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1 | INTRODUCTION

| Georgios A. Efstathiou

| William A. McIntyre

Abstract

The two-fluid single-column model of Thuburn et al. (Quart. J. R. Meteorol.
Soc., 2019, 145, 1535-1550) is extended to include moisture and horizontal wind
shear. Turbulent kinetic energy is introduced as a prognostic variable, depen-
dence on a diagnosed boundary-layer height is removed, and subfilter fluxes
are approximated using a two-fluid version of a Mellor-Yamada scheme. Three
mechanisms for entrainment and detrainment processes are introduced, which
represent entrainment of unstable air at the surface, forced detrainment of air
at the top of the boundary/cloud layers, and turbulent mixing that relaxes the
convective fluid to a reference profile. A semi-implicit Eulerian discretization
replaces the semi-implicit semi-Lagrangian implementation of Thuburn et al.
(Quart. J. R. Meteorol. Soc., 2019, 145, 1535-1550) to improve numerical stabil-
ity and conservation. The equations for the implicit time step are solved using
a quasi-Newton method, which is shown to perform well in numerical tests for
conservation and convergence. The two-fluid single-column model presented
in this article will be applied to simulations of shallow cumulus convection in
Part III.
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the recent introduction of the multi-fluid approach and
the closely related extended eddy-diffusivity mass-flux

The accurate representation of cumulus convection
in atmospheric models at unresolved and marginally
resolved scales remains a challenge more than five decades
after the first convection schemes were developed. The
desire to remove some of the restrictive assumptions on
which traditional convection schemes are built motivated

(EDMF) approach; see Tan et al. (2018), Thuburn and
Vallis (2018), Thuburn et al. (2018), Weller and McIn-
tyre (2019), Cohen et al. (2020), Lopez-Gomez et al. (2020),
Weller et al. (2020), Shipley et al. (2022) for discussion. At
the same time, there is growing interest in the atmospheric
modelling community in improving both the physical
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formulation and the numerical techniques used to couple
resolved and unresolved processes in numerical mod-
els. The multi-fluid and extended EDMF systems have
some distinct properties that have required the develop-
ment of new understanding and new techniques for their
numerical solution; see Thuburn et al. (2019), Weller and
Mclntyre (2019), MclIntyre et al. (2020), and the discussion
herein.

This article is the second in a series of three that
documents progress in the development of a two-fluid
single-column model (SCM) and its application to sim-
ulating shallow cumulus convection. Part I (Thuburn
et al., 2022) derived the equations for subfilter-scale tur-
bulent second moments. This article presents the new
model formulation, including new prognostic equations,
closures, and numerics.

Thuburn et al. (2019) presented a two-fluid SCM of
the dry, shear-free, convective boundary layer (CBL). They
showed that the multi-fluid approach can capture some of
the essential physics of a convecting fluid and key features
of a CBL, including the counter-gradient potential temper-
ature transport in the upper half of the boundary layer, the
location of the mean potential temperature minimum in
the middle of the boundary layer, and the occurrence of a
boundary-layer-top entrainment flux of order 0.1 times the
surface potential temperature flux.

However, they also noted several shortcomings of their
particular model formulation and implementation:

« The model does not include moist processes and
assumes the horizontal wind components to be zero.
Thus, it is applicable only to the dry, shear-free regime.

« Some of the parametrized processes in the model
(entrainment and detrainment rates, eddy diffusivity)
involve specified coefficient profiles that depend on a
diagnosed boundary-layer height z.. These processes
result in extremely sharp features in updraft w and
0 at the boundary-layer top. Besides being unrealis-
tic, the sharpness of these features inhibits conver-
gence with increasing resolution. Moreover, this formu-
lation introduces non-local dependencies that are diffi-
cult to linearize, impacting convergence of the iterative
semi-implicit solver.

« In order to eliminate unknowns as far as possible by
hand, various approximations are made in the iterative
semi-implicit solver; however, these approximations
result in slower than ideal convergence of the solver.

« There are several issues with the use of a semi-
Lagrangian advection scheme for transport.

- Conservation of mass and entropy or 6 imposes
important constraints on the growth of the CBL.

The poor conservation of the semi-Lagrangian trans-
port scheme in the presence of sharp features in
the 6 profile leads to large errors unless a fixer is
used.

- Semi-Lagrangian advection schemes are most accu-
rate when the Lagrangian time-scale is long. How-
ever, in the CBL, particularly near the surface,
the Eulerian time-scale is long but the Lagrangian
time-scale is short. The semi-Lagrangian advec-
tion scheme poorly captures the balance among
several fast processes: diffusion, entrainment, and
advection.

- Despite its excellent stability properties when solv-
ing the usual compressible Euler equations of fluid
dynamics, the semi-implicit semi-Lagrangian dis-
cretization is in fact unstable when applied to the
two-fluid equations (Appendix A).

This article describes the formulation of a new
two-fluid SCM that improves on the model of Thuburn
et al. (2019) in several ways.

« Itincludes simple moist processes and predicts horizon-
tal wind components, so is applicable to a wider range
of regimes.

+ Dependence of parametrized terms on a diagnosed z.
has been almost completely removed. Subfilter-scale
fluxes and relabelling terms are formulated in terms
of various predicted or diagnosed second moments so
that their basis, and their behaviour, is more physically
realistic. Non-local dependencies have been minimized,
improving solver convergence.

+ A new solver has been developed that permits more
complete coupling between increment equations,
improving solver convergence and model stability.

+ A semi-implicit Eulerian numerical method is used.
It improves conservation properties, is better able to
capture balances among fast processes, and is sig-
nificantly more stable than the previous semi-implict
semi-Lagrangian scheme (Appendix A).

The governing equations for the two-fluid scheme
are presented in Section 2. Thermodynamic equations
and assumptions are stated in Section 3, and the
parametrizations for entrainment, detrainment, subfil-
ter fluxes, and dissipation are given in Section 4.
Finally, the numerical methods used for the two-fluid
SCM are presented in Section 5, and numerical experi-
ments for conservation and convergence are conducted
in Section 6. Simulation results for shallow convection
are presented in a companion paper, Part III McIntyre
et al. (2022).
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TABLE 1 Mathematical notation used in this article

Symbol Formula Description

o & Geopotential

f Coriolis parameter

Ug, Vg Imposed geostrophic wind components

p Filter-scale pressure (same in both fluids)

o Filter-scale volume fraction of fluid i

pi Filter-scale density of fluid i

m; Oipi

p > mi Mean density over all fluids

i Filter-scale entropy of fluid i

qi Filter-scale total specific humidity of fluid i

Ui, Vi, W; Filter-scale velocity components of fluid i

T; Filter-scale temperature of fluid i

F; m;w; Vertical mass flux in fluid i

F;’F’ Subfilter-scale vertical flux of y in fluid i

P; Vertical drag due to subfilter-scale pressure fluctuations

M, Filter-scale rate per unit volume at which mass is relabelled from type j to type i
Wi Mean value of any variable y in fluid that is relabelled from type j to type i
FPROC Tunable parameter that controls the mass relabelling rate for a given process
bf}i.?c Tunable parameter that controls §r;; for a given process

C;”d’ Subfilter-scale (co)variance of y and ¢ in fluid i

k; Subfilter-scale turbulent kinetic energy (TKE) in fluid i

le"d’ Net effect of the relabelling terms M on C;”‘I’

RY Additional effective relabelling effect on any variable y associated with vertical subfilter-scale

fluxes and vertical variation of o;

R¥? Additional effective relabelling effect on any second-moment C;"‘I’ associated with vertical
subfilter-scale fluxes of y and ¢ and vertical variation of o;

D;" Rate of molecular dissipation of TKE (y = k) or other second-moment quantity
S; Effective filter-scale entropy source in fluid i due to TKE dissipation
2 | GOVERNING EQUATIONS Mass:
The flow is modelled by two fluids, with index “2” for om; " oF; _ My — M) )
- A ).
updrafts and “1” for the environment. The governing ot 0z ! !

equations are derived by conditional filtering of the com-
pressible Euler equations (Thuburn et al., 2018; 2022). The
filter-scale state is assumed to be independent of x and y, so
the equations simplify somewhat. The notation is summa-
rized in Table 1. In the equations that follow, i = 1,2 and
j=3-1

Entropy:

0 d ) ~ X
E(miﬂi) + a_Z(Fi"Ii + Fgp) = (Myfiy; — Mjifi ;) + R! + S

F
(3)

Water:

Volume fractions:

_ J o] : n N
Qoe=1. W —omg) + 52 Fidi + Fep) = Mgty = Myid,) +RY. (4)
k
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Vertical velocity:
0 0 . 10p  od
a(miwi) + 7z (Fiw; +F‘SMF1) + my <__p + _> + P
= (MW — M) + R}, (5)

For conservation of momentum P, = —P;.

