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MOTIVATION

Resolution of NWP models is increasing

e There is in increasing likelihood of grid-scale
saturation

The role of explicit microphysics schemes
IS becoming increasingly important



MOTIVATION
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Halil is one of Canada’s most
costly natural disasters

Source: Etkin and Brun, 1999 (Journal of Climatology)



MOTIVATION

Resolution of NWP models is increasing

e There is in increasing likelihood of grid-scale
saturation



MOTIVATION

Resolution of NWP models is increasing

e The ability to resolve convection is increasing

Can hail sizes be explicitly predicted
by an operational NWP model?



OUTLINE OF PRESENTATION

1. Background on microphysics parameterization
2. Comparison of methods to analytic solutions

3. Comparison in full 3D simulations



1. BACKGROUND ON MICROPHYSICS
PARAMETERIZATION



One of the goals of NWP model:
Predict the effects of the clouds




MODEL GRID:
(hypothetical NWP model)
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Single cloudy grid element:

CLOUDY

O EXPLICIT
(saturated) SCHEME




Single cloudy grid element — interaction with NWP model:

INPUT:
W, T’ p? qv




MICROPHYSICAL PROCESSES in the cloudy grid element
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Single cloudy grid element — interaction with NWP model:

Cold - based Warm- bosed
Continental Clouds Maritime Clouds

Supply of water va Supply of water vapor

of the l ose- ose

= e OUTPUT:

INPUT:  Latent heating

w, T, p, q, ., * Hydrometeors

de, Os G, --- (cloud, rain, ice,...)
A - qC’ ql” ql’ -




Single cloudy grid element: Slight magnification

‘ = cloudy (saturated) air



Single cloudy grid element: Extreme magnification
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Single cloudy grid element: Extreme magnification




1 m3
(unit volume)

[e.g. Cloud droplets]

(not to scale)
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[e.g. Cloud droplets]

(not to scale)



1 m3
(unit volume)

[e.g. Cloud droplets]

(not to scale)
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(Example of observed
cloud droplet spectrum)
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[e.g. Cloud droplets]
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Representing the size spectrum
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1 m3
(unit volume)

[e.g. Cloud droplets]

(not to scale)

Representing the size spectrum
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Gamma Distribution Function:

N(D)=N,D“ e

Varying A: Varying N:
(N, and o constant) (A and o constant)
8 8
3]
o, \
Z
(@)}
o)
2 |
- 0
1 2 3 4 5 0 1 2 3 4 5
D [mm] D [mm]

INCREASING
VALUES
(of A, N, and a)

Varying a:
(Q" and N, constant)

" Q = pg (mass content)



BULK METHOD

Total number concentration, N,

Ny, = [N,(D)dD =M, (0

N,(D)

o
7
/
./

\\ Hydrometeor
\,,-\ Category x

ooooooo

Mass mixing ratio, g,

.....................

g, = P« [D*N,(D)dD =P M, (3
60 4 60

Radar reflectivity factor, Z,
_ 6 —
Size Distribution Function: Zx = I D NX(D)dD =M x(6)
0

N (D) = N, D%e™*"

r1+a,+p)
p+it+a,

pth moment: M X(p) = J: DpNX(D)dD — NOX




BULK METHOD

Predict changes to specific
Total number concentration, N,

moment(s)

e.d. d,, N, ... _ T

g Gy Ny Ny, = [N, (D)dD =M, (0)
0
l Mass mixing ratio, g,
Implies changes to values of =ET DN, (D)dD = P M. (3)
parameters " ep X 6p "
0
l.e. Ng,, A, ...

Radar reflectivity factor, Z,

Size Distribution Function:

N (D) = N, D%e ™"

Z = T D°N (D)dD =M, (6)

- +a. +
pth moment: M.(p) = jo DN _(D)dD = No, r(l/]pii(a p)

X




BULK METHOD

Predict changes to specific
moment(s)

e.d. d,, N, ...

l

Implies changes to values of
parameters
l.e. No A, -

For every predicted moment, there
IS one prognostic parameter.

All other parameter are prescribed

or diagnosed.

