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Early Years

July 1969: Martin Miller & Alan travel to Barbados
(BOMEX), and Anaco, Venezuela (VIMHEX-69), and
Miami (visit Joanne and Bob Simpson)

Sept 1970: Alan leaves for post-doc at CSU (a week
after PhD defense!)

1972: Alan is field meteorologist for VIMHEX-72
1973: Alan drafts GATE Convection plan

1974: Alan is Convection Subprogramme and
Airborne Mission Scientist for GATE

1975-76: Mitch Moncrieff & Martin Miller visit CSU
1976-77: VIMHEX papers

1978: Alan builds house in Vermont

1980-81: GATE review with Bob Houze

1982-84: Saturation point analysis papers

1983: Alan visits ECMWEF, presents idea of
convective adjustment to ECMWF workshop

1986: Betts-Miller scheme published in QJ
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Cloud transports and diabatic forcing are
central to the climate system on all scales

« BL clouds: surface coupling & vertical motion

- sensitivity to T, RH, aerosols, subsidence; and over
land, diurnal cycle, water availability, CO,

- SWCF & LWCF: surface & TOA

* Deep clouds: forced by larger scales with tight
coupling between precipitation, diabatic heating and
vertical motion — known in 1969

* Deep clouds: cloud radiative forcing of same order
as diabatic heating by WV phase change

« Cloud sensitivity to changing aerosols; vertical
circulations and RH, increasing temperature and CO,
- for climate change issues



Flew to Barbados on a VC10
(My first flight)




NOAA DC-6: BOMEX flights
from Barbados in 1969




Martin Miller: Anaco, Venezuela, 1969
Grad student Iabor for Herb Rlehl
BT dg




Cloud
Research
on a golf-

course

Anaco-1969




Betts filmed a lot of clouds!




| returned from

Venezuela and wrote
my 1970 PhD thesis

“Cumulus Convection”
(Betts, QURMS, Jan 1973)

— inspired by this cloud

& the realization that even
the ‘expert’ Herbert Riehl
could not forecast daily
tropical convection — until it
appeared on radar!

Frontispiece

Cumulus convection over Anaco, Venezuela at 1600 hrs {local
time) on 17th August 1965. The cloud dominating the picture has
nearly reached fts maximum height, and later completely evaporates.
Cloud base is at 855mb (1250m above the ground), and cloud top is at
650mb (3600m),



Shallow Cumulus Transports
Liquid water potential temperature
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Figure 2. Sketch of the ‘ enthalpy ’ transport sC, W8’ for a field of non-precipitating clouds; the thermal
stratification; the parameterization of the modification of the mean atmosphere by the convection in terms of
the vertical motion of the air between the clouds; and the local temperature change induced by the convection,



Tracking pibals with a theodolite
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Great computer support: PDP-8S!

* Paper tape input

e Took 6+ hrs

(all night) to
process 8
soundings

- Raw datato p, T,
q! u! V! e! eE




Elegant Cb budget model but very

prlmltlve hand
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Fig. 1. Cumulonimbus model used for budget computations.
Radius of 1, 2 boundary is twice that of echo. '

(x,y) scaled to echo size (!)

Convergence and divergence into cylinder
around radar echo for growth and decay
phases and in 5K 6 ranges

[Betts, JAS 1973]



Mesoscale Cumulonimbus budget:
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Inside story:
post-doc with
Herb Riehl

Betts, JAS 1973

A Composite Mesoscale Cumulonimbus Budget

A. K. Bers

Dept, of Atmospheric Seience, Colorade Siale University, Forl Collins 50521
(Manuscript received 12 October 1972)

ABSTRACT

Composite majis at bevels from 930 to 150 mb of relative wind field {v.), mixing ratio ), equivalent poten-
tial temperature (fe), and tempermature perturbation (7)) from the growth and decay phases of a mean
mesoscale cumulonimbus system (syvstems used had & masimom radar echo area 2400 km?) were con-
structed using radar and one rwinsonde (experiment VIMHEX) for days having a similar synoptic-scale
wind ficld. Echo area and tmek were measured from rdar film, and relative winds caleulated by subitracting
a mean echo velocity ; positions of radiosonde data points relative to the echo as center were computed, scaled
by an echo radius, and plotted with echo motion vectors aligned along one coordinate axis. Mass flows
into the mean system at all levels give vertical mass transpaoris for growth and decay phases, and net mass
balance. The net convergence of ¢ closely balances & mean sarface rainfall per echo, and the net eothalpy
saurce by the cumulanimbuas systen., Fluxes of 8 into and oat of the system for 5K ranges confirm energy
conservation, and give updmit, downdrall transports. The vertical steuctune of net mass r and &g fuses ame
presented. The mesoscale results are related to the large-scale modification of the mean atmosphere, using a
theoretical cumulonimbus model, The large-scale vertical motion is computed as a residual from the tem-
perature and waler vapor budgets, Sultably averaged, the synoptic-scale mass transpoct is similar but not
idengical to the (ifecycle mean) cumulonimbus verticnl mass transpart., 1 is concluded that parametric
models of cumulonimbus convection in terms of mass transport are quite realistic for these data above the
lowest 150 mb, where the cffects of honzontal variations between updraft and downdrait are domi-
nant. The precize relationship between gynoptic-scale contrels and cumulonimbus-scale mass transport