Horizontal velocity:
P 9
a_t(miui) + O—Z(Fiui + Fgp) — fmi(vi — vg)
= (Myly; — Mjl;) +RY, (6)
9

ot
= (Mijﬁij — Mjﬂ/)ji) + R‘lj (7)

0 )
(mm+5;Ew+ﬂp+ﬁmM—%>

The entropy, water, and momentum component equations
have been written in flux form to facilitate numerical con-
servation.

In principle, the horizontal momentum, Equations (6 )
and (7 ), should also include pressure drag terms—the hor-
izontal analogues of the vertical drag ;,—and there is evi-
dence that these terms can be significant in sheared flows
(e.g., Kershaw and Gregory, 1997; Romps, 2014, and refer-
ences cited therein). However, these terms are neglected in
the current model version.

Turbulent kinetic energy (TKE):

0 d .
E(miki) + a_Z(Fiki + T"™"/2)

_ 0O pwap u; Ju;
= ;Bl a—z + O'i(Wz —Wl)pz — FSF . a—z
~ k
+R; + R - D, 8)

The TKE equation is written in flux form to facilitate
numerical conservation. Some terms involving pressure
correlations have been assumed to vanish or to be negligi-
ble. The total dissipation of resolved kinetic energy by the
pressure drag term is w; Py + w, P, = (w, — wy)P,. Itis not
obvious how the resulting source of TKE should be parti-
tioned between fluids 1 and 2, so we divide between the
fluids in proportion to the volume fraction, ;.

Scalar variances and covariances:

o
— i L n u nn
0= —2FSF—az +R"+R!" - D", (9)
0= —2F% % +R%¥ y RM _p¥ (10)
SF 0Z i i i’

0 on;

_ i 94 q; OMi nq nq g

0_—FSF5—z —FSF0—Z+RI. +R"-D;". (11)

In the variance and covariance equations, transience,

advection, and third-order turbulent fluxes have been

neglected, along with subfilter-scale correlations with
sources.

Subfilter-scale fluxes:

0=aB""" 4 %Bf”j—z - F‘g’;‘;—’z, (12)
0= g;B/% 1 %qug—i - F;”;Z—‘ii, (13)
0= ai(Bfau/az + Bfaw/ax) _ F;u%%_l:’ (14)
0= (B + B - Fg”l;‘;—‘;". (15)

In these flux equations, transience, advection, and
third-order turbulent fluxes have been neglected, and also
some terms involving subfilter-scale correlations with
pressure fluctuations and with entropy sources.

Here,
7= 2k (16)

SF 3 1™

is an estimate for the subfilter-scale vertical flux of vertical
momentum, approximated as two-thirds of the TKE. This
should be a good approximation where the turbulence is
nearly isotropic, but perhaps less so near the surface or
boundary-layer top. The subfilter-scale vertical flux of ver-
tical momentum used in the vertical momentum equation
is calculated in a different way (Section 4.2).

The terms involving dp/dz in Equations (12 ) and
(13 ) are buoyancy-correlation terms. Large-eddy simula-
tion (LES) data (Efstathiou et al., 2020) suggest they are
important, for example, near the boundary-layer top for
capturing upgradient fluxes associated with the fallback
of overshooting thermals. However, these terms introduce
complicated feedbacks in the numerical solver (Section 5)
that compromise the solver stability. These terms will
therefore not be included in this study or in the results
presented in Part ITT (McIntyre et al., 2022).

The relabelling terms in the TKE equation are given by

R = (M + [y — w2/2)
— Mitkji + 10y — w;|?/2)) 17)
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and the relabelling terms in the other second-moment
equations are given by

R® = {My[C®;; — C% + (@;; — ap)(by — by)]
— MGIC™ i — C% + (@ — ap(bj — bp1}.  (18)

The slightly different form arises because the TKE
equation is written in flux form whereas the other
second-moment equations are written in advective form.
See Part I (Thuburn et al., 2022) for a discussion of why it is
necessary to write the second-moment equations in advec-
tive form before neglecting transience, advection, and flux
terms.

The additional relabelling terms R! and counter-
act the effect of vertical variations in o; on the divergence of
the subfilter-scale flux and are discussed in detail in Part I
(Thuburn et al., 2022). In the first-moment equations they
are given by

RW¢
i

R =1 <m,iF"’f —m LY (19)

i p 07 SF laz SF)'

In the TKE equation they are given by
k 1 u
Ri = —;mizuk . Rk
k

1 0 0

+ =\ m=T"""/2—-m—=T"""/2 ), 20

p < Toz ! / ‘oz / > (20)

where R}‘ = (R}‘,R;,R}?’). Finally, in the other

second-moment equations, for which the third-moment
terms T are neglected, they are given by

1 1
R = —;mizl,/kkf - ;miqu)kRZ. (21)
k k

3 | THERMODYNAMICS

An equation of state is needed to relate p, p, , and gq.
However, the calculation is non-trivial because, for some
quantities, such as buoyancy, cloud fraction, and liquid
water amount, subfilter-scale information must be taken
into account.

To ensure thermodynamic consistency, the thermo-
dynamics is formulated in terms of a Gibbs function
(Thuburn, 2017a). Water may be in vapour or liquid form.
Local thermodynamic equilibrium is assumed, so the rel-
ative humidity of the gaseous phase cannot exceed 1, and
liquid is absent whenever the relative humidity is less

Royal Meteorological Society

than 1. For brevity we will use the notation

p = P(p,n,q)orp = p(p,n,q) (22)

to refer to the solution of implicit equations

&®.T,9) =1/p;8r(p, T,q) = —n, (23)

where g(p, T, q) is the Gibbs function and the subscripts
p and T indicate partial derivatives. When subfilter-scale
information is not taken into account the equation of state
is used in the form

p = P(pi, mi, qi). (24)

When subfilter-scale information is taken into account the
equation of state is used in the form

9
pi = (pgi + (ql)ia_ql(l’ - pg)

= 0D G1) + (ql)iaiqlw — 9. (25)

Here, p,; is the density that the air would have if
all water remained in gaseous form, and (q)); is the
filter-scale-specific liquid water in fluid i.

Following Mellor (1977) and Sommeria and Dear-
dorff (1977), subfilter-scale fluctuations in entropy and
water are assumed to follow a joint Gaussian distribution
and are assumed to be small enough to allow the equation
of state to be linearized. Then, (q)); is given by

) 2
9 _ 644 L exp (—Q—>, (26)
26 \/ﬂ 2
where
A=+ +erf<£> @7)
: V2
is the cloud fraction,
oq1| Aq
aq n ZGS
Aq = q; — Qs(m) (29)

oq

is the supersaturation of the filter-scale state, and
2
)er
n N ¢/

0 2 0 0
4g§=<ﬂ >c?q+2ﬂ cf’%(ﬂ
) L 0g g '\ \on

(30)

oq
The simplifications we make to the second-moment
equations lead to an unrealistically strong correlation
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between 7 and g; therefore, for the purpose of the thermo-
dynamics, we neglect the C:’q term in Equation (30).

4 | PARAMETERIZATIONS

4.1 | Turbulence time and length scales

A turbulence velocity scale is given by

U; = \2k:. (31)

In each fluid, a master turbulence length scale L; is defined
as follows:!

1
+=.

I (32)

N =

%)

1
L;

The length scale L? is based on the distance a fluid parcel
could travel against stratification,

1 max(N?Z, 0)
o PR (33)
i 1

T
01’ 0z

is the Brunt-Viisild frequency for fluid i. L} is then found
by reducing the value of Liso where necessary so thatdL?/dz
does not exceed 1 in magnitude. Note that this modifica-
tion introduces some non-local dependence in the turbu-
lence length scale. A master turbulence time-scale is then
defined in each fluid

where

7 = Li/U.. (34)
Also, a plume length scale is defined as
LPM =15, (35)

Since we use a prognostic TKE while diagnosing
other second moments, our governing equations resem-
ble those of a level-2.5 Mellor-Yamada model (Mellor
and Yamada, 1982). Several researchers (e.g. Helfand and
Labraga, 1988; Janji¢, 2001; Nakanishi, 2001) have dis-
cussed an important limitation of the level-2.5 model: all of
the diagnosed second moments are related to the predicted

1We also experimented with length scale averaging of the form

1/L)" = (/2" + 1/L})" for n > 1, but found that a similar effect on
model behaviour could be achieved by tuning other parameters. An
alternative “smooth minimum” function for obtaining the master
turbulence length scale from a set of candidate length scales is given by
Lopez-Gomez et al. (2020).

TKE by a certain system of equations; when turbulence
is convectively driven and is growing towards its equilib-
rium intensity this system can become singular, leading to
unphysical values of some quantities and even causing the
model to “blow up”. When the scalar-buoyancy correla-
tion terms are included our two-fluid model experiences
essentially the same problem. Therefore, we expect that
some mitigation, such as the reduction of certain turbulent
time-scales (as suggested by Janji¢, 2001), will be needed
when buoyancy correlation terms are introduced in future
versions of the model.