Size Distribution Function:

N (D) = N, D%e ™"

€.J. One-moment scheme:
q, Is predicted,
- A, is prognosed
(No,and a, are specified)

Two-moment scheme:

q, and N, are predicted;

- A, and N,, are prognosed,;
(a, is specified)

Three-moment scheme:
d,, N, and Z, are predicted;
- A, Ny, and a, is prognosed

pth moment: M X(p) = jom DpNX(D)dD — NOX

r1+a,+p)
p+it+a,




T<0°C*

* (May contain traces of supercooled water)
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T<0°C
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T<0°C
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T<0°C
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PARTITIONING THE HYDROMETEOR SPECTRUM

LIQUID WATER

GRAUPEL




PARTITIONING THE HYDROMETEOR SPECTRUM
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BULK METHOD

CLOUD ICE

N.(D) = NOCDVC(lJraC)_lexpl__ (ACD)VC] N. (D) = N, D% g AP

GRAUPEL

D

Nr (D) - NOr D e_/‘rD Ng(D) = NOg Dag e_ﬂg

PARTITIONING THE HYDROMETEOR SPECTRUM

SNOW

Nh(D) — NOh Da,h e_/‘hD



The Multi-Moment Microphysics Scheme *

Six hydrometeor categories:
— 2 liquid: cloud and rain
— 4 frozen: ice, snow, graupel and hail

~50 distinct microphysical processes

warm-rain scheme based on Cohard and Pinty (2000a)

iIce-phase based on Murakami (1990), Ferrier (1994), Meyers
et al. (1997), Reisner et al. (1998), etc.

diagnostic-a, relations added for double-moment version*

predictive equations for Z, added for triple-moment version*

" Milbrandt and Yau, 2004 [J. Atmos. Sci. (accepted)]



The Multi-Moment Microphysics Scheme
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SEDIMENTATION

Hydrometeor Categories:

LIQUID Density Fallspeed*
Cloud 1000 kg m-3
Rain 1000 kg m=3 6.0 m st
SOLID
Ice 500 kg m3 0.5ms?
Snow 100kgm= 15mst?
Graupel 400kg m=2 3.0ms-t
Hail 900 kg m2 10.0m s?

* e.g. for a mass content of 1.0 g m
and a prescribed concentration

Nx (D) = NOX Dax e_/]XD

(forx=c,r,1,s,q, h)




2. EVALUATION OF BULK APPROACHES —
COMPARISON TO ANALYTIC SOLUTIONS



Evaluation of the various bulk methods
How many moments should be used?

PREMISE:

The most important function of a microphysics
scheme (in NWP) is to predict hydrometeor mass.

DRIVING QUESTION:

How much better are higher-moment schemes
at predicting hydrometeor mass?



DRIVING QUESTION: How much better are higher-moment schemes at predicting
hydrometeor mass?

Mass continuity equation:

0qQ 1 - - 1 0 — dg

X = ——[] U) + TURB + ——|pg V. | + —X
3t p Eﬁpqx ) (a,) p az(pqx xq) it |-
| | | | | | |

MODIFIED DRIVING QUESTION:

How much better are higher-moment schemes at predicting
SEDIMENTATION and SOURCES/SINKS ?



SEDIMENTATION:

Analytic bin model calculation:
(1D column)

1. Prescribe Q(2): 2. Compute N(D;, 2):

[from a prescribed distribution]

o

Z 5+
(km) log N(D)
0 I ;
0 1 D,
Mass [g m~] D

3. Compute locations of each particle after sedimentation for time t:
V,(D,) =aD”
z(t) = z(0) - V{(D)) 4

For every size bin i



SEDIMENTATION:

Analytic bin model calculation:

(1D column)
Mass Total Number Equivalent Mean-Mass

Content Concentration Reflectivity Diameter

=

60

Ze [dBZ] Dy, [mm]

Contours every 5 min




SEDIMENTATION: Bulk scheme

_3(mV,)
SEDI az

oq,
ot

V,,= mass-weighted fall velocity

oN, | _ 3NV, )
ot |op, 0z

V., = humber-weighted fall velocity

9Z,
ot

V . = reflectivity-weighted fall velocity

SEDI az

SM

DM

™



SINGLE-moment scheme (SM):

10
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ANALYTIC BIN model (ANA):

80
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DOUBLE-moment scheme, fixed a = 0 (FIXO0):

0.5

Qlg m7]

2.0 . 40
Ny [m-9] Z, [dBZ]




TRIPLE-moment bulk scheme (TM):

0.5 : =20 a0 &0
Q[g m] Ny [m]

ANALYTIC BIN model (ANA):

[km]

80

Qg m7 Ny [m-]

Z, [dBZ]

0 . 2.0 . 40 . 60
Z, [dBZ]




From TRIPLE- MOMENT sedimentation profiles:

Mean-mass Diameter Shape Parameter

10.0 g : : . 6

8.0 H.. i

6.0 [ W\ % o B

y4 \,\" '*,‘_ .
kml AN [

4.0 |- "x.‘/‘ 1

20 | 1

0.0 L ] L1 Y| |

0.0 10.0 20.0 30.0
D,, [mm] o

Contours every 2 min




From TRIPLE- MOMENT sedimentation profiles:

25 - . - .

o
8 min

TiME  e— 6 min

AS D,, INCREASE, a
INCREASES

15 20 25

Mean-mass diameter, D, [mm]



DOUBLE-moment scheme, a =f (D,,) (DIAG):

0 e e
0.0 0.5 1.0 0 20 40 60 80
Q[g m] Ny [m]

ANALYTIC BIN model (ANA):

80 . 2.0 . 40
Z, [dBZ]

Qg m7 Ny [m-]



SEDIMENTATION BULK vs. ANALYTIC

Analytic model:

~
~.
-
~
~—

DOUBLE-

SINGLE- > MOMENT
MOMENT Fixed a =0
0.0 >‘ 0:5 — 1.0 00.0 0.5 1.0
Q[g mJ] Q[g mJ]

Mass
Content

'DOUBLE-
MOMENT

TRIPLE- |

0
0.0

2 .

Diagnosed a MOMENT

= ‘0:5‘ = .1.0 00.0 0.5 1.0
Qg m3 Qg mJ]



GROWTH RATES

MICROPHYSICS SOURCES/SINKS

CONTINUOUS COLLECTION

OF CLOUD WATER (CL,,):

N(D)dD

2

”Z V(D)E, 00, = (7747 Excmchz*b*

j TDZ”’XN(D)dD

da, :Tdm@)
dt o, 5 dt o
dm(D)
dt |
dg T
X - _E
dt | (4 ok
d
o | Y%
dt |

0 Mo,

[M.(p) =] D°N,(D)aD ]
The p" moment of N, (D)



GROWTH RATES

A scheme'’s abillity to predict the growth rates

depends on its ability to compute the value of

certain moments [ranging from M.(b,) to M, (2+b.)]

e.g. The accretion rate for hail (CL,) is proportional to M, (2.6)

V,(D) = ya D"

HAIL
b, = 0.6




GROWTH RATES

RECALL.:
Analytic bin model calculation for sedimentation:

Mass Total Number

Content Concentration Reflectivity

10 y y y ?

1.0 80 0 20 40 60

Q [g'm'S] Z. [dBZ]

Q N
At each level: NT} —_—> { 1 —> M(2.6)_BuLk
z o



GROWTH RATES (e.g. CL,,)

Ratio of Growth Rates:

10|

(km)

o] —

2 min

ANALYTIC
SM
DM_FIX_0
DM_FIX_3
DM_DIAG
™

10

M, (2.6)_BULK

M, (2.6)_ANAL

CL, BULK M, (2.6)_BULK
Cleh ANAL M, (2.6)_ANAL
- 10 - !!. ".’ -l
: ! .'
z ,f ,'
(km) ! }
. 5 :
i S5t i : .
! !
I ] ]
! !
] ]
! ! -
i ! :
' i ! 8 min 1
e O.;_....|!....|L......l.....;,
1.2 0.8 1.0 1.2

|\/|h(2.6)_.BULK
M, (2.6)_ANAL

(e.g. Aratio of 0.95 = growth rate underestimated by 5%)



GROWTH RATES (e.g. CL,,)

psp1  — 10

PSD2 —_—

[km]

10

PSD3 = 5

[km]

log N(D)

PSD1

0.03

.05

log N(D)

1 PSD2

log N(D)

0.8 1.0 1.2
B I,':'l..‘l LI L
""" . —— DIAG |
8 min
0.8 1.2

M, (2.6)_BuLK [ M, (2.6)_ANA

Y

PSD3

002 003
D [m]



3. EVALUATION OF BULK APPROACHES —
COMPARISON OF 3D SIMULATIONS

PART I: TRIPLE-MOMENT CONTROL RUN



CONTROL SIMULATION

MODEL.:

Canadian MC2 mesoscale model (v4.9.5)

- non-hydrostatic, fully compressible

- initialized with GEM-24 km regional analysis
- triply-nested to 1-km grid

- interfaced with new microphysics scheme
(triple-moment version for CONTROL SIMULATION)

CASE:

14 July 2000 “Pine Lake storm”, Alberta, Canada
- long-lasting supercell

- well-observed by nearby radar

- large halil observed




CONTROL SIMULATION

MC2 Grid Configuration:

12;m DOMAIN NOTE: No CPS, perturbation, or

nudging was used to initiate the
convection

A=

ALBERTA

% o 3-km DOMAIN

R
_ 1-km DOMAIN

W

Model Nesting Times

14 JULY 15 JULY
; 12 km

-y

3 km —

] i . —lkm——> i
1 | N II N H ! ' ' !I N ! ' ' :
I t L T T T T T T T 1
12 18 uTC 00 06

N __




CONTROL SIMULATION: Accumulated Total Precipitation

O RADAR

1-km SIMULATION:
Accumulated TOTAL Precipitation

[ T .;%i). =

1-km CNTR C—




CONTROL SIMULATION: Hail Swath

RADAR:
Composite of Maximum VIL
VIL > 27 kg m? = LARGE HAIL

O RADAR

1-km SIMULATION:
Accumulated SOLID Prec:lpltatlon oo | /
: ° @ -

< -

= =
SE .
_ o 00 AT 8:00 pm
Z C= " 2 & 7 ﬁ@@;
P =_etee e 50 km

1-km CNTR C—




CONTROL SIMULATION: Storm Structure: REFLECTIVITY

RADAR: 1-km SIMULATION:
0030 UTC [6:30 pm] 4:30 h [6:30 pm]

COMPO

114:307 114

I_Q 4//

Maximum: 63.6 dBZ




CONTROL SIMULATION: Storm Structure: HOOK ECHO

RADAR: 1-km SIMULATION:
0030 UTC [6:30 pm] 4:15 h [6:15 pm]

Reflectivity CAPPI (2 km) Equivalent Reflectivity (750 hPa)




Schematic of a Classic Supercell:
(Modified from Lemon and Doswell, 1979 MWR)
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CONTROL SIMULATION: Validation

The following radar observations were correctly simulated:

* time of appearance of the first-echo
» propagation speed and direction (relative to steering-flow)

» reflectivity structure of the supercell
— spatial dimensions
— low-level mesocyclone
— maximum reflectivity values

e precipitation track and accumulated quantities

e hail at the surface (before 7:00 pm)



CONTROL SIMULATION: Hail Sizes

How can the maximum hail sizes at the ground be inferred?

A *

D
. LARGE
HAIL

log N, (D)

These distributions N, (D)= ID* N(D)dD
have identical mean

diameters (D,,)

>

D

Flux of large of hail (D > D):

R, (D')=N, (D)W (D)




CONTROL SIMULATION: Simulated Hail Sizes

At 5:45 pm (simulation time 4:45 h):

D*=2cm

R.*(2 cm) =5.0x10? m2 st
or,

1 hailstone D > 2 cm per 20
m? every 20 seconds

OBSERVABLE

D*=3cm

R,*(3 cm) = 2.3x10* m2 st
or,

1.4 hailstones D > 3 cm per
100 m? every 1 minute

NEGLIGIBLE

MAXIMUM:

Walnut-sized (2 — 3 cm) hail was simulated

Golf ball-sized (3 — 4 cm) hail was observed




3. EVALUATION OF BULK APPROACHES —
COMPARISON OF 3D SIMULATIONS

PART Il: SENSITIVITY EXPERIMENTS



SENSITIVITY EXPERIMENTS:

List of Runs

1. TRIPLE-MOMENT (control simulation)
2. DOUBLE-MOMENT with DIAGNOSED-qa,
3. DOUBLE-MOMENT with FIXED-a, =0

4. SINGLE-MOMENT

ALL RUNS USE DIFFERENT
VERSIONS OF THE SAME SCHEME




SENSITIVITY EXPERIMENTS: Maximum hail sizes (at surface)

3 —4 cm (Golf ball-sized ) hail was observed
[at 5:45 pm, time of maximum hail rate in CONTROL RUN]

TRIPLE-MOMENT DOUBLE-MOMENT
Diagnosed a

2 — 3 cm (Walnut-sized) 1 -2 cm (Grape-sized)
SINGLE-MOMENT DOUBLE-MOMENT
Fixed a=0

4 —5 cm (Baseball-sized) 8 — 9 cm (Grapefruit-sized)

Hi
e
i
[




SENSITIVITY EXPERIMENTS: Egquivalent Hail Reflectivity

700 hPa:

Local time: 6:30 pm
(Simulation time: 4:30 h)

Zeh [d BZ]

%"@-@”

ISO
40
30

20
10

ISO
40
30

20
10

0 Fixed a =0

DOUBLE- I\/IOMENT

I 50
40
30
20




SENSITIVITY EXPERIMENTS: Equivalent Hail Reflectivity,

50 -
40
30 -
20-

- Diagnosed a

Z.. [dBZ]
Local time: 6:30 pm eh
(Simulation time: 4:30 h)
TRIPLE-MOMENT 63.6 dBZ o] [ POUBLE-MOMENT | g3 6 dBZ .

