(some) Observed properties of
moist convection on earth
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Klein et al. (1995, J. Climate) — satellite image of Scu-Cu transition — visible
reflectance from satellite
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Klein et al. (1995, J. Climate) — satellite image of Scu-Cu transition — visible
reflectance from satellite
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Klein et al. (1995, J. Climate) — climatological frequencies of stratocumulus
and cumulus

170 160 150 140 130 120
West Longitude

FiG. 2. Mean June-July-August frequency of stratus, stratocu-
mulus, or fog (solid lines) and cumulus (dotied lines) clouds from
the compilations of ship observations by Warren et al. (1988). Thas
climatology 15 based upon data from the years 1952-81.



Schematic of stratocumulus-topped marine boundary layer (Stevens,
2006, Theor. Comp. Fluid Dyn.) — layer is well-mixed, turbulence is driven
largely by radiative cooling at cloud top
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Composite shallow Cu boundary layers, from Albrecht et al. (1995, JGR)
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Composite soundings normalized by inversion height, z,
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Figure 1. Composite vertical profiles of (a) potential temperature and (b) mixing ratio for San Nicolas
Island, Santa Maria, R/V Valdivia, and Tropical Instability and Waves Experiment using height scales
normalized by the height of the inversion.

Albrecht et al. (1995, JGR)



Relative humidity
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Figure 3. Same as Figure 1 but for relative humidity.

Albrecht et al. (1995, JGR)
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Scu — Trade Cu transition

e Stratocumulus is well mixed in both p, and q -
somewhat closer to dry convection, just with
saturated layer at top (since g* drops with
height while g~const)

* As surface warms and buoyancy increases,
cumuli start to punch deeper; we see
increasingly stable and dry layer form

 Entrainment of dry air from above eventually
dries out SCu layer

E.g., Wyant et al. 1997, J. Atmos. Sci. 54, 168



1997
Wyant et al. (4999, J. Atmos. Sci.): Lagrangian LES simulations of column

moving over increasingly warm water
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Wyant et al. (1997, J. Atmos. Sci.): Lagrangian LES simulations of column
moving over increasingly warm water
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Wyant et al. (1997, J. Atmos. Sci.): Lagrangian LES simulations of column

moving over increasingly warm water

=]
. i

3000
25001
E'CIDD_
2 1500 T
= i .
1000 |- ! : [ :
T R et ]
[ i _! _J»" 4
800 - i ! i i J
) i I !
C I 1
o i, e PR I T ) ol L - L I L
280 206 280 286 300 305 a1o
k|
s000 [~ O (g ke )
" |
2600 | \ .
2000 — ™
- |
g 1oo0f . AN :
] '.I T
= | — _ _ L 1 -
—— -
1000 — i X ™. \‘.' -
i n .
| T = i ,
CR Pt \',' . e
Bo0 - T b \‘-\I -
[ : 3 ]
L || (T { .
l;.'l- L oy |""' ey .\-'I'\— ._-
z 4 & a 10 iz 14

Height {m}

3000 L T ! 1

ZE00 ~ 4
F T~

2000 _ — -
L.
[ T
Hooo_. .

1500:%;'7_ R —
e

ool e - -
If- ..............................................

s00 ——y 4
ol L L.
.00 010 .20 0.30 0.40




Step 1 (Wyant et al. 1997):

“As SST warms and the MBL deepens, upward latent heat fluxes in the boundary
layer increase dramatically. This increases the buoyancy fluxes and turbulence levels
within the cloud, creating more entrainment per unit of cloud radiative cooling. The
increased entrainment leads to increasingly negative buoyancy fluxes below

cloud base associated with a downward flux of warm entrained air. This disrupts

the mixed layer and creates a weak stable layer ... below cloud base.

The stable layer acts as a valve that allows only the most powerful

subcloud-layer updrafts to penetrate up to the main stratocumulus cloud base.

As the decoupling becomes more pronounced, the updrafts resemble small cumuli.”
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FIG. 5. Buoyancy flux profiles (2-h mean) in Chase: (a) day 1 (solid), day 2 (dotted), day 3 (dashed), and day 4 (dashed-dotted) [A line
15 plotted along zero buoyancy flux (dashed) for reference]; (b) day 6 (solid), day 8 (dotted), and day 10 (dashed).

Wyant et al. (1997, J. Atmos. Sci.)



