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1. INTRODUCTION

Betts (1982a) introduced the saturation point (SP) approach to the thermodynamics of
atmospheric convection and used it to discuss convective mixing processes, atmos-
pheric convective equilibrium and instabilities,and presented examples for different
convective atmospheres. Betts (1982b) proposed simple cloud thermodynamic models in
SP coordinates and explored the change in cloud parcel SP associated with mixing,
and both the fallout of precipitation from updrafts and its evaporation in unsatu-
rated downdrafts. Betts (1983a) introduced SP budget diagrams in a vector notation
to describe mixed stratocumulus layers as a prototype for the undisturbed boundary
layer, and explored the coupling of convective mixing with the radiative flux diver-
gence. Betts (1983b) analyzed a severe storm boundary layer to illustrate the use
of SP methods to compact different data sets, formulate boundary layer budgets and
understand the coupling of mixing and evaporative processeé in the boundary layer
outflow from cumulonimbus. The reader is referred to the papers for details. Here
we shall use extracts from these papers and unpublished examples to illustrate
atmospheric convective structure and then propose a convection scheme based on SP
adjustment.

The underlying philosophy of this work is that it is advantageous to develop
an integrated framework for the observational description and parametric modelling
of atmospheric convection so that a closer interaction is facilitated. The present
gulf between say, moist adiabatic adjustment and what we know about convective
thermodynamic structure from observational programs needs to be bridged. T believe
that useful progress can be made in this direction using SP thermodynamics as a
common framework. Adjusting a numerical model toward an (observationally deter-
mined) SP structure could form the basis of a cumulus parameterization, which would
have the advantage of always approaching a realistic vertical temperature and mois-
ture structure. Several levels of complexity are possible (eg. including SP cloud
parametric models (Betts, 1982b), specification of subgrid scale variances using
conserved parameters, subgrid cloud distributions in terms of saturation level so as
to model radiative fluxes with greater realism, time evolving cloud fields).

In this paper we shall just introduce the simplest concept, which could be
regarded as a refinement of moist adiabatic adjustment toward a more realistic
thermodynamic structure. Considerable work needs to be done to test and develop
these ideas further.

Section 2 introduces the basic application of SP methods to diabatic and

mixing processes, the definitions of 6 using the SP, and the use of SP diagrams to
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study boundary layer equilibrium. Section 3 presents illustrative examples of con-
vective thermodynamic structure and Section 4 proposes an SP adjustment procedure as

a parametric method for moist convection.

2. SATURATION POINT THERMODYNAMICS

2.1 The Saturation Point

Fig. 1 shows three lines representing the conservation of three variables (0, GE, Q)
for unsaturated air and (GL, eES’ qT) for cloudy air which intersect at a point,
where the temperature and pressure (TSL’ PSL) completely specify the three conserved
parameters, which we shall represent by eSL’ eESL and qgy. We shall call this point
the Saturation Point (SP) and the pressure level at which it occurs the Saturation

Level (SL).
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Fig. 1 Sketch thermodynamic diagram (tephigram), showing the re-
lationship of Saturation Point SP (T.., p..) to the conserved
parcel properties (6 qg ) which are independent of parcel
pressure, and to the parce& propertles at other pressure levels,
such as (T,Ty , TD) at p,, for unsaturated air (for whichP < 0).
The arrows on the moist adiabat denote the paths of integration in

the definition of eES’ BL.

In this frame of reference, the thermodynamic state of an air parcel is specified by

the Saturation Point properties (T ) and its pressure difference from the

sL’ PsL
Saturation Level, i.e.,

P = pg - m

On a thermodynamic diagram, air parcels that have a given (T, p) may have SL's at

any level depending on their total moisture content. Parcels with total mois-

» Par>

SL
ture content dp >qS(T, p) will be saturated and cloudy Withy > 0, while if parcel
q < qS(T, p), it will be unsaturated with ? < 0. Positive® is directly related
to liquid water content; negative? to subsaturation. Only cloud water is treated

as a parcel property.
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We shall call?? the parcel saturation pressure departure and -p the parcel level or

data pressure level to distinguish it from the Saturation Level The procedure

> Pare
we shall use is to analyze parcel processes, including cloud—envirgiment mixing and
diabatic processes in terms of their Saturation Point. This is a shift to a (TSL’
Pgys p) coordinate system for the three independent parcel variables, from (T, p, q)
or (eL, O p). If parcel p # Pgr» the non-conservative parcel properties such as
T, qg» 2, T , ete., can be recoveredvas in Fig. 1 by drawing the dry and moist
adiabats and line of constant q through the SP to parcel pressure p.

Air can go up and down in atmospheric circulations, but its SP is a tracer
of its thermodynamic origins. The SP does not change (only P changes) unless there
are non-conservative processes acting on the parcel such as precipitation, evapora-
tion of falling rain or radiational cooling. These can be regarded as constrained
modifiers of the SP (see Fig. 2). Conceptually the SL also has a physical meaning:
apart from these non-conservative processes, it is the pressure level where an air

parcel last entered or left cloud.

2.2 Processes that move the SP

Fig. 2 summarizes varjious diabatic processes that move the SP in the two-dimensional

field of a thermodynamic diagram.
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Fig. 2.-Schematic showing change in saturation point produced by
irreversible diabatic processes of precipitation fallout or
evaporation; radiative cooling or heating; and the tendency
caused by ocean surface evaporation.

