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1. INTRODUCTION

The planetary boundary layer (PBL) is the layer adjacent to the earth's
surface within which vertical turbulent transports play a dominant role in the
budgets of momentum, moisture, .and sensible heat, and the turbulencelenergy is
more-or-less . continuously distributed in . space and time.

In the early years of general circulation modeling, the PBL was recognized
as an important dissipative mechanism (Charney and Eliassen, 1949), and as a
significant regulator of £he surface fluxes of sensible heat and moisture
(Smagorinsky et al., 1965).  Meanwhile, pioneering observational studies
revealed the intimate coupling between the tropical PBL and the cumulus layer
above (Bunker et al., 1949; Malkus, 1957), and -the crucial role of tropical
cumulus convection in the iglobal energy cycle (Riehl-and Malkus, 1958).

Then, during the 1960's and 70's, Lilly (1968) drew attention to the
remarkably persistent marine subtropical PBL stratocumulus decks, and Herman
and Goody (1976) described the similar PBL stratus layers of the Arctic summer.
During these same years, much effort was devoted to understanding how the PBL
turbulence is influenced by the variability of PBL depth, and the processes
that produce that variability. Deardorff (1970; 1972; 1974a,b) showed that
the PBL depth is determined by a rate equation in which turbulent entrainment
plays a leading role, and that the stability dependence of the surface transfer
coefficients can be expressed in terms of a bulk Richardson number which is
proportional to the PBL depth. Arakawa and Schubert (1974) argued that the

PBL depth tends to be reduced by the action of cumulus cloud ensembles, which
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carry PBL mass up into the cumulus layer. They also pointed out that a deep
PBL is favorable for cumulus activity.

As a-result of these studies, the PBL is now understood to be much more
than a near-surface layer of strong turbulent transports and kinetic energy
dissipation. It serves as a variable-depth reservoir of moist air, and as a
regulator for the tropical and mid-latitude-summer cumulus layers. Elsewhere
on the globe, it harbors extensive and long-lasting stratocumulus layers, which
are important features of the climate in their own right, and which dominate
the radiation balance where they occur.

Tt ig natural that some of the most important PBL processes are cloud-
related. A large portion of the solar energy absorbed by the earth is intro-
duced into,the atmosphere through surface evaporation, in the form of latent
heat. Because the PBL controls the evaporation and turbulent redistribution
of water substance into the atmosphere, it strongly determines the global
distributions of both‘cumuliform and statiform clouds.‘ The clouds, in turn,
influence the mean structure and turbulence of the PBL through cloud-induced
circulations, through the radiation field, and through precipitation. A com-
prehensive simulation of PBL processess for a numerical model of large-scale
atmospheric circulations must therefore include a simulation of the interaction
of PBL with clouds. This aspect of the PBL parameterization problem has an
importance comparable to that of the determination of the turbulent f£luxes.

The problem of PBL parameterization for global circulation models therefore
goes far beyond the problem of parameterizing the turbulent fluxes. The struc-
ture and variable depth of the PBL must be recognized, not only to determine
the stability and storage capacity of the PBL, but also in the design of cumulus
parameterizations. At the same time, the effects of cumulus activity on the
PBL must be taken into account. The observed PBL stratus layers must be repro-
duced in any comprehensive climate simulation, and their very powerful effects

on the PBIL turbulence must be parameterized.
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Furthermore, it is not enough to develop a physically sophisticated (and
correct) model of the PBL which allows calculation of the response of the PBL
to a given state of the freé‘atmosphere. We must also carefully simulate the
feedback and control mechanisms which determine the evolution of the free
atmosphere and the PBL as a coupled physical system. ‘This is possible only
through careful design of the mathemafical coupling between the parameterized
PBL processes and the predicted variables of the numerical model.

This paper describes aﬁd presents some results of two PBL parameteriza-
tions currently being used in‘global general circulation models. The first is
the very straightforward GLAS parameterization, in which the PBL depth is not
predicted, the interaction of the PBL turbulence with cumulus and stratocumulus
clouds is not parameterized, and the coupling of the PBL parameterization
with the other components of the GCM is indirect. The second is the more com-—
plex UCLA parameterization, which includes as basic features a predicted PBL
depth, explicit coupling of the PBL turbulence with cumulus and stratocumulus
clouds, and direct coupling of the PBL parameterization with the rest of the
GCM. The two models share the’saﬁe surface flux parameterization, although
the input parameters for the surface flux calculation are determined differ-
ently. Comparison of the two PBL parameterizations and the results obtained
with them can show to what extent the greater complexity of the UCLA parameter-
ization is justified.

In the next Section we present the prognostic equations governing the
bulk properties of the PBL, as a framework for further discussion of the two

parameterizations.

2. THE BULK EQUATIONS

A gross description of the state of the PBL can be given in terms of ifs
depth, and its vertically-averaged potential temperature, mixing ratio, and
wind vector. We refer to these as the bulk properties of the PBL. In this

Section, we discuss the prognostic equations which govern these bulk properties.

83



The primitive forms of the conservation laws for dry air, potential tem-
perature, moisture, the zonal and meridional wind components, and the turbul-

ence kinetic energy can be integrated through the depth of the PBL to give
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Here SpM is the pressure-depth of the PBL; subscript M otherwise denotes a
vertical mean through the PBL; E is the entrainment mass flux at the PBL top; M
is the cumulus mass flux; subscript B+ denotes a value just above the PBL top;
F( ) denotes the vertical turbulent flux of ( ); R is the net upward radiation
flux; L is the latent heat; C is the rate of condensation; subscript cu denotes

a value inside cumulus clouds; g and 1 are the mixing ratios of vapor and
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liguid, respectively; subscript p denotes a derivative along an isobaric sur-
face; r is the moisture flux due to precipitation; £ is the coriolis parameter;
?7 is latitude; a is the radius of the earth; e is the turbulence kinetic .
energy {(TKE) density;

B = Dpy (Fey/ply ° T ‘ (2.7)
is the rate of generation of TKE by the buoyancy force;

s = opy (Fy " 3V/3p) (2.8)

~

is the rate of generation of TKE by shear; and D is the rate of dissipation of
TKE. In (2.7), K is the ratio of the specific gas constant for air to the
specific heat of air at constant preséure, and sy is the virtual dry static
energy. All other notation is conventional.

