Planetary Boundary Layer 1

Introduction to boundary layers and turbulence

Annelize van Niekerk, Irina Sandu, Anton Beljaars

Annelize.vanNiekerk@ecmwf.int

s ECMWF
A\~ 4 © ECMWF November 21, 2023



Contents

* Definition and description of the planetary boundary layer (PBL)
* Types of turbulence and Richardson number

* What do we need from a turbulence parametrization?

* Reynolds decomposition

* Diurnal cycle of the PBL and fluxes

* Cloudy and clear convective PBLs

< ECMWF



Importance of the planetary boundary layer

It’s where we live!

We care about forecasting
guantities in the boundary layer
(temperature, winds)

2m temperature (celsius) X

TR it i—

30m wind (knot)




Importance of the planetary boundary layer

It is where exchange between the surface and

It’s where we live!
upper atmosphere occurs

We care about forecasting
guantities in the boundary layer
(temperature, winds)

e.g. carbon-dioxide from plants / human activity,
moisture from the Earth’s surface, cloud
formation




Definition of the planetary boundary layer

Layer of atmosphere directly
influenced by the presence of the
Earth’s surface.

The surface effects (friction, cooling,
heating or moistening) are felt on 1-3km
time scales of hours.

The fluxes of momentum, heat or
matter are carried by turbulent
motions on a scale of the order of
the depth of the boundary layer or
less.

50 m
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Types of turbulence

: do
Convective turbulence: N2 = 222

0 dz

dz

Shear turbulence:

Positive wind

Negative wind
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Types of turbulence

: de
Shear turbulence: — Convective turbulence: N? = %E
Z
o _ Colder

Positive wind

Negative wind
N2 : :

Ri = Richardson number provides
2 .
Ccll_U a measure of the relative Ri < 0, convectively unstable
z importance of convective and Ri ~ 0, neutral
shear turbulence Ri > 0, stable but subject to shear
instability

< ECMWF



Types of turbulence

: do
Convective turbulence: N2 = 222

0 dz

dz

Shear turbulence:

MakeAGIF.com

Ri = Richardson number provides
2 .
Ccll_U a measure of the relative Ri < 0, convectively unstable
z importance of convective and  pi 0 neutral
shear turbulence Ri > 0, stable but subject to shear
instability
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What do we need from a BL
turbulence parametrization?
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What do we need from a BL turbulence parametrization?

‘Free’ troposphere

* Provide turbulent fluxes of heat,
momentum, moisture (and tracers) Y
between the surface and the upper
atmosphere 1-3km O Z )

« Provide turbulent mixing throughout

Y

the entire atmosphere — the mixed Outer layer
layer, the cloud layer and the Q
stratosphere 50 m R —

« Account for differences in stability,
surface properties and clouds

» Provide profiles of winds and
temperatures at the surface, where
the model does not resolve in the
vertical
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What do we need from a BL turbulence parametrization?
Model level heights:

‘ , 10 km
« Provide turbulent fluxes of heat, Free’ troposphere —_———-
momentum, moisture (and tracers) -
between the surface and the upper —
atmosphere 3 km
* Provide turbulent mixing throughout —_——
the entire atmosphere — the mixed 500 m
Ia:yetr, th(:] cloud layer and the 40 m
stratosphere r:::20'm
« Account for differences in stability, | —_——_—— ;O n1
surface properties and clouds —_——_——2d

* Provide profiles of winds and
temperatures at the surface, where
the model does not resolve in the
vertical
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What do we need from a BL turbulence parametrization?
Model level heights:

‘ , 10 km
«  Provide turbulent fluxes of heat, Free’ troposphere —_——
momentum, moisture (and tracers) Vs -
between the surface and the upper —
atmosphere 1-3km 1l Z ) ; 3 km
* Provide turbulent mixing throughout KJ —_———
the entire atmosphere — the mixed Outer layer 500 m
layer, the cloud layer and the Q T aom
stratosphere 50 m Surface Taver - = 0m
« Account for differences in stability, ~ | —— — - ;O n1
surface properties and clouds —_——_——2d
* Provide profiles of winds and « Model does not resolve AN
temperatures at the surface, where surface layer U v
the model does not resolve in the « There are strong gradients and 100
vertical is where people live
. Requires diagnosis of profiles 20 +— — — — /— —
below 10m _____l
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Turbulence in the governing
equations
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Governing equations - simplified

Momentum
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Mass Continuity
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Thermodynamics

No density
variations
(Boussinesq)
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Moisture
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Governing equations - simplified

Momentum
(w1 10p N\
 =—__T. S
™ ; (puu) + fv 5O +
v 1 10dp
 =—__T. _ v
™ ; (pvu) + —fu >3y +
1dp
7 Y,
Large scale terms Fluxes

Mass Continuity
No density
[ V-u=20 ]

variations
(Boussinesq)
Thermodynamics
[ 00
ot

Moisture

1
= pV'(,DHU)‘FSQ‘F J

[aq_ Ly oqw + 5, + ]

Sources and sinks (e.g. heating and cooling from radiation)
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Governing equations - simplified

Momentum Mass Continuity |
@ : \ [ i ; ] No density
. _ . it U= variations
it p V- (puw) + fv + >< (Boussinesq)
Thermodynamics
v 1 10p ><
— S 00 1
ot p (pvu) + =fu pay " [EZ_EV°(p0u)+Se+><J
10dp Moisture
= —PY
por aq 1
\_ % [a—‘;V'W"”SﬁXJ
Large scale terms Fluxes

Sources and sinks (e.g. heating and cooling from radiation)
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Momentum

Governing equations - simplified

Mass Continuity

ot

v 1

lap

kp@r

= —PY

vV (T

Thermodynamics

No density
variations
(Boussinesq)

ot

— S 00 1
TR Y [_2_5‘7'(p9u)+59+><]

Moisture

Large scale terms

/ [a—q——lV-( u)+S +><]
5c = 57 (pa .

Fluxes- small+large scale processes

Sources and sinks (e.g. heating and cooling from radiation)
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Governing equations - simplified

Momentum

dv 1 7 (ovu) + 1
T pvu) + —fu
1 6p

= —PY

Kp@r

0
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p oy
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X

/

Large scale terms

Sources and sinks (e.g. heating and cooling from radiation)
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Mass Continuity

[

V-u=90

No density
J variations

(Boussinesq)

Thermodynamics

[

[

6_9= —lV-(pHu) + 5S¢ +><J
dt p
Moisture

a_q: —17-(pqu) + 5, + ><J
ot p /

Fluxes- small+large scale processes

Direct numerical simulations at high
enough resolution / analytic solutions to
capture turbulence fully are not currently

possible




Reynolds decomposition of fluxes
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Reynolds decomposition of fluxes

Momentum Thermodynamics
/au 1 \ :
— = ——V " (puu) 06 1
Jat p a——;V-(pHu)
9, 1
a—: = —;\7 - (pvu) -
\_ W, Moisture
-
dq 1
3= 5V (pqu)
\§

Fluxes = small + large scale processes
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A variable ¢:

Reynolds decomposition of fluxes

-

a¢

dt

—%v (p)

~

Steps:
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Fluxes = small + large scale processes



A variable ¢: Reynolds decomposition of fluxes

4 ™

Jp 1 lapc,bu N dpov 6quw]

ot p

dx | dy | dz

\_

Steps:

Fluxes = small + large scale processes

1. Expand fluxes
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Avariable ¢: Reynolds decomposition of fluxes )

/ \ ¢ = ¢+ ¢’
Large scale Small scale

By definition: ? =0

_|_

ot p| dx dy dz lﬂr h /\ nnp W
¢ VUJ L/UV J ‘A’AV

dp 1 lapc,bu N 0pdv 6quw]