Fallout of precipitation moves the SP up the moist adiabat. The air parcel

] L does not change, but 6 do, as § decreases. TFor the special case of an

ES s.> g1,
air parcel at constant pressure, the parcel (T, p) remains constant as TL’ TDT both
approach T, while maintaining the relationship (as ¢ and;P +0)

Cp(T - TL) = Lg. QD

This is exactly analogous to the evaporation of falling precipitation into unsatu-

71




rated air which moves the SP down the moist adiabat: again the parcel © L does not

ES
change, while eSL’ dqt, do. If the parcel is at constant pressure, the T, TD both
approach the wet-bulb temperature TW which remains constant, and r?[ decreases to-

ward zero. The relationship ( 2 ) is maintained, as T, T_ change toward Tw

D

C (T - Ty ) = Llay = @) @

If the parcel pressure changes during the evaporation process, the behavior
of the SP remains the same, although the parcel saturation pressure difference ;)
changes. Betts and Silva Dias (1979) and Betts (1982b) discussed this process in
detail.

Radiative processes change the temperature, but not the mixing ratio, so

that ¢ change, while remains constant. In the free atmosphere there are
s,

EsL’ Os1,
no processes which change dgy,? while conserving eSL’ although at the ocean surface
this is the trend produced by the evaporation of water, using the stored sensible
heat of the ocean. However, in this case the SP (here the LCL of cloud base) stays
constant because the vertical advection of water vapor through cloud base balances
the surface flux.

Although Fig. 2 is not drawn to scale, the thermodynamic balance of the
entire tropical atmosphere can be regarded as a result of the approximate balance of
the three processes: ocean surface evaporation, radiative cooling and precipitation
fallout, each tending to move the SP in different directions. In section 3, we

shall construct schematic 'vector' diagrams showing the balance of the various flux

terms in the convective boundary layer.

2.3 Mixing processes and mixing lines

The parcel conserved parameters ( 8 ) are conmserved in adiabatic motion

st* PmsL’ Isi
and approximately in isobaric mixing processes (Betts, 1973; Deardorff, 1976, 1980).
Since the SP characterizes parcel conserved properties, we need only consider their

SP's in mixing two parcels. This is a great simplification.

Fig. 3 shows a specific example of mixing between two parcels with satu-

ration points (TSL’ pSL) of (20° C, 900 mb) and 5° C, 700 mb). The SP's of all mix-
tures (not just the mixture of equal masses) lie on the dashed mixing line, which

can easily be constructed on a thermodynamic diagram by computing 6 for dif-

A st> st
ferent mixtures and finding their associated SP.

The distinction between the saturation level of a parcel Pgy, and the data

pressure level p, where a parcel may find itself in the atmosphere, is of crucial

importance. The tephigram is being used to represent both. For example, suppose we
consider a mixing process at 800 mb between cloudy air which has risen adiabatically
from cloud base at 900 mb where it had the SP at C shown. ‘Its SP has stayed at C,
while,? = Pgp, ~ P has become positive and its liquid water has increased. This
cloudy air mixes isobarically at 800 mb with air that has an SP at E (unsaturated

environmental air, for example, which could have originated at 800 mb or descended
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adiabaticallyfrom any other level). All the mixtureé of C and E have SP's on the
dashed line. The mixtures that are unsaturated have a saturation level pSL< 800 mb,
correspondingly to ;)< 0, while the mixtures that are cloudy are those which have
Pgry, > 800 mb. The 1:1 mixture in Table 1, for example, with SL at 804 mb, is only
just cloudy at 800 mb; if it sinks to pressures above 804 mb, it becomes unsaturated.
Its (T, T‘V,TD) or (T., T, TDT) at any other pressure level are found by drawing dry
and moist adiabats and constant qg lines through its SP as shown (the same construc-

tion as in Fig. 1).
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Fig. 3 Tephigram showing mixing between parcels with SP's at C

and E (circled). All mixtures have SP's on the dashed mixing line.

The 1:1 mixture has SP (TSL’ Por) at (13.5° ¢, 804 mb) shown.

This gives its conserved parameters: Its parcel properties at

other pressure levels are given by the construction shown.

The dashed line, representing the SL's and SP's of all mixtures (of C and E)
is unchanged, whatever the pressure level of mixing; although for every mixturej?
changes as p changes.

Convective mixing plays an important role in determining atmospheric struc-
ture. In some casesthe vertical thermodynamic structure approaches in equilibrium

a mixing line, while in others it can be analyzed in terms of processes moving it

away from the equilibrium state (see Sections 3, 4).

2.4 8v isopleths
The virtual temperature correction is important to analyses of instability and con-
vective equilibrium. Gv overlays can be drawvm for a thermodynamic diagram in terms

of SP coordinates. For unsaturated air

8 (Pgr) = 05 (1 +0.61 qg) (4)
and evu is a function only of the air parcel SP. For cloudy air, with cloud water
content £

Bye®gps P = 0@ [1+0.61 a;() - 2P )] )
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so that evc like 8 is a function of both parcel pressure (which is the pressure

level where 9 , qq are defined) and the saturation level (which determines total

water, and hence ). Diagrammatically this means the ev isopleths, which are read
at the SP, kink at the parcel pressure p (Fig. 6), since parcels for which Pgp, < P
are unsaturated, while those for which p < pgp are cloudy.

Fig. 4 is a section of a low-level tephigram with 8y isopleths (heavy
dashes) overlaid for a parcel level of 850 mb. For SL's Pgr, < 850 mb (the "unsatu-
rated region"), 8y increases along the dry adiabat ED (for example) as the satu-

ration mixing ratio (qS ) increases, while for Pgr > 850 mb ("the cloudy

=4q
SL
region'"), SP's on the moist adiabat BC have the same g, qg at point B, but decreas-

ing evc as § increases on BC.

750mb

B0

Fig. 4. Section of tephigram showing isopleths of g_ (heavy

dashed, in degrees K) for a parcel level of 850 mb. The light

dashed lines are saturation mixing ratio.