Eqs;k(2.2 - 2.6) do not contain termé representing turbulent transport at
level B+ because we define this level to be above the PBL top, where turbulence
is negligible. Fér the same reason, the cumulus term of (2.6) does not involve
epys

We have neglected lateral eddy transports.

As shown by (2.1), the PBL depth changes as a result of lateral mass
convergence or divergence, turbulent entrainment or detrainment at the PBL top,
and the loss of PBL mass into cumulus updrafts (Fig. 1).

In the derivation of the TKE equation (2.6), we have neglected a term
representing the verticgl fransport of TKE by internal gravity waves above the
PBL., Kantha et al. (1977) have presented experimental evidence that under
some conditions such wave energy trénsport can substantially reduce the rate of
entrainment into a mixed layer. But the magnitude éf the Qave—iransport term
depends in a complicated way on both PBL processes and the refractive structure
of the free atmosphere. We have neglectedkthis term for éimpiicity.

The cumulus terﬁs of (2.1 - 2.6) represent the effecﬁs of the lpss of PBL
mass into cumuius updrafts. We have assumed for simplicity that all cumulus

clouds of an ensemble share the same cloud-base values of &, (g+ %), u, v,
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and e. We have also neglected the effects of cumulus downdrafts which might
penetrate the PBL independently of the turbulent entrainment process. We now
assume, following Arakawa and Schubert (1974), that the air rising into cumulus

clouds has the bulk properties of the PBL, i.e.
( eu,B+ = e (2.9)

This implies that, for example, cumulus clouds decrease the moisture content of
the PBL (i.e. the méss of PBL water vapor per unit area) without decreasing the
mixing ratio of the PBL air.

The bulk equations (2.1 - 2.6) are prognostic. FEach equation contains
horizontal advection terms, representing grid-scale processes, and each contains
entrainment and cumulus terms which must bg parameterized. The surface flux
terms of (2.2 - 2.5) must be parameterized, as well as the radiation terms of
(2.2), the condensation terms of (2.2 - 2.3), and the precipitation terms of
(2.3). The pressure-gradient, coriolis, and metric terms of (2.4 - 2.5) are
explicitly computed in the large-scale dynamics routines of the GCM. finally,

the production and dissipation terms of (2.6) must be parameterized.

3. THE SURFACE FLUXES

The determination of the turbulent fluxes at the earth's surface is the most
familiar and most widely discussed aspect of the PBﬁ parameterization problem,
and during recent years promising new theories have significantly improved our
understanding in this area. No new theory of the surface fluxes is proposed in
the present paper; instead, the method of Deardorff (1972) is adapted to our
needs. Deardorff's theory is an early example of what are now called Ekman
layer similarity theories, in that it relates the surface fluxes to the bulk
properties of the PBL. Moss and Rosenthal (1975) have applied Deardorff's
method to a diagnostic study of a tropical cyclone. They obtained drag coeffi-
cients which, they concluded, agreed well with those obtainea in earlier angular

momentum budget studies of tropical cyclones.
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Deardorff used the Monin—Obukhqv similarity theory, as formulated by Businger
et al., (1971), to relate the £emperature, moisture, and wind profiles in the
surface layer to the surface fluxes. He then gave additional similarity laws
for the part of the PBL which lies above the surface layer, and matched these
to the Monin-Obukhov similarity laws. The resulting equations determine the
surface fluxes as functions of the bulk stability of the PBL, and the ratio of
total PBLkdepth to»the surface roughness length. ~Explicit information about
the surface layér variables is not neéded. | |

Following Deardorff, we determine the'surface;fluxes of sehsible‘héat,

moisture, and momentum using

(Fglg = //DS uc. (sq - sy, (3.1a)
*
- 7
(Fyls = [fsuc, )I(a*g - wy) (3.1b)
// * u/ g
and
u = cy uy (3.1c)

*

Here u E'(IFvljf)S1/2 is the surface friction wvelocity ¢ and c, are transfer
* ¢
i

coefficients, 3 is a measure of ground wetness which ranges from zero for dry
ground’to one for soaked ground or water surface, and the subscript g denotes a
ground value. The surface stress - (Fy)g is assumed to be parallel to the

PBL mean wind. This assumption can be justified by noting that under unstable
conditions the PBL momentum is nearly well-mixed, while undgr stable conditions
the PBL ié often so shallow that the PBL mean wind and the surface wind are
nearly indistinguishable.

The surface transfer coefficients cy and Cq depend cn S‘ZM/ZO, where 6 Zy
is the PBL depth and z, is the surface roughness length, and on the bulk
Richardson number Rig, which is a bulk measure of the PBL's gravitational stabil-
ity. The bulk Richardson number is defined in terms of the virtual dry static
energy

Sy = ©cp T (1 + 0.609q - X ) + gz
(3.2)

= s+ cp T (0.609q - &) .
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Figure 1. Diagram illustrating the mass budget of the PBL.
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Figure 2. Dependence of the surface transfer coefficients on stability and
surface roughness, after Deardorff (1972).
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which is a measure of the relative buoyancy of air particles at the same level,
taking into account the effects of both vapor and liquid. The bulk Richardson

number is

-g 5 Zy (Syg = SyM) e (3.3)

g
1

<y cr.‘slvml2

where (svg - Sym)e is the effective‘s'v difference between the ground and the
air.

The functional dependence of ¢’y and ¢y on Rjp and S‘ZM/ZO is shown in
Figgre 2, which is taken from Deardoff's paper. For further discussion, and
for the equations represented in Figure 2, refer to Deardorff (1972).

