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Inert Tracer Calculated
from GCE model: Low-
level tracer transported to
upper atmosphere by
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The goal of Investigation of Convective Updraft Mission (INCUS) is to quantify
relationship between microphysics and storm dynamics linked through
updraft/downdraft cores, using cloud-resolving model simulations.

One of the key Atmosphere Observing System (AOS) Mission s scientific goals Is
to examine the relationships between vertical velocities and resulting liquid
and ice hydrometeor species. The AOS Mission will allow us to address such
goals through the first ever: (1) global observations of updraft and downdraft
convective storm velocities and (2) global collocated observations of the
microphysical and dynamical properties of convective cloud systems.

The goal of this modeling study Is to quantify relationship between
microphysics and storm dynamics linked through updraft/downdraft cores.



Motivation (W-velocity)

Why do this? Improving weather and climate prediction require our
understanding of physical processes (NASA Decadal Survey). Currently we
do NOT have a way of directly measuring microphysical processes.
Measuring vertical velocities in cloud updrafts and downdrafts will enable
us retrieve these processes.

Why now? Doppler Radars, which are the main remote sensing instrument
to measure air velocity, are increasing available. EarthCare and NASA’s
upcoming AOS (Atmosphere Observing System, collaborations with
JAXA) Mission will carry a space-borne Doppler Radar and will be able to
observed vertical velocity globally.



What Is cloud model, cloud ensemble model, cloud resolving model,
cloud-system resolving model, or cloud (convective)-permitting model?

* Non-hydrostatic (same order in W and U/V) —
Anelastic or Compressible

* Horizontal resolution (< 1 km)

 Cloud and microphysics (liquid/solid)

 Turbulence (LES — lower order)

* Large-domain (MCSs)

 Radiation (no need for cloud overlap assumption)

» Surface processes

 Aerosol (indirect and indirect)



Goddard Cumulus Ensemble Model (GCE)

(1989-Present; over 150 papers)
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GCE Model Description:
Tao and Simpson (1993)
Tao et al. (2003),

Tao (2003)

Tao et al. (2014)

CRM review paper:

Tao and Moncrieff (1999 — Geophy Rev)
Aerosol review paper:

Tao et al. (2012 — Geophy Rev)

May write a review paper on
CRM



Evolution of GCE Model Development and Microphysics Schemes

1989 Saturation Adjustment Tao, Simpson, McCumber

2D and 3D
1993 Anelastic & Compressible Tao
Stretched Grid (V+H)

1994, 1998, 2007, 2011, 2014 4-Classes Microphysics S. Lang, B. Ferrier
TOGA COARE Flux Ocean Surface Y. Wang
Land (PLACE) B. Lynn
Radiation Tao, Sui
e e
Spectral bin microphysics X. Li, D. Johnson
Aerosol (IN, CCN) X. Zeng. X. Li
_ Unified GCE T. Matsui

2018 Added: RAMS, Morrison
Coupled to global model J. Chern
LES mode X. Li, T. Matsui
Tracer transport & Trajectory Tao
2-M 4 Class Ice Chung/NCU



CRM Simulated heating (LH, Q,, Eddy Transport and Q;-Qg)
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Observed large-scale advective tendencies of potential temperature, water vapor

mixing ratio, and horizontal momen

tum were used as the main large-scale forcing in

the GCE model In a semi-prognostic MannNer (Soong & Ogura, 1980; Soong & Tao, 1980; Tao & Soong,
1986). A major characteristic of this approach is that ensembles of clouds can be generated
by the “observed-prescribed forcing.” The large-scale advective tendencies for potential
temperature and water vapor mixing ratio qv,

A
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were derived every 3 hr from the DYNAMO (Equatorial Indian Ocean) and GOAmazon
(Amazon Basin) sounding networks. Since accurate calculations of the large-scale horizontal

momentum forcing terms are difficult to

obtain from observations in the tropics, these terms

were instead replaced by a nudging term:

(
(

Many other CRMs have also
used this approach.
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//’xeases\for GCE Model Simulations (globally)
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DYNAMO

DYNAMO Nov-—Dec 2011 Observed
Large—scale Temperature forcing (K/day)

