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What is to be parameterized?

< Deep Cu >

Turbulence
above the

The most difficult issues come
from the effects of small-scale
dynamics, including turbulence
and convection.

This is true even for radiation
and microphysics.

Small-scale dynamics is closely
tied to clouds.



Definition of the
Atmospheric Boundary Layer

The atmospheric boundary layer (ABL), also known as the planetary boundary
layer (PBL), is the portion of the lower atmosphere that is directly influenced by
turbulent exchanges with the surface.

532 nm Total Aftenuated Backscatter, km ' sr  UTC: 20012-02-15 21:26:20.0 to 2012-02-15 21:41:12.0 Version: .02 Nominal Mighttime
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https://en.wikipedia.org/wiki/Atmosphere

Turbulence and vorticity









Turbulence in deep convective clouds
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Turbulence is made of vortices.

onEwsa: Weather & Science Day

i1:21:08 50°




Vortices almost seem to be alive.

® They are identifiable “discrete
objects” in an otherwise
smooth fluid.

® They persist.

® They move.

@® They dance with each other.



Vortices can advect things.




Vortices can advect each othevr.










Topology
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Big vortices make little vortices.

Infinite vortex sheet (balanced)
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Perturb one vortex...
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Big whirls have little whirls
That feed on their velocity.
Little whirls have lesser whirls
And so on to viscosity.

— Lewis Richardson



Turbulence is chaotic.
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Turbulence is chaotic.
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Turbulence mixes.

The spinning motor makes a vortex.
The vortex makes baby vortices.
The vortices make turbulence.
The turbulence mixes.



Turbulence is hard.

According to an apocryphal story, VWerner
Heisenberg was asked what he would ask
God, given the opportunity. His reply was:
“When | meet God, | am going to ask him two
questions: Why relativity? And why turbulence!?
| really believe he will have an answer for the
first.”

A similar witticism has been attributed to
Horace Lamb in a speech to the British
Association for the Advancement of Science:
“I am an old man now, and when | die and go
to heaven there are two matters on which |
hope for enlightenment. One is quantum
electrodynamics, and the other is the
turbulent motion of fluids. And about the Heisenberg L amb
former | am rather optimistic.”

https://en.wikipedia.org/wiki/Turbulence



https://en.wikipedia.org/wiki/Turbulence

Vorticity across scales

Large-scale motions are Small-scale motions are
controlled by the vertical controlled by the
component of the vorticity. horizontal vorticity vector.



Some basic questions
for boundary layer parameterization

What determines the Surface fluxeS? 532 nm Total Atenusted Backscatter, km ' sr'  UTC: 2012-02-15 21:26:20.0 to 2012-02-15 21:41:12.0  Version: 1,02 Nominal Mightlime
What sets the depth of the boundary layer? i
What happens when clouds form inside the i :

boundary layer?
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Five approaches to boundary layer parameterization

' Si m i Ia rity th eO ri e S 532 nm Total Attenuated Backscatter, kmi ' 8r'  UTC: 2012-02-18 21:26:20.0 to 20012-02-156 21:41:12.0  Version: 2.02 Nominal Mighttime

® Eddy diffusion | g
® Mixed-layer models E ) E
® Higher-order closure ;
® Mass fluxes 2 2 -

We will discuss all of these, one by one.



Reynolds Averaging

It is neither feasible nor desirable to consider in detail all of the small-scale fluctuations that occur in the turbulent boundary layer. For this reason, we "filter" or
“average™ or “smooth™ the data, and attempt to describe only the resulting statistics of the flow. Here we follow the approach of ="Reynolds Averaging," which
takes its name from Osborne Reynolds, the famous aerodynamicist who invented it in the late 19th century.

Suppose that

0

—(pg) +V - (pVa) = S,

where £ is time and Sq is a source of g. The quantity inside the divergence operator is a flux of g due to an advecting mass flux pV.

We now decompose each of the dependent variables as follows:
g=q+q, V=V+V', S =S5+, .