For the purpose of computing the turbulent fluxes, the earth's surface is
characterized by a temperature, a measure of surface wetness, and a roughness
length. In both GCMs the ground temperature and wetness are predicted at
land points (including prescribed sea ice points), and the sea surface tempera-
ture is interpolated daily from observed monthly climatological valueé. The

surface roughness length is prescribed at all points, as shown in Table 1.

Terrain Type Prescribed zq, Reference
Meters

Land 0.45 Fiedler and Panofsky
(1971)

Water Surface 2.0 x 1074 Fiedler and Panofsky
(1971)

Sea Ice 1.0 x 1074 Iing and Untersteiner
(1974)

Table 1., Surface foughness lengths used in both parameterizations.
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In order to evaluate the surface fluxes we must determine the PBL mean
wind vector, the bulk values of the virtual dry static energy and mixing ratio,
and the PBL depth. These quantities are determined very differently in the

GLAS and UCLA models, as explained in the following sections.

4. A DESCRIPTION OF THE GLAS PARAMETERIZATION

The nine-level GLAS climate model is descended from the 1970 version of
the UCLA model. DNescriptions of the model in various stages of development
are given by Sommerville et al. (1974), Halem et al. (1979), and Shukla et al.
(1982).

Until recently, the model's PBL parameterization was that developed by
Katayama (described by Arakawa, 1972), as modified by Sommerville et al. (1974).
It included stability dependence, but without the virtual temperature effect.
The transfer coefficients for sensible heat, moisture, and momentum were assumed
to be equal, and increased both with increasing wind speed over the ocean and
with increasing surface height over land.

The model has recently been modified by Randall (1982) to make use of the
surface flux parameterization described in Section 3. The bulk properties of
the PBL, which are needed as input to the prameterization, are determined by the
followingvvery simple approach:  The PBL depth is taken to be 500 m everywhere
and at all times. This value has been chosen because it is near the observed
depth of the marine trade wind PBL, which covers much of the planet, and because
it represents a rough daily mean depth for the PBL over land. The bulk values
of the virtual potential temperature, mixing ratio, and wind components are
determined by a simple extrapolation in height from the lowest two GCM layers
to the mid-level of the PBL, i.e. 250 m. No attempt is made to allow for the
inversions and other sharp features which are sometimes observed at the PBL top.

The extrapolated virtual potential temperature and mixing ratio are not
used to detect the presence of PBL stratocumulus clouds, since without a pre-

dicted PBL depth there is no way for the clouds to influence the evolution of
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the PBL, and also because the radiation parametérization of the GCM is designed
to deal only with clouds which fill the full vertical extent of a GCM layer.
The cumulus parameterization was developed by Sommerville et al. (1974)
from that designed by Arakawa (1972) for the three-level UCLA GCM. A descrip-
tion of the parameterization is given by Helfand (1979). The lowest allowed
cumulus cloud base level is at the top of the second model layer; obviously,

this level is well above the PBL top.

5. RESULTS FROM THE GLAS GCM

We present results from a July simulation, initialized from the observed
state of the atmosphere for June 15, 1979.

The recent introduction of the surface flux parameterization described in
Section 3 has led to a dramatic improvement in the model's ability to simulate
observed monthly-mean sea leQel pressure patterns. Fig. 3 shows the zonally-
averaged sea level pressure according to observations, and as simulated by the
current GLAS model, an earlier GLAS model which used the Katayama surface flux
parameterization, and thé UCLA model. The new GLAS model and the UCLA model,
which share the same surface flux parameterization, both produce fairly deep
low pressure belts over the ocean around Antarctica, and both simulate strong
subtropical highs in the Southern Hemisphere. The earlier GLAS model fails to
simulate the intensity of these features, and so fails to produce a belt of
strong surface westerlies near 50°S. Although the surface flux parameteriza-
tion is not the only difference between the "new" and "old" GLAS models, we
believe it is the main reason fPr the improvement seen in Fig. 3. Further dis-
cussioﬁ is given by Randall (1982).

Fig. 4 shows the simulated July mean total cloudiness. The shaded areas
are those in which the cloudiness is less than 70%. Although cloudiness maxi-
mum of the ITCZ and the cloudiness minima of the subﬁropics are qualitatively
captured, a glaring deficiency apparent in the figure is that the cloudiness is

excessive, at almost every latitude. The simulated planetary albedo is 0.40.
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“Figure 3. Zonally-averaged sea-level pressure.

Most of the excessive cloudiness is due to widespread supersaturation in
the lowest model layer. (This deficiency of the model was evident both before
and after the surface flux parameterization was revised.) The simulated evapora-
tion and precipitation distributions are fairly realistic (Shukla et al., 1982)
but the model,does not properly transporttthe evaporated moisture up out of the
bottom layer. We believe that there are two reasons for this. First, the PBL
parameterization does not permit PBL moisture to be mixed upward into the free
atmosphere through the diurnal variation of PBL depth over land. Second, the
model's cumulus parameterization daes not directly dry the PBL by lifting
moisture in cumulus updrafts.

Fig. 4 also shows that the model fails to simulate the observed spectacular
July clpudiness maxima off the west coasts of North and South America, and
South Africa. In fact, the model actually simulates cloudiness minima in these
regions, where large-scale subsidence associated with the subtropical highs
naturally tends to produce dry low-level air. In nature, the moist ané cool
PBL is observed to contain extensive stratocumulus sheets, which account for
the observed cloudiness maxima. As dry subsiding air is entrained into the
PBL, it is very rapidly moistened by turbulent moisture transport from below
(Randall, 1980b). The GLAS model incorporates smio parameterization of this

process, and so it cannot simulate the observed cloudiness maxima.
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Figure 4. Total cloudiness simulated by the GLAS model. In the shaded regions
the cloudiness is less than 70%

6. A DESCRIPTION OF THE UCLA PARAMETERIZATION

6.1 Coupling the PBL Parameterization with the Rest of the GCM

We shall present results from the 9-level tropospheric version of the UCLA
GCM. A description of the finite-difference schemes of the model is given by
Suarez and Arakawa (1979). The model includes the Arakawa-Schubert cumulus
parameterization (Arakawa and Schubert, 1974; Lord and Arakawa, 1980; Lord,
1982; Lord, Chao, and Arakawa, 1982). Other results have been presented by
Mechoso et al. (1979, 1981),

The PBL parameterization is incorporated into the GCM through the use of
a generalized sigma-coordinate, in which the PBL top is a coogdinate surface
(Suarez and Arakawa, 1979). To explain the motivation for this choice, we
review several alternatives which were considered and rejected as the PBL
parameterization and the UCLA GCM evolved together over a period of years.