4.2 | Subfilter-scale fluxes

First consider the subfilter-scale scalar flux, Equations (12)
and (13). Following Mellor and Yamada (1982), the
pressure-scalar-gradient correlation terms are modelled as
sink terms:

7pon/oz _ 1 wn
GiBf = —EmiCi ,
%
=paq/o 1
B = _Ts—ﬂxmiciwq. (36)

i
The time-scale Tl.SﬂX appearing in these equations is related
to the master time-scale by a tunable constant: Tl.SﬂX =
347, The notation A)YY indicates that this param-
eter corresponds to the parameter A, of Mellor and
Yamada (1982), and similarly for AMY, B)'¥, and B! later
herein. The value chosen for A} will be discussed in
Part ITI (MclIntyre et al., 2022).
Substituting Equation (36) into Equations (12) and (13)
gives expressions for the subfilter-scale scalar fluxes

) 0p;
Fli=mC" = —miKisa—Z’, (37)
where 5
miKl.S = Tl.SﬂXF‘:li: = ETiSﬂxmiki (38)

defines the scalar eddy diffusivity K?.

Next, consider the buoyancy-scalar correlation terms.
Under the assumptions used in Section 3, it may be shown
that

dp aq| o
de) = [a_g i a—q a—(/’ - /’g)] B?(ﬁ
Mg N lq q1
ap oq| o9
S EARRE AT Ly
n n
= (D'B!” + D!B!)
~ (DIC! + DICI?), (39)
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with ¢ =q or ¢ =5, where A; is the cloud fraction,
and Equation (39) defines D] and D?. The buoyancy flux
term in the TKE equation is computed by analogy with
Equation (39):

op
BfW (D’.’F”‘
pi 02

DIFg )— (40)

Next, consider the subfilter-scale vertical fluxes of u
and v, Equations (14) and (15). Again following Mellor and
Yamada (1982), the pressure-strain correlation terms are
modelled as sink terms:

l(deu/c)z dew/()x) - _ mlcwu
Ti
l(dev/Bz Bpaw/ay) _ mlcwv (41)

i

The time-scale rl?lﬂx appearing in these equations is related
to the master time-scale by a tunable constant: ri“ﬂ" =
3AMY7;. The value chosen for AMY will be discussed in
Part IIT (MclIntyre et al., 2022).

Substituting in Equations (14) and (15) gives expres-
sions for the subfilter-scale vertical fluxes of u and v:

u _ uz)u
FSF_mCW = -m;K} gz 42)
v,

FSF =m;C}" = —m;K'— P

where KI' = %rl.“ﬂ"ki is the eddy diffusivity.

The subfilter-scale flux of w is parametrized as a down-
gradient diffusion with the same eddy diffusivity as for
other velocity components:

w, ow;
Fap = —miK;' == (43)
The subfilter-scale flux of TKE is also parametrized as
a downgradient diffusion with the same eddy diffusivity as
for other fields:

. i
T/2= —mKP S (44)

4.3 | Surface fluxes

The test cases discussed in Part IIT (McIntyre et al., 2022)
involve specified time series of surface sensible heat flux
HS and latent heat flux H-. For use in our SCM, these are
re-expressed as surface fluxes of mass, water, and entropy,
with H9 = H* /Ly and Ly = 2.5 x 105. The fraction of these

Royal Meteorological Society

fluxes going into fluid 2 is given by

f o2, HS < 0»
2 =
max(0.4, min(c, +0.1,1)), H® >0,

(45)

where here o, is taken at the lowest model level, and f; =
1 —f,. This expression was arrived at by empirical tun-
ing. It ensures that, when HS > 0, fluid 2 tends to become
buoyant.

For thermodynamic consistency, the surface moisture
flux appears as a surface flux in the mass budget and the
total water budget

F; = fiH,F! = fiq;HY (46)

composed of pure water q; = 1. The surface entropy flux is
given by

=fi <— + ()i Hq) (47)

where 7, is the entropy of water vapour, with (y,); and T;
evaluated at the surface.

44 | Surface stress

The region between the surface and the lowest model level
where u and v are stored (height z;) is assumed to be
a constant-flux layer, implying the standard logarithmic
profile of filter-scale winds. Rearranging for the friction
velocity, and hence the surface stress, gives

= mikG |vi| (i, vi) 48)
Fsr SF)‘_{ln[(z1+zo)/zO]}2'

Here, ko is the von Karman constant, g, is the roughness
length (taken to be 0.1 m), and v; = (u;, ;) is the filter-scale
horizontal velocity vector evaluated at height z;.

4.5 | Vertical pressure drag
Based on Romps and Charn (2015), the vertical drag due
to subfilter-scale pressure fluctuations is parametrized as

wy —wi|(w, —w
P2=m2| 2 1w 1)’ (49)
Ve

with P; = —P, as required for momentum conservation
(Thuburn et al., 2018). Here, the thermal radius is assumed
to be proportional to the boundary-layer depth z,. z. is
defined to be the height at which a parcel lifted from the
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surface with mean surface entropy and specific humidity

min + Mo, miq; + maqa
Hop = ——————, oo = —————, (50)
my + my my; + m;

first becomes neutrally buoyant relative to fluid 1 (ignoring
condensation). A minimum value of 50 m is permitted for

L

4.6 | Entropy source

TKE dissipated by molecular viscosity must be returned
as internal energy and, hence, appears as a source in the
entropy equation:

Si=—. (51)

4.7 | Molecular dissipation

Following Mellor and Yamada (1982), molecular dis-
sipation of second moments is assumed to occur on
a time-scale proportional to the master turbulence
time-scale:

_ 1 no_ 1 o
Dy =2m kdis ki, D" =2m; sdis G
; i
DM = 2m; 1. cr, D! = 2mp; 1- . (52)
i redis : rodis
i 1
kdis

Here, the TKE dissipation time-scale 7" and the scalar
variance dissipation time-scale rl.s‘“s are related to the mas-
ter time-scale by two tunable constants: 7} = BYYz; and

o345 = BYY7,. The values chosen for B)'Y and B)!Y will be

discussed in Part ITI (McIntyre et al., 2022).

4.8 | Entrainment and detrainment
Several types of entrainment and detrainment are imple-
mented to represent a variety of physical processes.

For each entrainment/detrainment process (identi-
fied by superscript PROC) we need to model the mean
properties of the relabelled fluid. Mass flux and EDMF
schemes often make the approximation <1§l-j ~ ¢;. How-
ever, entrained or detrained air can have properties that
are systematically different from the source fluid mean;
for example, detrainment of the least buoyant or lowest w
air. In a crude attempt to capture such “sorting” effects,
here, for each entrainment/detrainment scheme, the mean

properties of the relabelled air are modelled by an interpo-
lation between updraft and environment. For a scalar vari-
able ¢, the transferred fluid property of a specific transfer
regime (here identified as PROC) is given by

~PROC
by =%+ A=), (53)

with a constant coefficient bf’jROC.

For second-moment quantities, we take bf’jROC =1,
giving, for example, CA“bij = C;.’b and slightly simplify-
ing Equation (18). For first-moment quantities, these

b-coefficients are diagnosed with the help of LES data in
Part ITI (MclIntyre et al., 2022).

4.8.1 | Instability entrainment

Fluid is relabelled from environment to updraft when the
environment is statically unstable, at a rate proportional to
the inverse of the instability time-scale.

MP® = F™my /- min(0, N?), (54)

where 7™5 is a tunable parameter controlling the rate
of transfer. There is no corresponding instability detrain-
ment:

M5 =0. (55)

4.8.2 |
state

Mixing and relaxation to uniform

This type of entrainment and detrainment relaxes the
updraft volume fraction towards a reference profile and the
updraft and environment properties towards each other.
It serves two functions. One is to model the physical pro-
cess of mixing between the updraft and the environment
when the environment is turbulent. The other is a conve-
nient modelling function to effectively remove the updraft
when the updraft volume fraction is small. In both cases
the formulation is the same, but the relaxation time-scale
becomes very short when the updraft volume fraction is
small. In a future model version it would be desirable to
separate these two functions.

