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Figure SPM.2. Global average radiative forcing (RF) estimates and ranges in 2005 for anthropogenic carbon dioxide (CO;), methane
(CH ). nitrous oxide (N,O) and other important agents and mechanisms, fogether with the fypical geographical extent (spatial scale) of
the forcing and the assessed level of scientific understanding (LOSU). The net anthropogenic radiative forcing and its range are also
shown. These require summing asymmetric uncertainty estimates from the component ferms, and cannot be obtained by simple addition.
Additional forcing factors not included here are considered to have a very low LOSU. Volcanic aerosols contribute an additional natural
forcing but are not included in this figure due to their episodic nature. The range for linear contrails does not include other possible effects
of aviafion on cloudiness. {2.9, Figure 2.20}




Cloud microphysics 101



ELEMENTARY CLOUD PHYSICS:

clouds form due to cooling of air (e.g.,
adiabatic expansion of a parcel of air rising

in the atmosphere)

e condensation: water vapor — cloud droplets

heterogeneous nucleation on atmospheric aerosols
called Cloud Condensation Nuclei (CCN); typically
highly soluble salts (sea salt, sulfates, ammonium

salts, nitrates)

only a very small percentage of CCN used by clouds

(i.e., water clouds form just above saturation)
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ELEMENTARY CLOUD PHYSICS, cont.:
e formation of ice particles

heterogeneous nucleation on atmospheric aerosols
called Ice-forming Nuclei (IN); dominates for

temperatures higher than about -40 deg C

(233 K); poorly understood; various modes (contact,

deposition, condensation-freezing)

IN are typically silicate particles (clays) or other
compounds with crystallographic lattice similar to
ice, highly insoluble (contact nucleation) or coated

with soluble compound (condensation-freezing)

IN are scarce, their number depends strongly on
temperature (typically, 1 per liter at -20 deg C, 10

per liter at -25 deg C).

homogeneous freezing is possible once droplet

temperature is smaller than about -40 deg C.
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FIG. 2. Measurements of the maximum ice particle concentrations
in mature and aging maritime (open humps), continental (closed
humps) and transitional (half-open humps) cumuliform clouds. The
line represents the concentrations of ice nuclei given by Eq. (1).




From cloud droplets and ice crystals

to precipitation:

WARM RAIN:
— gravitational collision and coalescence between

cloud droplets
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F16. 5. Time evolution of the initial spectrum for 7= 18 pm, var =0.25.




THE DISTRIBUTION OF RAINDROPS WITH SIZE

By J. S. Marshall and W. McK. Palmer!

McGill University, Montreal
(Manuscript received 26 January 1948)
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Fi1G. 2. Distribution function (solid straight lines) compared

with results of Laws and Parsons (broken lines) and Ottawa
observations (dotted lines).




From cloud droplets and ice crystals

to precipitation:

ICE PROCESSES:

— Findeisen-Bergeron process:  water vapor
pressure at saturation is lower over ice than over
water; it follows that once ice crystal is formed
from supercooled droplet, it grows rapidly through
diffusion of water vapor at the expense of cloud

droplets

— riming: falling ice crystal collects supercooled

droplets that freeze upon contact (graupel, hail, etc).
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Pristine ice crystals, grown
by diffusion of water vapor
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Rimed ice crystals
(accretion of
supercooled cloud
water)

Graupel (heavily
rimed ice crystals)
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Modeling moist processes in the atmosphere:

Gas dynamics for the air with moisture (i.e.,
containing water vapor, suspended small cloud
particles, falling larger precipitation particles);

Thermodynamics for the air containing water
vapor (i.e., phase changes, latent heating, etc).



Gas dynamics for moist air:

Water vapor is a minor constituent:

mass loading is typically smaller than 1%; thermodynamic properties (e.g.,
specific heats etc) only slightly modified,;

Suspended small particles (cloud droplets, cloud ice):

mass loading is typically smaller than a few tenths of 1%, particles are

much smaller than the smallest scale of the flow; multiphase approach is
not required

Precipitation (raindrops, snowflakes, graupel, hail):

mass loading can reach a few %, particles are larger than the smallest scale

of the flow; multiphase approach needed only for very-small-scale
modeling (e.g., DNS).



