


The Atmospheric Boundary Layer (ABL)

The ABL is the lower layer of the atmosphere, the layer that reacts to surface phenomena on time
scales shorter than a day. Its depth varies between a few hundred meters to 2 — 3 km.

Normally turbulent, because of wind shear or because of convection.

Liineburg, Germany.
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The ABL is the lower layer of the atmosphere, the layer that reacts to surface phenomena on time
scales shorter than a day. Its depth varies between a few hundred meters to 2 — 3 km.

Normally turbulent, because of wind shear or because of convection.

North Atlantic. Courtesy of Cedrick Ansorge.
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A Small But Crucial Fraction of the Atmosphere

Free Atmosphere

\nNVersion
Q\(ﬁ -T T =

Height, z

Horizontal distance, x

e We live in the ABL: important for energy, transportation, pollution, agriculture.
e Important for climate: the ABL modulates the fluxes between the atmosphere, land and ocean.

Wyngaard [2010]. Figure 9.1 from Wallace and Hobbs [2006].
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Importance for Climate and Weather Models

e Long-standing biases in weather and climate models are often rooted in the ABL.
Reynolds et al. [2019], LeMone et al. [2019]

e Kilometer-scale resolution will require re-evaluation of parametrizations.
Stevens and et. al. [2019]



Importance and Challenges

Importance for Climate and Weather Models

e Long-standing biases in weather and climate models are often rooted in the ABL.
Reynolds et al. [2019], LeMone et al. [2019]

e Kilometer-scale resolution will require re-evaluation of parametrizations.
Stevens and et. al. [2019]

Challenges

Multiscale | Multiphysics | Variability | Data

e meter and submeter scales can affect mesoscale and larger properties and dynamics,

turbulence is not alone,

different regimes and transients induced by diurnal cycle and mesoscale conditions,

we need accurate data that simultaneously covers various processes at various scales.
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Multi-Scale

ABL depths of 1 km and velocity fluctuations of 1 m s~! yield a Reynolds number 10% and a length
scale ratio of large energy containing motions to small dissipative ones of 106.

Turbulence tends to organize into large-scale motions and is strongly inhomogeneous.

Moisture field from DNS at Reynolds number 104 (1000 m deep ABL resolved to 2 m) &'

Large scales generally dominate vertical mixing, but small scales (meter, submeter) become important
e near the surface, where density stratification or heterogeneity can change global properties,
e near the ABL top, where stratification and clouds can alter entrainment and radiative transfer,

e for cloud dynamics, precipitation, cold pools,
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https://youtu.be/h7CEGw4AUNY

Challenges Associated with Turbulence

stably stratified turbulence and turbulence—gravity-wave interaction
near-surface turbulence, effect of surface roughness and surface heterogeneity
large coherent motions (convection cells, rolls) and their interaction with the small scales

statistical heterogeneity, as induced by organization or by strong mean vertical gradients near the
surface or near the ABL top,

history effects in Lagrangian properties or mixing,
statistical anisotropy, such as temperature fronts, or strongly stratified regions,
external intermittency, such as at the ABL top or during turbulence collapse in stable ABLs.

Introduction 6.50



e Turbulence and mixing.
Shear driven, buoyancy driven, stratified, wall bounded, wall free, entrainment, dispersion...

But turbulence is not alone, there is a complex process interaction with

e Cloud physics.
Latent heat effects, microphysics (liquid and ice).

e Radiative transfer.
Longwave outgoing radiation, shortwave incoming radiation.

e Chemistry, aerosols.
Pollution, nucleation of cloud particles.

e Surface processes.
Surface energy balance, heterogeneity, roughness, ocean-atmosphere interaction.

Each bullet is a field of research, but interdisciplinarity is needed.
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Conservation Equations in a Cloud-Free Atmosphere

Op+V-(pv) =0 (1a)
p(DV+2Q xv)=—-Vp+ V-7 +pg (1b)
pD(h +ep + ek) = _V'(pjh +pjr — T V) + 0w, (lc)

(1d)

quv = _V'(pjv) 5
where

e Q is the angular velocity of the frame of reference,
e g is the gravitational acceleration, assumed constant.

e ¢, = gz is the potential energy per unit mass, and e, = v?/2 is the kinetic energy.

jr is the flux of radiative energy.

h is the enthalpy of the mixture of water vapor and dry air.