A reference updraft volume fraction o, is defined;
here, it is taken to be 1073, independent of z. Let 619 =
1 — 0,0. A relaxation rate is defined as X = 1/At, where
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At is the time step. A turbulent mixing rate is defined as
(56)

where FMX js a tunable coefficient controlling the rate of
mixing (once again set in McIntyre et al., 2022). The final
entrainment-detrainment mixing rate rMX is obtained by
interpolating between these two rates depending on the
updraft volume fraction. A smooth quartic interpolation
is used to aid solver convergence and reduce numerical
noise:

& = min(2, max(1, 02/620); (57)

(=¢-2"N-(E-17, (58)
resulting in the total mixing rate
},.MIX — éerLX + (1 _ C)VTRB. (59)

An additional bounding factor is also needed to prevent
negative relabelling rates:

B; = min (1,max <0, 2 _ ai,o>> , (60)
p

meaning the total relabelling rates are given by

M MIX .
M21 =r szl 5

Mllvé = rMIXmle. (61)

It is easily verified that, when the bounds in
Equation (60) are not active, the mass tendencies due to
mixing entrainment and detrainment are

M M MIX
M12 - M21 =r (0'1,0/) —my),

Mg{ - M% = MX(620p — my); (62)

that is, relaxation to the reference volume fractions at the
rate rMX, (The relaxation rate is modified slightly when the
bounds are active.)

In the limit where o, > 05, the mixing term reduces
to Mfflx ~ FMmjo; \/k_z /LP™, which is similar to the tur-
bulent entrainment rate used in Cohen et al. (2020), with
some subtle differences:

« Cohen et al. (2020) use the TKE of the environment
rather than the updraft. This is partly because they
assume there is no TKE present within the updraft.
M?;HX instead uses the TKE of fluid 2, which gives a
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more representative description of the local turbulence
where the mixing is occurring.

+ Cohen et al. (2020) use a length scale equal to the max-
imum height of the plume. M?;HX instead uses a length
scale (LF'™) based on lifting of air parcels against strat-
ification. The length scale is therefore defined more
locally.

The model includes the option to use different b?j’.“x
coefficients in the cloud layer (henceforth denoted by
a different identifier, b}/') because of significant differ-
ences in the transferred properties in these regions (see
Part IIT; MclIntyre et al., 2022). A smooth transition from
boundary-layer values to cloud-layer values is achieved
using a weighting based on the amount of liquid water
present:

WCLD = %{1 + tanh[fT(q — 10751}, (63)

where f°LP = 2 x 10% is a constant. Hence, the relabelling
rate is split into two parts (with different b-coefficients),
one dominant in cloud-free air,

MIZV{IX - (1 _ WCLD)rMIszBl;
MPE =1 = WEPYMXm, B, (64)

and one dominant in cloudy air,

Mlz\/iIC — WCLDVMIXWLZBl;

M = WO My 3, (65)

4.8.3 | Forced detrainment

Where the updraft decelerates rapidly due to negative
buoyancy at the boundary-layer top and cloud top there
should be strong detrainment. Evidence from LES and
from simulations at cloud-permitting resolutions (e.g.,
Fletcher and Bretherton, 2010) indicates that the detrained
air is biased towards that with the smallest (or most nega-
tive) w, thus “sorting” the updraft air.

Some initial experiments were carried out in which the
updraft w was assumed to have a Gaussian subfilter-scale
probability density function and the rate at which mass
was detrained was proportional to the fraction of that prob-
ability density function with w < 0. However, more robust
results were obtained by making the rate at which mass
is detrained proportional to the convergence rate of the
updraft (a measure of its deceleration), similar to Weller
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and Mclntyre (2019):

rRC = min(1/At, FFRC max(0, —ow, /0z));

MERC = fFRCy,, (66)

where FFRC controls the rate of detrainment. The bound
on the detrainment rate only comes into play when
—ow,/0z becomes very large at the top of the updraft
and there would otherwise be a danger of the numerical
method creating negative mass in fluid 2.

There is no corresponding forced entrainment:

MEE =0. (67)

4.8.4 | Netentrainment and detrainment
The net entrainment and detrainment are obtained by
combining the previously mentioned contributions:

The properties of the entrained or detrained air are given
by the appropriate weighted-mean; for example:

A — AfINSAINS MIX AMIX
M;;q;; —Ml.j q;; +Mij q;;

MIC s MIC FRC AFRC
+ MMICTIC 4 MIRCGERC,

Our use of M™S only for entrainment into fluid 2
and of MFRC only for detrainment from fluid 2 reflects
the up-down asymmetry of the atmospheric convec-
tive boundary layer. An argument could be made for
applying a similar instability entrainment as a source
for downdrafts forced, for example, by radiative cool-
ing in stratocumulus or by evaporation of condensate in
deep convection. However, we have not yet applied our
model to such flows, and it might be necessary to intro-
duce a third, “downdraft”, fluid type in order for it to
work well. We have experimented with a forced detrain-
ment of descending environmental air as it approaches
the ground and decelerates. Although such a term was
effective in two-fluid simulations of radiative-convective
equilibrium and Rayleigh-Bénard convection (which did
have up-down symmetry; Weller et al., 2020; Shipley
et al., 2022), it did not work well in our tests for a shallow
convection case.

Note that we do not decompose entrainment and
detrainment into “dynamical” and “turbulent” compo-
nents in the same way as de Rooy et al. (2013, eq. 11) or
Cohen et al. (2020), where either dynamical entrainment
or dynamical detrainment may be active, but not both, at
any given location, and where the turbulent component

has zero net entrainment minus detrainment of mass.
The parametrizations in Equations (64) and (65) generally
have both entrainment and detrainment acting at the same
time, and so would have both dynamical and turbulent
components if we were to decompose them in this way.

4.9 | Fixers

We have attempted to avoid, as far as possible, the use of
ad hoc “fixers”, but a small number are needed for model
robustness:

« A minimum permitted kinetic energy per unit mass ky;n
is defined. We have used kpi, = 10™* J-kg~!. The con-
tribution to the TKE tendency from the buoyancy flux
term is bounded such that the change in TKE over one
time step from this term alone cannot make k; < kpiy-
This bound is needed to cope with situations where the
TKE has not yet spun up but there might be an imposed
downward heat flux, implying a TKE sink, at the surface
(such as the start of the ARM case, discussed in Part III;
Mclntyre et al., 2022). In addition, the quasi-Newton
solver increments are bounded so that the updated TKE
cannot be less than kp;p.

» The discretization of advection and diffusion can cause
buoyancy to become negative at the model level imme-
diately above the top of the updraft, in turn resulting in
w, < 0 there. This is unsatisfactory both from a physi-
cal and from a numerical point of view. There does not
seem to be any straightforward modification to the dis-
cretization that can remove the problem. Therefore, a
pragmatic fixer is used. After the solver iterations are
completed, at any model level where w, < w; the values
of w;, n;, and gq; are set to homogenized values:

hmg _ miw; + mow, .

w
m; +m;
hmg _ P + Mon |
g m; +m,
qhmg _ miqy + maq, (70)
m+my

« Within the quasi-Newton solver (see later) the incre-
ments of total specific humidity are bounded to prevent
the generation of negative total specific humidity.

« Within the quasi-Newton solver the increments of
n-variance and g-variance are bounded so that the
updated value is no less than 0.1 times the value at
the previous iteration. Effectively, this ensures that vari-
ances remain non-negative.
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5 | DISCRETIZATION

5.1 | Time discretization

The model uses a semi-implicit Eulerian discretization. If
the (spatially discrete) model state is represented by X and
is governed by a set of prognostic and diagnostic equations

X M0N0 =0, (71)
then the time discretization is given by an off-centred

Crank-Nicolson scheme:

X" — g AIM(X™) = X" + AM(X™), N(X"H) = 0,
(72)
where superscript n indicates the state at step n and « is an
off-centring parameter with f =1 — a@. Our experiments
have typically used & = 0.55.

5.2 | Space discretization

We wish to use a staggered vertical grid—essentially a
Charney-Phillips grid (Charney and Phillips, 1953)—with
w, 1, q stored at “w-levels”, and p, p, o, u, and v stored at
“p-levels”. We will need to be able to transfer quantities
between w-levels and p-levels and to formulate conserva-
tive budgets on both w-levels and p-levels in a consistent
way. Appendix B describes the vertical averaging and dif-
ference operators used, along with some useful discrete
product rule formulas. The need for vertical averaging is
minimized by storing the second-moment quantities k,
cm, C%, and C™ at p-levels.

Equations (2) and (6-8) are evaluated at p-levels and
predict the quantities m,, msu,, myv,, and mgk, respec-
tively for fluid i. Here, subscript ¢ is the level index; the
fluid index i has been suppressed for clarity. The verti-
cal flux divergence in these equations is discretized using
Equation (B12).

Equations (3-5) are evaluated at w-levels and pre-
dict the quantities 7, J2le+1/25 ﬁ2+1/zqf+1/z, and
My /2We+1/2 respectively for fluid i, where Gr indicates
a conservative remapping from p- to w-levels. Again,
subscript ¢ is the level index and the fluid index i has
been suppressed. The vertical flux divergence in these
equations is discretized using Equation (B11).