Thermodynamics:

Moist air Is treated as a perfect gas

Phase changes lead to the release of latent heat and
formation of condensed (liquid or solid) phase of the
water substance (cloud droplets, raindrops, ice crystals,
snow, etc)

Condensed phase is treated as continuous medium, i.e.,
described as density (of cloud droplets, raindrops, etc).

In practice, variables most often used to describe water
vapor and condensate are not densities, but mixing
ratios, i.e., densities normalized by the air density.



First Law of Thermodynamics:

dqg = du—+p dv (1)

dq - heat (per unit mass) added to the system
du - increase of internal energy (per unit mass)
p dv - work (per unit mass) performed by the system

du=¢e, dT, pv=RT, v=1/p, c,+R=¢,

RT
dg =cp dI'— —dp
p

Indtroducing potential temperature as:

Rfcp
§=T (}E)
P

where p,,=const (typically 1000 mb), (1) can be
written as:

(4)




dg . :
where § = & in the heat source per unit mass
[in Jkg=!s™1]
S =0 - adiabatic motions
S # 0 - motions with diabatic processes (heating

due to radiative transfer, phases changes, chemical
reactions, etc)

For phase changes of water substance:

s=r%
di

where L is the latent heat (of condensation,

d
freezing, or sublimation), and d_? is the change of

corresponding water mixing ratio




In the spirit of the
Boussinesq approximation,
moisture and condensate
affect gas dynamics
equations only though the
buoyancy term

= Pog — Zi:—,ﬂ’g-l-----

£

: '
du _ —i'ﬁ’p’ —gk"g— + ...
dt Po Po

For small-Mach number flows (|u| < c,; ¢, - speed

of sound):




Density temperature T;: the temperature dry air has
to have to yvield the same density as moist cloudy air

1+g/e

Ty=T—
? l+q+@

I - air temperature
. . . - _:1: u
g - water vapor mixing ratio (~ 107-)

@ - condensate mixing ratio (cloud water, rain, ice,
— 13
snow, etc.; ~ 107)

1 "y
Ty ::c:T{l—I—(——l)q—Q}
(3

T, ~ T (1+0.6lg — Q)




Modeling of cloud
microphysics



Lagrangian versus Eulerian formulation

Lagrangian:

(1)

Eulerian:

NB: | will often write (1), but in practice always mean (2) to ensure conservation
during advective transport...




Continuous medium approach: apply density as
the main field variable (density of water vapor,
density of cloud water, density of rainwater, etc...)

In practice, mixing ratios are typically used. Mixing
ratio Is the ratio between the density (of water
vapor, cloud water...) and the air density.



mixXing ratio :

4Q _ 14
dt Pa dit




Mixing
ratios
versus
specific
humidities




And we also need equation for the temperature. If onl

. | y
phase changes are included, then potential temperature
equation is:

do L0 dq
dt cpd’ dt

L — latent heat (of condensation, freezing, or
sublimation)

dq i _ .
F — t::ha.nge of (:(:)rresp:::::11{11115@; condensate mixing
dt

ratio




Modeling of cloud microphysics: solving a s%/stem of PDEs
(advection/diffusion type) coupled through the source terms:

fori =1, N :

# - potential temperature
qv - water vapor mixing ratio

) . . .
q,( " - condensed water mixing ratios
S~ sources/sinks for condensed water (phase
changes, transfer from one category to another,

sedimentation, etc.)




|. Bulk models



BULK MODEL OF CONDENSATION:

d§ L6
dt cpd’
dgy
dt

dgq..
dt

Ca

= —Cy

= C|

6 - potential temperature

gy - water vapor mixXing ratio

g - cloud water mixing ratio

L, - latent heat of condensation /evaporation
4 - condensation rate

Note: #/T function of pressure only (= 6,/T,)

(4 18 defined such that cloud is always at saturation,
which is a very good approximation:

g. =0 1f g, <qgy,

g- >0 onlyif g, = qus

where g,s(p, T) =~ 0.622

mixXing ratio at saturation

s the water vapor

e.(T)
p




If §/T = const (shallow convection approximation)

— ¢, - liquid water potential temperature

@ = q, + q. - total water mixing ratio




this really
implies
this...

dp b Le
— + 5 — —_—
ry V-(pbu) = p, c,,:rc"
9p oy
ot

dpog.
ot

+ V- (pogst) = —p,Cy

+ V- (pogm) = p,Cy,




Time stepping is centered in time;

derived from requirement of exact saturation
after adjustment (provided that there is enough
cloud water for evaporation)