Step 2 (Wyant et al. 1997):

“While the cumulus clouds sustain the stratocumulus by detrainment of
liguid water near the inversion, we suggest that they also cause its ultimate
demise. Within the cumulus layer, the stratification is much weaker than
moist adiabatic, so conditional available potential energy (CAPE) builds

up rapidly as the cumulus layer deepens. ... penetrative entrainment of
dry free tropospheric air by increasingly vigorous cumulus clouds
evaporates most of the liquid water in the updraft before it is detrained,
leaving smaller and smaller stratocumulus cloud patches around the
cumulus. The ratio of penetratively entrained mass flux of dry air to upward
cumulus mass flux of moist surface-layer air increases, drying the cloud
layer.”



Wyant et al. (1997, J. Atmos. Sci.)
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Deep Convection
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When sea surface is warm enough (relative to atmosphere) deep, strongly
precipitating convection occurs

Climatological Jan. Precip {mm/d)
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L=titude
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Seasonal cycle of precip follows the SST, which (very broadly) follows the sun,
with a lag of a couple months
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The deep convection is there because of conditional instability

a) Site Average Moist Static Energy
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Relative humidity doesn’t show strong drop at PBL top. PBL not even that
well defined (no inversion) though there is still a shallow mixed layer where
RH increases with height (q ~ const)

by Site Average RH
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Day-to-day variability in temperature is small, in humidity is larger

(a) KWAJEX sonde array—average perturbation T [K]
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Fic. 8. Time-height plot of rawinsonde daily mean array averages during KWATJEX: (a) temperature perturbation, (b) relative humudity
(with respect to liguid water), (¢) w, and (d) v. Time series of dailly mean ramn rate (mm h ') is superimposed at the bottom of each plot,
and vertical lines indicate 25 Jul, 11 Aug, and 3 Sep, the times of the three events discussed in detail 1n section 3.

Sobel et al. 2004, Mon. Wea. Rev
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Much of the variability is related to coherent propagating large-scale disturbances

Time ->

Black-body temperature (cold = high
clouds = deep convection)
GMS TBB Rain Rate

!!'s

| i"h

S—

Radar rain rate
From a ~200 km
Radius around
Kwajalein (white
Line)

TIAUGT 959 ‘k

Rachel B=
EAUG] pgy [ —

Paul ==

1AUG1959
Diga

2BJUL19%9
Neil ——

mﬁw Flab~TH DW“WMMWW

214UL1989 e ;
130E 135E 140 145E 150E 155 16DE 165 170E 175 1BO 175W 17OW 05 0 05 1 1.5 2 25 3

240 250 260 270 280 290

Fic. 4. (left) GMS T, (K) averaged from 0°-15°N_ as a function of time and longitude. (right)
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Many different morphologies and degrees and kinds of space-time organization
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The really strong precipitation and heating often comes from convective cloud
systems that are large in horizontal extent, and have two distinct regions

Trailing stratiform anvil

Leading line, or convective
region
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Experiment (Smull and Houze 1987)




Along-line cross-sections for same storm
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Bright band in radar image from DYNAMO,
Maldives, November 27 2011
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In convective region updraft vertical velocities > terminal velocity of hydrometeors;
In stratiform region converse is true.
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Figure 2. Schematic diagram of the precipitation mechanisms in a tropical cloud system. Solid arrows indicate
particle trajectories (adapted from Houze 19809).

Houze, R. A., Jr, 1989: Quart. J. Roy. Met. Soc., 115, 425-461
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Next few slides on mesoscale

convective systems from Sandra Yuter,
NC State
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Mesoscale convective system = a cumulonimbus cloud system that produces a contiguous area
~100 km or more in at least one direction

IR image
Slide by Sandra Yuter
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(a) (b)

~100 km

Idealized horizontal map of radar Convective and stratiform
reflectivity precipitation regions
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Definitions of Tropical Precipitation Types
from Houze (1997) and applied in Steiner et al. (1995) and TRMM algorithms (1997)

1) Convective

Young, vigorous
convection

Cellular, vertically-
oriented reflectivity
maxima

Dominant accretional
growth of precipitation

“Convective” latent
heating profile
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Definitions of Tropical Precipitation Types
from Houze (1997) and applied in Steiner et al. (1995) and TRMM algorithms (1997)

1) Convective

Young, vigorous
convection

Cellular, vertically-
oriented reflectivity
maxima

Dominant accretional
growth of precipitation

Height

“Convective” latent

— + heating profile
Heating Rate
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Definitions of Tropical Precipitation Types

from Houze (1997) and applied in Steiner et al. (1995) and TRMM algorithms (1997)