DYNAMO Nov-—Dec 2011 Observed
Large—scale Q2 forcing (g/kg/day)
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Differences in large-scale advective forcing and Relative humidity

Height (km)
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3ICE:

Tl 0 | Cie | Rewion | GridPoms | Micropinsic

Rain D4ICE DYNAMO 1000 m 512 41CE

Cloud ice D4ICEH DYNAMO 250 m 2048 41CE

Snow

Graupel D3ICE DYNAMO 1000 m 512 3ICE
D3ICEH DYNAMO 250 m 2048 3ICE

41CE: G4ICE GOAmazon 1000 m 512 41CE

Cloud water G41CEH GOAmazon 250 m 2048 41CE

Rain G3ICE GOAmazon 1000 m 512 3ICE

Cloud ice G3ICEH GOA 250 2

Snow - mazon 50 m 048 3ICE

Graupel

Hail

The eight experiments conducted for this study. Experiment nomenclature, cases (DYNAMO
and GOAmazon), horizontal model grid resolution (250 vs 1000 m) number of grid points (512
vs 2048), and the microphysics parameterization (3ICE vs 41CE) for each experiment is shown.

Each Experiment is integrated with a 15-day simulation.
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DYNAMO Nov 13 — Dec 13, 2011 GOAMAZON Feb 14 — Mar 26, 2014

20 T T 20
18 . 18 (
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Good agreement between modeled and sounding estimated Q, for both
(DYNAMO & GOAmazon) cases
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percentage (%)
DAICE 204.22 118.33 85.89 :
D4ICEH 201.79 118.63 81.16
D3ICE 202.06 113.63 88.52
D3ICEH 201.03 116.21 84.82
G4ICE 129.47 85.80 43.67
G4ICEH 128.14 86.72 41.42
G3ICE 128.20 82.53 45.67

G3ICEH 128.98 85.83 43.15

42.06
41.21
43.76
42.19
33.73
33.32
35.62
33.45

Total, convective and stratiform simulated rainfall for the DYNAMO and
GOAmazon cases. Sounding estimated rainfall is 119.36 mm and 197.85 mm for
18 the GOAmazon and DYNAMO case, respectively.



Sensitivity to resolution (250 vs 1000 m) and microphysics (3ICE vs 41CE)

DYNAMO . L
oeio0 &) case There is small sensitivity in terms of mean

hydrometeor (rain, cloud ice, and snow) due

to the same large-scale forcing used.
(b) GOAmazon case
1.00E-02 1.00E+00
Hydrometeor
1 00E-03 i‘ : 1.00E-1
1.00E-04 1.00E-02

Cloud Water Rain Water Cloud lce Snow Graupel Hail
D3ICE mD3ICEH wD4ICE wD4ICEH

1.00E-03
graupel) Is sensitivity in model |
1.00E-04

Mean hydrometeor (cloud water and
reSOIUtion than microphySiCS. Cloud Water Rain Water Cloud Ice Snow Graupel Hail

19 G3ICE wG3ICEH wG4ICE wG4ICEH

Hydrometeor water path {km m-2)

Hydrometeor water path (kg m=)



Sensitivity to resolution (250 vs 1000 m) and microphysics (3ICE vs 41CE)
(a) DYNAMO case

rooset Condensation, evaporation and
e Microphysical deposition. rate are dominate; and
= Heating Rates more sensitivity in model resolution
I than microphysics
8 3.00E-04
E 2.00E-D4 I“ |‘| (b) GOAmMazon case

0.00E+00
Condensation Evaporation Deposition Sublimation Freezing Melting

D3ICE =D3ICEH =D4ICE = D4I1CEH
3.00E-D04

There iIs some difference in terms of 2 00E04

mean microphysical rates (condensation, £

evaporation, deposition, sublimation, o I“ T [ |||
freezing and melting) due to the same 000400 ondensation Evaporaton Depostion _ Subkmation _ Freezing  Mesing
0 large-scale forcing used. C T e

Heating Cooling Rate (Wm#)



Microphysical Processes in an idealized mesoscale convective system
(Convective / Stratiform region)

Houze, 1989: Observed structure ot mesoscale convective systems and implications for large-scale heating. Quart. J. Roy. Meteor.