\ - x:

Fluxes = small + large scale processes

Steps:
1. Expand fluxes

2. Write in terms of mean and
perturbation: p = ¢ + ¢’
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Reynolds decomposition of fluxes

~

A variable ¢:
/ dppu Odppv dppw
pPu N pPpv N ppw
dx dy dz
Opdp'u  dppu’  dpp'w
5_4):_1 * dx * dx * dy
ot P 0 _vl 0 I, ! 0 !
N pP N pp'w N ppw
dy dz dz
a I..17 a I,.7 a / !/
N p¢u+ pPpv N pP'w
k T dx dy dz
Steps:

1. Expand fluxes

2. Write in terms of mean and
perturbation: p = ¢ + ¢’

< ECMWF

¢

¢=

|

Large scale

¢ +

¢I

Small scale

By definition: ? =0

1/

vA

U

y,

N
L/UU

lan

y,

x,y,t

Fluxes = small + large scale processes



Reynolds decomposition of fluxes

¢ +

Large scale

¢I

Small scale

By definition: ? =0

1/

vA

y,

A variable ¢:
4 N7
dppu N dppv N dppw
Jp 1 dx dy dz
at  p| oppu’ dppv' dpp'w’
+ pfx + p:fy + le)Z ¢ﬂvu

Jan

Lj{\UV J

Steps:

1. Expand fluxes

2. Write in terms of mean and
perturbation: p = ¢ + ¢’
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3. Average, such that ¢ + ¢’

x,y,t

—0and ¢ =0

Fluxes = small + large scale processes



Avariable ¢: Reynolds decomposition of fluxes .

/ \ ¢ = ¢+ ¢’
Large scale Small scale

apaﬂ 0,055 apaw - R Bydefinition:gzo

0 1| dr | dy | dz (’ A /\ P W
ot p| ONSI ONST 0pdw a a¥a VA

TANTAN T a ¢Vuddwd

N Y

Fluxes = small + large scale processes

Steps:

1. Expand fluxes 3. Average, such that a + ¢’ = 0and a =0

2. Write in terms of mean and 4. Assume scale of horizontal variations >> vertical
perturbation: ¢ = ¢ + ¢’ variations
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Avariable ¢: Reynolds decomposition of fluxes .

/ \ ¢ = ¢+ ¢’

Large scale Small scale

pd T 0,055 . dpdw R By definition: ? =0

0 _ 1| dx " dy ' dz )
ot p_ +6p252’w’ | ¢ﬂfu Jp LjhUnVP JW M

N Y

Fluxes = small + large scale processes

Steps:

1. Expand fluxes 3. Average, such that 5 + ¢’ = 0and a =0

2. Write in terms of mean and 4. Assume scale of horizontal variations >> vertical
perturbation: ¢ = ¢ + ¢’ variations

5. Impact of small scale and large scale turbulent fluxes
22 ECMWE on large scale mean flow



Avariable ¢: Reynolds decomposition of fluxes .

/ \ ¢ = ¢+ ¢’

Large scale Small scale

pd T 0,055 . dpdw R By definition: ? =0

0 _ 1| dx " dy ' dz )
ot p_ +6p252’w’ | ¢ﬂfu Jp LjhUnVP JW M

N Y

Fluxes = small + large scale processes

Steps:

1. Expand fluxes 3. Average, such that 5 + ¢’ = 0and a =0

2. Write in terms of mean and 4. Assume scale of horizontal variations >> vertical
perturbation: ¢ = ¢ + ¢’ variations

5. Impact of small scale and large scale turbulent fluxes
22 ECMWE on large scale mean flow



Reynolds decomposition of fluxes

Momentum

/aﬂ_ 1 apm+apw+apm+apu'w' )
ot  p| dx dy dz dz
dv 1|0pvu Jdpvv adpvw Jdpv'w'
- A O 2 S

- P ’ j

Handled by model dynamics, i.e.
resolved by the model grid
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Thermodynamics