An early decision in the design of the PBL parameterization was that the
PBL depth should be carried as a prognostic variable of the GCM. As discussed
in the Introduction, obse;vational and theoretical studies of the sixties and

early seventies showed that the depth of the PBL is prognostically determined,
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that it helps determine the bulk stability of the layer, and tha£ it influences
the level of cumilus activity. On a more elementary level, the depth of the
PBL is a méasure of how much of the lower troposphere can be modified by the
surface fluxes, -since by definition it is only the PBL air which is directly
modified. For example, the rate of warming of the PBL due to a given surface
sensible heat flux will be larger if the PBL is shallow than if it is deep,
because the warming tends to reduce the subsequeﬁt surface sensible heat flux.
This control loop exerts a powerful negative feedback on the surface sensible
heat flux (and, analogously, on the other surface fluxes); a successful PBL
parameterization must faithfully model the control loop. Fig. 5 schematically
illustrates the surface flux control lqops. Accurate knowledgé of the PBL
depth is essential for this purpose. Since the current PBL depth depends on

its past history, a prognostic equation is required.

NE WARMING o MOISTENING NE SLOWING
EE EE -~ EE
GE GE GE
AD AD AD
T8 TB B
&é SURFAGE &3 ve
SURFACE ve SURFACE
SENSIBLE E
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SURFACE FLUX CONTROL LOOPS

Figure 5. The surface flux control loops.

This conclusion leads directly to one of the most troublesome problems in
the design of the PBL parameterization: How should a PBL of highly variable
depth be incorporéted into a vertically discrete GCM? On each timestep, it is
necessary to determine, at the very least, the bulk potential temperature, mix-
ing ratio, and wind vector for the PBL, in order to evaluate the surface fluxes,
the entrainment rate, and the cumulus mass flux. These bulk variables éatisfy
the prognostic equations (2.2-2.5).

Deardorff (1972) suggested an extrapolation procedure in which the known
PBL depth, GCM layer depths, and GCM layer properties are used to determine the

bulk PBL properties. However, there are two difficulties with this approach.
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First, as discussed by Deardorff, the PBL top is frequently observed to be
marked by sharp jumps in the potential temperature and other quantities. At
other times, the vertical derivative of the potential temperature is observed
to change suddenly at the PBL top. Under these conditions, accurate extrapola-
tion is not possible.

A second difficulty is that if the bulk properties are obtained by an
extrapolation, the bulk prognostic equations (2.2-2.5) cannot be exactly satis-
fied. The prognostically determined PBL depth and the extrapolated bulk proper-
ties are used to determine the time rates of change of the GCM layer gquantities
and the PBL depth; These variables are time-stepped forward in the usual way.
The extrapolation is then repeated, yielding new values of the bulk quantities
and, implicitly, determining the time-rates-of-change of these gquantities over
the preceding time-step. In general, it is not possible to make these implicitly
determined time-rates-of-change agree with those explicitly given by (2.2-2.5).
This means that the control loops cannot be well-simulated.

In order to avoid this difficulty, it is necessary to introduce additional
prognostic variables for the bulk structure of the PBL. However, if the bulk
variables G)M, (q + X\)M, uy, and vy are predicted explicitly, new problems
arise. Suppose, for example, that at a particular grid-point the PBL depth is
initialized to some small value so that the entire PBL is contained within
the lowest GCM layer. Over time, the PBL may deepen until at some instant its
depth is the same as the depth of the lowest GCM layer. We then require that
the bulk variables of the PBL agree with the corresponding prognostic variables
for the lowest GCM layer, but there is no guarantee that this requirement will
be even approximately satisfied.

A solution to this problem was proposed by Randall (1976). Briefly, the
idea is to predict the differences between the properties of the PBL and those
of the free atmosphere above, rather than to predict the bulk properties of
the PBL directly. Randall (1976) further showed that this scheme can be imple-

mented in such a way that the bulk equations (2.2-2.5) are exactly satisfied;
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the scheme was implemented in the UCLA GCM by Randall (1976). A modified ver-
sion of this model has been adopted by the U.S. Navy for operational weather
prediction (Rosmond, 1981). Encouraging results obtained with the model have
been discussed by Randali (1976) and also by Mechoso et al. (1979), Payne (1980),
and Rosmond (1981). However, the approach is very complicated in practice,
largely because the GCM layer which contains the PBL top can change from one
grid point to the next, and from one time-step to the next. As a result, we
have decided not to pursue the method any further at this time.