Soc., 115, 425-461. - CONVECTIVE * | ——
REGION | REGION
- : T _

(_- /f 1 I 7
N [ % | /
_ T sublimation

N\ {*\ <—— Mean Ascent ,”
. KT | l (10'scm/s)
"SNOW*" } D F
GENERATION '\, ( ¥% H‘\S\L o
ANDGROWTIiﬁ\ A/ -12°C
:I; Feables \s freezing . N e
g 5 - melting NG, : ,
: ? |< ML LT TH RADABF?AEFI;IGHT
| Q.L. evaporation ON: f "F |
' : iy ' 'CW , I Mean Descent
: ‘ ' l ll l” l‘! (10'scm/s)
_V — SURFACE
i i . .o
Convective Rain Stratiform Rain

Schematic of a microphysical processes associated with a tropical mesoscale convective
system in its mature stages. Straight, solid arrows Indicate convective updraft, wide, open
arrows indicate mesoscale ascent and subsidence in the stratiform region \Where vapor

21 deposition and evaporation occur. Adapted from Houze (1989).
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DYNAMO
41CE, Dx=250m

Stratiform Region

Distribution of microphysical heating
rates by vertical velocity bins

Large evaporation/sublimation
In stratiform downdrifts

Most freezing/melting
In stratiform downdrafts

Small condensation/deposition
In stratiform region
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GCE (Goddard Cumulus Ensemble) Model

2D model domain of 512 km with observed large-scale forcing

15-day simulations for two case studies (DYNAMO and GOAMAZON)

Two resolutions: 1000 m and 250 m

Two microphysical schemes: 3ICE (ice, snow, graupel) and 4ICE (+hail)

| Cloudy (= 0.01g/kg) |

| Updraft (w=>0) |

Tao, W.-K., J. Simpson, and S.-T. Soong,

1987: Statistical properties of a cloud
ensemble: A numerical study. J. Atmos.
Sci., 44, 3175-3187.

I Downdraft (w< 0) I

Active Inactive
strong (w = 2m/s) w<lorw<?2

moderate (w = 1m/s

Active
strong (w < -1m/s)
moderate (w<-0.5m/s)

Inactive
w=> —0.5 or
w = -1
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Total 6.25E-04 3.22E-04 3.88E-04 2.37/E-04  1.03E-04 9.02E-05
Updraft 99% 16% 96% 9% 65%0 95%
w > 1 mst 83% 1% 46% < 0.5% 43% 5%

w > 2 mst 66%0 <0.01% 32% <0.1% 29% 58%0
Downdraft <1% 84% 4% 90% 35% 5%

WESSRRNEEY < 0.01% 48% <0.001% 44% 17% 3%
WESSRNEES < 0.001% 33% <0.0001% 24% 9% 1%

Domain and time averaged vertically-integrated LH change rates (W m-2) for the
whole domain, updraft and downdraft regions in the DYNAMO 4ICE simulation with
250 m model resolution. The values for the updraft and downdraft regions are
percentages of the total amounts.



Total 4.57E-04 2.12E-04 1.52E-04 9.48E-05 6.54E-05 6.48E-05
Updraft 99% 11% 97% 9% 77% 96%
w>1ms? 72% < 0.5% 52% <05%  42% 62%
w>2 ms? 51% < 0.1% 35%  <0.01%  23% 36%
Downdraft 1% 89% 3% 93% 23% 4%
TEERENEE < 0.01% 49% < 0.1% 43% 10% 2%
YEET S < 0.001% 31%  <0.01%  23% 50 1%

Same as previous table except for the GOAmazon case.

