0.1 Ice-supersaturation parameterization: A first-order ap-
proach

0.1.1 The basic framework

The standard cloud parameterization described above is based on the assump-
tion that water is always at thermodynamic equilibrium between the vapor
and liquid phases or between the vapour and solid (ice) phases. However, this
assumption is not always met in the atmosphere, as some regions can be super-
saturated with respect to ice.

The objective of the modified parameterization is to allow the model to re-
alistically create and maintain such ice-supersaturated conditions. Given the
coarse resolution of LMDZ (see Sect. 7?), we consider that a given gridbox can
be partitioned between an ice-subsaturated region (a thermodynamic equilib-
rium state with ¢ < gsqt), a clear-sky ISS region (a metastable thermodynamic
state with ¢ > ¢sq¢), and a cloud fraction (in thermodynamic equilibrium state
with total water ¢ > ¢sqt). This new scheme is illustrated in Fig. 1b, where
the three fractions are labelled sub, ss and cld, respectively. In the computing
process, this new parameterization needs to track the cloud fraction from the
previous time step so as to keep some memory as to whether condensation has
occurred or not. The rationale for such a scheme is that an ISS fraction can be
converted into a cloudy fraction but the opposite is not true as the cloud can
only disappear through sublimation in subsaturated conditions or sedimentation
of the ice crystals. The cloud cover computed at the previous time step, is used
as semi-prognostic variable, by considering it as an additional tracer, advected
by the dynamical core, along with the specific contents of vapor, liquid and ice.
Hereafter, the advected cloud cover and the new cloud cover for the current
time step are referred to as o id,ado and g, respectively.

We further assume that cirrus clouds form only by homogeneous nucleation.
Heterogeneous nucleation is an important process in cirrus cloud formation, but
remains a less well-understood physical process [?], and accounting for it would
require representing INPs in the model, which is beyond the scope of this study
but will be the subject of a new study. The tuning method applied in this study
could contribute to compensate to some extent for the absence of heterogeneous
nucleation by making homogeneous nucleation more efficient.

In the new scheme, ice clouds can form through homogeneous freezing when
ice supersaturation exceeds a threshold 7,5 gsqr that is approximated as a func-
tion of temperature as specified by (koop2000water) and (ren2005cirrus). The
threshold of ice supersaturation ratio, 7., is expressed as:

Yss = 70 _T/T’y (1)

where T is the grid-box temperature (in K), assumed to be homogeneously dis-
tributed in the gridbox. The values of vy and 7', are initially fixed to 2.349 and
259 K, respectively (see Table 1 and (ren2005cirrus)). There are also considered
here as tuning parameters because i) the data used to determine Equation 1 may
be subject to uncertainty and ii) we favor ”effective” values of the parameters



so that LMDZ simulates realistic amounts of clouds and supersaturation.

We defined the permitted intervals for the parameters vy and 7%, by varying
the intercept and the slope of the nucleation line within the dispersion range
of the data points presented in Figure 1 in (koop2000water). The linear model
of Equation 1 is constrained to remain entirely within the limits defined by the
dispersion of the observed supersaturation thresholds between 170 K and 240 K,
in order to cover the entire range of experimental uncertainties, including varia-
tions associated with different crystal sizes. Consequently, the resulting intervals
for v and T, represent physically plausible nucleation regimes that encompass
the diversity of crystal growth behaviors documented in (koop2000water).

We characterize the three fractions of the gridbox through their respective
cover qy, (dimensionless) and their gridbox-average total water g, (kgkg™1!).
Thus the following conservation equations apply:

Qsyp + Qs + Qg = 1 (2)

and
Qsub + Qss + qeld = Gt (3)

where ¢4 represents the total water content of the cloud, including both water
vapor and ice. This parameterization in LMDZ is only applied for temper-
atures below —30°C. For temperatures warmer than —30°C, the mixed-phase
cloud parameterization takes over, with a linear transition applied to avoid dis-
continuities in a.q and qgq.