50 7

SINGLE-MOMENT
10 km

0 km 25 km

68.3 dBZ

50 km

i ]
E I
. § S 0 7

75 km

| DOUBLE-MOMENT

100 km

83.9dBZ

I80

MAXIMUM VALUE




SENSITIVITY EXPERIMENTS: Hail Mass Content,

Qp [g m™]

Local time: 6:30 pm
(Simulation time: 4:30 h)

" TRIPLE-MOMENT

5.51 g m-3

Dashed contour: 0.1 g m™

| DOUBLE-MOMENT | 5,58 g m-3

P 11 Diagnosgp_l_,g B

N
.

1 | DOUBLE-MOMENT | 4.91 g m-3 _
W, | |[Fixeda=0 " b

MAXIMUM VALUE




SENSITIVITY EXPERIMENTS: Hail Number Concentration
log Ny, [m~3]

Local time: 6:30 pm
(Simulation time: 4:30 h)

- TRIPLE-MOMENT | 5 18 1 [ DOUBLE-MOMENT | 4.07
L i ;Diagnoseda

3.5 -

- SINGLE-MOMENT | | bouBLE-MOMENT

 Fixeda=0 i
' 35 -
3.0 7
25 1
2.0

Dashed contour: 1.0 m3

MAXIMUM VALUE




SENSITIVITY EXPERIMENTS: Large Hail Concentration,
N, *{1 cm} [m-]

(grape-sized or larger)

Local time: 6:30 pm
(Simulation time: 4:30 h)

- DOUBLE-MOMENT | 0.79 m-3
- Diagnosed a

- TRIPLE-MOMENT | 1.03 m-2
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P ] _ Y
i “"’“"Wl 0 ! i
SRRt || L, - - | ’
Y & - | = ! -7
| =7, A - — : e d
v b - L p s
{ ; .

- SINGLE-MOMENT | 1.76 m-3 Wi | DOUBLE-MOMENT | 0.68 m-3 _

: 121 | Fixeda=0 06-
1.1 )
i 02
07 - 0.3
0.6 1 0.2 1
0.5 01:
03 - R
02 B ]
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SENSITIVITY EXPERIMENTS: Mean Hail Diameters,

. Dmh [mm]
Local time: 6:30 pm
(Simulation time: 4:30 h)
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SENSITIVITY EXPERIMENTS Maximum precipitation rates
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SENSITIVITY EXPERIMENTS:

6-h ACCUMLATED TOTAL PRECIPITATION

[mm]
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SENSITIVITY EXPERIMENTS:
6-h ACCUMLATED SOLID PRECIPITATION
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CONCLUSION

Overall Ranking of Bulk Schemes
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The coalescence process
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Bin-resolving coalescence model
(from Berry and Reinhardt, 1974)




Single-moment:
(Kong-Yau)

Mass-weighted
fallspeed of GRAUPEL/HAIL

1 2 3

Mass content [g m3]
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Note: p,=

1 kgm3

Double-moment:
(Milbrandt-Yau)
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1. Develop an appropriate technique

Overview of the bulk parameterization method

Standard double-moment method:
N, (D) = N, D exp(- A, D)

Predict changes to Q, and N,

Implies changes to values of the Ny, and A,
(a, is held constant)



1. Develop an appropriate technique

Alternative bulk methods:
N, (D) = N,, D% exp(- A,D)

1. Diagnostic- a, (double-moment)
- Oy = f (Qx’ NTX)

2. Prognostic- a, (triple-moment)
- a third moment must be predicted
e.g. add dZX/dt equation



CONCLUSIONS

1. The relative spectral dispersion plays an important
role in bulk microphysics schemes

2. For the overall QPF, storm structure, hydrometeor
values, and the simulation of hail sizes:

SINGLE- o DOUBLE- DOUBLE-  ~  TRipLE-
MOMENT MOMENT MOMENT = voMENT
Fixed-a Diagnosed-a

THANK YOU




