Prime Prime Bar:
Forty Years of Fluxes

—

Thanks to Grant Firl ——




THE VERTICAL DISTRIBUTION OF PHYTOPLANKTON

IN A STRATIFIED LAKE

A Thesis

Presented in Partial Fulfiliment of the Requirements
for the Degree Master of Science

by
David Allan Randall

The Ohio State University
1971

Approved by

_./"// /’./
/ N T
Agg f o &l
Xdvisor

Department of Aeronautical
and Astronautical Engineering



3o 99 LTI
’ LR L Y
S ) qs."s S &

o e

Fluxes in lakes







Parameterization of the Planetary Boundary Layer

for Use in General Circulation Models '

JAMES W. DEARDORFF—National Center for Atmospheric Research,? Boulder, Colo.

ABSTRACT—The surface stress and fluxes of heat and
moisture are parameterized for use in numerical models of
the general circulation of the atmosphere. The parameteri-
zation is designed to be consistent with recent advances in
knowledge of both the planetary boundary layer and the
surface layer. A key quantity throughout is the height, &,
of the planetary boundary layer, which appears in the
governing stability parameter, a bulk Richardson number.
With upward heat flux, a time-dependent prediction
equation is proposed for k& that incorporates penetrative
convection and vertical motion. Under stable conditions,
h is assumed to depart from the neutral value and to be-

come nearly proportional to the Monin-Obukhov length.

The roughness length, 2z, is incorporated in the com-
bination h/z, and the parameterization is consistent with
h/zy affecting only the wind component in the direction of
the surface velocity. The direction of the surface wind and
stress is derived in a manner consistent with the known
value of the surface pressure gradient and theoretical
studies of the decrease of stress with height.

The parameterization has been tested numerically and
appears to be efficient enough to use in existing general
circulation models.

1. INTRODUCTION

The planetary boundary layer (PBL) is the region adja-
cent to the earth’s surface where small-scale turbulence is
induced by wind shear and/or thermal convection and
occurs almost continuously in space and time. It includes
in its lowermost portion the Prandtl or surface layer,
where the vertical fluxes of heat, momentum, and moisture
have nearly the same magnitudes as they do at the surface
itself. By contrast with the PBL, turbulence on the sub-
synoptic scale occurs only intermittently in the rest of the
troposphere. Above the PBL, the mechanisms which cause
turbulent transport are towering cumulus clouds, clear-air
turbulence associated with internal wind shear layers, and
effects of topography on a scale large enough to cause
upward propagation of energy through the PBL.

A general circulation model (GCM) of the earth’s at-
mosphere should treat the PBL in a physically realistic
way to relate the turbulent fluxes at the surface to the
calculated variables from the GCM. Two approaches seem
possible. One is to place several layers (perhaps five or
six) within the lowest 2-3 km above the surface to resolve
the vertical structure of the PBL crudely but explicitly.
Even in this case, however, the associated vertical trans-
ports of heat, momentum, and moisture should be param-
eterized in a manner consistent with the existence of a
PBL within the layers.

The second approach is to parameterize all aspects of
the PBL in & GCM that has such poor vertical resolution

1 The research reported in this paper was done mainly at the University of California.
Los Angeles, and supported in part by National Science Foundation Grant No. GA-
22756.

2 Sponsored by the Nationa IScience Foundation

that the top of the PBL may sometimes not even reach
the level of the lowest interior gridpoints. The first ap-
proach may be preferable but is usually not feasible,
especially with the ever present desire to increase the
horizontal resolution of any model. The second approach
has not been seriously attempted mainly because of lack
of knowledge about properties of the PBL. However, this
knowledge is beginning to accumulate, as may be seen
from recent studies by Csanady (1967), Blackadar and
Tennekes (1968), Gill (1968), Deardorff (1970a, 1970b),
Clarke (1970a, 1970b), Tennekes (1970), Lenschow (1970),
Lettau and Dabberdt (1970), and others. It therefore
seems appropriate to attempt a parameterization of the
properties of the PBL at this time, using the second
approach. The symbols used are identified in table 1.

The basic procedure to be followed here involves
splitting the problem into four parts:

1. Use the existing height, k, of the top of the PBL above sea
level and values at the lowest one or two grid levels of the GCM to
obtain estimates of the vertically averaged mean values of wind
velocity, potential temperature, and specific humidity within the
PBL.

2. Estimate the surface fluxes of momentum, heat, and moisture
using a bulk Richardson number based upon differences between
mean values obtained above in step 1 and the surface values. This
estimate makes use of our knowledge of both the surface layer and
the entire PBL.