¢y is the water-vapor specific humidity, the mass of water vapor per unit mass of the mixture of
water vapor and dry air. Typical values are ¢, ~ 1 —10 g kg™ '.
ga = 1 — ¢y is the mass fraction of dry air.

(The mixing ratio 7, the mass of water vapor per unit mass of dry air, is also used.)
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Anelastic Approximation

Decompose the thermodynamic state of a fluid particle into a reference state that describes a hydro-
static base-state atmosphere,

VDref = Pret8 (2)
and a deviation thereof, e.g., p'(x,t) = p(x,t) — pret(2), D' (X,t) = p(X,t) — Pret(2), ...
Assumptions:
1. Deviations are small.
2. Mach number is small.
3. hydrostatic base-state is close to isentropic state.
4. hydrostatic base-state is quasi-steady.

Formulation Bannon [1996], Wyngaard [2010] 10.50



Anelastic Approximation

Decompose the thermodynamic state of a fluid particle into a reference state that describes a hydro-
static base-state atmosphere,
VDref = Pret8 (2)

and a deviation thereof, e.g., p'(x,t) = p(x,t) — pret(2), D' (X,t) = p(X,t) — Pret(2), ...

Thermal equation of state:

Dref = pref(RT)ref , (33)
m: pl/pref + (RT)I/(RT)ref + (p//pref) (RT)//(RT)Tef ) (3b)

which can be written as
Pref = pRT . (4)

The gas constant depends on the composition
R=qaRq + ¢wRy = Ra(1 + e1¢y) , (5)

where ¢ = R, /Rq — 1 ~ 0.608.
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Anelastic Approximation

Decompose the thermodynamic state of a fluid particle into a reference state that describes a hydro-
static base-state atmosphere,
VDref = Pret8 (2)

and a deviation thereof, e.g., p'(x,t) = p(x,t) — pret(2), D' (X,t) = p(X,t) — Pret(2), ...
Conservation equations:

V- [(prot + P)v] = =Orprec — Opel, (52)

(pret + X)(DV +2Q x v) = —Vp' + V-7 + p'g (5b)

(pret + POD(h + e +01) = =V (pin + pir —T~) + Opprer.+ Opl, (5¢)

(pret + X)Day = =V-(piv) (5d)
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Anelastic Approximation

Decompose the thermodynamic state of a fluid particle into a reference state that describes a hydro-
static base-state atmosphere,

VDret = pret§ , ()
and a deviation thereof, e.g., p'(x,t) = p(x,t) — pret(2), D' (X,t) = p(X,t) — Pret(2), ...
Notes:

1. Density variations are still key via the buoyancy force
b= —gp'/pret = (RT)'/(RT)yes - (6)

2. Boussinesq limit:

If the vertical displacement of the fluid particle is much smaller than the scale height (=~ 8 km),
we can consider p.or as constant. Often used in shallow ABLs of 1 km or less.

Formulation Bannon [1996], Wyngaard [2010] 10.50



Energy Variable

Several options:

pDe = ¢ — V-(pjn + pir) — pV-v, (7a)
pDh = — V- (pjn + pjr) +Dp, (7b)
pTDs = —V-(pjn + pir) - (7c)

Multiplying the momentum equation by v and adding it to the enthalpy equation yields
pD(h +ep +ex) = O+ V-(u- T — pjn — pir) (8)
which, for low Mach numbers and slowly varying large-scale conditions, yields
pD(h + ep) =~ =V-(pjn + pir) 9)

where hg = h + e, is the static energy.

We use either static energy or entropy (potential temperature), because they are conserved in isen-
tropic (adiabatic and reversible) processes, e.g., frictionless adiabatic ascent or descent through the
atmosphere, whereas temperature is not.