The surface fluxes of mass, water, and entropy are spec-
ified at the bottom boundary # = 1/2, consistent with their
respective budget equations and the p-level and w-level
discrete divergence operators, Equations (B12) and (B11),
at the lowest model level.
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All advection terms are evaluated using the simplest
first-order upwind (donor cell) scheme. First, the mass
fluxes in Equation (2) are evaluated:

Feap=Weapmy,, . (73)
where
m ifw > 0;
m;+1/2 _ ¢ t’+1/2‘ (74)
mye,1  otherwise.

The fluxes of p-level quantities are evaluated using, for
example,

(Fu)rs12 = Fraaply,y ), (75)
where uy | / is defined analogously to mjy | /2 with the

upwind direction taken from the sign of F,,1/,. The fluxes
of w-level quantities are evaluated using, for example,

(Fg); = Foq’, (76)

where 6p indicates a linear interpolation from w- to
p-levels, and the upwind direction is taken from the sign
of 1_:‘;.

Vertical derivatives appear in a number of the govern-
ing equations. They are evaluated, where possible, using
Equation (B11) or Equation (B12); in some cases a vertical
average is also needed to return the result at the required
levels.

» The vertical pressure gradient in Equation (5) is eval-
uated using Equation (B11). The vertical geopotential
gradient is simply set to a constant value in the cur-
rent implementation. The overall pressure gradient plus
geopotential gradient term is evaluated as

_ 1 dp
m;+1/2 < - s +g) .

pei1j2 02
« The vertical derivatives of u, v, and TKE used to com-
pute their eddy-diffusive fluxes (Equations 42 and 44)
are evaluated using Equation (B11).

» The vertical derivatives of # and q used to compute their
eddy-diffusive fluxes, Equation (37) are evaluated using
Equation (B12).

+ The vertical pressure gradient appearing in the buoy-
ancy flux generation of TKE, Equation (40), is evaluated
using Equation (B11) with constant extrapolation to the
top and bottom boundaries and then averaged using
Equation (B9).
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« For the shear generation term in the TKE equation,
Equation (8), the contribution involving ow/dz is eval-
uated in a straightforward way using Equation (B12)
for the vertical derivative. The contributions involv-
ing ou/oz and ov/oz are first evaluated using
Equation (B11) and then averaged to the required
levels; for example:

-S
u ou

TUSF,, |
0z ;
—s
where () indicates a conservative remapping from w- to
p-levels.

« The source of TKE due to pressure drag, Equation (8), is
evaluated on w-levels and then mapped to p-levels using
conservative averaging (Equation (B10)).

« The vertical derivatives of # and g in the source terms
for variances and covariances (Equations 9-11) are eval-
uated in a straightforward way using Equation (B12).

« Eddy diffusivity coefficients for #, q, and w are evalu-
ated directly from TKE and the turbulent time-scale on
p-levels. Eddy diffusivity coefficients for u and v and
TKE are first evaluated on p-levels and then averaged to
w-levels using Equation (B7) with linear extrapolation
to the top and bottom boundaries.

« Mass relabelling rates M are first evaluated on p-levels.
Where needed on w-levels they are conservatively aver-
aged using Equation (BS).

+ The contributions to the TKE relabelling term R¥
(Equation (17)) from (&;; — u;)?, (b;; — v;)?, and so on
are evaluated straightforwardly on p-levels, whereas the
contributions from (W;; — w;)* and so on are vertically
averaged using Equation (B10). The contributions to
the # and q variance and covariance relabelling terms
involving (;; — ;)* and so on are vertically averaged
using Equation (B10).

The equation of state merits some detailed discussion.
To capture accurately the coupling between buoyancy and
vertical velocity, a key advantage of the Charney-Phillips
grid, the equation of state must be used at both p-levels and
at w-levels (Thuburn, 2017b).

On p-levels, the role of the equation of state is to cap-
ture the pressure fluctuations associated with density fluc-
tuations; that is, the restoring force behind acoustic wave
propagation:

pr = Plpe. 1y Q) (77)
This equation provides the p that is used in computing ver-

tical pressure gradients. The vertical averaging of # and q
entails little loss of accuracy.

On w-levels, the role of the equation of state is to cap-
ture the density fluctuations associated with fluctuations
in entropy and water; hence, the buoyancy

Pe+1)2 = P@?ﬂ/z, Ne11/2- 42+1/2)5 (78)

where 6W indicates a linear interpolation from p- to
w-levels.

This equation provides the density used in the vertical
pressure gradient term in Equation (5). Here, the vertical
averaging of p entails little loss of accuracy. Because the
equation of state is actually computed via a Gibbs function
(Equation (23)), the model carries two temperature fields:
one at p-levels and one at w-levels.

It is not crucial to take into account subfilter-scale
information in the p-level equation of state to capture com-
pressibility effects. However, subfilter-scale fluctuations in
n and q can significantly affect the cloud cover and the
amount of liquid water, and hence the buoyancy. There-
fore, ps41/2 is, in fact, calculated using Equation (25), with
pg calculated using filter-scale quantities:

(pg)e41/2 = pg(ﬁ;)+1/29 Nev1/2,Qe+1/2)s (79)

and with conservative averaging of v/C" and /C% to
w-levels used to calculate ¢; and Q, and hence cloud frac-
tion and gq;.

5.3 | Solver: Overview

The time discretization, Equation (71), gives rise to a sys-
tem of non-linear equations that implicitly determine the
new state X"*!. A natural choice to solve this system is a
Newton method. Let X be an approximation to X"*! after
| Newton iterations. For a first guess we take X = X",
Then, after [ iterations, the residuals are

RD = (X" + JAIMX") — (X - aAMXD))
R\ = -NX?), (80)

and the Newton update is given by

JX' =RY, (81)

XHD =x0 + X, (82)

0]
S <1 - aAthM) RO = <Rl(\g>' 3
VxN RY

where
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Since we will make various approximations, the follow-
ing method is more rightly called a quasi-Newton method.
Solving Equation (81) with the full Jacobian J would be
expensive. Non-local dependencies in the turbulent length
scales and boundary-layer depth would introduce some
long-range couplings that make the matrix less sparse.
Moreover, deriving all the terms in the Jacobian matrix
would be difficult and error prone and be challenging for
code maintenance.?Use of the full Jacobian matrix would
also make the method difficult to extend to three dimen-
sions.

The Newton method should still give satisfactory con-
vergence using an approximated Jacobian matrix provided
the approximation captures the stiffest terms and the most
important couplings. However, we do not want to simplify
the linear system too far or we will run into the con-
vergence problems seen by Thuburn et al. (2019). In this
model version we make the following approximations. The
linear system, Equation (81), is broken into a number of
smaller uncoupled linear systems:

« A system for the increments to w;, #;, q;, m;, and p.

« A system for the increments to the second moments k;,
ni gl o 99 nq
Fep Fops Cl. s Ci , and Ci s
« Four uncoupled systems for u;, u,, vi, and v,.

For each of these linear systems, couplings may be
included to variables at the same model level # (e.g., m’f
to p’,), to variables half a grid level above and below (e.g.,
m), to w, /2), and to the same variable one grid level
above and below (e.g., us to us41). These relatively local
couplings are sufficient to capture the stiffest phenom-
ena represented by the model, including acoustic wave
propagation, vertical eddy diffusion, and advection, as
well as relabelling. Limiting the vertical range of cou-
plings accounted for in this way keeps the linear sys-
tems to a manageable size. The pressure subsystem is a
19-diagonal system, the second-moment subsystem is a
25-diagonal subsystem, and each horizontal velocity sub-
system is tri-diagonal. Consequently, the solver cost scales
linearly with the number of model levels.

Finally, not all terms in the linearization within this
limited height range are retained; only those terms thought
to be stiffest and; therefore; most important. See the fol-
lowing subsections for details.

In an adiabatic single-fluid dynamical core, neglect-
ing subfilter-scale terms and other “physics” terms, it is

2Jacobian-free Newton-Krylov methods (e.g., Knoll and Keyes, 2004)
provide an interesting alternative approach but still require
preconditioning for rapid convergence.
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usual to eliminate unknowns by hand and reduce the
linear system to a standard Helmholtz problem for a sin-
gle unknown field, such as the pressure increment. Such
a reduction is also possible in the multi-fluid case and
can accommodate relabelling terms, too, provided they
are spatially local. However, the vertical coupling asso-
ciated with eddy-diffusive subfilter-scale fluxes is strong
and cannot be accommodated in this Helmholtz problem
approach. Thuburn et al. (2019) used a partial reduction
of the linear system, eliminating all unknowns except w/,
wg, and p’. In the new model version described here, we
eliminate only a small subset of variables by hand, namely
the increments to ¢; and temperature; the resulting lin-
ear systems, as summarized earlier herein, are then solved
numerically.

At each Newton iteration we solve the six linear sub-
systems summarized earlier herein and then increment
all the model state variables. Some further details of the
linearization are given in the following.