For studies of boundary-layer clouds, liquid
water potential temperature and total water are
often used:

L0

0, = § — —¢q. - liquid water potential temperature

Cp :

@ = q, + q. - total water mixing ratio

Need to diagnose O, g, and q_ from ©, and Q to
define buoyancy...

hint: if qc=0: ©,=0 and q,=Q



Practical example: rising
adiabatic parcel

BOMEX theta and gv profiles

298 304
theta (K)




adiabatic parcel profiles (solid)
BOMEX theta and qv profiles (dashed)

304 310 O 10 20 O
theta (K) qv (g/kg)




this really
implies
this...

dp b Le
— + 5 — —_—
ry V-(pbu) = p, c,,:rc"
9p oy
ot

dpog.
ot

+ V- (pogst) = —p,Cy

+ V- (pogm) = p,Cy,




Monotonicity and the MPDATA advection scheme

15t pass - donor cell _ _

2"d'pass — antidiffusive flux (applied using donor-cell scheme)
-standard version: sign-preserving

-FCT version: monotonicity enforced (limiters come from CFL
criteria)




Monotonicity and the MPDATA advection scheme

15t pass - donor cell _ _

2"d'pass — antidiffusive flux (applied using donor-cell scheme)
-standard version: sign-preserving

-FCT version: monotonicity enforced (limiters come from CFL
criteria)

di)

"i'i.fn+1 = ("i’i_rn —|— H ._\f- F“) —I— H ,_\At FH—|—1




Monotonicity and the MPDATA advection scheme for the
coupled system:

dwr
T = F(¥)

i“-l—l (‘bn + = At Fn) + -

£ 0

dp, b Lo

Lo 4

Y V-(pbu) = p, ,,TC
30y
at

aﬂ’ ode
dt

+ V- (pogm) = —p,Cy

—— + V- (pogu) = p,Ca,




analytic
solution

0 LG
%L1 pubw) = 9.

300y
= —2= + Vo (pogout) = = p,Cy

9poge
o —= + V- (poga) = p,Ca,

Ltheta (K)
qv (g/kg)

cd (grkgrs)

400. . 0. 200, 400. 600.

z Iml z Iml

FiG. 1. Analytic selution for the one-dimensional, idealized advection—condensation problem.
The dashed and the solid lines represent, respectively, initial conditions and final results for the
potential temperature (a), the water vapor mixing ratio (b), the ¢loud water mixing ratio (c),
and the condensation rate (d).

Grabowski and Smolarkiewicz MWR 1990




donor-cell
solution

theta (K]

dp b Lg
4 . = —_—
3 V- (pfu) = p, cpTCd

gc [g/kg)
cd (g/kg/s)

90,4
a_rv + V- (pogm) = —p,Cy

apg,

5V (eaa) = poCo, . B . 0 L

‘0. ) 400. g00. 0. 200. 400.
z Im z Iml

FiG. 2. Numerical solution for the test problem using the fractional-time-steps method
with the donor cell advection scheme, '

Grabowski and Smolarkiewicz MWR 1990




jord=2
monotone
MPDATA

theta [K)

dp

Lﬁ
4 v . =] —_—
A* (pfu) = p, CpTCd

s _

‘;;'%+V-(poq‘,u)= = p.Cy | . H#i
p

9pode _ . 1

— - t Velpga) = p,Cy, -

at

gc lg/kg)
cd [g/kg/s)

200. 400. .o, 200,
7 Iml

400.
z [ml

FIG. 4. As in Fig. 3 but with the nonoscillatory MPDATA.,

Grabowski and Smolarkiewicz MWR 1990



jord=2 custom-
designed RH limiter

Lheto (K)

dp b Lg
4 . = —_—
o V- (pfu) = p, cpTCd

9P ol
6_1‘0 + VYV (pogu) = = p,.Cy

9podc

G + V(pogm) = p,Ca,

cd (g'kg/s)

Bs

i
Ll
+

]

200, 400. .o 200, 400,
z Iml z Iml

FIG. 5. As in Fig. 3 but with the nonoscillatory advection-condensation scheme
[limiting coefficients in the FCT procedure as in (A22)].