Height

— +

Heating Rate

1) Convective

2) Stratiform

Young, vigorous
convection

Old convection

Cellular, vertically-
oriented reflectivity
maxima

Relatively
homogenous in the
horizontal, layered
reflectivity structure

Dominant accretional
growth of precipitation

Dominant vapor
deposition growth of
precipitation

“Convective” latent
heating profile

“Stratiform” latent
heating profile
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Definitions of Tropical Precipitation Types

from Houze (1997) and applied in Steiner et al. (1995) and TRMM algorithms (1997)
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Definitions of Tropical Precipitation Types

from Houze (1997) and applied in Steiner et al. (1995) and TRMM algorithms (1997)
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Isolated weak echoes could be either in the initial

stages of a developing cell or final stagI
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ldealized Mesoscale Convective System
Storm Structure
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ldealized Mesoscale Convective System

Storm Structure
Radar echo boundary Cloud boyndary
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convective & stratiform regions have distinctly different vertical structures for
the apparent convective heating, though what we observe on large scales is the

combination

Houze 1989
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Deep convection over land has a much stronger diurnal cycle and can attain

greater intensity
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FiG. 3. Locations of intense convective events using the color code matching their rarity. The parameter limits
for each category are indicated above each color bar. For example, of the 12.8 million PFs, only about 0.001%
(128) have more than 3 14.7 lightning flashes per minute. The exact percentages for the break points are slightly
different from the 40-dBZ echo-top figure because radar data are reported in discrete increments of 250 m.
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FiG. 5. Diurnal cycle of the three most extreme categories (top 0.1%; Figs. 2
and 3) for each parameter separated by land and ocean PFs. There are not
enough extreme events over oceans to use only the top two categories.
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Zipser et al. (2006, BAMS)



Much more lightning, and deeper convection over land, for same rain amount
(Takayabu 2006, Geophys. Res. Lett.)
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Figure 1. Global distributions of 3-year (March 1998
February 2001) (a) mean Rain-yields per flash and (b) Tall
Convective Rain Contribution to surface rain with a threshold
of —20degC. Units for the color scales are 107 kg ™'
(Figure 1a) and fraction contribution (0—1) (Figure 1b). RPF
averages are obtained by dividing the total precipitation
amount by the total flash number for the averaging period.



Example of very severe, long-lived squall line:
2012 derecho in USA

http://www.crh.noaa.gov/iwx/?n=june_29 derecho



Strong low-level vertical wind shear is favorable for strong, long-lived squall
lines, due to interaction with cold pools (Rotunno, Klemp & Weisman 1988)
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Fic. 18. Schematic diagram showing how a buovant updraft may be influenced by wind shear and/or a
cold pool. (a) With no shear and no cold pool, the axis of the updrafi produced by the thermally created,
symmetric vorticity distnbution i vertical. (b) With a cold pool, the distribution is biased by the negative
vorticity of the underlying cold pool and causes the updraft to lean upshear, (c) With shear, the distribution
is biased toward positive vorticity and this causes the updraft to lean back over the cold pool. (d) With both
a cold pool and shear, the two effects may negate each other, and allow an erect updrafi.

P 1

Y11




Climatology of precipitation and related
fields from ERA40 Atlas



Total precipitation Annual mean

Teatal mrmasimitatiae [ TR S = ST e



Precipitation — DJF & JJA
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Precipitation — MAM & SON

Total precipitation

March-May

Total precipitation




500 hPa omega & Precipitation, annual mean
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500 hPa omega, DJF & JJA




500 hPa omega, MAM & SON
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Column-integrated “diabatic heating” and precipitation, annual mean
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Heating, DJF & JJA




Heating, MAM & SON




Zonal mean heating and mean meridional
stream function, annual mean




Zonal mean heating and mean meridional
stream function, DJF




Zonal mean heating and mean meridional
stream function, JJA
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TOA thermal radiation (OLR) and precip, annual mean
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Surface latent heat flux and precipitation, annual mean
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Surface LH flux, DJF & JJA




Surface LH flux, MAM & SON




Column-integrated moisture flux and convergence, DJF & JJA
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Column-integrated moisture flux and convergence, MAM & SON
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column integrated water vapor & Precipitation, annual mean
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Column water vapor, DJF & JJA
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Column water vapor, MAM & SON
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Total surface heat flux (latent+sensible+radiative)
annual mean




Total surface heat flux (latent+sensible+radiative)
DJF & JJA




Summary

Precipitation and vertical motion are tightly
linked

Surface evaporation is much more evenly
distributed than precipitation

The circulation transports water vapor to
concentrated precipitation zones

These are really just statements about the
budgets of moisture and dry static energy (or
potential temperature)



Summary

Total surface heat flux is negligibly small over land

Column-integrated water vapor and precipitation

are also tightly associated (not a simple budget
statement)

Sea surface temperature and precipitation are

also tightly associated (not a simple budget
statement)

Free tropospheric temperature has very weak
gradients
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