This_chain of reasoning and experience led to the decision, in 1977, to
implement the genéralized sigma coordinate system described by Suarez and
Arakawa (1979). The major advantage of this approach is that the PBL always
and everywhere consists of exactly the bottom layer of the GCM. Fig. 6 illus-
trates the coordinate system, which is defined formally as follows: Let p be
the pressure; pp, the pressure at the top of the model atmosphere, taken as
constant; pp the pressure at the PBL top; pg the pressure at the earth's
surface; and py a constant pressure between pp and a realistiq lower bound

of pp (see Fig. 6). Then ¥ is given by

b-Pr
P1-PT for Pt < P £ Prr
5 o= P-P1
PR-Pr for pp < P < Pg: (6.1)
PP +1
/s Ps-PB for P £ P £ Psr
With 1 defined by
4 TfK = Pr -~ Pp for -1 < g < 0,
T = Ao My, =pg - PT for 0< 7 <1, (6.2)
L Ty =PpPg - PR for 1< 7 <2
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the pressure p may be written as

pPr + M for -1 < & <1,

p = (6.3)
pp + (O - 1)1C for 1< 6 < 2
The surface ¢ = 1 is by definition the PBL top; it is a material surface in
the absence of turbulent entrainment {(or detrainment) and the loss of turbulent

boundary layer air into cumulus clouds with their base at the PBL top.
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Figqure 6. The generalized @ -coordinate system of the UCLA GCM,

6.2 Entrainment

When the interface between a turbulent atmospheric layer and a quiet layer
is not simply advected by the mean circulation, but moves progressively into
the quiet layer, "entrainment" is said to occur. The entrained air must be
supplied with turbulence kinetic energy (TKE), and whenever entrainment occurs
across a gravitationally stable interface additional TKE is needed to do work
against the stratification. For these reasons, entrainment has often been

studied in terms of the conservation of TKE.
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The conservation of TKE, as expressed by (2.6), can be written as

A - M e = (B + 8) -

< D . (6.4)
D M 7
B+ “cu,B+ pM :

Q|-

1
g
where

4 T % ledp) + Y (J\\I{ME'&‘“\SPM) 6.5)
represents the rate of storage of TKE in the column, which will be shown to be
important during episodes of rapid PBL deepening and shallowing. The buoy-
ancy term of (6;4),includes fhe rate at which buoyant éonvection generates
TKE, and also the rate at which work must be done to force entrainment against
a stable stratification. To expose this negative buoyant production, we write

(following Randall, 1980b)

B+ S =P -N, (6.6)
where
P = S+ & Spy ( AFgy/Ply (6+7)
N =K S pyl(1- ANFgy/Ply (6.8)
and

1, Fgy (P) >0
Alp) = (6.9)
0, Fgy (P) < 0.
The positive part of the buoyant production rate is included in P, while the
negative part is included in N. It is assumed in this paper that shear produc-
tion does not contribute to N, although there is some evidence (e.g., Pennell
and LeMone, 1974) that this may be an oversimplification.

Under most conditions, the storage term of (6.4) is quite negligible. Kim

(1976) suggested that during rapid deepening and shallowing of the ocean mixed
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layer the rate of change of the TKE content of the layer is mainly due to the

change of the layer depth, rather than the energy density. This implies that
:;,,’ = gEeM ’ (6-10)

and this assumption has been adopted in the UCLA parameterization. Randall
(1982) discusses this assumption and its interpretation in some detail. Under
such conditions, the rate of change of ey S Pys i.e., the change in the TKE
content of the layer, is mainly due to the rate of change of SpM, rather than
a decrease in in ey. A similar assumption was made by Zilitinkevich (1975).

Now define a turbulence velocity scale § by
- ~ 3 .
Dy T° /7 dzy (6.11)
where 9 Zy is the PBL depth. Assume that
.2
ey = 8477, (6.12)

where a1 is a dimensionless constant.

Using (6.6), (6.10), and (6.12), we can rewrite (6.4) as

2 -3

= (P - -y . (6.13)

/

Ea, O

1

If P and N can be expressed in terms of E, we can use (6.13) to determine E.
But a necessary preliminary step is the prescription of J .

3; the terms on the right-

In nature, P is only modestly larger than /AMTT
hand side of (6.13) tend to cancel, and the left-hand side is their relatively

small difference. During deepening (E>0), Ea1 g‘z and N are individually small,

7

and both positive, but their ratio is highly variable. When the PBL deepens
through a stable layer entrainment is slow, and Ea, g 2 is negligible in com-
parison with N. This most common mode of deepening for the clear convective

PBL can be called "buoyancy-limited" entrainment. But when the free atmosphere
is weakly or neutrally stratified, entrainment is rapid, and Ea1 5’2 can be much

greater than N. The entrainment rate is then "storage-limited." Negative
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buoyant production and storage can thus be viewed as two sinks of TKE, compet-
ing for the excess of positive production over dissipation. These considera-
tions motivate us to assume that
Ed,¢ 4+ - 1 (6.14)
(1 - ay) P
where aj; is a constant. The way in which the available gross production is-
partitioned between storage and negative production is determined by the struc-
ture of the free atmosphere into which the PBL grows.

Comparison of (6.13) and (6.14) shows that

JmT 3 = a, 0w, (6.15)
i.e., the dissipation rate is determined by the total gross production rate P.
This is an alternative interpretation of our closure assumption. Because P is
defined in such a way that it can never be negative, (6.15) shows that 4 can
never be negative, and so (6.11) guarantees that the dissipation can never be
negative. For the olear unstable PBL, neglecting shear production, g is
approximately proportional to the»convective velocity scale of Deardorff (1970),
and Tennekes (1970), which is based on the surface buoyant production rate.
But because P includes an integral over all regions of positive production
throughout the PBL, it also properly reflects buoyant production in the elevated
cloud layer of a cloud-topped PBL (Deardorff, 1976; Randall, 1980b). For the
neutral or stable PBL .f reduces to a mechanicaleelocity scale (essentially ux,
the surface friotion velocity).

In case storage is negligible, (6.14) reduces to
N/P =1 ~ay, : ' (6.16)

which is the closure assumption of Kraus and Schaller (1978) and Randall (1980b).
For sufficiently large N/P, tHe storage rate must become negative; the PBL
"shallows," and the storage and negative production rates tend to cancel.
Under most conditions, B, S, P and N depend on E, because of the effects

of entrainment on the turbulence flux profiles. Deardorff (1973; 1974 a,b) and
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others have pointed out that entrainment can strongly influence the flux profiles
in the uppér PBL, particularly when the PBL top is marked by sharp gradients of
potential femperature, moisture, ‘and momentum. - Following Randall (1982a), we

assume that

B = BO + B1 E , (6-17)
and

S = Sy + S; E , (6.18)

where Bg, By, Sg, and Sq are independent of E. These relations can be shown to
hold for both ¢lear and stratocumulus-topped mixed layers (Randéll, 1982), and
we assume'that they hold for the stable PBL as well. In addition, we assume

that

By < 0 , ‘ - (6.19)
d(P-8)/NdE<0O , o ©(6.420)
Sg> 0 , (6.21)
S1 Z 0 . (6-22)

These inequalities are very useful in the numerical solution of (6.13-14), as
discussed by Randall (1982). .