Formulation 11.50



Summary of Governing Equations

Cloud-free conditions, Boussinesq limit:

v+ V- (V) +20k x (v — Ugd) = —Vr + V3V + bk (10a)
V-v=0 (10b)
Oihl +V-(vh.) = k, V2R, (10¢)
orqy + V-(vegy) = K, Vg, , (10d)
where
= —9p/pret = (RT)'/(RT )ret = ashy + avgy - (11)

For appropriate boundary conditions, and using the approximation k; =~ k., we can reduce the two
scalar equations to just one
b+ V- (vb) = kV?D . (12)

(For typical atmospheric conditions, one finds kp, /Ky ~ 0.8.)
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Idealized Configurations (ldealized Boundary Conditions)
Flat surface and horizontal homogeneity in free atmosphere:

By Surface buoyancy flux
Ny  Free-troposphere buoyancy frequency

U, Geostrophic wind

fo  Coriolis parameter (= 2Q sin(¢))
gBO h  Boundary-layer depth

.
- R i

Major control parameters:

Reynolds number | Richardson or Froude number | Rossby number

Not many, but very rich class of problems:

e Different types of buoyancy forcing: neutrally, stably or unstably stratified, surface heterogeneity...
e Unsteadiness: diurnal cycle, inertial oscillations, initial conditions.

Formulation 13.50
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Problem Statement: Find the Mean Velocity Near the Surface

General problem

Find the mean horizontal velocity, (u),
as a function of time, ¢, the distance
from the surface, z, and free-troposphere
and surface parameters, «;:

<’LL> = f(Z by Aft g, as,i) (13)

(-) indicates an ensemble average. The
problem is split into subproblems.

Surface Phenomena
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Figures adapted from Haghshenas and Mellado [2019]
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Phenomenological Analysis: Large Scale Separation

Assumptions:
e The characteristic scale in the horizontal direction is much larger than the boundary-layer depth, h.

e h > hg, where hg is a reference roughness-element height.

Consequences:
o Outer region: Far from the surface, we do not observe hg nor surface parameters, o ;.

o Inner region: Near the surface, we do not observe h nor free-troposphere parameters, gy ;.

Surface Phenomena 16.50
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Assumptions:
e The characteristic scale in the horizontal direction is much larger than the boundary-layer depth, h.
e h > hg, where hg is a reference roughness-element height.

Consequences:
o Outer region: Far from the surface, we do not observe hg nor surface parameters, o ;.
e Inner region: Near the surface, we do not observe h nor free-troposphere parameters, oy ;.



Because h > hg, the inner and outer regions
overlap in an interval hy < z < h, where
dimensional analysis leads to

2 O{u)

u, 0z

= constant . (14)

The constant is written as k~!, and k is the von
Karman'’s constant. It is universal and k ~ 0.41.

Ux = \/Ts/p (15)

is the friction velocity, where 74 is the surface
drag per unit of horizontal area. Typical values are
Uy =~ 0.15—0.70 m s~ L.



Integration yields

(w) =

k

In z + constant ,

(16)

In(z/20)
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z{m)
- 32
1.
16
5-_ P
sp o4
. 2
4-
- 1
L L 1
0 10 20 30

Figure 3.5 from Garratt [1992], 1971 Kansas experiment.
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Logarithmic Law of the Wind Profile

Integration yields

(u)zﬁlni,

o (16)

which is the logarithmic law. Measurements
confirm it between ~ 302y and ~ 0.1 h, where h is
the boundary-layer depth.

The parameter 2 is the roughness length, an
integration constant. It embeds the dependence of
(u) on the surface properties, zg = zo(hs, Qs,;)-

When zg = zo(hs), 20 is = 10% of the roughness
element height: from millimeters for sand, snow,
to meters for forests and urban areas.

Otherwise, obtaining zg = zo(hs, as ;) is a major
challenge.

Surface Phenomena
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Figure 3.5 from Garratt [1992], 1971 Kansas experiment. 18.50



Effects of Static Stability: Monin-Obukhov Similarity Theory (MOST)

We retain the surface buoyancy flux By as control
parameter in addition to u,. From dimensional
analysis, one finds

kz 0
BO 6@, C=#Lov, (D)
where .
Loy, = _kgo (18)

is the Obukhov scale. By construction, ¢(0) =1,
and for small magnitudes of ¢ one can consider
#(¢) = 1+ B¢ which leads to a logarithmic law
plus corrections.