Grabowski and Smolarkiewicz MWR 1990




iord=2, monotone
MPDAfA invariant
variables

Lheto K]

qc (g/kg)

200, 400. B00.
z iml

FiG. 7. As in Fig. 6 but with the nonoscillatory MPDATA.

Grabowski and Smolarkiewicz MWR 1990




iord=2, monotone
MPDAfA invariant
variables with
custom-designed
limiter for total water

0. U P "
0. . 400. 800,
Z [m]

FIG. 8. As in Fig. 6 but with the monotone advection-condensation scheme [nonoscillatory
MPDATA with the limiter (B4 ) for total water substance inside cloudy air].

Grabowski and Smolarkiewicz MWR 1990




©, q,, q.; iord=1 (donor-cell)

O, q,, q.; iord=2; non-FCT

0, Q; iord=2, custom FCT

Grabowski and
Smolarkiewicz MWR 1990




Evaporation near
cloud edge: see
Grabowski and
Morrison (MWR 2008)
for an approach for
the bulk double
moment scheme...

z Im)

FiG. 8. As in Fig. 6 but with the monotone advection-condensation scheme [ nonoscillatory
MPDATA with the limiter (B4} for total water substance inside cloudy air].
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FIG. 4. As in Fig. 3 but with the nonoscillatory MPDATA.




WARM RAIN BULK MODEL (Kessler 1969):

df  L,6
dt ¢, T

(C4 — EV AP)

dg,
dt

dg.
dt

=—Cq+ EVAP
=Cy — AUT — ACC

dg, 10
= —— R AUT + ACC — EVAP
it = 9z (pgre:) + +

f - potential temperature

gy - water vapor mixing ratio

g- - cloud water mixing ratio

g, - rain water MixXing ratio

' - condensation rate

EV AP - rain evaporation rate

AUT - “autoconversion” rate: g. — g,
ACC - accretion rate: gq., g — gy

v4(g,) - rain terminal velocity (typically derived by
assuming a drop size distribution; e.g., the Marshall-
Palmer distribution N(D) = N,exp(—AD), N, =
107 m™4).




) L0, _ o
9ot +V - (pouf) = ——(Cyq — EVAP)
ot cple |

Pl

= +V - (pougy) = —Ca + EVAP
1t

7, Polc

o +V - (pougq.) =Cyq— AUT — ACC
dtl

A0
*”;f*‘ 4V - [po(u — VEK)g,] = AUT + ACC — EVAP
lr




kinematic (prescribed flow) framework




Cloud water and
rain (drizzle
fields after 2 hrs
(almost quasi-
equilibrium...)

. {km)




Modeling of ice
microphysics



Ice processes:

Ice Initiation iIs the main problem: both primary (typically
freezing of cloud droplets) and secondary (the ice
multiplication problem).

Unlike warm-rain microphysics, where cloud droplets and
rain/drizzle drops are well separated in the radius space,
growth of ice phase Is continuous in size/mass space. Both
diffusional and accretional growth are important.



SIMPLE BULK ICE MODEL (Grabowski 1998):

Equilibrium o 1
approach 4 — op (COND = DIFF)

dg,

(simple extension L — _COND+ DIFF
of a warm-rain e _ cOND — AUTC — ACCR
scheme, coded in at

EU LAG) %{J = %j—z (pgprs) + AUTC + ACCR — DIFF

f - potential temperature
g, - water vapor mi:{ing ratio
g - cloud condensate {water or ice) mixing ratio

g, - precipitation water (rain or smow) mixing ratio
COND - condensation rate (saturation adjustment)
DIFF - diffusional growth rate

AUTC - “autoconversion” rate: g. — g

ACCR - accretion rate: g, ¢y, — ¢p

alpha versus temperature

saturation: gus = aguw + (1 — a)gu;

cloud water: g, = agq,.; cloud ice: g; = (1 — a)g.
rain: g = agp; snow: ¢ = (1 — a)gp

DIFF = DIFF,. + DIFF,

o AUTC = AUTC, + AUTC,

40 <0 0 =0 ACCR = ACCR, + ACCR,

temperature (deg C) ?’Ii.' e ﬁ'tt(Qr) —I' (1 - C}f)tt(qu




SIMPLE BULK ICE MODEL (Grabowski 1998):