The Bq term of (6.17) can represent the reductién in buoyancy flux due to
the entrainment :of ‘warm air. The 51 term of (6.18) can represent the mechanical
generation of TKE ‘through erosion of the nocturnal jet (Blackadar, 1957).

For both clear and cloud-topped mixed layers, the forms of Bg, B1; Sgr, and
S4, can be determined. In particular, By and S; can be shown to depend on the
"jumps" in temperature, mixing ratio, and wind speed at the PBL top. In the
UCLA GCM, the values of these jumps are determined by extrapolating from. above
for the properties-at the top of the PBL, then Subtracting away the bulk pro-
perties,

}The top of the stable PBL is not normally marked by jumps; vertical deri-

vatives in the PBL interior are usually at least as strong as those in the air
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above. Although the idealized mixed layer models are not applicable to the
stable PBL, entrainment can still influence the flux profiles and the TKE pro-
duction rates. ' Since entrainment will carry warm air down into the stable PBL,
we expect (6.19) to hold, and we assume that (6.17-6.18) and {6.20-6.22) hold
as well, with Bg By, Sg, and Sy independent of E. Moreover, for the stable PBL
we determine By, Bq, Sg, and Sq, in the same way as for the unstable PBL.

There can be little doubt that this approach does not allow a highly accur;
ate determination of the bulk properties of the stable PBL, or of the associated
surface fluxes. However, the surface fluxes of the stable PBL are generally
so weak that large fractional error is of little consequence to the large-scale
circulation. Similarly, the stable PBL is generally so shallow that a large
fractional error in the sunrise PBL depth leads only to minor errors in the
depth of the convectively active daytime PBL to follow. From the point of view
of the large-scale circulation, it is important that turbulent transfer in the
stable PBL is very weak, but the exact intensity of the transfer does not
matter much. Of course, for regional air quality modeling and other mesoscale
applications, the structure of the stable PBL must be predicted accurately.

Bulk models of the stable PBL such as that developed by Nieuwstadt and Tennekes

(1981) are well-suited for those applications.

6.3 Diurnal Cycles of the Clear Continental PBL

Now consider a sequence of special cases of entrainment and shallowing,
representing a chronological sequence for a typical diurnal cycle of the fair-
weather continental PBL. -This cycle consists of rapid morning deepening, more
gradual afternoon deepening, a sudden shallowing in the early evening, and
finally slow deepening through the night.

a) Free entrainment. When the PBL deepens through an isentropic layer,

entrainment is rapid and storage~-limited. Randall (1982a) shows that, for

B1=S¢=0 and Bgp/Sp>>1,

=/ pu, y =273 (1 -ay) a3 fag = (6.23)
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where

: .. 1/3 :
w = {‘JK(‘FSV)S Szy / PS} : (6.24)
is the convective velocity scale of Deardorff (1970) and Tennekes (1970).
Zilitinkevich (1975) obtained (6.25) theoretically; Deardorff's (1974a) numeri-
cal simulation also supports (6.25), with cq=0.2.

For the freely—entraining neutral (B=0) PBL, we may assume that Pt/nMui,
where u* is the surface friction velocity. It follows that Ety,Mu*, which was
previously obtained by Lundgren and Wang (1973), and Zilitinkevich (1975).

Here the proportionality factor involves not only aq and ap, but also the ratio
of P tojﬂMu*3. This particular mode of entrainment occurs only infrequently
in nature, although it can be produced in. the laboratory.

‘b) Forced entrainment. Within the familiar inversion-capped clear convec-

tive mixed layer, Fg, decreases linearly with height from positive values near
the the surface to negative ‘values near the PBL top. For a sufficiently strong
inversion, the entrainment rate will be buoyancy-limited, so that (6.16) will

hold. ' It can be shown that this is equivalent to
- (Fgylp / (Fgylg =.\ 1 ~-agz g, (6.25)

i.e,, the rat;o of (Fgy)p to (Fgy)g approaches a characteristic constant as
stqragé becomes negligible. This relation has been discussed by many authors,
beginning with Ball (1960), who took c = 1. Observations and numerical studies
summarized by Stull (1976) suggest that c3=0.2. For c1=cp=0.2, we find a;=0.960
and aq=0.163. These values are currently used in the UCLA GCM.

c) Shallowing. Near sunset over land, a dramatic change in the PBL struc-
ture characteristically occurs, as the ground‘cools and B goes from positive to
negative values (e.g., Carson, 1973; Kaimal et al., 1976; Mahrt, 1981). The
turbulence of the deep PBL, produced by mid-day convection, can no longer be
maintained by the weak mechanical production near the surface, which must combat
an increasingly stable stratification. The PBI then reorganizes itself into ' a

shallow turbulent layer (Businger, 1973), which slowly deepens through the
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following night. In the past, some meteorologists (Deardorff, 1972; Randall,
1976) have modelled this shallowing as an instantaneous transition, which occurs
when some criterion is satisfied. Criteria for transition and the depth of the
PBL after transition have been arbitrarily specified by these authors. Other
meteorologists have introduced ad hoc prescriptions to produce a continuous
{though rapid) shallowing. The oceanographers, on the other hand, have developed
theories of entrainment which explain shallowing in a natural way (Kim, 1976).
Because our methods are similar to the oceanographers', our equations also
provide a natural explanation of shallowing.