5.4 | Linearization: w-n-q-m-p
subsystem

The w-n-g-m-p subsystem comprises approximate lin-
earizations of Equations 1-5. The linearized version of
the equation of state (Equation (23)) at both p-levels and
w-levels, along with

m; = oip, + o, pi, (84)

are used to eliminate T increments and p increments by
hand.
The linearization of Equation (1) is

!/
m, g {d_p ,+a_p—,p Op—p
= pi

. PLU_RY (85
app anr1,+aqql} (85)

where the residual Rf,ll_)) includes an additional contri-
bution that comes from the elimination of temperature
increments—note that Equation (23) will not be exactly
satisfied after [ iterations.

The linearization of the mass conservation equation,
Equation (2), is

’ aFi’ ’ ’ 0]
m] + ai—L — alt (M} - M) =RD. 36)

0F]/oz at level ¢ includes the effects of w/ at levels ¢ +
1/2 and the effects of mlf atlevels 7, Z + 1. Currently, only
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an approximate linearization of M,; is implemented that
accounts for its dependence on m; and m;:

aMP_ROC aMPROC

M~ Y oml+ L 87
Y P%C om; ! om; 7

Although Equations (3-5) are written in flux form,
their linearized transport terms include contributions
from m and w/ from levels too far away to be included
in the linear system, as already discussed herein. We can
partly account for these terms by using Equation (86) to
rewrite the linearized equations in quasi-advective form.
For example, consider the linearization of the # equation,
Equation (3):

T+ m s+ al —(F” “’)+—(F’ )

+ @AM, fiy; = My il + M A+ My ) = Ry
(88)

the others are analogous. At level ¢ + 1/2, the transport
term involving Fi’p would contain contributions from w/ at
levels £ —1/2,7 +1/2,and ¢ + 3/2 and from m] at levels
£-1,¢2,¢+1,and ¢ + 2.

First, note that using the discrete product rule,
Equation (B19),*that

—r

0 —P —P 0 —w g —P
d_z(Fi/ n"y) =F] a—z(ﬂui)‘l"lui d_z(F’/ ) (89)

Then, subtracting n_“iw times 6r of Equation (86) and using
Equation (89) gives

— —r —Ww
min, +m) (n—n" )
.

0 =P w =P 0
+ aAt a—Z(Fi n") +F! a—z(n“i)

MG =T MR
o +aAt[—Mij iy = %) = Mi; 7y
—_Ww
+ M, =)+ My )
1 Ty
_ Rf,i) PR R() (90)

—_
The term I?i’p still contains some contributions from w’
and m’ from levels beyond the allowed stencil. How-
ever, those contributions are no longer differentiated with
respect to z, so neglecting them is expected to be less
problematic. In practice, at level £ + 1/2 we retain the

contributions involving w’ F41/2 and neglect contributions

3There might be some advantage in using Equation (B21) instead, but
we have not pursued this.

1nvolv1ng w Y1) w;, 13/2> We also neglect contributions
from m’' in this term, though some of them could, in
principle, be retained.

The linearization of the properties of relabelled fluid is

approximated as

PROC
~ ij ~PROC’
@i & Z Td’ij , (91)
PROC i
where
~PROC’
by =bC¢ + A=) (92)

The linearization of the subfilter-scale flux terms in
Equations (3-5) accounts only for the eddy diffusion
contribution. Moreover, increments to m and to K are
neglected. For example:

aF”h‘ / a ’
S£) o 9 (Cprs 2L (93)
0z 0z Loz

The linearization of the additional relabelling terms
such as R is neglected.
In Equation (5), the linearization of the pressure gradi-

ent terms is
/
0
2| =7 (% %)
0z Y \pioz 0%

7]
[ml<1 p+
pi 02
—+10p" _—10p [dp=w dp , Odp ,
i m e —m = — (L + Ly + ). (94
mi oy T 2 apP o aqql (94)

The linearization of the drag term, Equation (49), is

/ /
[wa — wy [(w), —w))

Py =-P ~ (95)

e

Having solved this subsystem, temperature increments
at p-levels and at w-levels are found by back-substitution
into the linearized version of the equation of state,
Equation (23).

5.5 | Linearization: Second-moment
subsystem

Scalar fluxes are diagnosed directly rather than regarded
as state variables to be incremented in the Newton solver.
Nevertheless, we need to make use of linearized versions
of those equations in the second-moment subsystem. It is
convenient, and also anticipates a possible future exten-
sion to a Mellor-Yamada level 3 scheme, to include the
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linearized flux equations in the subsystem rather than
eliminate the flux increments by hand.

Only couplings to second-moment increments are
included; couplings to other increments are neglected.

, , 0 uakf
mik; +aAt (Fk)—aAta— m; K

i az

dp 1 0p 10p

— aAt— -

aldlo l 26n( B+ 2 9q (F, )]
+ aAthiﬁklf + aAtM;ik] = R): (96)
, 0
(ﬂg—i£akw— (97)
0 K

(Flty — -aq‘ aklk - (98)

The residuals in Equations (97) and (98) are set to
zero because the subfilter-scale scalar flux equation,
Equation (37), is satisfied exactly at each solver iteration.

ZLECY +My(CMY = My

’ R )
Y2AFGY 5 = Row:

(qu), +M[j(c‘1‘1)/ M(qu)/

9 v 94 _ p
+2(Fg)' 5} = =R

SdlS

N N Mgy
Tsdls(c )+ My = My (C1)
A
‘ 611
;i / q; \/ 0]
+ (F ) — + (F F) oz RC,,q (101)

5.6 | Linearization: u and v equations

As with the w-level scalars, the prognostic equations for
u and v are written in flux form, but it is convenient
to convert their linearizations to a quasi-advective form.
Consider the linearized u equation; the v-equation is anal-
ogous.

miu; + miu; + aAt ;Z(Fiu“;) + a%(Fl.'u“l-)

+ QA (=M By — Mitif; + M fhi + M) = RY).

(102)

Royal Meteorological Society

(Atlevel Z, the transport term involving F' l’ would contain
contributions from w/ at levels # —1/2 and # +1/2 and
from m; atlevelsZ —1,7,and ¢ + 1.)

Using the discrete product rule, Equation (B18), gives

—(F/ uty) = F’ —( uty) + U (F') (103)

Then, subtracting u“ times Equation (86) and using

Equation (103) gives

R —s
miu! + m(u; — u“ip) + alAt i(Fiuug) +F i(u“l-)
1 L aZ 1 az

L =P .
+oo @AM (B — u) — My,
P T N
+ M}i(uﬁ - Mui ) + Mjl-u;i]
D TPpl
=R\ —u" R, (104)

In the u; subsystem, increments to all variables except u;
are neglected. Thus, we omit the terms involving mlf , Fl’ ,
lej, and M;l

The linearized Coriolis terms are also omitted, since
they do not involve u;. The linearized divergence of the
subfilter-scale flux is approximated in the same way as for
w-level scalars:

oF“ ' ou’
SE) o 9 (et (105)
0z 0z Loz

except that now the surface stress must also be linearized:

Ry m; k2 (Ivil + u2/|VL|) 106
Es > =it +20)/200)2 (109)

where v;, u;, and ulf are evaluated at model level 1.

6 | NUMERICAL PERFORMANCE

We have described various significant changes to the
two-fluid model described in Thuburn et al. (2019), with
the aim of creating a more robust and versatile model
that can be used for simulating shallow convection. In
this section, the numerical performance of the two-fluid
model is evaluated for the ARM case—a shallow convec-
tion test case involving transient growth and decay of the
cloud field (full details of the implementation are given in
Part III; McIntyre et al., 2022).

Using four iterations of the quasi-Newton solver per
time step, we are able to achieve a time step of 30s with
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80 vertical levels (resolution of Az = 20 m at the bottom of
the domain; Az = 110 m at the top of the domain), which
is a considerable improvement on the 6s time step used
in Thuburn et al. (2019)—although such a direct compari-
son is not completely justified given the use of a Az = 20 m
uniform grid in Thuburn et al. (2019).

Doubling the number of solver iterations to eight
makes only very small differences to the results, suggesting
that solver convergence is adequate with four iterations.
However, the maximum of the residuals (Equation (80))
typically decreases only by a factor of about half per itera-
tion, suggesting that there is scope for improvement. The
largest residuals occur in the middle of the simulation,
when the surface fluxes are strongest and the cloud field
most active.