Equilibrium o 1
approach 4 — op (COND = DIFF)

dg,

(simple extension L — _COND+ DIFF
of a warm-rain e _ cOND — AUTC — ACCR
scheme, coded in at

EU LAG) %{J = %j—z (pgprs) + AUTC + ACCR — DIFF

f - potential temperature

g» - water vapor mixXing ratio

g - cloud condensate {water or ice) mixing ratio

gp - precipitation water (rain or snow) mixing ratio
COND - condensation rate (saturation adjustment)
DIFF - diffusional growth rate

AUTC - “autoconversion” rate: g. — g

ACCR - accretion rate: g, ¢y, — ¢p

alpha versus temperature

saturation: gus = aguw + (1 — a)gu; I

cloud water: g, = agq,.; cloud ice: g; = (1 — a)g.
rain: g = agp; snow: ¢ = (1 — a)gp

DIFF = DIFF,. + DIFF,

o AUTC = AUTC, + AUTC,

40 <0 0 =0 ACCR = ACCR, + ACCR,

temperature (deg C) ?’Ii.' e ﬁ'tt(Qr) —I' (1 - C}f)tt(qu




Equilibrium
approach

(simple extension
of a warm-rain
scheme, coded in
EULAG)

alpha versus temperature

40 20 0 20
temperature (deg C)

SIMPLE BULK ICE MODEL (Grabowski 1998):

dd L8
dt cpl’
dgy
dt

(COND — DIFF)

= —-COND+ DIFF

dg.
dt
dg, 19

2t = 55 Pasv) T AUTC + ACCR — DIFF

=COND — AUTC — ACCRE

f - potential temperature

g» - water vapor mixXing ratio

g - cloud condensate {water or ice) mixing ratio

gp - precipitation water (rain or snow) mixing ratio
COND - condensation rate (saturation adjustment)
DIFF - diffusional growth rate

AUTC - “autoconversion” rate: g. — g

ACCR - accretion rate: g, ¢y, — ¢p

saturation: gus = aguw + (1 — a)gu;

cloud water: g, = agq,.; cloud ice: g; = (1 — a)g.
rain: g = agp; snow: ¢ = (1 — a)gp

DIFF = DIFF,. + DIFF,

AUTC = AUTC, + AUTC,

ACCR = ACCR, + ACCR,

Uy = att(Qr) + (1 - Cl‘)i.'t(qu




Non-equilibrium
approach (i.e.,
predicting
supersaturation
for temperatures
below 0 degC)

Lin et al. 1983
Rutledge and Hobbs 1984

BULK MODEL WITH ICE MICROPHYSICS:

e potential temperature :

dd L.8._. . L.._.  Lyb.
— = 2kg S S
& o T e T oL

e water vapor mixXing ratio g,:

dg,

=35,
dt

e cloud condensate variables ¢, i = 1, N, (typically,
N. = 2: cloud water, cloud ice):
dq’ :
dt
e precipitating water variables q;_i_,, 1 = 1, N
(typically, N, = 3: rain, snow, graupel/hail):
dg, 190

& = 232 (pgpe) + S,

S — various sources/sinks due to phase changes




Warm-
rain part

Traditional approach to bulk cloud microphysics

(PMLTGE }

_‘I“Fﬂﬂ‘lﬂﬂﬂ DURING MELTING (PMLTEVY)
IMITATION (PINT)

{P"RACI)

.

BERGEROM (PSFW)

AUTOCOMVERSION

PRECIPITATION (=

FIG. 1. Schematic depicting the cloud and precipitation processes included
in the mode! for the study of narrow cold-frontal rainbands.




BULK RAIN/ICE MODEL
(Lin et al. 1983, Rutledge and Hobbs 1984)

E LT_IEE LEEE LfEE-
. g = S S.
+V (p,_.,l.l ] Cpd = 1t CPTE 2+ cpTE

r

S3 + Dy

0poq.
Water vapor 'C;t + V- (pouge) = Ss+ Dy,

Cloud water

Cloud ice

pagr

Ot + V- [Pﬂ(u_-['{ir'k:]q'r] — ST+D:I:-

apa =

Ot + V- [pﬂ(l_l— 1;-'_{5'1{:]"-?5] — SS + Dq,

Ipaag
Graupel ot

(or hail)

+ v ’ [PG‘[:U' - ‘..J:ng:]qg] - SB + ‘D"-:I';;




Non-eguilibrium approach coded up in
EULAG based on Koenig and Murray (1976).
splitting ice field into:

ice A - freezing of cloud droplets (homo and
hetero), and

ice B - freezing if raindrops through
Interactions between ice A and rain.