This is called the “ Reynolds decomposition.” Here an overbar denotes an averaging operator that must be defined defined. Substitution gives

a — / — / A V2 / C /
> [p (q+q)] + V- [p (q+q) (V+V)] =5,+35,
Here we have neglected additional terms that arise from variations of the density of the air. We want to choose the averaging operator in such a way that the

average of this equation reduces to

2 (pa) + V- [p(@V+qV)| =5,

Here the flux divergence term has two parts. The first involves the product of two averages, and the second involves the average of the product of two primes.
The quantity ¢V’ is the flux due to the product of two fluctuations. It can be called the “turbulent flux of g,” assuming that the fluctuations are associated with

turbulence. Note, however, that fluctuations can also arise from other things, such as waves.
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These are called “bulk aerodynamic formulas.”



Monin-Obukhov similarity theory
(MOST)

Andrei Sergeevich Monin and Alexander Mikhailovich Obukhov

MOST is used in all (not just most) Earth System Models.



Dimensional parameters

Monin and Obukhov (1954) hypothesized that, sufficiently near the surface, the statistical structure of the PBL turbulence is, to a good
approximation, determined by the following seven parameters

g _
Z,—,M*,Q*,ZQ,M,QV

6,0
s
Here the “friction velocity” is given by Uye = — =0
Ps
and the “friction temperature,’ 0., satisfies KU 9* — (W/ 9‘1) q
l/t3
A key parameter is the Monin-Obukhov length, which is defined by . = X



Similarity assumptions

@ — ﬁ o (C) Nondimensional shear
07 Kz
06, 6
= = —*¢h (C) Nondimensional stratification

Here @, is the virtual potential temperature, = z/L, and the von Karman constant, k, is defined

so that ¢, (0) = 1.

The boundary layer is said to be “unstable” for { < 0 (upward surface flux of @ ),“stable” for
¢ > 0 (downward surface flux of 6 ), and “neutral” for { = 0 (no surface flux of 0)).

For the neutral boundary layer, integration gives

where 7 is the “roughness length.” This is the definition of z,.



Observed

similarity functions
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Figure 13.5: The transfer coefficients for momentum and sensible heat (vertical axes), as inferred
Figure 13.3: The observed forms of ¢, ({) and ¢, (£), from Businger et al. (1971). plotted as functions of the bulk Richardson number (horizontal axes) and z/zy,. From Louis (1979).




MOST is really only expected to work over flat surfaces
in the presence of a mean horizontal wind.

Something better is needed. Looking for a project?



Climatology of the surface fluxes of
sensible heat, latent heat,
and momentum
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DJF mean wind stress from ERS1 and 2
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Five approaches to boundary layer parameterization

' Si m i Ia rity th eO ri e S 532 nm Total Attenuated Backscatter, kmi ' 8r'  UTC: 2012-02-18 21:26:20.0 to 20012-02-156 21:41:12.0  Version: 2.02 Nominal Mighttime

® Eddy diffusion
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® Mixed-layer models §

® Higher-order closure
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Eddy diffusion

The diffusion coefficient K has dimensions of length squared
divided by time.

For K > 0, the flux is “down the gradient.”

h(z)



Eddy diffusion

The diffusion coefficient K has dimensions of length squared
divided by time.

For K > 0, the flux is “down the gradient.”



Eddy diffusion

The diffusion coefficient K has dimensions of length squared
divided by time.

For K > 0, the flux is “down the gradient.”

X



Five approaches to boundary layer parameterization

' Si m i Ia rity th eO ri e S 532 nm Total Attenuated Backscatter, kmi ' 8r'  UTC: 2012-02-18 21:26:20.0 to 20012-02-156 21:41:12.0  Version: 2.02 Nominal Mighttime

® Eddy diffusion
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® Mixed-layer models §

® Higher-order closure

EEEEEEZ:EEEEEEEEEEEEEE

@ Mass fluxes oo 33



Mixed layers

Entrainment
zone

Mixed layer

Surface layer

Virtual Potential Wind speed Water vapor Pollutant
temperature mixing ratio concentration



What can be mixed?