remains unclear,

1. Introduction

The vertical transports by deep convection (cum-
ulonimbus convection) present a formidable problem to
the understanding and maodeling of the tropical atmo-
sphere. The releases of latent heat are large, and the
vertical redistribution of enthalpy and water vapor is
very significant in determining the structure and time
development of the mean atmosphere, At the same time
deep convection can be regarded as a response lo the
large-scale thermodynamic ficlds, which in tern result
from the large-scale horizontal and vertical motion
fields, The atmospheric stratification is a subtle balance
between large-scale forcing (e, mean vertical motion)
and convective heat inputs and transports. Changes in
mean atmosphere structure are thus smaller residuals
of two larger opposing terms. Since we require these
net changes, the details of the cumulonimbus-induced
changes must be well understood, This is not an easy
task, theoretically or observationally.

To oblain a four-dimensional data set on the meso-
scale (10-100 km}, adequate to resolve the structure
and time development of a cumulonimbus system,
though becoming feasible, is costly. During the first
Venczuelan International Meteorological and Hydro-
logical Experiment (VIMHEX [, 1969; H. Richl,
director) an attempt was made to deduce a mean

structure for a mesoscale cumulonimbus syvstem (area
=400 km®} using the simplest pessible technigue: one
10cm radar and a single rawinsonde station. “The
results, discussed in this paper, were encouraging. By
carcfully compesiting data from many different days
and storms, it was possible to construct maps for the
flow into and around a mean storm at all pressure levels
from the surface to above the outflow for both the
growth and decay phases. Budget caleulations on this
mean system will be presented, and interpreted on the
synoptic scale, using & simplified model for a
cumulonimbus,

2. Data collection and analysis
a. Kador

A modified M-31 10cm radar was located at Anaco
in northeastern Venczuela for four months, June to
September, 196%, The radar was scanned at successive
elevation increments of 2° to its maximum elevation
angle of 18%, and the PPI display was photographed
with & 35-mm camera at attenuations of 0, 6, 12 and
18 db. This sequence of operations was repeated ap-
proximately every 15 min when echoes were visible,
Using a microfilm reader, positions of major echos were
traced, and echo area and heights calculated. Only



All the caveats
of compositing

data before
computers

Analysis never

repeated —

shifted to 2-D

line analyses
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at greater madii were oulside the echo, Some scaling of
distance s esentinl to compensate for different echo
sited s the procedure vsed here does not preserve di-
vergence, but was chosen for simplicity. Wind velocitics
{v,} relative 1o the starm were caleulated by subtract-
ing the stormn mean velocity vector at all levels, and
maps were plotted of v, equivalent patential tempera-
ture fg, miving ratio r, and 4 emperature perturbation
T, at pressure levels of G50, WK1, B50, SO0, 700, G,
S0, 4060, 300 2500 2N, 175 amdd 130 mbs, The tempera-
ture perturbation was defined near the surfece (B30-
930 mb) as the difference between the deviation from
the moming () - sounding, snd a mean divmal
curve (with zero also at 08(8) constructed from all
the soundings. At higher levels o simple tempernture
difference from the last sounding preceding the onset
of deep convection was taken, This apparently eliborate
procedure is necessary since the synoptic and, at low
levels, diurnal temperatire variations are us large as
the changes produced locally by the convection, In-
deed the two can only be partiolly resolved. Homidicy
periurbation maps were not constructed because the
waler vapor memsurcments were of less basic accuracy,
Composite maps were constructed for the growth and
decay phases of 4 mean syslem for speciic synoplic
classfications.

d. Synoplic classifcalion

To construct & composile mesoscnle wind  Geld
around a cumulonimbus gystem, it is necessary for the
synopticscale wind fields of different days to be com-
parable, Three attempts at classification using the
synoptic wind fickds over Veneiuela and the Caribbean,
at B30 and 2000 mb, were mude:

(i} By thermal structure—thickness 850 wo 300 mb,
warm or cold core,
{ii) By vorticity difference— 830 1o 200 mibs,
{iil) By 850 and 200-mb winds relative to mean echo
motion for that day.