What is ¢({) for strongly stable and strongly
unstable conditions?

Surface Phenomena
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Obukhov [1946], Wyngaard [2010]. Figure 3.5 from Garratt [1992], 1971 Kansas experiment.
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1. Models artificially enhance diffusivity to reduce biases, which deteriorates boundary layer properties.
Holtslag et al. [2013], Sandu et al. [2013]

2. Intermittency during turbulence collapse is particularly challenging.
Mahrt [2014]

=

l" - .
e

Near-surface enstrophy. Courtesy of Cedrick Ansorge, adapted from Ansorge [2019].

3. Now we can simulate it under control conditions: New opportunities for analysis.
Flores and Riley [2011], Ansorge and Mellado [2014, 2016], Deusebio et al. [2014, 2015]
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Deviations from Monin-Obukhov Similarity Theory in Unstable Conditions

Wyngaard Et al. 1971, Kansas field measurements. Maronga & Reuder 2017, LES
Stonkundaf M i
( Seeo Free convection limit | a
. « s (Mellado et al. 2016, DNS)
-~ 20 "o Tiee
a * !
(‘lm L

I.O
= 06

'_ -

0.10 1.0 4.0
-2/

F16. 7. Dimensionless rms temperature fluctuations under un- 1073 107% 107" 10° 10!
stable conditions. The —} slope is the local free convection
prediction. z/L

S S

1. Temperature, moisture r.m.s. fall faster with height (an r.m.s. factor of 2 across the surface layer.)
2. Strong dependence of skewness on tropospheric conditions.

3. Relevant for cloud formation (fog), chemistry.

Surface Phenomena 21.50



Near-surface vertical velocity: red, upwards; blue, downwards.

Increasing troposphere stratification or boundary-layer top cooling from left to right.

Hypothesis 1. Shear effects in internal boundary layers parallel to the surface.
Testing Kraichnan [1962], Businger [1973], van Reeuwijk et al. [2008]

2. Large-scale downdrafts transport unmixed free-tropospheric air into the surface layer.
de Bruin et al. [1993], Lohou et al. [2010], van de Boer et al. [2014]
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Near-surface vertical velocity: red, upwards; blue, downwards.

Increasing troposphere stratification or boundary-layer top cooling from left to right.

Hypothesis 1. Shear effects in internal boundary layers parallel to the surface.
Testing Kraichnan [1962], Businger [1973], van Reeuwijk et al. [2008]

2. Large-scale downdrafts transport unmixed free-tropospheric air into the surface layer.
de Bruin et al. [1993], Lohou et al. [2010], van de Boer et al. [2014]

Conditional analysis in downdrafts and updrafts falsify 2. hypothesis [Fodor et al., 2019].

Large coherent motions affect the surface layer, but how?




Surface Heterogeneity Affect Large Convective Cells

1. Plume-bubble regime transitions over cities [Omidvar et al., 2020].

High wind iplume} Low wind (bubble) ((1)
o
10 plume ¢ Z’ °
« )ig
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Surface Heterogeneity Affect Large Convective Cells

1. Plume-bubble regime transitions over cities [Omidvar et al., 2020].

2. Roughness heterogeneity [Vanderwel et al., 2019].

i ieh

i Experimental nycasuneaient Mumerical slanlation

R e
I —dbmmn f
W Ifmm
Fuivse [ iColour coline) ot Thotogsaph of the experiment and (8 schewtic of the
numerical selup with (o} fons ol e censidered elements and heir distibatien. Frovers 20 iColour online) Time-averaged velocity and signed swirling sirengih,

Roughness-induced large coherent motions interact with convectively induced ones.

Immersed boundary methods gives us the opportunity to study these problems numerically.
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Open Issues:
1. Flux-gradient relationships, near-surface covariances and skewness.

2. Their dependence on stability, surface heterogeneity, mesoscale conditions.
3. Role of large coherent structures.
4

. Transients (turbulence collapse, internal boundary layers, bubble-plume regimes), deviations from
quasi-steady conditions.
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Bulk (Integral) Models in Unstable Conditions
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Bulk (Integral) Models in Unstable Conditions

WL e S BB IO s T _ s X B ABPNN TRk N S VA NSNS A

e h is the boundary-layer depth (unknown).
e By is the surface buoyancy flux.

e By, is the entrainment buoyancy flux (unknown).