L.6

Ve 37e

- (COND — REVP) + (DEPA + DEPB + HOMAL1)
(i

p-e ’Cp e
Lfﬁe

+ (RIMA + RIMB + HOMA2 + HETA + HETB1 — MELA — MELB)

c 1,

(1a)

P, G

— +V(p,uq,) =F, = —COND + REVP — DEPA — DEPB — HOMALI

(1b)

9, 4.

~ + V( p,ugq.) =%, =COND — AUTC — RCOL — RIMA — RIMB1
— HOMAZ2 — HETA (1c)

ap, 4,
ar

+ V[ p,(u—V,k)q,] =, = —REVP + AUTC + RCOL + MELA

+ MELB — HETB1 — RIMB2 (1d)

P, q
;r‘ﬂ‘ V[ p,(u —V,k)q,] =%, =HOMA + HETA + DEPA + RIMA

— MELA — HETB2 (1e)

apo dg

v +?[po{u—VBk)qB]=§QBEHETB+DEPB+RIMB—MELB (1f)




COND (g, — ¢g_): condensation of water vapor to form cloud water:;

AUTC (g_ — q,): autoconversion of cloud water into rain (initiation of the rain field):
RCOL (g_— g,): collection of cloud water by rain water:

REVP (g, — ¢_): evaporation of rain:

HETA (gq_.— g, ): heterogeneous nucleation of ice A (freezing of cloud droplets):
HOMA = HOMA1 + HOMA?2? (q.. g. — ¢, ): homogeneous nucleation of ice A:
HETB = HETB1 + HETB2 (g,. g, — ¢g): nucleation of ice B due to interaction of
rain with ice A:

DEPA (g, — g, ): growth of ice A due to deposition of water vapor:

DEPB (g, — ¢gg): growth of ice B due to deposition of water vapor:

RIMA (g_.— g, ): growth of ice A due to accretion of cloud water (i.e.. growth by
riming);

RIMB = RIMB1 + RIMB2 (g.. ¢, — gg): growth of ice B by accretion of cloud
water and rain;

MELA (¢, — ¢,): melting of ice A to form rain; and

MELB (g5 — g,): melting of ice B to form rain.




l. Bin microphysics models

(only for warm rain)



BIN-RESOLVING WARM MICROPHYSICS:

CONDENSATION

Introducing spectral density funetion o(r,t):

. dN(r.t)
Pr,t)= — "
S dr
dN(r,t) is the concentration (per unit mass as
mixing ratio) of droplets in radius interval (v, r+dr).

Continuity equation for growth by condensation:

— o r. T = U
dr |

where 77 growth rate of a droplet with radius r:
(1"

dr  A(T,p) S

dt v

~ Q’;_: . . . .
S = — —1 is the supersaturation; ¢, is the ambient

water vapor mixing ratio; g,s(p,71’) is the saturated

water vapor mixing ratio.




BIN-RESOLVING WARM MICROPHYSICS

NUCLEATION AND CONDENSATION

Continuity equation for nucleation and growth by
condensation:

ot or \ dt

do(r.t) 8 [(dr
—_— + = (_ o lf ”) = -5-;1-;_;_.-_-;{

where S,,,.; is the source associated with nucleation
of cloud droplets (CCN activation).

Shuet adds droplets (typically to the 1st bin) when
the concentration of droplets [ ¢ dr is smaller than
the total concentration for a given supersaturation
S, the latter given by aS®.




Activation of CCN:

N - total concentration of activated droplets
S — supersaturation

N=aS§P



Computational example:

Nucleation and growth of cloud droplets in a parcel of
air rising with vertical velocity of 1 m/s;

60 bins used:

1D flux-form advection applied in the radius space;

Difference between continental/polluted and
maritime/pristine aerosols



supersaluralion (%)

supersaturation (%)

droplet concentration (kg™')

droplet concentration (kg™')

mean radius (microns)

mean radius (microns)

t (sec'),' z (m)




cloud water (g kg™!) N cloud water (g kg™!)
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droplet spectrum (cm™?) droplet spectrum {em™?)
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Andrejczuk et al., JAS, 2004; 2006; 2008-submitted