4 B [0pOu N 0p0v . dpOw’
a0 _ 1) dx dy dz
ot P apo'w'’

_|_
\_ : dz
Moisture

g Opqu  0pTv _ 0pqw
dq 1| dx dy dz
at o p a . .1

L Opd'w

\_ : dz




Reynolds decomposition of fluxes

Momentum
/aa 1 lapu’w’] )
ot  pl dz
v 1 lapv'w’]
ot _; dz
N /

Handled by model dynamics, i.e.
resolved by the model grid

Small scale turbulent fluxes — must be
parametrized

< ECMWF

Thermodynamics

-
06 1 lapH’W’]
ot  pl dz

\_

Moisture
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ot  pl dz




Reynolds decomposition of fluxes — what do the fluxes mean?

Horizontally homogenous fluid — only vertical variation
+ Turbulent eddy in the fluid

6 decreasing
A

0 increasing

e.g. potential temperature gradient

20

>, < 0 : unstable atmosphere
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Reynolds decomposition of fluxes — what do the fluxes mean?

Horizontally homogenous fluid — only vertical variation
+ Turbulent eddy in the fluid

6 decreasing
A

0 increasing

e.g. potential temperature gradient

20

>, < 0 : unstable atmosphere
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Reynolds decomposition of fluxes — what do the fluxes mean?

Horizontally homogenous fluid — only vertical variation
+ Turbulent eddy in the fluid

6 decreasing
A

0 increasing

e.g. potential temperature gradient

20

>, < 0 : unstable atmosphere
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Reynolds decomposition of fluxes — what do the fluxes mean?

Horizontally homogenous fluid — only vertical variation
+ Turbulent eddy in the fluid
I
6 decreasing
A

0 increasing

e.g. potential temperature gradient o'w’

20

>, < 0 : unstable atmosphere
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Reynolds decomposition of fluxes — what do the fluxes mean?

Horizontally homogenous fluid — only vertical variation
+ Turbulent eddy in the fluid

Z A

Heating
6 decreasing
A a0 20'w’ >0
ot 0z
Z
Cooling
a0 00'w' I
dt 0z
0 increasing >

e.g. potential temperature gradient o'w’
Acts to homogenize the fluid

20

>, < 0 : unstable atmosphere
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Diurnal cycle of the planetary
boundary layer
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Diurnal cycle of PBL

* Diurnal cycle weakens with height
Temperature at Reading at various heights

a5 Temperature at 1000.0 hPa Temperature at 850.0 hPa
_ 2756
X 284 X
v v 275.4
2 g
= 283 5 275.2
£ 3
] [} .
C gy @ 275.0
274.8
Hour Hour
Temperature at 500.0 hPa 216.0 Temperature at 100.0 hPa
251.6
g g 215.8
w2514 v
E 52156, N\
1] (1]
£ 251.2 o
“é,{ ;.{215.4-
251.0
= ® 2152
250.8
1 o SR TN - 12 1 o AO Ak A% 1
Hour Hour
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Diurnal cycle of PBL

Temperature at Reading at various heights

a5 Temperature at 1000.0 hPa Temperature at 850.0 hPa
_ 2756
X 284 X
v v 275.4
3 3
© ©
= 283 5 275.2
£ 3
] [} .
C gy @ 275.0
274.8
Hour Hour

Temperature at 500.0 hPa 216.0 - Temperature at 100.0 hPa

251.6
g g 215.8
w2514 v
2 22> m
18] 18]
o 251.2 e
é §215.4-

251.0
P ® 215.2

250.8

1 © SR TN - 12 1 © AO Ak A% 1
Hour Hour
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Diurnal cycle weakens with height

PBL height grows in the day due to convection
(reaches ~ 2 km)

Diurnal cycle much stronger over land than ocean

3000

BL Height (Hour 0)

2500

r2000

F1500

oundary layer height [m]

1000
[an]