0.1.2 Subgrid water vapor distribution

e%The new cloud scheme rehes on the same anal tlcal PDF P( ) —whieh-istsed

—for the subgrid scale total water

w}m

In order to account for the possible co-existence within the same grid cell, of

clouds, sub-saturated and supersaturated regions however, P(q) is decomposed

into three sub-PDFs PrpPesandPagas (Fig. 1)—:

Pla) = cour Poun(q) + Yoo Pos(9) + @eta Pera(q), )

cach three PDE Psyp, Pss and Pegq

P(q) = Qgyub Peub(q) + Qg Pse(q) + Qg R:ld(q)v

being normalized to 1.

The scheme introduces two new state variables: the cloud fraction and the
humidity at saturation. The values of this state variables at the beginning of
the cloud scheme, after large scale advection, are noted dg.adu and gue.



For ¢ < the air is unsaturated and with no clouds, so that

[ P@ows 0<
Pou(q) = { 0 otherwise (5)

For q > q,., cloudy and supersaturated air may co-exist. For the sake of
simplicity, we assume that the PDF of the cloudy fraction is the total PDF
multiplied by a constant factor N so that:

[0 if ¢ < que
Paalq) = { N P(q)/@cid,ade  Otherwise ©)

and

0 if ¢ < que
Py(q) = { (1 - N)P(q)/ass oghergzise @)

“+o00
N = min (17 acld,adv// P(q) dq>
quc

cloud scheme, the fraction of sub-saturated air simply reads

and ass = 1= Qoup = Qelduadu:

N +takes—should take values ranging from 0 to 1. N-clf;Hindieate—that
M%HMWM&W\@MWMM
computed easily from the normalisations of the PDF:

eld,adv
N=—— 9
1— Qsyb ( )

If N = Ocorresponds—to-—situations—in—whieh—, only the sub and ss regions

coex1st—w¥uie—j\/'—1—eeﬁespeﬁétr%%m%eﬂ%m—wh&ekr
If N =1, only the ss and cld regions coexist in the gridbox.




MM%I maximum
cloud fraction erzgmazwhieh-that corresponds to the cloud fraction that would
form if we were in a context of adjustment to saturation (i.e., conditions of
equation ?7?). XA%%WW@H&&&GH@W&WW
new-seheme—However-when-aagar—>taramaz—11L this case, the cloud scheme
reverts to the former cloud scheme of LMDZ and the memory of the eloud
pfepefﬁeﬁﬂ%les%&ﬁd—%heieﬂﬁeﬁh&gﬂesm%ehaﬂeﬂppﬁes—@&&%louds

from previous time step is lost.
Note that in all cases, the cirrus cloud fractions are limited by the diagnosis

of P(g) in the former scheme, and-they-which were shown to be underestimated
[?]. This comes from the high value of £,;4 at cirrus cloud altitudes. To overcome
this issue, we reduce the value of £,;4 when a cirrus cloud was previously present
in the gridbox—Fe-de-this;we-assume-, assuming that the standard deviation
of the total water distribution is inversely proportional to the cloud fraction in



the gridbox;-and-moedify-thefunetion-C5q-to-C-as-defined-in-—equation—10—, The

modified value reads
gold(p)

E(p) B 1+ 6 * Oleld,adv

(10)

This formulation is not directly supported by observations ;—eenseguently—we

fold(p)

g(p) - 1+ ﬂ * Qcld,adv

where-and § is a tuning parameter Se ;
with lower bound 8 = 0 W@fk&b—%@—%ﬁe—ﬁ@ﬂé&l@ﬁ—ﬁk(\/@};&whlch the old
parameterization—takes-overarameterization takes over). Values of a few units
are typically found in the tuning exercise.

Finally, if N €]0.1[,ie. if0 < & < Qg , the three fractions coexist

Wmlmmthe d18$1pat10n
of subsaturated-sub-saturated clouds, the formation of new clouds, the adjust-

ment of in-cloud water vapor to saturation, and the mixing of clouds with their
environment.

0.1.3 Sublimation, condensation, and phase partienningpartitioning

Sublimation and condensation are diagnosed from the distributions of water in
the three regions.