Inspection of (6.13) shows that the sign of E agrees with the sign of the
excess of net production over dissipation. When the net production becomes
less than the dissipation, E becomes negative, and large negative values can
occur. The storage term of (6.13) then becomes negative and large, so that the
assumption that a, is constant is crucial.

We assume that, whenever E<0Q, the turbulent fluxes are parametrically
independent of E, so that By and 8¢ are zero. The reason is that since during
shallowing the PBL turbulence is not actively growing into the free atmosphere,
but is passively withdrawing from it as a result of dissipation, the rate at
which the PBL turbulence retreats cannot be significantly influenced by the
free atmosphere above.

Positive production is entirely due to shear, from which it follows that

E = \ By + (1-a2)801 /ia1(a250</5M)2/31 . (6.26)
For [B0|>>(1—a2) Sg, i.e. strong negative production, we can show that
9E/ d py = -g9B /ley S pu). (6.27)

which means that the time scale for PBL shallowing agrees with the time scale
for the destruction of the PBL's TKE content by negative production. For
N/g.pM = 3x1073W n~2 hPa'1, g=9%.81 m s'2, and a15‘2 =1 m? s'2, this time scale
is about 0.9 hr, in qualitative agreement with observations of rapid shallowing

(e.g., Kaimal et al., 1976).
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d) The stable PBL. As a result of radiative cooling at and near the

grbund, the buoyancy flux is downward at all levels in the nocturnal PBL over

land; positive TKE production is entirely due to shear. We therefore have

N = -B, (6.28)
and

P

S. . (6.29)
Since the stable PBL deepens very slowly, storage is negligible. . Then we find

that

-B/S = 1-ay ; : . : (6.30)

the PBL Richardson number (-B/S) is thus predicted to assume a constant value.

We can also show that

E= =IByg + (1 - a5) Sl ‘ - (6.31)
B1 + (1 - a2) S1 .

Kato and Phillips (1969) studied the deepening of a mixed layer produced
by the application of a surface stress to water in a tank. The stratification
was initially stable throughout, but quickly became neutral near the surface
as a mixed layer formed and eroded into the quiet water below.. Since no surface
heating was applied, negative production was solely due to the entrainment of

dense water into the mixed layer.,  In the PBL,. this would correspond to
N = -B1E = 1/2 <gé§;v§zm E. (6.32)
If the gross production rate is determined by the surface stress,  then we have
P=3S8 = S jﬁs u /cu, (6.33)

where cy is a drag coefficient. Substitution of (6.32) and (6.33) into (6.28)

vields

Ei . \ qz. !'Lk*
- AA\I S
z
(P g M

This agrees with the form of E suggested by Kato and Phillips, on the basis

(6.34)
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of their experiments. In order to match their expression, we need 2(1=-ay5) /cy=2.5;
choice of a5 is not enough. For ay = 0.96, ¢, is predicted to have the reason-
able value 3.2 x 1072,

Further discussion of the stable PBL is given by Randall (1982).

6.4 The Stratocumulus-Topped PBL

'As discussed by Randall (1980b), in a stratocumulus-topped PBL buoyant pro-
duction can occur in the cloud layer, the subcloud layer, or both. Radiative
cooling near cloud top drives convection, which mixes the layer. Of course,
shear productionAcan also be important under some conditions. Simulations with
one-dimensional mixed layer models, using the entrainment theory described in
the preceding section, confirm that stratocumulus layers will form for sea
surface temperatures and large-scale divergences characteristic of the observed
marine subtropical stratocumulus regimes.

An interesting moist instability tends to limit the extent of these regimes.
As dicussed by Randall (1980a), if the inversion oveflying the PBL is not suf-
ficiently strong, entrained parcéls will be so strongly cooled by the evapora-
tion of cloud droplets that they will sink unstably as penetrative downdrafts,
thus' tending to Aestroy the cloud. The observed inversions are weaker near the
equatorward edges of the marine subtropical stratocumulgs regimes, suggesting
that this insﬁability triggers the transition from stratocumulus to cumulus
convection in the trades.

Even when the inversion is strong enough to allow a stable stratus layer,
cloud-top evaporation tends to favor large rates of entrainment. For this
reason, cloud-topped mixed layers can attain depths on the order of 1 km, even
in the face of strong subsidence. Intense cloud-top radiative cooling and cold
sea surface temperatures allow the upper part of the PBL to remain saturated
even though dry air is being vigorously introduced from above by entrainment.

In the UCLA GCM, the predicted temperature and moisture of the PBL are used

to determine the thickness of the saturated layer near the PBL top, where it
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occurs. If a stratus layer is present, it is taken into account in determining
the entrainment rate, following the methods of Randall (1980b). The radiation
parameterization also recognizes the existence of the stratus deck. If the. PBL
stratus layer is found to be unstable, according to the criterion developed by
Randall (1980a), additional entrainment is assumed to ocdcur until the layer

becomes stable or is evaporated..

7. RESULTS FROM THE UCLA GCM

We present here some results from a July simulation, initialized from an
earlier model run,.in which the surface wetness is fixed according to the clima=~
tological daté of Mintz and Serafihi (1981).

Fig. 7 shows the global.distribution of PBL depth, averaged over julyf The
largest'time—average values are aroqnd 80 ﬁb, and are found over the mid-latitude
oceans. Over land, the shallowness of the nocturnal PBL holds the time-~averaged
depth below 40 mb at most points. In the tropios, strong cumulus subsidence

prevents the PBL fiom becoming very deep.

90°N

60°

30°
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30°

60°

S80°s

Figure 7. The July mean PBL depth (mb) as simulated by the UCLA GCM.
Values greater than 60 mb are shaded.
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The July-mean frequency of PBL stratus clouds is shown in Fig. 8. The
maxima off the west coasts of North America, South America, and South Africa
are correcfly located, although their magnitudes are weaker than observed.

Weak maxima are also correctly located north of the GATE area, and off the
west coast of Australia. The observed Arctic Ocean maximum is not obtained,
although the simulation shows a tendency to increased stratus incidence in high
northern latitudes. Generally, the global cloudiness pattern simulated by the

UCLA model is much more realistic than that simulated by the GLAS model.