26
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Alitude (m)

Alttude (m)

Alttude (m)

(a) DYNAMO 250m 4ICE: Condensation (K/hr)

—aill cloud — -moderate active cloud - - active cloud
14000 | | |
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G000 -
== ""‘—-——'r—_-_,—._—— — 3
4000 == —=
- I
2000 | = ::...f/
o B 2
(4] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
(C) DYMNAMO 250m 4ICE: Deposition (K/hr)
—all cloud —-moderate active cloud -- active cloud
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N | [ [
12000 [ 4 S—
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10000 T
=~ ] - :-_ _— -.:“\\\._
8000 < = ~T
6000 ‘___#_‘.:_“ NN EN \\
e
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(0]
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(e) DYMNAMO 250m 4I1CE: Freezing (K/hr)
—alll cloud —-moderate active cloud - - active cloud
14000
12000 | = |
10000 Freezing
8000
6000 | —
RE—_— P ey gy
4000
2000
(0]
(4] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Alitude (m)

Alttude (m)

Alttude (m)

(b) DYNAMO 250m 4ICE: Evaporation (K/hr)

—all cloud
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0
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0

14000
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— -moderate active cloud

- - active cloud

Evaporation
\-_-'-q:-l < 2 —
\\'x-\ (\>
= —-::‘—'.-;_.'_,--—""'-‘-.
4] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

(d) DYNAMO 250m 4ICE: Sublimation (K/hr)

—all cloud — -moderate active cloud - - active cloud
N Sublimation——
1.“\ =
[N
| > .
4] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
(f) DY MNAMO 250m 4I1CE: Melting (K/hr)
—aill cloud — -moderate active cloud - - active cloud
| |
Melting
==t
4] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Vertical profiles of
mean LH production
rate due to the phase

changes of water within
cloud and active updraft and
downdraft areas for the
DYNAMO case. Solid line
Is for all cloud, long-
dashed line is for
moderate active cloud
(w>1mstfor
condensation, deposition,
and freezing, and w <-0.5m
s-1 for evaporation,
sublimation, and melting)
and short-dashed line is
active cloud (w>2 ms?
and w <-1mst).
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Altitude (m)

Alitude (m)

Alitude (m)

(a) GoAMAZON 250m 4ICE: Condensation (K/hr)

(b) GoAMAZON 250m 4I1CE: Evaporation (K/hr)

—all cloud — -moderate active cloud ----active cloud —all cloud — -moderate active cloud ----active cloud
14000 ] | [ 14000 [ [
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(C) GoAMAZON 250m 4I1CE: Deposition (Khr)

(d) GoAMAZON 250m 4ICE: Sublimation (KJ/hr)
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(e) GoAMAZOMN 250m 41CE: Freezing (K/hr) (f} GoAMAZON 250m 4I1CE: Melting (K/hr)
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Vertical profiles of mean
LH production rate due to
the phase changes of
water within cloud and
active updraft and
downdraft areas for the
GOAmzon case. Solid
line is for all cloud,
long-dashed line is for
moderate active cloud
(w>1mstfor
condensation, deposition,
and freezing, and w < -0.5
m s for evaporation,
sublimation, and melting)
and short-dashed line
Is active cloud (w>2m
standw<-1ms?).



29

Vertical profiles of
hydrometeor for
DYNAMO case.
Red: Updraft
Blue: Downdraft

Growth/heating
(condensation,
deposition) terms
occurs mainly in active
updraft cores,

but the hydrometeors
are much more spread
In space
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(a) DYMNAMO 250m 4ICE: cloud water mixing ratio (g g ")
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(c} DYNAMO 250m 4ICE: cloud ice mixing ratio (g g-')
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(e) DYNAMO 250m 4ICE: graupel mixing ratio (g g-")
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(b) DY MNAMO 250m 41CE: rain water mixing ratio (g g")
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(d) DYMNAMO 250m 41CE: snow mixing ratio (g g")
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(f) DYNAMO 250m 4ICE: hail mixing ratio (g g-'}
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Areal coverage (%) of

active  updraft  and
downdraft of the
modeling domain Is

generally less than 2%.

The downdraft area iIs
about twice as much as
the updraft area.
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DY NAMO 250m 4ICE: percentage of domain covered by cloud draft (%)
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Mean vertical velocity profiles for DYANMO case
for the four sensitivity tests