T=293 K

(both cloud and clear

air)

RH=65Y% g, ..
0.=3.2 glkg ?33

% [cm]

gilaments neutrally
uoyant) u [emig], initial w [cmis], initial
16 bins for cloud
droplets

X |[cm

Velocity scale for low TKE (x10 for high TKE)



Evolution of the cloud water

High TKE

Moderate TKE

1222 EREREERER AR

Low TKE




Laboratory Model

experiment simulation

60 cm 60 cm



Andrejczuk et al JAS
LOW TKE 2006

The percentage
represents the initial
volume fraction of cloudy
air.

Evolution of the number of droplets N and their mean volume
radius r,, both normalized by the initial values



Adding coalescence (code ready to use, but there is an issue with
droplet nucleation, see Grabowski and Wang, ACPD 2008)

BIN-RESOLVING WARM RAIN MODEL:

N
d
i=1

dg S
& =G

E_CPT

fort=1,N:

dg) 18 [ ] NS ) ) )
1 o] 3o o6 -

=1

f - potential temperature
gy - water vapor mixing ratio

* _ cloud water mixing ratio for drops in size bin i
(i=1.N, N ~ 100)

Céi} - condensation/evaporation rate for drops in
size bin i; depends on super/undersaturation S =
Gv/qus — 1 and drop size (%),

F_E_i} - source due to collisions between j and £k
resulting in drops in 1

FE'} - sink due to collisions between ¢ and all other
bins




-Bulk warm rain microphysics is a relatively straightforward and
co_m)putatlonally efficient approach (e.g., just 2 variables for the warm
rain);

-Problems begin for shallow clouds when microphysical details decide
whether precipitation develops or not (e.g., stratocumulus, shallow
convection);

-When coupled to the radiative transfer, information about cloud droplet
size is needed; bulk warm rain model is not able to provide this;

-Detailed (bin-resolved) microphysics solves the above two problems,
but it is very expensive (~100 extra variables) and still leaves some
issues (activation);

-A reasonable compromise is to predict both the mass and the number
of particles (thus, 4 variables used for the condensed water); “double-
moment bulk microphysics schemes”.



lll. Double-moment bulk
models



L EE
rain part

Traditional approach to bulk cloud microphysics

(PMLTGE }

_‘I“Fﬂﬂlﬂﬂﬂ DURING MELTING (PMLTEVY)

INITIATION (PINT)

{P"RACI)

.

BERGEROM (PSFW)

AUTOCOMVERSION

PRECIPITATION (=

FIG. 1. Schematic depicting the cloud and precipitation processes included
in the mode! for the study of narrow cold-frontal rainbands.




In the original approach, only mass of cloud condensate
and precipitation is predlcted.

For the clouds-in-climate problem, however, prediction of
particle sizes is needed (e.g., for radiative transfer). This
can be accomplished by predicting mass and number of
precipitation particles, I.e., the double-moment bulk
scheme. This also allows including more physically-
FFaﬁ)ed representations of water and ice nucleation )(CCN,

Ziegler 1985, Cohard and Pinty 2000, Khairoutdinov and Kogan 2000, Siefert and
Beheng 2001, Morrison et al. 2005

Lets look at warm-rain and ice physics separately...



WARM-RAIN PHYSICS:

cloud water: g, N,
drizzle/rain water: g, , N,

Nucleation of cloud droplets:
link to CCN characteristics

Drizzle/rain development: link
to mean droplet size




Results from a kinematic model of drizzling Stratocumulus
(Morrison and Grabowski JAS 2007)

Droplet Mixing Ratio

0.0 05 1.0 1. 2.0 0.0 0.5 1. 1. 0.0 05 1.0
X (km) X (km)

Bulk ; ' Bulk




Microphysical transformations
during sub-grid mixing

Flexibility to treat any mixing scenario from homogeneous to extremely
Inhomogeneous.

N — droplet concentration
q - cloud water mixing ratio

a = 1: extremely inhomogeneous N; 0;=initial (i.e., after SGS mixing)

oa=0: homogeneous Nf qf—_final (i.e.., after SGS miXing
and microphysical adjustment)

Work is underway to locally predict a...