If an air parcel moves from 850 mb dry or moist adiabatically to another
pressure level, its SP does not change, but the isopleths now kink at another p
level. If the parcel remains unsaturated 6 and evu are unchanged, but if the par-
cel is cloudy, both 6 and evc change.

1t is the slopes of the BV isopleths that are important for stability

analyses. We shall express these slopes as a fraction of the moist adiabat

FW = (36 /dp) 9 . For unsaturated air, we may write the slope of thee_Vu
ES
isopleth:
' | |
SL = B T (6a)
(513 )e W
SL vu

-1
where B1 increases from 0.12 to 0.24 as qS increases from 5 to 20gKg =, (Betts,

1982a) For cloudy air, the deviation of the G&C isopleth from the moist adiabat may
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be written:

4 o
- (352 e = B Ty = 0.1 (6b)

SL” wve, p
where the coefficient By is nearly independent of qg- The practical significance of
is that although an ascending cloud parcel 6 follows the moist adiabat, its buoyancy
is effectively following a evc isopleth with slope 0.9Ty , until cloud water is
precipitated - a considerable reduction in buoyancy (well known to cloud modellers!).

Just as 6 changes in moist adiabatic processes, but 8 does not, we can de~

ES
fine a BESV which is a function only of SP for cloudy parcels and use this as a more
conservative label for the Oy, isopleths.

Deardorff (1976, 1980a) showed how fyc perturbations can be expressed as

linear combinations of conserved parameters. In SP notation

where
n =eﬂ-+1£1a)/ﬂ-FLa/%F)eES
a = qus/dT.

Rearranging (8) permits a definition of an isopleth of virtual eES

= 80 = 80__ -6__ q./n
0 ESV gsL ~ °gs 9s./"2’ (&
where
'ﬂ=aESﬂ
2 1.
0
These © ESV isopleths have the same slope as the evc isopleths: 0.9 of the moist
adiabat. Betts (1983) labelled the © ESV isopleths at 1000 mb by integrating (8)
q(1000)
®psv = Ops(®) ¥ \g (6gg/ny)ddgy - )
s

The significance of the ev isopleths is that they are reference processes
related to stability and characterize dry and cloudy’convective processes in the
atmosphere. For all analyses of buoyancy it is the evu’ BESV isopleths not the dry
and moist adiabats that are important. We shall see (Section 4) that highly dis-

turbed convective atmospheres approach a 0 structure in the low troposphere.

ESV

2.5 Boundary layer equilibrium: SP diagrams

In zones of subsidence, mixed layer or subcloud SP can be found from a balance of
surface fluxes, radiative divergence and the divergence at the subsidence inversion.
The convection can be regarded as a mixing process between the surface and the free
atmosphere, and subcloud layer SP can be found from a simple SP vector difference

diagram.

2.5.1  Boundary layer budget schematic

We shall consider a steady (horizontally homogeneous) equilibrium structure (over an
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ocean surface), and assume @ constant above the subcloud layer for simplicity (Fig.

5). The thermodynamic budget equation for the whole convective layer is

Apj—i = 0 = gF + w(A-B) + giR
where AB is the radiative flux divergence across the boundary layer (B L), A is the
SP of air sinking into the BL, B is subcloud layer SP, and g a vertically averaged
SP for the BL. The surface flux can be parameterized §B = mo(Q —¢§) where(uo =
feCV is related to the surface wind speed V and a surface bulk transfer coefficient
C. Thus

0 =u(0-B)+ w(A - B) + giR. (10a)

This balance gives the subcloud layer SP (§). Formally we may consider an equilib-
rium state B' without radiative divergence AR, which satisfies

0 = w (0- B+ w@A-B) (10b)
B' lies on the mixing line between the surface 0 and the free atmosphere A such that

it divides (Q - A) in the ratio B/wo.

Q

Fig. 5. SP structure for a convective boundary layer in equi-

librium showing the balance of surface fluxes, subsidence and

radiative cooling. B is subcloud layer SP.
Subtracting (10a) and (10b) gives the deviation of B from B

(B- BY) = AR/(w, +& ) (11)
so that B lies off the mixing line O A along a line of constant qg 2 distance re-
lated to the radiative divergence. ( B- §’) is along a line of constant qg through
PL. An equivalent description is to deify A to A" such that (A" - A) = AR/p .
Then A" B Q0 is a mixing line.

I have not yet fully explored the shallow cumulus structure, but Betts
(1983) does present solutions for a mixed stratocumulus layer, so I'll discuss this

case in a little more detail.
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2.5.2  Steady-state stratocumulus (from Betts, 1983)

Betts (1983) shows that the constant fluxes in the mixed layers can be parameterized

at the surface, in the mixed layer and at cloud-top using the SP notation (Figs. 6,
7) as

gF =w (0 -M) =u*(4-D) =0 (M-T" (12)

where 0, =.fgC\/ (C is a bulk aerodvnamic transfer coefficient at the surface; w#

is the convective mass circulation; Wps the cloud~top subsidence = w, the entrain-

ment velocity, and

gR = mT(T - E[") (13)
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Fig. 6. Schematic for steady-state, Fig. 7. (As Fig. 1) The heavy dashed line

well-mixed stratocumulus over the ocean
showing saturation point diagram, and
cloud~bases for ascending and descending
branches of a single-cell circulation

is a mixing line. T T' is the radiative
modification of inversion-top SP along a

line of constant q,. The relation between
fluxes and SP differences are as shown.