500




Diurnal cycle of PBL

) Free Atmosphere
N > £
Ri = - i :
au /Entrainment zone Capping inversion 7
Entrainment Zong
'~§1000— 2
_ e Residual layer
. [®)]
Daytime: unstable g Mixed layer

near-surface and
convective mixing B
occurs

Stable Layer

Surface layer

Noon Midnight Sunrise
Local Time
A 1600 LT
z Fa Free atmosphere
-/ Ez Entrainment zone
Mixed
ML
layer
N\ _
. 3 Surface
Ri<O0O ¢
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Diurnal cycle of PBL

»
Free Atmosphere
N? ‘
Ri = > N = A -
dUu _—  Entrainment zone Capping inversion 7
Entrainment Zong
§'1000— .
_ e Residual layer
Daytime: unstable Ej Mixed layer
near-surface and _

. . . | Mixed
convective mixing laver
occurs Stable Layer Y

Surface layer
I .
Nighttime: Stable Noon Midnight Sunrise NJon
near-surface with Local Time
. . C 0400 LT
residual mixed layer
z J A Free atmosphere
____________ Cl. Capping inversion
Residual
L oL . layer i
________________________ Stable
\ / sBL SBL layer
Ri<0¢6 Ri>0 ° Ri»(Qe  Surface

CECMWF ayer



Daytime: unstable
near-surface and
convective mixing
occurs

Nighttime: stable
near-surface with
residual mixed layer

Morning: unstable
near-surface and
mixed layer grows

< ECMWF

Height (m)

- Diurnal cycle of PBL
Free Atmosphere
— -_b -t
_—  Entrainment zone Capping inversion 7
/
Entrainment Zong
HO00F Residual layer
Mixed layer
» Mixed
I
Stable Layer ayer
Surface layer
I .
1 .. | !
Noon Midnight Sunrise Noon
Local Time
C 0400 LT D 0800 LT
V4 z
FA FA
Z:Z:’Jj:@[ﬁ -]
RL
ML RL RL |
_______________ SBL
T - "
Ri<O0 © Ri>0 ¢ Ri>0¢6 6




Diurnal cycle of PBL mean quantities and fluxes

__ % L
0

Daytime

er
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Diurnal cycle of PBL mean quantities and fluxes

/ Free atmosphere

Entrainment zone

Daytime Mixed

layer

Surface layer
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Diurnal cycle of PBL mean quantities and fluxes

Daytime

Surface layer

A PR, A\ .
Z q

High

The entrainment of dry, cold air from the free

atmosphere and environment can occur at the top
of the PBL

Medium

6500 foots

< ECMWF

t / Free atmosphere

Entrainment zone

Mixed
layer

Detrainment

yeipumoq

>

Entrainment




Diurnal cycle of PBL mean quantities and fluxes

Daytime ML
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Diurnal cycle of PBL mean quantities and fluxes

| ‘ ' ! FA
coolin
R Ny 7, 8 EZ
. Heatin
Daytime fromg
) ) Wind
surface | Moistenin q .
eceleration
from
syrface
i \ L/ A N\, \. [/ . SL
a 11711 0 0
q |U| o'w’ q'w’ u'w'’

Unstable surface layer leads to convective heating from the surface
Leads to well mixed layer

Entrainment from free atmosphere leads to cooling and drying at top of PBL
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Diurnal cycle of PBL mean quantities and fluxes

1 &
VA —_— e -
Zj == |

FA
EZ

Residual

Nighttime layer

Stable
layer

SL

Stable surface layer develops due to cooling from the surface, inhibiting vertical
mixing

Winds accelerate at the top of the PBL
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Diurnal cycle of PBL mean quantities and fluxes

] [ ] FA
EZ
Cooling Drying to .
: : from Surface — Residual
Nighttime surface e.g. dew layer
deposition
Small wind Stable
/ deceleration layer
- A - pd -
/ ! D / I/ / !/ SL
0'w q'w u'w