3. Estimate the direction of the surface-level velocity using the
known value of the horizontal pressure gradient at the surface. This
step makes use of PBL theory and the results of step 2 and is
necessary so that the direction of the surface stress can be known.
The mean wind speed occuring in the bulk Richardson number can
then be refined to become the component in the direction of the
surface wind and steps 2 and 3 can be repeated if necessary.
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Ficure 1.—Schematic representation of the surface, z,, the height,
h, of the planetary boundary layer, and GCM grid levels, z4, . . . ,
z,. The zs dencte grid points at which U, V, 0, and ¢ are calculated;
the os denote points where W is calculated.



~ ¢ CLOUD-TOPPED MIXED LAYERS §: F
Models of cloud-topped mixed layers under a strong inversion 2 marine layers without condensation, but is intended to hold for the fog-, stratus- or strato-
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cheerved strikingly in kite soundings from the Meteor expedition (von Ficker 1936,
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lag in balloon-borne It has often been revealed fusther, however, by in-

rumented flights (James 1959; Edinger 1963, 1966) and slow-ascent radio- As a umplified illustration of the mechanism which will be explored more realistically

sondes (Williams and De Mandel 1966). in the next section, we consider a shallow radiation- eng cloud of dust, smoke, or
itative explanations for this régime, offered for many years (Petterssen 1935; other inert matter occupying the lower part of a hori air mass

Richl 1954, Chagter 2; Neiburger 1044}, were based on the arguments. In subject to a specified large-scale vertical motion field w(z) & 0. Radiative cooling is

conditions of strang or moderate subsidence the potential temperature thlmrmt ' occurring in the air above the cloud at a rate which will maintain a stable temper-

mhmmrdnxa_m&tbmmﬁa Sunce the ocean ature profile O (2), i.e., 30y/dz > 0. The upper layer above the clowd is assumed to be
an almost infinite heat capacity, a temperature inversion or stable layer must eon-turbulent. The lower , the Earth's surface, is maintained at a potential

form somewhere. The generated by surface shear could be expected to mix temperature Os. Turbulent heat-flux from the surface is assumed proportional to the neas-

the lower layer and maintain a sharp, somewhat elevated inversion, while radiation from surface wind and to the surface-aic tempersture diference through a heat transfer

the top of a cloud exert an additional cooling effect in the mixed hayer coefficient Cr, that is

In recert years the effect of stratification on the surface boundary layer has been (&) = Cr Vo (65 — 82, . s 5 .M

clarified somewhat by observation and theoretical analysis. In particular, the length scale

introduced by Mania and Obukhov is shown 10 act as an upper bound on the influence where 8, is the potential temperature of the air at a small height above the surface. If

of surface shear-generated turbulence Since this scale is mot often greater than a few this heat transfer is positive it is assumed that the entire clowd layer, from the surface to

tens of meters, it scems that we must deny the importance of surfice shear in the main 2

z == H, is well mixed at a very high Rayleigh number, and is therefore nearly isentropic
with potential temperature 8, excepe very close to the boundaries. Atdu:zotul}:ebad

In the presen theocy we therefore disregard the effects of the surface shear-g layer 2 net outward radiative beat flux Fear tends to cool the top, and entire
turbulence bus consider radiation off the cloud tops as an essential element. n this respect cloud layer.
we follow Petterssen, who particularly emphasized the radiative heat loss. This theory We now wdﬁnm-auhhﬂumdhdo,dﬂ.
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Fluxes in stratocumulus clouds.
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Fluxes in cumulus cloud systems




A way to talk about fluxes

A bar means a grid-area average, also called a

2 Sl

“first moment.” It is a statistic.
A prime means a departure from a grid-area qr
average.The average of a prime is zero.
A “prime prime bar,” which can be called a
T4 4

“second moment,’ is a statistic that arises from w(q
correlated variations on unresolved scales.

Some second moments are fluxes of first
moments.

A third moment has the form “prime prime ’ 7 7
prime bar” Some third moments are fluxes of
second moments.

A model that predicts anything higher than
first moments is called a “higher-order closure”
model.

HOC



HOC started in the 1960s

Obscure technical reports
Engineering applications

Immediate interest from
atmospheric scientists

| first learned about HOC while studying aero engineering at Ohio State.
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Closures Needed

|) Closures for the effects of higher
moments that are not predicted, e.g., as
mentioned above, the fourth moments in a
third-order closure model.

2) Closures for moments involving the
pressure, which occur in the equations for
moments that involve velocity components.

3) Closures for dissipation rates, which are
especially important in the equations
governing variances.

4) Closures to determine SGS phase
changes (e.g., Sommeria and Deardorff,
1977; Mellor, 1977) and other
microphysical processes (e.g., Larson et al.,
2005), as well as radiative heating and
cooling.
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® Interpretation of observations and
high-resolution simulations

Both Chin-Hoh Moeng and Steve Krueger used HOC in their PhD work.