Boundary-Layer Models Lilly [1968] 25.50



Problem Statement: Find the Mean Velocity inside the ABL

General problem

Elapsed time t=3.2h 5 Elapsed time t=9.2h
Find the mean horizontal velocity, (u), Boundary-layer top
as a function of time, ¢, the distance _ _
z 21 2
from the surface, z, and free-troposphere & g
~ | Boundary-layertop __ R
and surface parameters, «;: z £
211 211
<u> = f(Z b Qe i OéSJ) (19)
indi bl h . .
(-} in icates an ensemble average. The 5 : T s 0 : T I
problem IS Sp|lt Into subproblems. mean velocity (u) [ms~!] mean velocity (1) [m s~

Boundary-Layer Models 26.50



1. Entrainment fluxes determine boundary-layer depth and derived properties, like mean values and
fluctuations intensities, major variables in boundary-layer schemes.

It is difficult to extrapolate field measurements to different environmental conditions.
Mahrt [1991], Wulfmeyer et al. [2016], Davy and Esau [2016]



Entrainment in Unstable Conditions

1. Entrainment fluxes determine boundary-layer depth and derived properties, like mean values and
fluctuations intensities, major variables in boundary-layer schemes.

It is difficult to extrapolate field measurements to different environmental conditions.
Mahrt [1991], Wulfmeyer et al. [2016], Davy and Esau [2016]
2. Entrainment-zone properties are themselves important, for instance, moisture and temperature
statistics for cloud formation.

Uncertainties are associated with small scales.
Fedorovich et al. [2004], Conzemius and Fedorovich [2007], Pino and de Arellano [2008]

Boundary-Layer Models 27.50



The Ozmidov Length Scale Characterizes the Entrainment Zone

h  Boundary-layer depth

By  Surface buoyancy flux

Ny  Free-troposphere buoyancy frequency

h

e

Bt I \

A pe
In the limit of free convection, the system depends only on the Reynolds number and h/Lg, where

Lo = (By/N3)'/?
is an Ozmidov scale. It provides a reference entrainment-zone thickness and thereby other reference

properties in the entrainment zone.

Typical atmospheric midday values over land: Ly =~ 20—200 m (h/Ly = 5—50). We need meter-scale
resolution in the entrainment zone.

Boundary-Layer Models Dougherty [1961], Ozmidov [1965], Garcia and Mellado [2014] 28.50



Add Wind-Shear Effects to the Problem

h  Boundary-layer depth

By Surface buoyancy flux

Ny  Free-troposphere buoyancy frequency

h Uy Geostrophic wind

In addition to the Reynolds number and h/Lg, we have the Froude number
Fro = Ug/(NoLo)

where L is the reference Ozmidov scale.

Typical atmospheric midday values over land Fro ~ 0 — 35, which corresponds to Uy ~ 10— 15 m s .

Boundary-Layer Models 29.50



Wind Shear Adds an Additional Local Scale in the Entrainment Zone

We have enough accuracy and resolution to differentiate scales in the entrainment zone. In particular,
the buoyancy flux scales with a local length and not the boundary-layer depth.

From the integral analysis of the TKE

budget, one finds the local length et

Non-turbulent stably stratified region

Au\?
1+48(—) ,
(N0h> Upper EZ sublayer Zl_g

Characterized by Ozmidov scale

Az ~0.25h

Zis
where — Ee--mmmmE T - - m e mEE - - - e mS=T - - 2
_ o
Au = [|[Ug — upl| Lower EZ sublayer o o
Characterized by EZ scale
is the velocity increment across the e
1,

Mixed layer
Characterized by encroachment scale

entrainment zone. ‘ -------------------------

Boundary-Layer Models Haghshenas and Mellado [2019] 30.50



Use for Parametrizations of Boundary-Layer Properties

For instance, reference heights in the entrainment zone:

< = — Frp= 0 Fro=15 model’,/'
3 R 1.3{— Frg= 5 — Frp=20 e
S P ~ Fro=10 — Fry=25 f/./’
o — 1.2 T
% 1.14 Height of minimum buoyancy flux % P
7] o 1.19
= N
< <
g 101" Height of zero buoyancy flux g 1.0
Z = e Z. O i i = s S g = =
15 20 25 30 35 0.0 0.2 0.4 0.6 0.8
hiLo Aul(Noh)
Advantages:

1. Shear effects are quantified in terms of Auw, the velocity increment across the entrainment zone,
which is more robust than a pointwise quantity like the gradient at one point.