First, the region of ice clouds where q.q is lower than ¢, is sublimated
and transferred to the subsaturated-sub-saturated clear-sky region. The cor-
responding tendency on cloud fraction (Aagq)sup, 1S equal to the integral of
P.;q between g, and ¢,¢. This process is activated only if g, < gsqt, typically
because the temperature of the gridbox has increased.

Then, the water vapor in the cloud is adjusted to saturation, meaning that
the excess vapor deposits onto existing ice crystals if gye > ¢sat, Or the ice
crystals sublimate if gy < ¢saz-

Finally, the water vapor in the ISSR that is above the condensation thresh-
old 7ss@sqt is condensed and transfered to the cloudy region. The corresponding
tendency on cloud fraction is (Aaciq)cond and is equal to the integral of Pss be-
tween Yssqsqr and +oo. The three distributions Py, Pyq and Psg, are modified
according to these processes. More specifically, we set Pyq = 0 and Py, = P(q)
between ¢”¢ and ¢4 to account for the sublimation process, and we set Pys = 0
and P.q = P(q) above ys5¢sqt to account for the condensation process.



\includegraphics[width=\textwidth, trim=0cm Ocm Ocm Ocm, scale=0.8] {Figl.pdf}

Figure 1: Total water distribution for the standard cloud parameterization
in LMDZ6A (a) and the new ice supersaturation parameterization (b). The

vertical black lines in a) and b) separate the undersaturated and saturated
regions, and correspond to g.,; and ¢“¢, respectively. In b) the orange curve
represents the N - P(q) = « o curve. The situation illustrated in (b

is not an equilibrium state, but can be interpreted as the state at the beginnin
of the timestep before cloud physics is applied.

Qe s used to diagnose the dissipation of clouds (see Sect. 0.1.3) under
the assumption that a decrease in the saturation threshold from one physical
timestep to the next indicates a shift toward subsaturated state._

The formation of new clouds at each timestep is diagnosed by integrating
Pss between 7ssgsor and 4:00. In the subsequent physical timestep, the previous
formed cloud fraction is conserved through acqede. and its water is equally
redistributed in cld and ss regions. This introduces additional water in the ss

region, leading to an overestimation of ISSRs. This overestimation is adressed b
changing the proportionality coefficient N to Ny =min(1l, ®y N) for ¢ > v, ¢°¢

and to Ny (see Eq. 11) for ¢"¢ < g < v¢ where @y is a tuning parameter

that can take values ranging from 1 to 2. This treatment is not physical, but the
introduction of the parameter ® provides flexibility to the parameterization,
allowing it to fit observations through tuning.
—+oo
Qaa — N1 . P(q)dq

Vss Qve

Ny = T (11)
S, P(g) dg

This treatment, which consists of decomposing P(q) in three components,

as described above, must not lead to a loss or creation of water in the gridbox
(gs must be conserved).

0.1.4 Turbulence

We assumed that cirrus clouds have the shape of a prolate spheroid of volume
%7‘(‘&21), where a and b are its semi-axes (see Fig. 2). The aspect ratio of cirrus
clouds is thus defined as g, and is set to 3 based on sensitivity tests. Small-scale
turbulence may mix the cloudy region in the gridbox with the subsaturated and
ISS regions. Consequently, we took the turbulence into account by parameter-
izing it using a characteristic velocity, viu,-p, and a characteristic length, l;y,p.
The vyyrp variable is determined as an approximation of the diagnosed Turbu-
lent Kinetic Energy (TKE) and I, is a tuning parameter with a typical value
of the order of ten to a hundred metres but we used a default value of 50 m.
It is also assumed that all the mass that is transferred from the cloud to the
environment, or vice versa, occurs within an area around the cloud delimited by
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Figure 2: Left panel: Prolate spheroid illustrating our assumption on the shape
of clouds. Right panel: cross-section of a cirrus cloud (panel a)). Schematic
distribution of the quantities V4, Vis and Vgyp in the cloud boundary layer.
L is the width of the turbulent mixing zone while R is the distance from the
centre of the cloud to the border of the environment around the cloud.