€0°

go°s L

Figure 8. The July mean PBL stratus incidence, as simulated by the UCLA GCM.
Values greater than 0.4 are shaded.

'Comparison of Figs. 7‘and 8 shows that each éubtropical stratus’frequency
maximﬁﬁ‘;s near akméxihum in the PBI, depth. This is due to rapid entrainﬁent
at the‘fap'of étfafocuﬁulus-layers;

Fig. 9 shows the distributions of PBL depth, stratus incidence, and cumulus
mass flux off the coast of California. From northeast to southwest, the PBL
depth increases, and the stratus regime gives way to a cumulus regime. This is

in agreement with the observations of Neiburger (1960; also see Randall, 1980a).
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Figure 9.  The July mean distributions of PBL depth, stratus incidence, and
cloud-base cumulus mass flux, as simulated by the UCLA GCM.

Fig. 11 shows the time variation of the DPEL depth, for a nine-day period,
over three land points and three ocean points. The locations of the six selected
grid points are shown in Fig. 10. The diurnal cycle is prominent for Kansas,
and especially for North Africa, where there is little evaporation and the
diurnal swing of the ground temperature is therefore very strong. During the
North African day, the PBL depth reaches an imposed upper limit of about 130 mb,
while at night it diminishes to its imposed lower limit of 10 mb. Over Antarctica,
the depth never reaches 50 mb during the nine days shown, and the diurnal cycle

is predictably absent during the Antarctic night,
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Figure 11. A nine-day history of the PBL depth,
. grid points shown in Fig. 10,
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Of the three ocean points selected, the greatest PBL depth is found in the
Eastern Pacdific, where the PBL stratus regime occurs. At this Eastern Pacific
901nt,vthe PBL depth is never less than 75 mb. bThere is no evidence of a
diurnal cycle. At the Marshall Islands 901nt, the PBL depth varies con51derably
with tlme, malnly in relation to the variations of the cumulus mass flux (not
shown). There is some tenaency for a maximhm depth at local midnight, and a
minimum at local noon. ‘At the GATE point there is evidence of a remarkable
osciiiation with a period of ahout two days. | | |

Coﬁparlson of these elx historles glves some idea of the Varlety of PBL
regtmes that the model is capable of - 51mulat1ng.

Finally, Flo. 12 shows in more detail the evolution of the Kansas PBL over
the nine-day period. Intermittent PBL stratus formation modulates the‘entrain—
ment rate and'the ground teﬁperature. | |

The PBL results shown here are only a small sample of those generated by
the UCLA model. Much mote can be sald about the interaction of the PBL with
cumulus convection, the behavior of the PBL in partlcular synoptic 51tuat10ns,
and the role of the layer-cloud 1nstab111ty in limiting the extent of PBL stra-
tocumulus regimes. These and other topics will be discussed elsewhere (Suarez,

et al., 1982).
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Figure 12, Nine-day hlstorles of the PBL depth, entrainment mass flux, stratus
thickness, and ground temperature, for the Kansas grid point.
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8. FINAL REMARKS

A simple revision of the surface flux parameterizatiqn produced a marked
improvement in the sea level pressure pattern simulated by the GLAS GCM. But
the nmodel continﬁes to produce excessive low-level cioudiness, leading to an
unrealistic planetary albedo, and it fails to simulate some of thé most con-
spicuous regional cloud patterns obsérvéd in nature.

These deficiencies are largely remedied in the UCLA model; as a consequence
of the model's explicit coupling of the PBL parameterization with the parameter-
izations of cumﬁlﬁs and stratus clouds. This model simulates many’observed PBL
climate statistics, such as the distribution of the PBL depth, the incidence of
PBLrstratocumulus clouds, and the response o£ the PBL to cumulus convectioﬁ.

These are important aspects of the global climate. Moreover,the ground-wetness

sensitivity study of Suarez and Arakawa (1982; see also Mintz, 1982) demonstrates

that the response of the simulated climate to changes in external forcing is
significantly influenced by the PBL parameterization.

The generalized sigma coordinate system seems to be a key to the success
of the UCLA parameterization. As described above, alternative possibilities
weré explored for incorporating the variable-depth PBL into the GCM, but each
had serious drawbacks. In the future, additional vertical resolution could be
provided within the PBL, and the vertical staggering of the grid could be
altered. Nevertheless, use of a coordinate system which separates the PBL
turbulence from the free atmosphere seems likely to be an idea which will out-
live many of the other facets of the current parameterization.

Given the generalized sigma coordinate system, successful implementation
of the parameterization requires that at least two additional conditions be met.
First, the diurnal cycle of solar insolation must be included in the model. As
emphasized in this paper, and also as discussed by Suarez et al. (1982) and
Suarez and Arakawa (1982), the diurnal variation of the PBL depth over land

has profound consequences for the interaction of the PBL with the large-scale
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circulations. The observed diurnal variability of convective precipitation
*over land has been documented by Wallace (1975) and others, énd is undoubtedly
associated wiﬁh the diurnal variation of PBL processes. Gray and Jacobsen
(1977) have pointed out significant observed diurnal variations in convective
precipitation over the tropical oceans.  The UCLA parameterizatiOn has been
designed to allow simulation of such diurnal variations, and it would be wasted
in a model without a diurpa1>insolatioﬁ cycle.

Final;y, it’is essential that the cumulus parameterization predict the
cumulus mass flux at the PBL tbpg' As discuéséd by Randall‘(1976) and Suarez
et al. (1982), the éBL dépth in the tropics is determined by a balance between
the téndené? of the PBL to deepen through turbulent entrainment and the tendency
of cumulus‘clouds,to remove mass from the PBL. If the cumulus mass flux were
to be neglected, entrainment would lead to an unrealistically deep PBL over

large portions of the tropics; the simulation would be ruined.
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