Solving (12) for the mixed layer SP, M, (Schubert, 1976) gives
w 0, w.TI'
M= o~ + T+ (14)

wo + wT

Parallel expressiomsexist in terms of A, D, w*. It is clear that with the constant
flux assumption {steady state) and the representation of the cloud-top radiative di-

vergence as a single modification of inversion top air (T to T'), then SP's within

the mixed layer are then simple averages (weighted by combinations of the character-

istic velocities) of the end points 0, T'. It follows that the four SP's O, A, D,

T' lie on one mixing line, and that processes within the mixed layer can be repre-
sented diagrammatically as mixing processes.

2.5.3 Parameterization of surface fluxes

Another arrangement of (1) gives the surface fluxzes in terms of differences across
the layer
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W, W '
o =(__T__o_)<9 -1 (15)
wp g

which represents the surface fluxes of 8, q, ©

.
The determination of the surface fluxes for the steady-state stratocumulus
layer thus requires surface parameters Wgs 0 (the SP of surface air), and a set of

cloud-top parameters, T, w., R (which determine T' through (2).

T’

2.5.4 §pgy§ngyL.ev fluxes, and convective available potential energy_ (CAPE)

Betts (1982a, 1983a) show how Bv isopleths can be used on SP thermodynamic diagrams
to discuss buoyancy and CAPE. The construction for the constant flux stratocumulus
layer is shown in Fig. 8. 0 A D T is the mixing line as in Fig. 7. evc(eESV) iso-

pleths (for unsaturated and cloudy air) are drawn through A, D, the SP's of the as-

cending and descending branches of the circulation.

/

I( AgVC
S CLOUD-TOP
MOIST
ADIABAT
{
DRY
ADIABAT

Fig. 8. Construction of convective available potential energy

(shaded area) using 0, isopleths through SP's of ascending and

descending branches for steady-state stratocumulus over a (cold)

ocean., Mixed layer depth is h :hc, h are the mean pressure

thicknesses for the cloud and sub&loud (unsaturated) layers

respectively.

The criterion for no cloud-top entrainment instability (Randall, 1980; Dear-
dorff, 1980 ) is that A T lies to the right of the evc isopleth (Betts, 1982a).
This criterion is satisfied in Fig. 8, so that cloud-top mixing alone does not pro-
duce freely entraining negatively buoyant downdrafts. Instead there is a slower
circulation in which cloudy mixtures become negatively buoyant at cloud-top by radi-
ative cooling of T to T', together with mixing to give D. For a direct thermal cir-
culation in the cloud layer (driven that is by radiative cocling), we require the
mixing line 0 A D T' to lie to the left of the evc isopleth through A, so that Aevc
is positive as shown. Conversely in the subcloud layer (below A), Fig. 8 shows Aevu
negative, which means the ascending branch has negative buoyancy and the subcloud

circulation is (in the case shown) an indirect ome driven by the available potential
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energy converted in the cloud layer. Since the circulation as a whole must be en-
ergy generating, there is a constraint on Aevc, Aevu which determines the slope of
the’mixing line 0 ADT' from the dissipation of the circulation kinetic energy (see

Batts, 1983).

2.5.5 8P vector diagram for unsteady_mixed stratocumulus

The SP vector diagram can be used to describe the approach to equilibrium of a time-
dependent layer (M not constant). The mixed layer budget equation can be written

a -M) - -
hprr = 0 (0 - M) - o (f - T7) (16)
where hp is the pressure depth of the mixed layer (surface to cloud-top), and the
entrainment velocity at cloud-top satisfies:
e EEI'+ O
. dt

The radiative flux divergence at cloud-top still satisfies (13). If we now define

W

an equilibrium state, E, by

0= wo(Q - E) - we(g - 1" (18)
then substracting the vector equations (16), (17) gives
dM
hp g0= (W, +w ))E-M (19)

Equation (19) expresses the tendency of the layer mean SP in terms of an SP differ-
ence from equilibrium (E - M) and an adjustment time scale for the layer
T= hple, +w) (20)

Fig. 9 shows the SP vector diagram.

Fig. 9. Saturation Point vector diagram for unsteady mixed strato-

cumulus layer. The mixed layer SP, M, has an (instantaneous)

tendency toward E on the dashcd mixing line between O ?'.

These diagrams relate the boundary layer structure and time dependence to
surface parameters, those in the free atmosphere and the radiative fluxes. I believe
a general boundary layer parameterization can be most economically formulated by

comparing these SP schematics, to observatipnal data sets, so as to determine the

key closure parameters.
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3. TILLUSTRATIONS OF CONVECTIVE STRUCTURE

3.1  Mixed convective equilibrium: the cumulus layer

Cumulus convection is a moist mixing process between the subcloud layer and drier
air'aloff, and not surprisiningly the thermodynamic structure tends toward a mixing

line.

3.1.1 Mixing line structure ,

Fig. 10 shows the (T, TD) structure (solid lines) and corresponding SP's (open
circles) from the surface to 700 mb for a late afternoon convective sounding over
land in the tropics, The entire SP structure from 980 mb to 700 mb lies close to
the mixing line joining the end-points. There is a patch of cloud near 750 mb and a
dry layer above, but these large fluctuations of T and TD only appear as SP flpctu—

ations up and down the mixing line.

1000

Fig. 10. Late afterncon convective structure, showing SP's lying
along a mixing line (Venezuela, 1972, sonde 99).