2. Eliminates the singularity at finite wind speed that was found in previous bulk models.

Boundary-Layer Models Haghshenas and Mellado [2019] 31.50



Add Coriolis Effects to the Problem

h  Boundary-layer depth

By Surface buoyancy flux

Ny  Free-troposphere buoyancy frequency
U, Geostrophic wind

gBo fo  Coriolis parameter

e

In addition to the Reynolds number, h/Ly, and the Froude number, we have the Rossby number
ROO = N()/fo .

Typical atmospheric values are Rog ~ 40 — oc.

Boundary-Layer Models 32.50



Scaling Laws Are Approximately Independent of Coriolis Effects

1. The center of the mixed layer marks the height of wind veering.

Frg = 20, Rog = 150 =
031 Fry = 20, Rog = 100 2=05h &;1‘3-
: — Frg=20,Rog= 50 -
<
o 121
202 2
2 § 1.1
0.1 E
E 101
o
Z.
0.0 ‘
0.0 0.2 0.4 0.6 0.8 1.0 0.0
(u)/Ug

2. We can still use the same definition of velocity increment across the entrainment zone

3. Same scaling laws hold: One single curve embeds the dependence on {h, By, Ny, Uy, fo}.

Boundary-Layer Models

Au=||Ug — um| -

0.4
Aul(Noh)
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Open Issues:
1. Entrainment fluxes.
2. Entrainment variance and skewness. Moisture statistics and cloud formation.

3. Microscale-mesoscale interaction: Dependence on mesoscale variability in atmosphere and surface.
4. Transients (diurnal cycle, horizontal advection), deviations from quasi-steady conditions.
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Prevalent Regimes of Maritime Convection in the Tropics and Subtropics

Following the trades in a Lagrangian framework, we sample three main regimes: stratocumulus, shallow
cumulus and deep convection:

NASA Worldview June 25th, 2018 '

They are structural components of the general circulation of the atmosphere and they highlight the
interaction of convection and mixing with radiation, organization and precipitation.
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https://worldview.earthdata.nasa.gov/

Prevalent Regimes of Maritime Convection in the Tropics and Subtropics

Following the trades in a Lagrangian framework, we sample three main regimes: stratocumulus, shallow

cumulus and deep convection:
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Courtesy of Bjorn Stevens. Adapted from Stevens [2005].

They are structural components of the general circulation of the atmosphere and they highlight the

interaction of convection and mixing with radiation, organization and precipitation.
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Stratocumulus

Stratocumulus are stratiform cloud systems that form at the top of shallow ABLs.
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Stratocumulus

Stratocumulus are stratiform cloud systems that form at the top of shallow ABLs.

North Atlantic. Courtesy of Cedrick Ansorge.
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Importance and Challenges

1. Because of their radiative properties, a 4 — 5% increase in stratocumulus area coverage could
offset a 2 K warming.

But characterizing their sensitivity to environmental conditions remains a challenge.
Randall [1980], Lilly [1968], Wood [2012]
2. When appropriately tuned, LES shows skill in process studies and climate change sensitivity
studies, but quantitative prediction remains difficult.
This difficulty is mainly attributed to an inadequate representation of cloud-top mixing.

Bretherton et al. [1999], Stevens et al. [2005], Sherwood et al. [2014]
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Mixing: Need For Meter- and Submeter-Scale Resolution at the Cloud Top

h+gz

Free
troposphere

. Radiatisn

i IXEl aye I
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\._ Cloud-top region

We need to represent the Ozmidov scale to reach the inertial range of the turbulence cascade:

LOZ

(/N2

Observational and numerical studies find Lo, ~ 0.3 — 4 m, depending on environmental conditions.