The mass, water, and entropy budgets exert a strong
control on the evolution of the boundary layer and clouds,
so good model conservation properties are essential. Here,
we evaluate the model’s conservation properties by diag-
nosing budget discrepancies. For any property v,

W(1) — ¥(0) — Yeup()

Vo) , (107)

Discrepancy =

where W(¢) is the domain integrated sum of y at time ¢,
and Wgup(?) is the total budgeted change due to surface
fluxes and internal sources, integrated up until ¢. A dis-
crepancy of order 107!¢ is indicative of a quantity that
is conserved to within machine precision. The discrepan-
cies for mass, entropy, water, and energy are presented in
Figure 1 for the case of four solver iterations. The small-
est discrepancies occur for the mass, which is conserved to

Mass Entropy
—~ 2 . 01
g s
| |
o O,1<
X 9] I
> >4
o =2 19
S & -3
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> > =27
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FIGURE 1
energy relative to the expected changes due to the surface fluxes

The discrepancy of the mass, entropy, water, and

and internal sources. Each dataset has been normalized with
respect to the initial total of each quantity

machine precision. The discrepancies for the total entropy
and water grow most rapidly during the development
phase of shallow cumulus convection. However, these
discrepancies reduce significantly when the number of
quasi-Newton iterations is increased, which implies that
these discrepancies result from incomplete solver conver-
gence. The discrepancy for the total energy does not reduce
with a greater number of quasi-Newton iterations. This is
expected, because the energy is not a prognostic variable;
rather, it is instead diagnosed from the entropy and other
model variables.

Another important numerical test is the convergence
of the solution with increasing resolution. Using the ARM
case once again, a high-resolution reference run was con-
ducted with 640 vertical levels and a time step of 3.75s.
Four additional simulations were conducted using coarser
resolutions, with the time step doubled for each halving
of the number of levels. Figure 2 shows the relationship
between the model errors and resolution for the vertical
velocity, potential temperature, and moisture.

In the dry phase of the simulation (Figure 2a), the
root-mean-square (RMS) errors reduce with each increase
in resolution, as expected. All of the maximum errors
occur at either the surface or the inversion layer, where
gradients are at their sharpest, which the coarser simula-
tions struggle to represent. The maximum errors for the
fluid 2 vertical velocity and potential temperature reduce
with each increase in resolution, which was not the case in
Thuburn et al. (2019).

The convergence diagnostic shows a slightly more
complicated relationship during the development phase of
shallow convection (Figure 2b). As with the dry case, the
RMS errors generally decrease with resolution. However,
the errors for the coarsest resolution are relatively small
for moisture and fluid 1 potential temperature. This is pre-
dominantly an artefact of an incorrect volume fraction at
cloud base, as well as complicated feedbacks occurring at
differing times.

7 | CONCLUSION

We have developed and improved the two-fluid SCM from
Thuburn et al. (2019) to include moisture and higher-order
moment quantities derived in Part I (Thuburn et al., 2022).
The governing equations differ from Thuburn et al. (2019)
as the potential temperature has been replaced with
entropy as a prognostic variable, and the TKE has
been introduced as a prognostic variable. Equations
for the scalar covariances and subfilter-scale fluxes are
included, where the transience, advection, and third-order
flux terms have been neglected. Subfilter-scale fluxes
are approximated as downgradient eddy diffusive fluxes
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FIGURE 2 Errors of the (@)
two-fluid model versus resolution w [} q
for the Atmospheric Radiation 1073
Measurement (ARM) case. Errors &‘& x——“\\
are relative to a high-resolution ./.\Q\'
reference simulation with 640 cells
in the vertical and a time step of § LN
o %o Tl
3.75s. Data are shown for the 10-1 _0~~::~x\ 1074 -‘_ T
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temperature (middle), and water \\\\\\\ \‘\\ \y
(right) during the dry phase of the ™ e
ARM case (top) and the 40 80 160 320 40 80 160 320 40 80 160 320
development phase of shallow Resolution Resolution Resolution
cumulus convection (bottom). b
Circles indicate fluid 1, whereas ( )
crosses indicate the fluid 2 data. w 6 q
Solid lines represent the maximum 10° 4 /(_—X\X
errors and dashed lines represent o T <
the root-mean-square (RMS) error. 1077 4
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simulation. (b) Convergence 6 hr ut_. X\\\ x.——"x"‘-—-x\\
into ARM simulation .- :&-~ \\\x
] N —t |g-——®~~_
S 10 o R
¥ T
4I0 8IO 1 fISO 3é 0 4I0 8IO 1 éO 3é 0 4I0 8I0 1 éO 3 é 0
Resolution Resolution Resolution

dependent on turbulent time and length scales. Scalar
variances and covariances are diagnosed assuming local
quasi-steady balances.

Three separate mechanisms are employed to rep-
resent entrainment and detrainment processes. An
instability-based entrainment relabels unstable air to
fluid 2 (which will mainly act near the surface), a forced
detrainment removes air when fluid 2 is decelerating (and
acts at the top of the boundary layer and cloud layer),
and a TKE-dependent turbulent mixing term relaxes the
volume fraction to a reference profile. The properties of
the entrained and detrained air are controlled by a set of
tunable parameters; the tuning of these parameters using
LES diagnostics will be discussed in Part III (McIntyre
etal., 2022).

A semi-implicit Eulerian discretization was chosen,
which offers improved stability over the semi-implicit
semi-Lagrangian implementation of Thuburn et al. (2019)
and longer time steps. The vertical discretization uses
standard finite differences but exploits discrete prod-
uct rules to improve conservation. The system is solved
using a quasi-Newton method, where the first-order and
second-order terms have been separated into indepen-
dent linear systems to reduce complexity and computation

-@- RMS error, fluid 1
=»=- RMS error, fluid 2

—8— Max error, fluid 1
—»— Max error, fluid 2

time. Despite these simplifications, the system adequately
converges because the Jacobian contains all of the most
important couplings, with roughly a halving of the maxi-
mum residuals with each quasi-Newton iteration. Mass is
conserved in the two-fluid model to within machine pre-
cision, whereas the conservation of water and entropy is
limited by the solver convergence but is adequate with
four quasi-Newton iterations. Finally, the two-fluid model
converges with increased resolution, confirming that the
numerical methods are behaving as designed.

The two-fluid model presented in this article will be
tested for two case studies of shallow cumulus convection
in Part IIT (McIntyre et al., 2022).
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APPENDIX A. STABILITY ANALYSIS: CON-
TINUOUS EQUATIONS AND SEMI-IMPLICIT
EULERIAN AND SEMI-LAGRANGIAN
SCHEMES

For tractability, consider a simplified one-dimensional
two-fluid system with uniform entropy and zero mois-
ture and neglect all subfilter-scale and relabelling terms
except for an eddy diffusion term in the vertical velocity
equation:

0 0
a—t(mpz’) + a—z(GiPiWi) =0, (A1)
. 9 A
&Wﬁ_l_p:li <piK%>- (A2)
Dt pi 0z  pioz 0z

Linearize about a basic state (independent of z and t)
with ¢; = o-?, pi = p°, w; = W;, and K constant. Assume

E=n=Dwwn, (A3)

c2

where c is a constant sound speed, and note

Yol =0. (A4)
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Continuous equations

For the continuous equations, the linearized system is

000'1’ Odplf 0 00w; o ; 0 o-l’
P E"FGLE'FGZ/J a—+Gina—+p Wl——O,
(AS5)
ow’ ow’ ! 2
_i + _i + lai = ()_ / (A6)
ot Yoz 0 oz 072 ¥

together with Equations A3 and A4.
Seeking solutions proportional to exp{i(mz — wt)} and
eliminating unknowns leads to the dispersion relation
1.y il
m2c2 ~ | (—iw + imW))(~iw + imW; + m2K) '
(A7)
In the limit of large c, two of the roots for @ corre-
spond to acoustic modes with frequency close to +mc, with
the next order correction describing a Doppler shift by the
mean flow and a damping by the eddy diffusion:

o ~ +mc + m(c) Wi + oy W>) — %imzK. (A8)
For the other two roots,

 ~ m(eyWr + 6JWa) — %imzK
1/2

m2K \°
+ [—oYeim* (W, — Wy)? - (T) . (A9)

When K =0, this result agrees with the incompress-
ible analysis of Thuburn et al. (2019, app. A) describ-
ing the Kelvin-Helmholtz-like instability of the two-fluid
equations. One of the roots here corresponds to instability
for any value of K, though the growth rate decreases as K
increases. Thus, vertical diffusion of w, on its own, cannot
completely suppress the instability.

Semi-implicit Eulerian discretization

For an off-centred Crank-Nicolson time discretization
with off-centring parameters « and f = 1 — «, the amplifi-
cation factor A satisfies

A-1 _ —iwAt,

aA+p (A10)

where w is the continuous frequency and At is the time
step. Hence:
_ 1 -iwpAt

=_ " All
1+ iwaAt ( )
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It is easily verified that |A| < 1 for the damped case w; < 0
provided a > 1/2.