3.1.2 Trade cumulus_equilibrium:_balance of convective mixing and radiation

Fig. 11 shows a three-day BOMEX average for the undisturbed Tradewinds. The dashed
line is the mixing line between cloud-base air and subsiding air just above the
trade inversion. We note

1) - The mixing line is well to the left of the stratocumulus breakup criterion.
(ii) Above the base of the trade inversion, just saturated mixtures are cold and

will readily sink in downdrafts to the base of the inversion.
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(iil) The lapse rate in the conditionally unstable cumulus layer is very close to
the mixing curve (cf. Fig. 10), which does not faver downdrafts in this layer. This
and other examples suggest that the lapse rate in the lower cumulus layer is con-
trolled by the mixing process.- '
(iv) However, SP's of the environment in the cumulus layer lie to the left of the
mixing line. This cannot be explained by mixing alone and indicates radiative cool-
ing is involved in the equilibrium (schematically shown by arrows).

The boundary layer model from Section 2 can be extended to quantitatively

describe the cloud-layer balance of convective transports and radiative cooling.

Fig. 11. Three-day average sounding for undisturbed tradewind con-
vection (BOMEX 22-24, June, 1969). Heavy dashed line is mixing
line between inversion top, and cloud-base air.

Consider a horizontally homogeneous trade cumulus boundary layer whose mean

structure is shown by Fig. 12. We now distinguish the cloud layer separately. 1In

equilibrium (taking w constant in the cloud layer)

0 = gFy + w(h-0C) + gR

where FB = p*(B- C) is the cloud-base convective flux; C is the environmental mean

SP at cloud-base, and

ABC is the radiative flux divergence for the cloud layer. A
parallel analysis to Section 2.5 shows that C lies of the A B mixing line because

of Agc, such that
€ -¢) = 8B /Cu* +5)

where C' divides the mixing line A B in the ratio ,*/3; . As before, this can alter-

natively be described by first modifying A to A" by Agc/B and then finding € on

é” B.
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Fig. 12. SP structure of trade-cumulus cloud-layer, showing balance

of cloud-base flux, subsidence and radiative cooling in the cloud

layer.

The BOMEX data fits this type of model quantitatively although the details
are sensitive to the humidity corrections applied to the data (Betts, 1982a).

3.1.3 Convective boundary layer_over land

—— v ——— - - — -

The shallow convective boundary layer over land is highly time-dependent since cloud
base rises as the subcloud layer warms and (typically) dries under the influence of
diurnal heating. TFig. 13 shows an example (from Betts, 1976 ) of the mean change
from 1000 to 1400 local time over Venezuela. The data is an average of sounding
pairs from 20 days convection. The T and SP profiles.are shown for the two sounding
times. The temperature profile shows an dry adiabatic structure to cloud-base and

essentially a eE structure above cloud-base, which is maintained as cloud-base

rises. The arroiz show the change of SP at each pressure level from 1000 to 1400.
Below cloud-~base there is a warming and drying; above cloud-base primarily a moist-
ening. The dashed lines are mixing lines from the SP of 650 mb air to cloud-base
for the two times. The sounding structures lie off these mixing lines, because of
the time dependence, but a similar structure is maintained as cloud-base rises. A

simple budget equation for a slice of the cloud layer is (neglecting radiative di-

vergence)
f§_= JF + wds/dp
dt P

where F is the convective flux: integrating through the cloud layer (thicknessAp)

gives (taking ® constant)

——

Ap dS/dt = w* (B -~ C) + w(A - C)

*
where w B is cloud-base mass flux, and A, C, B are the SP's of the environment at
cloud-top and cloud-base and of the subcloud layer respectively. For this data set
w*>>y  (Betts, 1976 ) and the cloud-base difference (B - C) is related to a time-

scale
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(B-0C) = T d5/dt where 2’ = Ap/w*B

In the cloud layer;) is reduced by the convection from ~ —-60 mb to ~ -35 mb. The
dashed mixing lines have a BOWEN Ratio ~ -0.5.

« ¢ T,SP 1000 MEAN
T.SP 1400 MEAN

1000

Fig. 13. Temperature and SP structure of mean soundings over land
showing local change (1000 to 1400 local time). Dotted line is
BESV isopleth, dashed lines are mixing lines.

3.2 Transitions between air masses

Tt is useful to constrast how the SP structure shows up discontinuities between air
masses which are not convectively mixed. An example is given from GATE in Fig. 14
in which a nearly moist adiabatic SP structure overlies a drier mixing line struc-

ture. Three soundings from nearby ships all show the same air mass tranmsition.
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700

800

900

Fig. 14. Soundings at Oceanographer, Vanguard and Dallas on
GATE day 258 showing transition between different atmospheric
layers.
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3.3 SP structure of a day's convection

If simply the SP structure of a sounding is plotted, one may compactly represent the
thermodynamic structure of many soundings. Figs. 15, 16 show examples for two rainy
days' convection: one from VIMHEX, one from GATE, which are quite similar. All the
soundings cluster near to a mixing line structure. Different days, however, often

have different characteristic SP structures. The mean slope, d8 /dpSL, of the

ESL
mixing line is probably an important parameter, since it is related to the coupling

of the convective fluxes of BL and Qpe

700

700
800 800
900 b 900

1000

Fig. 15. SP structure of seven sequential Fig. 16. Sequence of nine (three hourly)

soundings (over 11 hours) on a day with soundings at ship Dallas in GATE showing
precipitation over Venezuela, showing mean SP structure. (18Z Day 244 to 212
mixing line structure (Aug. 9, 1972). Day 245).

3.4 Deep convective equilibrium

3.4.1 Tropical soundings over the ocean

Fig. 17 shows the structure of the deep troposphere for the mean typhoon sounding
from Frank (1977). The heavy dots and open circles are (T, SP) for the eyewall.
They show a BESV structure below 600 mb and eES increasing above, with a nearly
saturated atmosphere (P~ -15 mb). The crosses and symbols E are (T, SP) inside the
eyewall, Here the strong subsidence has produced a very stable thermal structure,
but the SP structure is very close to the temperature structure of the eyewall: it
has been generated by subsidence of air originally saturated at the eyewall tempera-
ture (this does not modify the SP). The mid~tropospheric subsidence within the

eye is 60 mb. Thus the temperature structure of the eyewall is confirmed by two

independent composites.
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Fig. 17. Composite typhoon soundings in- Fig. 18. Composite wake soundings for
side the eye, the eyewall at 2° radius GATE slow and fast moving lines (Barnes,
(Frank, 1977), showing T and SP structure. 1982), showing T, SP and‘?] values.