® Conservative quantities don’t change as the particles
they are associated move around.

® Only conservative quantities can be mixed.
A Potential temperature

A Specific humidity

® Non-conservative quantities cannot be mixed.
A Ordinary temperature
A Relative humidity




One way to make a mixed layer



One way to make a mixed layer

N\



One way to make a mixed layer

N\

A layer has been mixed.



One way to make a mixed layer

\ The gradient has been “expelled.”

A layer has been mixed.



Fluxes are linear with height in a mixed layer.

oh 1 0
- — pw /h/
ot p 07

<

Fluxes are zero above the boundary layer top

h(z)

pw'h' = | (~EAh + AR) IZ) | pCT\VS\(hg—Ea> (1

pwlh/




What keeps the mixed layer mixed?

$

/ Fluxes are zero above the boundary layer top
\ ..................................................................................................................................................................................................
\ What keeps the mixed layer mixed?

pw/h/



What keeps the mixed layer mixed?

What keeps the mixed layer mixed!?

1 “ K profile parameterization,” or KPP

VOLUME 6 JOURNAL OF CLIMATE OCTOBER 1993
OCEANIC VERTICAL MIXING: A REVIEW AND A MODEL
. WITH A NONLOCAL BOUNDARY LAYER
Local Versus Nonlocal Boundary-Layer Diffusion in a Global Climate Model
PARAMETERIZATION
A. A. M. HOLTSLAG
Royal Netherlands Meteorological Institute (KNMI), De Bilt, the Netherlands ) W. G. Large Re VI ews Of G eo p h yS ICS
B. A. BOVILLE J. C. McWilliams
. . S. C. Doney
National Center for Atmospheric Research,* Boulder, Colorado

National Center for Atmospheric Research
Boulder, Colorado



Mixed layers can deepen with time.
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The diurnal cycle over land

Energy flux density (W/m?)
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“Stable” & “unstable” boundary layers

Free Atmosphere

Residual
Layer (RL)




Obsevations of the PBL depth
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Mean PBL depth retrieved by the CALIPSO satellite gridded to 1.25 1.25 . Data are from June 2006 to December 2011
between local noon and 3 pm for conditions without optically thick clouds.
McGrath-Spangler, E. L.,and A. S. Denning, 2013



PBL mass budget




PBL mass budget




PBL mass budget
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PBL mass budget
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How entrainment works

Entrainment is the active annexation of quiet fluid by turbulence.

Entrainment is not the same as mixing.

Region of
thickening..
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K-H billows.
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Kelvin-Helmhotz instability




Entrainment across
the boundary layer top

(a) 1rrotational region (NT)




pw'h’ = — EAh

pwq; = — EAq,
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Fluxes due to entrainment
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Stronger turbulence leads to faster entrainment.
A stronger inversion leads to slower entrainment.



Embedding mixed layer models in GCMs

{b)

Suarez, M.J., Arakawa, A. and Randall, D.A., 1983. The parameterization of the planetary boundary layer in the UCLA general circulation model: Formulation and results. Monthly Weather Review, 111(11), pp.2224-2243.



When clouds form inside the boundary layer



Subcloud and cloud layers

PAPERS IN PHYSICAL OCEANOGRAPHY AND METEOROLOGY

PUBLISHED BY

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

AND

WOODS HOLE OCEANOGRAPHIC INSTITUTION

Vor. XIII, No. 2

ON THE STRUCTURE OF THE TRADE WIND
MOIST LAYER

Joanne (Starr Malkus) Simpson BY

JOANNE STARR MALKUS

Gontribution N o. 969 from the Woods Hole Oceanographic Institution

Ficure 2. Typical aerial photograph of a trade cumulus group over the ocean near Puerto Rico, showing small CAMBRIDGE anp WOODS HO LE, MASSACHUSETTS

cloudlets, larger towers with pronounced backslant (wind blows from left) and thin stratus sheet formed by
cumulus spreading just below inversion base,