The thinl classification was most successful; the
others are less closely related to the wind field relative
o an echo. Compesite maps were therefore constructed
for days with comparable high- and low-level synoptic-
seale wind fields relative to & mean storm motion vector
for that day,

Omly one synoptic cliss proved to hove o large enough
data sample for analysis—that in which the low-level
flow was easterly, while the storms moved westward
faster than the low-level flow so that the upper level flow
had a westerly component. In the frume where the
storm is stationary, the relative wind field is nearly
two-dlimensional, with inflow in the [ront at low levels,
and outfiow to the rear at high levels (173 mb),

Important deta characteristics for this class of days
are shown in Table 2,

Mar 1973 A. K.

Tamik: 2. Data for days in compenite analy sis

Nuamber of daye 17
Total mambser of echos o
Tkl mean rinfall in

echn area {mm} 1
Mean rainfnll per dlay {fmm) L
Numbwer of eches per day (V) 53
Muan rain peried per day {8, hrl .7

e. Cemporile analvsis

The mixing ratio, equivilent potential temperiture,
temperature perturbation, and streamline felds were
annlyzed at each level for the growth and decay phases,
A full isotach analysis seemed less convincing, and in
the light of the theoretical framework digcussed in the
next section, it was decided that only Tuxes into and
vt of the echo could be caleulated 1o useful accuracy.

The mean echo was considered enclosed in a evlindr
cal shell from the surface (%K) mb) 10 137.5 mb (sce
Fig. 1}, with a non-dimensional radius f=2 (B=1
corresponds to the echo boundary), Fluses across the
vertical boundary of this cylinder were computed at
the pressure levels from 9530 to 130 mb: net vertical
mazs flux at 137,53 mb proved negligble, Expmples of
the analyeed ficlids are shown in Fig, 2,

1} Mass rLox

Winid speeds were extimated from the rather seattened
duta at 12 equally spaced intervals on the circle B2,
Radial velocities Cy (k=1, ..., 12} were calculated from
wind speed and atreamlines, Though the seatter in the
individunl data was considerable, the reaulting net
mass convergence varimd uniformly  with  pressure
{though in opposite senses) for growth and decay
phases, Little re-analyvsls was necessary,

2} WATER YAPOR AND TEMPERATURE PERTUKRATION

The mass convergence analysis was overlald in tuen
on the anafvzed fields of water vapor and temperature
perturbation.

Net fluxes into the echo across the drcle #=2 were
calculated wsing the 12 values of Oy and corresponding
means ey, Ta" for e, T, for cach circumference interval,

3} EQUI\"H.!.‘.H'I POTENTIAL TEMPERATURE

The field of #g was treated differently from those of
r, T, In a precipitating sysiem, the release of lntent
heat resulting from a net comlensation of water vapor
to liquid increases the enthalpy of the mean atmosphere,
A budget on a cumulonimbas system may be regarded
as conserving enthalpy plus latent heat on a scale of an
hour or twa.

[t s convenient to use dg az a conserved quantity
both to investigate this encrgy conscrvation, and Lo
give & more detalled picture of the vertical transports
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Visit Bob & Joanne Simpson in Miami (1969)

Martin Miller renting a Plymouth Fury-lil
—a UK grad student with no credit card

Plymoufﬁ G




VIMHEX-1972: Carrizal
Improved S-band radar

Tracked storms on | DO
radar -

Launched
precalibrated
rawinsondes every
90mins

2-D analysis & 3-D
model

Betts, Grover & Moncrieff,
QJRMS 1976

Betts, JAS 1976
Miller and Betts, MWR 1977



Squall-line approaching
VIMHEX-1972




Herbert Riehl arriving at field site
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Calibrated humidity by timing
when sonde entered cloud-base
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Fic. 2. Suggested circulation relative to a cloud in the sub-
cloud layer, indicating how an ascending radiosonde can
enter rising moister air in the upper part of the sub-cloud

layer.

Betts et al.
BAMS 1974



Mean of 14 ascents through cloud-base
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Fic. 1. Mean profile for 14 radiosonde ascents through cloud-base of potential temperature (6), mixing ratio (r), lifting
condensation level (LCL), relative humidity (RH), perturbation vertical velocity (w).