Semi-implicit semi-Lagrangian discretization
Writing Equation (Al) in advective form, discretiz-

ing Equations Al and A2 with a semi-implicit
semi-Lagrangian scheme, and linearizing gives

! ow'\ "
0o, oP 0.0 i
<p 6i+6ic—2+aAtUip a—z>

! ow'\"
= <p06i’ + o-l.o% - ﬂAta?poa—l> , (A12)
c Z )b,
,+ Ar 1 ap/ . az . n+1
w. a _—— —Ww.
i ,00 0z 072 i
op’ 2 "
- [w; — pAt (ioi —Ka—zwlf>] , (A13)
p’ 0z 0z D

i

where superscripts n and n+1 indicate the time step
number and subscript D; indicates a quantity evalu-
ated at a departure point computed using velocity W;.
Equation (A3) has been used to eliminate density pertur-
bations.
Seek solutions proportional to A" exp(imz) and let

E; = exp(—imW;At) (A14)

be the advective Doppler shift factor assuming perfect

interpolation to departure points. Eliminating unknowns
then leaves the discrete dispersion relation

1 (?AtA + BALE))* o7
mic? -2 (A—E)Aq* - Eq)

i

] , (A15)

where ¢ =1+ aAtm?K and ¢~ = 1 — pAtm*K.

Even making simplifying assumptionssuchas1/¢?> = 0
and K = 0, it does not appear tractable to solve analytically
for A. However, numerical solution of the discrete disper-
sion relation for typical parameter values shows instability
can easily occur, even with off-centring and strong diffu-
sion.

APPENDIX B. DISCRETE AVERAGING AND
PRODUCT RULES

Consider a vertically staggered grid with p-levels
indexed by integers interleaved with w-levels indexed by
integers plus 1/2 (Figure B1). Level 1/2 coincides with

the domain bottom boundary, and level N + 1/2 coincides
with the model top.
Let

Azf =zf+1/2 _zf—l/Z’f = 17 e 9N‘ (Bl)
Let

AZpy1)2 =241 =2, =1, ... ,N—1,

with A 212 =21 — 21/2,A2N+1/2 = ZN+1/2 — ZN-
(B2)

Define the following sets of coefficients in terms of the
locations of the model levels:

_ %R _ Zppaply
ar =5 by = SV
= 1—af,f = 1, ,N;
2r41/2 — 2 2r41 — Zr41)2
Ary1/2 = ——brr1p = ———— =1-as41,
AzZry1)2 AzZry1)2

£=1,...,N—-1,

with a1 =1,b1/2 =0, ant1/2 =0, byt =1;
(B4)

A,f =b,/ﬂ,B,/ﬂ =a,g,f =1, ...,N; (BS)

Aryipp = bzf’+1/29Bf+1/2 =Ar41/2,
=1,..,N—1,
with A1/, =1,B1/2 =0, Any12=0, Byy12=1. (B6)

Let e, and f be two variables that reside at p-levels and
letgs41/2 and hy41/, be two variables that reside at w-levels.
Then we can define the following four averaging operators.

Linear interpolation to w-levels with constant
extrapolation at boundaries:

—w
fesja = Qerrppfesr + besayofy. (B7)

Depth-weighted remapping to w-levels, or projection
of a piecewise constant field to a new piecewise con-
stant field:

f;+1/2 = Ars1pafe+1 + Bewayafe. (B8)

Linear interpolation to p-levels:
gl; = argr1/2 + bege-1)2- (B9)
Depth-weighted remapping to p-levels, or projection
of a piecewise constant field to a new piecewise con-

stant field:

8 =Argri1/2+ Begroja (B10)
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FIGURE Bl Schematic showing the vertically staggered grid

Also define the natural finite-difference derivative
operators:

% _ Jear —fr (B11)
0Zlrs12  AZesajz’
0_g _ 8r+1/2—8r-1/2 (B12)
9z |y Azy .

The expression in Equation (B11) remains valid at £ =
0 and Z = N provided fy and fy1 are interpreted as values
at the bottom and top boundaries respectively.

The following properties are then easily verified.

(i) 6r and GS are conservative:

N N
—-r

Zfef+1/2AZf+l/2 = foAZf, (B13)

=0 =1

N N

ngfAZf = ng+1/zAZf+1/z, (B14)

=1 =0
N _ N
Z.f£+1/zgf+1/2AZf+1/z = fogszzf. (B15)
¢=0 £=1

AZN

AZl

and the indexing of the model levels
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EIRMets

I Azni1)2

AZe+1/2

:[ AZl/g

(ii) Average of a derivative:

%

0z

£+1/2

—W
af
0z

4

—_r
og

z £+1/2

—s
_u
= =

(iii) Derivative of a product:

a(gh) _ Ep a_g’ +—s %
0z |y ‘ 9z |y ‘ 0z |y
R g
a(ef) Y a_f =r de
0Z 4172 T2 oz £41)2 42 oz £41)2
—r af -w oe
=e —_— + —_ s
£+1/2 OZ 412 ff+1/2 ()Z r41)2
—w _
0z “ozl, " Caz |

(B16)

(B17)

(B18)

(B19)

(B20)

85U8017 SUOWIIOD BAEa.D 3|t jdde au Ag peusenob e sajone VO ‘88N Jo s8Nl 1oy Ariq1TaUlUQ AB]1/ UO (SUOTIPUOD-PUe-SLLBY/WOD" S| 1M Alelq U [Uo//:Sdny) SUONIpUOD pue swie 1 8y} 89S *[2Z0z/TT/0E] Uo ARigiauluo /8| eexa JO AisieAlun Aq 19y b/z00T 0T/I0p/wod A8 | imAriq Ul |UO'SBLLL//STIY WO1) pOpeojumMOd ‘0 X0L8LLYT



22 Quarterly Journal of the ERMets

THUBURN ET AL.

Royal Meteorological Society

0@E"f)
az

of
= 8r+1/2 7
£+1/2 <

—_—
og

(B21)
¢12 0%

£+1/2

A particularly useful result is that if p-level masses m,
(here ¢ is a level index) satisfy a discrete conservation
equation with vertical fluxes Fy.1/»

amf oF

—_—+ — B22
ot 0z ( )

¢

then Equation (B16) implies that the ny,, ,, satisfy a dis-

crete conservation equation with vertical fluxes F};
am;+1/2 + ()I_JP

=, B23
ot 0z ( )

7+1/2

This vertically averaged discrete mass conservation
equation can then be used as the basis for discrete w-level
tracer conservation equations for (' #), and (m' q),; for
example:

0 — 0 —
—(Myy12q04172) + —(quadv) =, (B24)
ot 0z £+1/2

where g is the value of g used in computing the advec-
tive flux. The tracer conservation equations are consistent
in the sense that they reduce to the w-level mass con-
servation equation when the tracer value is constant and
right-hand side terms vanish.

85UB017 SUOLILLIOD BAIFER1D) 81l |dde au Aq paueAob a8 S3o e WO ‘88N JO S3|NJ o4 AXe1q1T 8UIIUO AB]1/M UO (SUOTIPUOD-PLE-SWLS}W0D" A8 1M AR1q 1 [ouUO//StIY) SUORIPUOD pue swie L 83 88S *[2202/TT/0E] uo Ariqiiauliuo Ao Im erexa 4O AiseAIuN Aq T9EY b/200T 0T/I0p/W0d A ImAfe.q 1 BUI|UO SIWL//:SANY W01} Papeojumoq ‘0 ‘X0L8LLYT



	A two-fluid single-column model of turbulent shallow convection. Part II: Single-column model formulation and numerics 
	1 INTRODUCTION
	2 GOVERNING EQUATIONS
	3 THERMODYNAMICS
	4 PARAMETERIZATIONS
	4.1 Turbulence time and length scales
	4.2 Subfilter-scale fluxes
	4.3 Surface fluxes
	4.4 Surface stress
	4.5 Vertical pressure drag
	4.6 Entropy source
	4.7 Molecular dissipation
	4.8 Entrainment and detrainment
	4.8.1 Instability entrainment
	4.8.2 Mixing and relaxation to uniform state
	4.8.3 Forced detrainment
	4.8.4 Net entrainment and detrainment

	4.9 Fixers

	5 DISCRETIZATION
	5.1 Time discretization
	5.2 Space discretization
	5.3 Solver: Overview
	5.4 Linearization: [[math]]--[[math]]--[[math]]--[[math]]--[[math]] subsystem
	5.5 Linearization: Second-moment subsystem
	5.6 Linearization: [[math]] and [[math]] equations

	6 NUMERICAL PERFORMANCE
	7 CONCLUSION

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	ORCID
	REFERENCES
	APPENDIX A. STABILITY ANALYSIS: CONTINUOUS EQUATIONS AND SEMI-IMPLICIT EULERIAN AND SEMI-LAGRANGIAN SCHEMES
	APPENDIX B. DISCRETE AVERAGING AND PRODUCT RULES