TRADITIONAL ICE PHYSICS:

cloudice: q;, N,
snow: (s, Ng
graupel / hail: g, , N,



TRADITIONAL ICE PHYSICS:

cloudice: q;, N,
snow: (., Ng
graupel / hail: - q,, N

Is such an approach justified?



The ice scheme should produce various types of ice
(cloud ice, snow, graupel) just by the physics of particle
growth. Partitioning ice particles a priori into separate
categories introduces unphysical “conversion rates” and
may involve “thresholding behavior” (i.e., model solutions
diverge depending whether the threshold is reached or
not).



NEW ICE PHYSICS:

A double-moment three-variable
ice scheme:

Number concentration of ice crystals, N

oON 1 . . _
; + =V [J’jr:e. I[._ll - 1‘"":_-""{ k:'*\] = F Ml
Pa

_— . ,_ Mixing ratio of ice mass grown by diffusion of
+ - ] . [f-’e::. (u— 1‘"@'1{_]*’1’.;1‘.&:;9] =F Gdep water vapor, qdep

,_ Mixing ratio of ice mass grown by riming
= arim (accretion of liquid water), g, .




Ice particle mass-dimension
(m-D) and projected-area-
dimension (A-D) relationships
are based on observed
characteristics of ice crystals,
agg[ePates, and graupe
particles (from aircraft and
ground-based observations).

m = a )"

A=agD"



o+ + -+>(

- Growth by vapor deposition - Growth by aggregation
- Growth by vapor deposition



Stage 1: Unrimed crystal
- Particle dimension and

mass determined by
vapor deposition

a#—+

Stage 2: Partially-rimed crystal

- Particle dimension determined
by vapor deposition

= Mass determined by vapor
deposition and riming

+

Stage 3. Graupel

- Particle dimension determined
by vapor deposition and
riming

= Mass determined by vapor
deposition and riming




Ice particles assumed to follow gamma
distribution (3 parameters: N, 4, 4)

N(D) = N,Dte*P

aN 1

o — +—V - [pa(u—Vyk)N] = Fy
ot Pa ) ’

| N(D)dD

E’qﬁ ep
at

1 . - i
+ _v . [n’-_‘v.'a. (u— 1',;.1{_]';‘..1,_-:;-,] = -F;J,.j_ﬂ.
Pa

qd ep + Grim = 4 = /

JO

m(D) N(D) dD

'f’q rim

1 ) . .
Bt + ‘“T\_' . [1'-711[]-1 - I'lqk?'?i-‘im} = -rq,.,,,._.

- Diaglnosdtic brelatiotr]ship based
—nno-eAtE oL 0o e on cloud observations
U= ALY b"‘n &y ] =~ M =~ §] (Heymsﬁeld 2003)




rimed mass fraction F,:

Orim . Mrim

0 — ice particle grown by diffusion /aggregation
Fy — 1 — graupel (or hail)

0 < F, << 1 — rimed ice particle:
|
n by the mass grown by diffusion mge, = (1—

M = Mypim + Mdep 18 the total mass of ice particle




Parameterization
of ice mass
fallspeed. Note
gradual increase
with the rimed
fraction F,

1 glkg; 3 1L

0.1 glkg; 3 1/L



Example of the application of the new ice scheme: precipitation
development in a small convective cloud: 2D (x-z) prescribed-

flow framework (low-level convergence, upper-level
divergence, evolving-in-time updraft, with weak vertical shear).

20 40 18

i
Figurs 4: Maximum updmic welocicy win the X-2 plane s & function of time for pesk
updrafi sirengih of & m /s [solid) and 2 m/s [docted).




Exam Ie Of reSUItS: Cloud Water Mix Rat Rain Mix Fot
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maximum at each level 2500 |
2000 F
15800

Rimed Mass Fraction 1000 F
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200t 1 F i
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MNumber Concentration
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2500 ¢
2000 g 20 40 &0 80
1500+ Time (min)

1000 ¢
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0
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Representation of convection in large-scale models of
weather and climate used to be the key issue in the past...

However, continental-scale cloud-resolving (or
“convection permitting”) numerical weather prediction
(e.q., using WRF or COSMO models), climate modelin
usmg super-parameterization, and development of global
cloud-resolving models (e.g., at Japan’s Earth Simulator)
suggest that the emphasis in the future will be on the
representation of cloud microphysics (and perhaps other
small-scale processes, like turbulence).
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