AvugusT, 1958
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Subcloud and cloud layers
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Marine stratocumulus clouds







ﬁ; a o~ o) ‘ "
ﬁ ' ’ 5 . .
S &

sl
- 0
wt
L4
v\’\
5y

o]

-
.
o

AN

Wk
A

1y

Gl
N

dlid

-

S|

o
]

N3
»yﬁ

ALU

‘ ¥ :
: <

3'\






Near cloud top




Cumulus under stratus




Coastal California




Wimpy but important

® Marine stratocumulus cloud layers are just a
few hundred meters deep.

® They are capped by a strong inversion that is
even thinner.

® The in-cloud turbulence is driven mainly by
very strong radiative cooling confined to an
extremely thin layer.

® It is virtually impossible to explicitly resolve
these features in a large-scale model.

® They are very important for climate.



Impact on the Earth’s radiation budget

Annual ISCCP C2 Inferred Stratus Cloud Amount Annual ERBE Net Radiative Cloud Forcing

NO DATA O 10 20 30 40 50 60 70 80

Percent

Figure from Norris & Leovy



Doug Lilly




CLOUD-TOPPED MIXED LAYERS
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‘“Models of cloud-topped mixed layers”

3 oJ =2 4 1 warm, dry, subsiding free-troposphere
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entrainment warming, drying ) radiative drlvmg‘e\
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be = E h
f_ surface heat and moisture fluxes ;;: .
288.96 298 83 307.22 1.96 891 0 0.29 0.61 cool ocean

Figure from Bjorn Stevens



Concentrated radiative cooling
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Slingo et al. (1982)



Entrainment across cloud top




Fluxes due to entrainment
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Fluxes due to entrainment
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Clouds don’t entrain.
Turbulence entrains.

Clouds are turbulent.
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Clouds don’t entrain.
Turbulence entrains.

Clouds are turbulent.
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Stratocumulus clouds “lock in” 4
over«the eastern subﬁ'oplcal oceans
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k7 Stratocumulus clouds “lock in” =~ 4
8 over«the eastern suldﬁ‘oplcal oceans
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Five approaches to boundary layer parameterization
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® Eddy diffusion
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® Mixed-layer models §

® Higher-order closure
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Higher-order closure

(HOCQC)

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

2SI

“first moment.” It is a statistic.
A prime means a departure from a grid-area /
average. The average of a prime is zero. 9

A “prime prime bar,” which can be called a
“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

prime bar.” Some third moments are fluxes of ww'q
second moments.

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



HOC started in the 1960s

® Obscure technical reports
® Engineering applications

® |mmediate interest from
atmospheric scientists

Glushko, G. S., 1965: Turbulent Boundary Layer on a Flat Plate in an Incompressible Fluid. Bull.
Acad. Sci. USSR, Mech. Ser., no. 4, 13-23.

Bradshaw, P., D. H. Ferriss, and N. P. Atwell, 1967: Calculation of Boundary Layer Development
Using the Turbulent Energy Equation. J. Fluid Mech., 25, 593-616.

Beckwith, I. E. and D. M. Bushnell, 1968: Detailed Description and Results of a Method for
Computing Mean and Fluctuating Quantities in Turbulent Boundary Layers. NASA TN D-4815.

Donaldson, C. duP., and H. Rosenbaum, 1968: Calculation of the turbulent shear flows through closure
of the Reynolds equations by invariant modeling. NASA SP-216, pp. 231-253.



HOC is being used in Earth System Models today.

CLUBB is an implementation of HOC that is being
used in both CESM and E3SM.

There are other parameterizations based on HOC,
including SHOC.
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Sommeria & Deardorff (1977) and Mellor (1977)

Five parameters:

Two means

Two variances

One covariance
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Their idea
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Their idea

Mean of T

Variance of T

parameters
of joint

Gaussian

distribution

Fractional
cloudiness

Covariance of
T andq

Variance of g

e_ﬂ i Mean of g

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

They needed, as input, 2 first moments and 3 second moments to determine the
parameters of the joint distribution. HOC can predict the 3 second moments.