a length L = min(veyrpAt, lyyrp). In the environment, this area is that between
the boundary (distance R from the centre) and that at distance R + L from
the centre (Fig. 2). In the cloud, it is the area between the boundary and that
at distance R — L from the centre. It also assumed that these two areas are
well mixed by turbulence. The volume of the cloud environment, V,,,, is the
sum of the volumes of the subsaturated region, Vi, and ISS, Vs, which can
be expressed through the introduction of a parameter w, such that:

Vss =w V;znv (12)
and

V;ub - (]- - w) Vven'u (13)

The impact of turbulence on interactions between clouds and the surround-
ing air depends on the thermodynamic state of that air and is treated differently
for mixing between clouds and ISSRs and mixing between clouds and subsatu-
rated clear air:

Turbulent mixing between clouds and ISSRs: In the presence of clouds
near an ISSR, turbulence can enhance the diffusion of ice crystals from the
cloud into the ISSR, thereby enabling the condensation of supersaturated water
vapor, breaking the metastable state. Part of the ISSR becomes cloud, and
total water in the cloud increases while that in the ISSR decreases. The cloud
fraction tendencies over the time step are computed as follows:

Vis

(Aacld)turb,ss - _Aass - v . (14)
gri
Qss * Vss
(AQSs)turb = - Vi‘d (15)
gri
ss — Ysat) " ‘/ss
(AQi)turb,ss = - (q q t) (16)

Vgrid

where V.54 is the total volume of the grid box.



Turbulent mixing between clouds and sub-saturated clear sky: For
sub-saturated clear-sky regions, two situations are possible, depending on the
value of g, which is the equilibrium total water value after mixing clear and
cloudy sky:

Venv “Qsub t+ ‘/cld *qcld
Venv + V;ld

Qeq = (17)

o If g > gsqt, meaning that there is enough ice in the cloud region to satu-
rate the clear-sky air and still retain ice crystals, the portion of clear-sky
that has been mixed transitions into cloud. The average cloud humidity
decreases. These tendencies are computed as follows:

Visu
(Aasub)turb,sub = _Aasub = % l; (18)

gri

sub * ‘/;u
(Aqsub)turb = *q‘l}idb (19)
gri

sub = Ysat) - Vvsu

(Aqi)turb,sub = - (q b g t) b (20)

‘/grid

o If instead geq < ¢sqt, then all ice crystals sublimate without being able to
saturate the clear-sky air. In this case, the cloud transitions to clear-sky,
and the mean humidity in the clear-sky region increases. On average, the
cloud humidity decreases. The corresponding tendencies are calculated as

follows:
Ve

(Aasub)turb,sub = —(1 — w) Ay = > ld (21)

grid

. . 1 _ .
(AQSub>turb = — (qs‘” + ql) ( W) Veia (22)
‘/grid
(1—w) -V

(Aqi)turb,sub = —M (23)

Viq’rid

To separate clr and ss and cloud boundary, we use w = a5/ (XQsub + Xss),s
where x is a tunable parameter. This formulation of w accounts for the fact
that there is a higher probability that the cld and ss regions are adjacent. In
case of a homogeneous distribution in the cloud-free region, xy > 1, otherwise

x = 1.



Table 1: List of parameters in the ice supersaturation parameterisation. For
each parameter, the range of values, the default or First Guess (FG) value and
the physical process controlled are indicated. The names of the parameters as
used in the tuning process are given in brackets.

Name Unit Range FG value Controlled processes

T, (TG) K [249, 269] 259 Saturation rate for homogeneous nucleation

Y (TGO) - [2.3,2.4] 2.349 Saturation rate for homogeneous nucleation

oy (TN) - [1, 2] 1.1 Ratio between the P4, Pss and P

B (RQST) - [1, 5] 3.0 Width of P

x (KHI) - [1, 10] 1.1  Boundary size between ISSR, clear sky and cloudy region
l_turb (LTURB) m [25,200] 50.0 Turbulent mixing length around the cloud