Issues

Closures

“Too statistical”’ -- no room for
phenomenology

Too complicated




Meanwhile...
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Fic. 1. Schematic diagram of the distribution of the
variables ¢, and §; inside a given grid volume.

Sommeria & Deardorff (1977) and Mellor (1977)



Mean of T

Variance of T

Covariance of
Tandq

Variance of q

Mean of q

Their idea

parameters
of joint

Gaussian

distribution

Fractional
cloudiness

Sommeria and Deardorff used an assumed joint distribution
of temperature and moisture.

They needed 2 first moments and 3 second moments
to determine the parameters of the joint distribution.



Back and forth

Parameters
of the PDF

sometimes

Moments




Let’s include w in the joint distribution.

HOC
equations

Closure for
subgrid cloud
fraction

A4

Selected first,
second, and
third moments
of T, g, and w

A4

Parameters
of the
trivariate
joint PDF

Closure for
higher
moments

Randall JAS 1987
Randall, Shao, and Moeng, JAS 1992
Lappen and Randall, JAS 2001



Closures Found

|) Closures for the effects of higher
moments that are not predicted, e.g., as
mentioned above, the fourth moments in a

third-order closure model. i/

2) Closures for moments involving the
pressure, which occur in the equations for
moments that involve velocity components.

3) Closures for dissipation rates, which are
especially important in the equations
governing variances.

4) Closures to determine SGS phase
changes (e.g., Sommeria and Deardorff,
1977; Mellor, 1977) and other
microphysical processes (e.g., Larson et al.,
2005), as well as radiative heating and

cooling. v




Phenomenology

One Gaussian represents the clouds, and the other represents the environment.



Which assumed PDF?

@® Gaussian?
No third moments. ﬂ

® Two delta functions!?
Not realistic enough.

® Two Gaussians!?
Good compromise,

suggested by Lewellen and
Yoh (1993) and adopted
by Golaz et al., 2002.
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We use trivariate double Gaussians, for w, T, and gq.



Parameters of the trivariate PDF

Total: 19

How are we going to deal with this?



Which moments are important?

® Needed in HOC equations, directly, or

® Needed to determine the parameters of the PDF

Fluxes are needed in the first moment equations.

W,H, W/q/

The third moments measure the “distance’” between the Gaussians.

W,W,W, q/q/q/ 0110110;



Weight 1-a | |

Weight a

The third moments measure the “distance’” between the Gaussians.



Third moments rule.

It turns out that the six plume-scale means and the weight, a, can be
determined using just four third-moments, in addition to the three first-
moments. It is not necessary to predict any second-moments.

W,W,W,, TTT,, q/q/ql, WITIq/

The sub-plume-scale second moments can and should be parameterized in
terms of the plume-scale first moments. The full second moments can then
be computed.

| will provide more details on Thursday morning.



Parameters of the trivariate PDF

Determine by predicting
three first moments and
four third moments
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Total: 19 \

Parameterize
(phenomenology)
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alDeep convection?
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Momentum

T, g,and W are not enough.

What about the momentum fluxes?

Pesky pressure terms are prominent in
the second-moment equations for the
momentum fluxes.




For the momentum flux,
eddy size, shape, and orientation matter

\ o " 3
0 10 15 20 0 5 10 15
X/ X/0

Figure from http://www.po.gso.uri.edu/Numerical/tropcyc/rolls.html




Maybe vorticity can help us with momentum.

Weather is dominated by vorticity dynamics.



Enstrophy

The ratio of kinetic energy to enstrophy defines a length scale.
Eddy size and shape!?

The reciprocal of the square root of the enstrophy is a time
scale that may be useful in a dissipation closure.

The contribution to the enstrophy from the vertical component
of the vorticity may be useful for severe weather forecasting.




Enstrophy in Giga-LES

Domain-avefage Enstrophy
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Almost all of the enstrophy is in the horizontal vorticity.

Plots from Don Dazlich



Is HOC a “theory of everything?”

Turbulence Deep convection Gravity waves

To represent all of these things, a very general closure would be needed.



From the STC pre-proposal, 2003

“To maximize the utility of the MMF, we must develop improved
versions of its parameterizations of micro- physics, turbulence, and
radiation. ... Initial work on turbulence will explore multiple
alternative approaches including higher-order closure....”




Four implementations

® Cheng and Xu (IPHOC)
* Krueger & Bogenschutz (SHOC)
* Larson and Zhang (CLUBB)

* Firl & Randall (THOR)

All four use assumed double Gaussian joint distributions for temperature,
moisture, and vertical velocity.

The details differ considerably.



Fluxes have kept
It is useful to comk

HOC is now being:

We need a good
moments involving ve

Deep convection? Gravity wave