Shallow Convection This and following figures from Mellado [2017] and Mellado et al. [2018] 38.50



Direct Numerical Simulations of Stratocumulus-Topped Boundary Layer

Gradient of Liquid Water Content

Shallow Convection Video & 39.50


https://youtu.be/YQKVEMfUDw8

Governing Equations for DNS in Eulerian Framework

Disperse and dilute multi-phase flow (liquid volume fraction 10~6) with small Stokes numbers (< 1072)
and moderate settling numbers (= 0.5).

Anelastic approximation to Navier-Stokes equations:

enthalpy prethh =V-: [PHth - pju(hl - h)} - v(p.]r) ;
total water  preDigr = V- [prv Vg — pj(1 —q¢)] ,
liqUid water  prerDygp = v'[p’{vaE - pju(l - QK)} + (@P%)Con .

Cloud processes to be modeled:
1. Radiative flux pj;.

: Latent heat effects.

con”

2. Rate of phase change (9:pq/)
3. Transport flux pj,: Droplet sedimentation.

Shallow Convection de Lozar and Mellado [2013] 40.50



1. Lagrangian microphysics.
Accurate but expensive because typical cloud droplet number densities are 100—1000 cm 3. Current
development of super-droplet approach.

2. Spectral bin microphysics.
Modeling of the evolution equation for the droplet-size distribution. Accurate but also very expensive
because the representation of the droplet size adds another dimension.

3. Bulk microphysics.
Less accurate but cheaper because the droplet size distribution is assumed and only a few moments
are represented.

~ Shallow Convection Shaw [2003], Shima et al. [2009], Grabowski and Wang [2013], Khain et al. [2015] 41.50



Reaching Grid-Spacing Independence in DNS (Reynolds Number Similarity)

5"'\ measurement-based estimate
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Grid spacings ~ 1 m reproduce the central distribution of LES models (Stevens et al., 2005), ~ 70%
of measured LWP, without tuning.

We can distinguish between biases due to mixing and biases due to misrepresentation of other processes.
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Microphysics: Need for Submeter-Scale Resolution at the Cloud Top

Liquid (g kg™"} Enstraphy (52}

Buoyancy (ms-2)

Capping
inversion
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Take same microphysics model as in LES and reduce grid spacing by a factor of 10.
Do we see the same?

D
1

[N
1

[\V]
1

mean entrainment
velocity we [mms™!]

o
I

no shear shear

Almost 50% reduction of w,, 2-3 times larger than previously reported.

The reason is that turbulence models are often down-gradient, which artificially enhances the liquid-
water flux upwards, and this masks droplet sedimentation downwards.



Shallow Convection (Cloud-Turbulence Interaction)

Open issues:

1. Mixing plus micro-physics (sedimentation, phase-relaxation time, droplet-size distribution).

2. Supersaturation and aerosols in the entrainment zone (PDF tails)

3. Air-sea interaction: surface fluxes, waves.

4. Role of large coherent structures, open-closed cells, Sc-Cu transition, convective organization.

5. Microscale-mesoscale interaction: Dependence on mesoscale variability in atmosphere and ocean.
6. Transients (open-closed cells, Sc-Cu transition), deviations from quasi-steady conditions.

7. Mixed-phase clouds instead of only warm clouds.
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Turbulence in the Atmospheric Boundary Layer: Challenges
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Turbulence in the Atmospheric Boundary Layer: Opportunities

Thanks to high resolution, we have the opportunity to break 50-year-old
deadlocks and get ready for kilometer-scale resolution in global models.

Direct numerical simulation reduces the uncertainty introduced by
turbulence models, which clarifies the role of other phenomena.

Synergy with field and laboratory to assess reduced complexity, unmatched
non-dimensional numbers, and constrained variability in model studies.

Control and systematic studies (dimensional analysis) of process interaction,
hypothesis testing, microscale-mesoscale interaction for parametrizations.

Summary and Conclusions First and third figures from Stevens and et. al. [2019] and Beals et al. [2015]. 47.50
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