The light dots and symbols 2 are the (T, SP) at 2° radius from the storm
center. Here the atmosphere is further from saturation, but has asimiliar cooler

temperature structure. At 200 mb the eyewall GE ~ 361K, while at 2° radius GE

S S

~ 357K, with a corresponding change in.eE at the low levels. and Sieckman

Fig. 18 shows the deep tropospheric structure for the wake (Barnmes. 1983) of
GATE convective band composites. They show a very similar profile to Fig. 17, with
an initial decrease of 6 close to a 8 isopleth and then an increase above

ES ESV )
600 mb (which is close to the freezing level). The dots and letter F denote the

(T, SP) of fast-moving lines (B:?Segfe%5g§9 and the cross and letter S denote (T,
SP) for slow-moving lines. They show some thermodynamic differences. The |¥ |
values for each p level are shown (fast moving on left, slow on right). The fast-
moving line wake has a drier lower troposphere (as a result of stronger
downdrafts). TIts 600 mb temperature is cooler, probably as a response to the fall-
ing GE in low levels. 1t is nearly saturated in the upper troposphere corresponding
to extensive anvil clouds. The slow-moving line wake shows the reverse, with a

moister lower tropospheric structure and & to 600 mb more closely aligned along a

ES
eESV isopleth. 1It, however, is drier in the upper troposphere.
These thermodynamic differences are associated with distinct dynamic fea-
tures in the wind profile: the fast-moving lines have strong shear between the

surface and 650 mb (Barnes and Sieckman, 1983).

86



3.4.2 Convective equilibrium over land

Figs. 19, 20 show examples of average soundings of days of major convective episodes
over land (Venezuela, 1972). The dots are the temperature structure and the open
circles the corresponding SP's. The low-level T structures closely parallel a eESV
isopleth to the freezing level (near 600 mb) and then show an increase of eES above.
This structure is typical of deep convection in the tropics and may be regarded as
more representative of deep convective equilibrium than say a moist adiabatic T

structure. These days do not have fast-moving mesosystems.

Fig. 19. Composite sounding for Aug. 9, Fig. 20. As. Fig. 19 for Sept. 2, 1972
1972 (VIMHEX, 1972) showing T, SP struc- (6 soundings).
ture (average of 7 soundings).

Fig. 21 shows the inflow and outflow T, SP for a composite of fast-moving storms
over Venezuela (Miller and Betts, 1977). Above 600 mb the upper tropospheric temp-
erature structure is similar to.Figs. 17-20. The low-level structure shows a marked
drying and cooling of the deep subcloud layer to give values of P& -50mb very similar
to the GATE fast-moving composite, and a low-level outflow SP profile which is clase
to eESV v 344K,

3.5 Deep convective equilibrium structure —- parametric philosophy

Most tropical cumulonimbus have small vertical velocities (mlom.s—l)(Zipser and

Lemone, 1980), and must therefore have correspondingly small mean buoyancy excesses
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Fig. 21. Profiles of T, SP for inflow and outflow of a Venezuela
composite of fast-moving storms (Miller and Betts, 1977).

(v0.3K). Traditionally it has been assumed that temperatures on the moist adiabat
are representative of parcel buoyancy for unmixed parcels, but this gives estimates
for convective available potential enmergy far in excess of observed vertical kinetic

energies. . The 8 isopleth which allows for the buoyancy correction for cloud water

has a slope de/gzvonly 0.9 of that of the moist adiabat: a marked reduction in
buoyancy in the low levels (Betts, 1982a). However, detailed computation of cloud
pafcel buoyancy allowing for fallout and partial freezing would require an elaborate
cloud model. We shall adopt a different strategy for parametric purposes. If we
assume that quasiequilibrium means that cloud-environment buoyancy differences be-
come small in regions of active deep convection, then the environmental profile will
reflect the cloud-scale processes which alter cloud-parcel buoyancy. Even though we
cannot explain (in terms of a cloud model) all the detailed structure, we can use the
observed thermodynamic structure as the basis for a parametric adjustment procedure.
This seems preferable to attempting to generate in a numerical simulation a realistic
quasiequilibrium structure by the use of cloud models (whether simple or complex).

To the extent that we can distinguish observatiomally differences in thermo-
dynamic structure (and cloud fields) for dynamically different types of convection,

these could be included in a parametric procedure.

3.6 Summary of observed convective equilibrium structure

Figs. 17-21 suggest that there is a tendency for deep convection to establish a
quasiequilibrium thermodynamic structure, but that there are also some observable
differences between dynamically different convective systems. All (even the nearly
saturated hurricane eyewall convection) shows a marked decrease of BES below 600 mb
which is the approximate freezing level for this tropical set of data. The tempera-
ture structure approximates a BESV isopleth suggesting that the lifting of cloud
water is a significant density convection in active convective cells in the first few

hundred mb above cloud base. The fast-moving storms show a more unstable eES struc-

88



ture (Figs. 18, 21) and correspondingly a drier SP andg) structure associated with
.stronger unsaturated downdrafts, Perhabs the rapid fall of low-level GE provents a
close approach to mid-level thermal equilibrium (see also below).
Around the freezing level both 6 and the SP show a marked stabilization

ES
with a steady increase of both in the upper troposphere toward the 0 isopleth

through a low-level SP. This stable structure is probably‘associategsboth with
freezing and the fallout of precipitation. Both increase cloud parcel buoyancy and
we would expect this increase to be reflected in the mean sounding structure if the
convection is not far from buoyancy equilibrium with the environment. Similarly the

sounding minimums in 6 below the freezing level probably reflect both the buoyancy

ES
correction due to the lifting of cloud water in active cells and the melting of

falling precipitation. That is, the © minimum is associated with both the lifting

ES
of precipitation and the melting/freezing couplet. The maintenance (in quasiequili-
brium) of this ﬁrofile requires an upward advection ofGE by the convection. For a

first guess parametric model we shall simply constrain eES to have this minimum near
the freezing level.

