103 +7.1128x 10 °T Jm s 1K1, References
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