Bulletin American Meteorological Society
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Many linear systems: quasi-2D

The Thermodynamic Transformation of the Tropical Subcloud Layer

by Precipitation and Downdrafts

A1ran K. BET1S

Department of Almospheric Science, Colorado State Universily, Fort Collins, Colo. 80523
(Manuscript received 9 September 1975, in revised form 27 January 1976)
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Ao LAYER 2
t _________ PROFILES
P, r S AFTER
ap . LAYER |
% l = GUST FRONT

F16. 2. Schematic airflow relative to travelling mesosystem,
showing two-layer model exchange: inflow layer po to p) ascends
in updrafts and inflow layer p, to p; descends in downdrafts in
replacement. (Actual flow inside system will be both three-
dimensional and transient, not two-dimensional as sketched.)
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F1G. 5. Mean profiles before and after the passage of a convective system.
The curves are averages of 21 before-after sounding pairs.

Diagnostics of BL transformation using 2-D

framework of inflow/outflow; updraft/downdraft
« Conservation of mass & moist static energy/0.



Numerical simulation
of Venezuela squall-
line #47

« 3-D trajectory analysis
of cell and system
downdrafts

* On 30x30x9 grid

[Moncrieff & Miller 1976
Miller and Betts 1977]

M. J. MILLER AND A. K. BETTS

(a)

——

. system downdraft
cell downdra f}%._/ ‘

{b)

-

system downdraft —
+——cell downdraft

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

Trajectories starting from 750 hPa




DRAFT

By now an ‘expert’ on OF THE

tropical convection? CONVECTION SUBPROGRAM
FOR THE GATE

Reality was

All subprograms
written (synop, BL,
radn, oceanog.

Not the key one
Situation desperate! Published BAMS, 1974

May 1973

But Smagorinsky would let
me come to parameterization
club!

Draft prepared by Alan K. Betts from written and oral contributions.

(Visited Arakawa, Yanai, Zipser, Reed, Young, Ogura)



GATE-1974

20w

I5N

Ship array across Atlantic,
mostly north of equator

B | //eh
Nested hexagons on ITCZ ~ [~
centered 8.5N,23.5W U 5N

7 researCh aircraft =+ dropsonde Fic. 12. The A/B and B network. The approximate cover-
age of overlapping radar scans is indicated for quantitative

I I I I . precipitation estimates during Phases I and II. In addition,

plane (MISSIOn SCIentIStS Bettsv the Quadra is planning greater qualitative coverage (indi-

cated by dashed circle) for operational planning.

Zipser, Cox, Lemone...)



GATE political objective: US-USSR collaboration
Scientific objective: address cumulus
parameterization problem
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Scale-interaction diagrams are easy to draw!
Betts, BAMS 1974

OPEC: oil embargo



GATE day 245, Sept 2, 1974
Oceanographer radar

1415 UTC 1500 UTC
SE Ship position of inner array; range 100km

Note SW-NE bands & fast evolution



Reality - GATE ‘cloud cluster’
lifecycle on day 245 in 1974
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line mation

1000 — [Ooyama,1987]
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| mulled over this for 8-10 years

In 1978 | built a passive solar, wood-heated, PV-
powered, post & beam house in Vermont (no phone,
no internet) and thought about atmospheric
convection...

Betts, A. K., 1982: Saturation Point Analysis of Moist
Convective Overturning. J. Atmos. Sci., 39,
1484-1505

Betts, A. K., 1983: Atmospheric convective structure
and a convection scheme based on saturation point
methods. ECMWF Workshop on “Convection in
large-scale numerical models” 28 Nov.-1 Dec, 1983,
Reading U. K., pp.69-94.
http://www.ecmwf.int/publications/library/ecpublicati
ons/ pdf/iworkshop/1983/Convection/betts.pdf

DETAILED OVERVIEW of concepts and framing of
convective adjustment



http://www.ecmwf.int/publications/library/ecpublications/_pdf/workshop/1983/Convection/betts.pdf
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Concept for Betts-Miller scheme

Calculating transports from the details with
sO0 many coupled processes with so many
unknowns and unresolved scales may drift
to unrealistic atmospheric structure (eg
Arakawa & Schubert, 1974) (“poor climate”)

So adjust with finite timescale to vertical
(T,q) structure, satisfying 6 conservation, in
a way consistent with observed “quasi-
equilibrium”

Unstable to moist adiabat, minimum at
freezing level and subsaturated.