(a) DYNAMO 1000m 4ICE: Average vertical velocity (m/s) (b)DYNAMD 250m 4I1CE: Average vertical velocity (m/s)
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(G) DYNAMO 1000m 3ICE: Average vertical velocity (m/s) (d) DYMNAMO 250m 3ICE: Average vertical velocity (m/s)
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GATE DAY224 (W) 3D
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“Both numerical experiment
and Zipser and LeMone's
analyzed results show that the
mean intensities of active
updrafts are 2-4 m/s...”
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Areal coverage (%) of active

updraft and downdraft
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Altituda .
Ranga {m) Zipser and LeMone 2D GCE 3D GCE
Active Active Active Active
Dratt Care Cloudy 1ma~1 2ms-? Cloudy Tms—! 2ms-1
1.36 2.92 8.00 1.80 1.98 8.60
9500 (34.6/25.4) {2.98/1.02} (1.80/0.20) | (45.9/28.8) (2.67/1.35) (1.54/0.18)
0.57 2.56 1.04 2.80 12.70 0.81 2.87 22.20
4300-8100 { 115 9/29.9) (4.8/1.8) | (11.3/10.9) 4.2/1.61 (2.8/0.22) [{11.7/14.4} (4.3/1.5) (2.89/0.13
0.60 1.30 0.75 1.05 2.45 0.58 1.23 7.21
2600-4300 | 118 3/30.3) 2.1/1.4) | 8.4/311.2) {4./3.9) (2710 | (8.3714.3) (3.8/3.1) (2.81/0.39
0.65 1.89 . 1.07 t.37 2.63 0.76 1.72 4.90
700-2500 | 1@ 3/26.21 (2.4/1.1) |413.9/12.9) (4.1/3.00  {2.1/0.8) |(13.4/17.0) {4.3/2.5) {2.45/0.50}
0.898 1.88 1.13 1.24 2.03 0.95 1.66 3.40
300-700 | 18.6/18.8) (1.5/0.8) { (15.3/12.5) {2.47/2.00) {(0.73/0.36} | {17.2/18.2) (3.2/1.9} (0.85/0.26)
1.01 1.60 1.11 1.36 1.78 0.99 1.38 1.20
0-300 | 15.9/15.7) {0.3/0.2) | (16.6/14.0) 10.87/0.64) {0.16/0.09) | {17.6/17.8} (1.1/0.8} (0.12/0.10
Ratio of fractional cloud coverage (R=cloud updraft coverage/downdraft coverage). Fractional

- T R

coverages occupied by cloud drafts and active cloud drafts] over the domain are also shown

within the parentheses LeMone, M. A., & Zipser, E. J. (1980). Cumulonimbus vertical velocity events in GATE. Part I: Diameter, intensity and

mass flux. J. Atmos. Sci., 37(11), 2444-2457. https://doi.org/10.1175/1520-0469(1980)037<2444:CVVEIG>2.0.CO:;2
Zipser, E. J., & LeMone, M. A. (1980). Cumulus vertical velocity events in GATE. Part Il: Synthesis and model core
structure. J. Atmos. Sci., 37(11), 2458-2469. https://doi.org/10.1175/1520-0469(1980)037<2458:CVVEIG>2.0.CO;2



https://doi.org/10.1175/1520-0469(1980)037%3c2444:CVVEIG%3e2.0.CO;2

Summary

* Cloud-resolving modeling study provides a reference framework
for retrieval cloud and precipitation microphysical processes by
linking the observables (vertical velocity and its structure of
updraft/downdraft cores) with process rates.

 Fractional areal coverage of active updrafts is about 1% (0.5%) for
the threshold of 1 m/s (2m/s) of the total domain area, but accounts
for 83% (66%) of all condensation, with similar percentages for
deposition and freezing. This indicates the importance of focusing
on the observations of active updrafts.

* Processes assoclated with active downdrafts: evaporation,
sublimation, and melting are more widely scattered spatially
compared with the active updraft region.
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No measurement : Microphysics Processes!

What are the uncertainties of cloud/microphysical processes?

The vertical profiles of the cloud/precipitation properties in convective and
stratiform regions, mixed phase (melting, riming, ice processes), life cycle

Need to have the following measurements of cloud properties

3D vertical velocity structures;

* High temporal resolution aerosol/CCN measurements;

 \rtical (ice, liquid) hydrometeor particles (droplet spectrum,
condensation, size, density) measurements;

« Comprehensive polarmetric radar measurements (i.e., S/C-band
ground-based for convective cores and air/space borne or vertically
pointing X/K-band for anvil/stratiform characteristics)

Extra 1
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