Thejp structure (related to subsaturation) shows more variability. Fast;mov—
ing storms with stronger downdrafts havejDﬂ/—6O mb in the low levels (related to a
downdraft evaporation pressure scale, Betts 1982b) compared to?ﬂ;—30 mb in the low
levels for the GATE show lines and VIMHEX August 9 and September 2 cases. Upper
level values of ? are variable in the -20 to -40 mb range: the smaller values (~20)
correspond to layers closer to saturation. As a compromise and a first guess para-

metric scheme we shall use Y = -30 mb at all levels. This corresponds to a relative

humidity of 85% at 800 mb and 75% at 500 mb.

4. SATURATION POINT ADJUSTMENT

4,1 Introduction

The idea is to specify a convective equilibrium state with SP structure g(p) based
on observations, and in the presence of (deep) convection, adjust the mean SP struc-
ture S(p) toward this equilibrium state, E.

This work is in its infancy, and untested in models. Its main promise 1s
that of maintaining a realistic convective thermodynamic structure and convective
fluxes in the presence of large-scale forcing. It may be possible to extend the
procedure to give a smooth transitiom for boundary layer clouds, and the development

of stratiform clouds in mesoscale complexes.

4,2 Concept

The mean 1afge—scale thermodynamic equations can be written in terms of SP, S as

as _ _ &8 dR dF (21)
—~= -W¥§ - o— - g~ -g—
dt dp dp dp

where R, F are the radiative and convective fluxes (components 8, q, BE fluxes).

~
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In outline, the proposed procedure is

4,2.1 Allow large-scale mean fields plus radiation and surface fluxes to modify
thermodynamic structure S. Test for deep convection (moisture convergence) and

cloud~top‘(6ES adiabat) (see 4.4).

4.2.2  Adjust back toward specified quasiequilibrium structure E(p) which satisfies
a eE coﬁservation constraint (see 4.,5) with a time-scale ¢, Fepresentative of the
convective time~scale.

If we abbreviate the large-scale forcing to the vertical advection we may
write

a5 as E -
R .

dt dp T
A time~scale 7”7 £ 1 hr. will probably be satisfactory and prevent jolts to the

tnl

(22)

thermodynamic structure when convection is initiated. Thus (§ - E) will correspond
to about 1 hour's forcing of the large-scale. Typically this will keep the atmos-—

phere somewhat cooler and moister than E.

4.2.3 The component equations are (simplified)

®p B Om % (22a)
dt T Y4
a4 _ - 48 6, - 6
T AT (22b)
dq _ _ -4 4 - a
ar & -+ A (22¢)

where the suffix A denotes the quasiequilibrium profile E. Initially the adjustment

will move 8, q toward 6 (which for example will typically cool the low levels).

A’ 9
Then as quasiequilibrium is approached, the vector E - S corresponds tc a warming and
drying by the convection. At low levels it will be aeE sink and at upper levels a BE

source, because of the eE minimum in the profile of E.

4.2.4  The precipitation rate is

P=- j(qA"a)ééE (23)

Initially the term (qA - q) may represent a moistening at some levels which corres-
pondingly reduces P. It may be necessary to impose a constraint that P2? O during
the initial adjustment. (see 4.6.2, 4.7.1)

In quasiequilibrium P = jka daA/Gp) dp/g (24)

4.3 Equilibrium convective fluxes and structure

The relationship between these is an important aspect of the method. Near quasi-
equilibrium, S & E, for small 7 and
AS = (E~-S)x wr(dE/dp) (25)

and the convective fluxes are given by
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F = (E-5 dp=SA§dp .-_-;j‘”i‘ﬁ)iiﬂ (26)
dp/ & '

The structure of the gradient of E determines the structure of the fluxes near
quasiequilibrium (if the vertical advection is the dominant large-scale forcing
term ), A vector difference AS has an associated BOWEN Ratic for the 6., and
total fluxes (Betts, 1983b). Level by level the convective flux divergence has
the BOWEN Ratio of dE/dp. This is of importance: eg. the moist adiabat has a
BR ~-1, while the 8o '

corresponding to those observed (Section 3) then we impose in quasiequilibrium .

isopleth has B~ -0.8. If we specify a profile of E

a corresponding convective heating and drying distribution (Q ;Q,; in the conven-—

tional notation): TFig. 22.

PN Q1 Q: for
/ \, { Saturation
/ * ;Adlabat
. E(plon Y
Observed | | & - ¥
Saturation \
E( —"| | Adiabat "
\ 45
/ :Q1
/] 1 ~(Observed E (p))
\\ // ;"*Oz
V4 4
8(p)

Fig. 22. Schematic 6_ structure and Q, Qo profiles for E(p) satu-
rated on moist adiaba%‘ (solid) and E(p) to left of moist adiabat
with near-constant P .