Sample equations of HOC
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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




Is HOC a “theory of everything?”

Turbulence Deep convection Gravity waves

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



Five approaches to boundary layer parameterization
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Mass fluxes

Reynolds averaging is exact (with grid-cell means) and completely general. We can write

pw'h'=p

] —_— —
J=1

o2 (5-7)] = £ -]

-~ ]:1 L

where

is a mass flux. This demonstrates that mass fluxes arise purely from Reynolds averaging, and that they involve no approximation for / — 0. In practice, of course, J
must be finite.

Sometimes we also make the approximation
M; = pojw;

which can be justified when W is sufficiently small, which it will be if the grid cell is sufficiently large. The approximate form is expected to fail at high resolution, when

w can easily be comparable to or even larger than W;.

We can calculate pw'h’ if the M] and hj can be determined somehow. In principle we could define a mass flux for each square millimeter of a grid cell. This is not a

good idea because so much detail is (presumably) unnecessary, and because it would be very impractical to deal with such a large number of mass fluxes. We need
a way to reduce the number of mass fluxes to a manageable value, without losing too much accuracy.

Suppose that we have a very detailed numerical simulation of the convective turbulence inside a grid cell, and we want to use the statistics of the simulation to
compute values of o;, w;, and hj that can be used ito obtain an accurate value of pw’h’. Historically, plume models have been used to calculate the hj, and “mass-flux

closures” have been used to determine the M] As a result, there is a tendency to associate the mass-flux method with plume models, but we have shown above that
mass fluxes can be defined without any reference to plumes.




Let’s include w in the joint distribution.

HOC
equations

Closure for Selected first, Closure for
second, and

subgrid cloud third moments higher

fraction of T, g, and moments

Parameters

of the Randall JAS 1987
trivariate

joint PDF Randall, Shao, and Moeng, |AS 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. V

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




Simple case of two delta functions

Mean (first moment):

h=och,+ (1 —0)h;

Variance (second moment about the mean):

h? = o(l —o) (5h)2 where 6h = h, — h,

Third moment about the mean:

_ h, | h
1 =o(1—0)(1 —20) (6h)°
h
h? | — 20 ok
Skewness §;, = = e

(Fz)yz \/0 (1 . 0) functions



ﬁ
oh = *+
oc(l —o0)

- =l
h” =0(1 —0o)(l —20)

o(l —o0)

> Oh=h,—hy

Skewness $; = =

=

If we know %' and h’3, we can calculate ¢ and 4.

From 6, 5h,and h, we can calculate 4, and £,

In this way, the predicted moments determine the
distribution.




Phenomenology

One delta function represents the clouds, and the other represents the environment.



Momentum

I, g,and W are not enough.

What about the momentum fluxes?




Improving Modeled Momentum Flux in the
Atmospheric Boundary Layer

ABOUT THE PROJECT

The flux of momentum in the lowest levels of the atmosphere plays a critical role for both weather and climate,
impacting extreme storms such as tropical cyclones and severe convection, as well as serving as a key physical process
associated with radiatively-important shallow cumulus layers in trade-wind regimes. All of these phenomena have
historically been challenging to simulate, with biases arising from required approximation of boundary layer processes.

With climate models being more frequently utilized at smaller grid spacings capable of resolving societally-relevant
features with near-surface wind maxima and sharp momentum gradients, improving model treatment of these processes
is critical for enhancing the understanding and predictability of the climate system on seasonal, annual, decadal, and
centennial time scales.

Our Climate Process Team (CPT), jointly supported by NSF and NOAA, was created in order to better understand the
importance of momentum flux in global models and subsequently improve its representation in order to advance the next
generation of Earth system models. We do this by spanning a comprehensive hierarchy, ranging from observations to
process-based modeling to complex global simulations.

Project led by Colin Zarzycki at Penn State.
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