Guarantees quasi-realistic coupling of mass
and energy transports and vertical structure

Use: parameterization & idealized models to
understand coupled system



Shallow and Deep Convection Differ

* Shallow — first order: non-precipitating:
structure forcing & transports tightly coupled

* Deep —first order only: precip. coupled to
deep single vertical mode forcing with
conservation of 6,

 Convective mesoscale mode issue (Betts,
A.K.: 1997, The Parameterization of deep
convection, Ch.10)



Shallow ‘mixing line’ scheme

CONVECTIVE ADJUSTMENT SCHEME: I 685

;\\

5 MIXING LINE
9 \ \’//

CLOUD TOP

\\
\ T
/ /ﬁ \Yw BASE

SUPERADIABATIC LAYER
Fig. 9. [Idealized cloudy boundary layer thermodynamic structure showing relationship between mixing line,
temperature and dew-point soundings and the parameter 8 = dp*/dp (see text).
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dp

« Based on Betts, JAS 1975, parameterized mixing line

« Maintain structure in the face of external forcing
guarantees realistic transports (Betts, A.K., 1997
Trade Cumulus: Observations and Modeling, Ch.4)



Deep - GATE ‘cloud cluster’
lifecycle on day 245 in 1974

60km

p (hPa)

line mation

Bands oriented along the
low level shear, with
inflows from SW,
developing anvil
outflow to the rear

[See review in Betts 1997]
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Mass transports and precipitation
flux only loosely coupled

 The Key Convective Modes

 Arakawa and Chen [1987].... used
canonical correlation analyses on the
GATE Phase Ill data [Esbensen and
Ooyama 1983] and an Asian data set [He
et al. 1987] to show there were three
principal modes of coupling of (Q,-Q)
and Q..



 Mode 1 is the principal deep convection
mode associated with net precipitation and a
single cell of mean upward vertical motion in
the troposphere, although within that there are
moist updrafts and downdrafts.

 Mode 2 is described by Arakawa and Chen as
the component representing deviations of “large-
scale” condensation and evaporation

Heating over cooling couplet driving
circulation with no net precipitation

 Mode 3... iIs a modulation of Mode 1, which
Increases the mid-tropospheric 6, qux without
Impact on net precipitation.

Upward 8. flux is not uniquely coupled to the
preC|p|tat|on

[See review in Betts 1997]
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Many Questions 25 years on!

How well do convective models represent the
bulk properties of cloud systems?

Do they represent the dominant convective
modes as well as the SW and LW cloud
forcing?

Can we quantify the coupling of diabatic
processes and evaluate them against
observations?

Can we evaluate convective vs stratiform
precipitation, updraft and downdraft mass
fluxes, and their microphysics against
observations?



Conceptual challenges

Mass transports and precipitation only loosely coupled
- dependent on cloud structure and microphysics eg.
Precipitation-evaporation couplets can drive
circulations with little net precipitation

Microphysics & dynamics depend on aerosols — poorly
known on global scale, but analyses coming

The diabatic cloud radiative forcing and the latent
heating diabatic forcing are of the same order

Surface forcing is coupled radiatively to clouds & the
large-scale circulation evolves quickly in mesoscale
convective systems

Can we parameterize or must we (partially)
resolve cloud-scale? Still unanswered!

How do we handle the microphysics!



Discussion

More detailed reviews: see research talks at
http://alanbetts.com/research

Betts, A. K., 1983: Atmospheric convective structure and a
convection scheme based on saturation point methods. ECMWF
Workshop on “Convection in large-scale numerical models”


http://alanbetts.com/research

Process diagrams get more complex!
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L BA-Amazdbnian research: Betts and Silva Dias, JAMES 2010



Aerosol issues: South America

September 2003 ECMWF Experimental product AOT September 2004 ECMWF Experimental product AOT

11

1

0.9

BOAA BCF A0 B 80 A0S

 Amazonian September ‘fire season’ is variable (Morcrette, 2009)
» Impacts microphysics/dynamics
» Impacts surface net ecosystem exchange — diffuse penetrates canopies



Is there a way forward?

What can we learn from SCMs and CRMs
with specified external forcing?

Do they have the freedom to develop all the
convective modes

Is the radiative coupling realistic?

How do we parameterize the microphysics
and aerosols? Which partly determine the
coupling of updraft/downdraft mass
circulations and precipitation.

CO, budgets —» mass transports?



Final remarks

« 42 years ago | set off to Venezuela as
graduate student ‘labor’ for Herbert Riehl

 Work has spanned an era in the study of
tropical convection, BLs, land-atmosphere
coupling, numerical model evaluation, and
understanding climate change
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