Diagnostic budgets typically show Qo > Qi at low levels and a reversal above in
agreement with this analysis., This is an upward advection of BE and represents
a greater heating and reduced drying aloft in comparison with an adjustment which
produces a moist adiabatic atmospheric structure. Of course, the maintenance of
the more stable eES structure aloft requires this. In this SP adjustment scheme
therefore, both thermodynamic structure and fluxes in quasiequilibrium are di-

rectly coupled and have a realistic structure.
4.4 Initiation

I have not given this much thought yet. It is part of the general problem of
transitions between boundary layer clouds and deep clouds. Following Kuo (1974),
I would initiate deep convection in the presence of net moisture convergence,
although here the convergence is not used to specify the convective amount.

SP adjustment needs a cloud-top to terminate the adjustment in the vertical.
This may not be very critical. I propose defining cloud-top (hT) at the inter-
section of the moist pseudo-adiabat through a low-level eE (before adjustment).
Although the adjustment implicitly adjusts for buoyancy corrections due to liquld

-water loading and ice-phase processes, it seems unnecessarily complex to even
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_attempt to incorporate these in determining cloud-top. Ice/liquid water loading at
cloud-top will be small and the ill-defined entrainment and freezing processes will
at least partially cancel. . I see no way of computing a realiétic modified adiabat
allowing for all the cloud thermodynamic processes, and there then remain the cloud

dynamic processes which determine actual cloud-top.

4.5 eE constraint

A GE vertical structure will initially be specified, but this will then be shifted

across the BE isopleths so that the convective ‘adjustment satisfies a SE conserva-—

tion comstraint. TFormally we require that the convection simply redistributes GE

between the surface and cloud-top:

Pp eEA - SE 27)
———dp = O
p T
o)
This integral does not include the surface OE flux as this was included in the large-~
scale forcing (see 4.2.1) Unless precipitation falls as hail or snow at the surface,

the correction for the freezing and melting processes is small in the integral.

4.6 Specification of E(p)

This is a central part of the method, and it will need refinement beyond the proposal

here.

4.6.1 First guess

Specify a 8 ) structure starting at the surface wet-bulb temperature following a

Es(p

eESV isopleth to the freezing level, and then a linear increase cf eES back to the

surface value at 175 mb. Specify?(p) structure: I propose? = -30 mb as a suit-~
able approximation (corresponding to a relative humidity ~857 at 800 mb and 75% at

1
500 mb). This gives the Saturation Level. From (QES’ p,‘pSL) find (8, q, eE)SL'

4.6.2 eE constraint

_______ 1 Pp
i = ———— — pl
Find mean BE correction GSE P =) g}éE BE)dp (28)
o T P
o
and correct first guess at all levels. Opa = eé + 69E (29)

There are some options in correcting (6, q) from this GBE: see Fig. 23.

a) Preserve Pgr (and?® ), thereby changing 6, q. I think this is desirable
at low levels because the downdraft structure will tend to preserve a?? structure as
GE changes (Betts, 1982b).

b) Preserve 6, thereby changing q,? . This will increasel?l to represent a
lower RH if GBE is negative. This has possible advantages in delaying the moistening
of the atmosphere. It might be necessary at high levels if the initial atmosphere is

very dry, but if used at low levels would tend to uncouple the 6_, BES profiles which

E
is undesirable ((b) will also give more precipitation then (a)).
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Initially I suggest (a). The 66E correction to E couples the entire
troposphere GE adjustment. It might be desirable to uncouple the upper tropos-
phere if it is initially very dry. Otherwise, the water vapor input needed to
moisten it to give'? &~30'mb may reduce early precipitation too much. This

needs modelling and observational study.

Fig. 23. Schematic showing relationship of 66E correction to
806, 8q for cases (a), (b).

Very dry initial atmospheres may take longer to adjust in the moisture field
and this could be‘accomplished by allowing P to be time dependent (eg. —-50 (de-
creasing) to -30). It is necessary to ensure P 2 0 in Section 4.2.4.

Mesoscale complexes may tend to produce layer clouds on a longer time
scale. This can be accomplished by allowing?? to change toward, say +20 mb
coerresponding to a cloud-water field. We lack extemsive statistics on mean
layer cloud values of‘? . Perhaps ISSCP will provide some information.

Whatever the time dependence of E, the procedure adjusts the convective
fluxes, and the distribution of the moisture convergence into moistening (and
liquid storage) and precipitation automatically. Initially some of the moisture
convergence goes into moistening the mean atmosphere toward E and then in quasi-

equilibrium it is essentially all precipitated.

4.6.4 Dynamically different convective regimes

The equilibrium state E may differ for dynamically different regimes. For ex-
ample, fast-moving squall systems may reduce the boundary layer humidity further
(to give? v~ -60 mb), and give more extensive upper level cloud fields. To the
extent we can relate this to grid-point variables, space dependent E can be

incorporated.

E

Fractional cloudiness at a grid point could be introduced with a distribution of
‘? around a mean. The explicit modelling of the subgrid scale is needed. This
may be necessary to describe the decay of layer clouds.

In the boundary layer the sharp contrast between inflow and outflow SP may
not be well described by a single average, and may need a subgrid-scale specifi-

cation. This may be true of all levels of strong outflow.
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5. Conclusion

The intent is to provide a framework in which our observational understanding of
convective equilibrium structure can be incorporated in numerical parameterizations
of convection. Clearly much remains to be tested. If successful a model would
always retain  realistic vertical fluxes and thermodynamic structure in the pre-
sence of deep convection. I have addressed the problem of parameterizing deep con~
vection, but the same approach can be used for a general boundary layer model. I
have stated this elsewhere (see Section 2 and Betts 1983a). We need in fact a

formulation which covers the entire span of convective regimes.
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