Stable surface layer develops due to cooling from the surface, inhibiting vertical
mixing

Winds accelerate at the top of the PBL

Fluxes reduce as convective turbulence reduces - but can lead to very strong near
surface gradients over shallow layers
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Clear and cloudy convective
boundary layers
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Clear convective boundary layer

Mixing is driven by:
* surface fluxes
* entrainment from environment

Specific m,

. Rgq
Potential p ¢y
temperature 6, =0=T (—)

Po
qt 01 - H
1\ |
: ‘|qsat :
—_— | \ |
E 11 I
— | 1 |
% | |
‘D (| I
I 1 1 1
I \ I
1 \‘ !
q (g/kg) 6 (K)
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Cloudy convective boundary layer



Clear convective boundary layer

Mixing is driven by:
* surface fluxes
* entrainment from environment

Specific m,

. Rgq
Potential p ¢y
temperature 6, =0=T (—>

Po
CIt 91 - 0
1\ |
: ‘\qsat :
—_ | \ |
E 11 I
— | 1 |
% | |
‘D (| I
I 1 1 1
I 1 I
1 \‘ !
q (g/kg) 6 (K)
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Cloudy convective boundary layer

Mixing is driven by:

e surface fluxes

* cloud top eddies

* radiative heating / cooling

* entrainment from environment

Total water _ o omy+my
9t = Qv T Q1 =
content myg + m, + my
Liquid water potential 9, =0 — L_v q
temperature l ¢, L
e 0) q1
I I !
o . 1 ’ _
v 1/ Y Py
= v |II I’ 2
\ : ‘
= b ‘—I ' Cloud base
& b l
k] I |
T 1\ i
1) i
1 ‘\ i
q (g/kg) 6 (K) q (8/kg)



Development of clouds over sea surface

Cloud Clusters Hadley/Walker Circulation

Subsidence

Land/Sea Circulation

11111

____stratocumulus

warm, western tropical oceans cold, eastern subtropical ocean

E warm < cold Sandu, Stevens, Pincus, 2010
c . SST&
. surface
9 o [10ms?)
wind

or-

28
I 26

24

S1-

22

0z
[ ==
- - 3
) = S

< ECMWF
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Mixing in clear convective PBLs

. KEntrainment
t dsat 0, A Inversion height
Free atmosphere
o | Level of neutral
Inversion layer buoyancy
=
= 7 =
c .
[ Mixed -%D Surface
T layer T +<— driven
/ mixing
k \ o <_ Surface layer
o'w'

Mixing in clear convective boundary layers:

- Driven by surface convection

- Mixing occurs up to the inversion height

- Entrainment of environment air at top of PBL

Level of neutral buoyancy is point at which

convection stops:
air parcel density == environment density

< ECMWF



Mixing in stratoculums topped PBLs
Cloud top entrainment

dt Asat /

Free atmosphere Cloud top
Inversion layer

Cloud layer ™~ _
= Condensation
20
&
= Mixed - Cloud base

layer &
[ Surface
y Surface layer| - driven
mixing
o'w’

Mixing in stratocumulus clouds is more complex due to:
- Stronger entrainment from free atmosphere

- Condensation within cloud

- Radiative heating/cooling, which is essential for cloud evolution
S ECMWF



Mixing in stratoculums topped PBLs

~

dt Asat
Free atmosphere
—— _ & __._Inversion layer
Cloud layer
)
L
a0
Q
T z Mixed
/ layer
y Surface layer|

Longwave /

Cloud top entrainment

Cloud top

cooling
N
\ |
Longwave Condensation
warming [
1+ Cloud base
-
.20
) Surface
I .
driven
mixing
g'w'

Mixing in stratocumulus clouds is more complex due to:

- Stronger entrainment from free atmosphere
- Condensation within cloud

- Radiative heating/cooling, which is essential for cloud evolution
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Stratoculums topped PBLs are very sensitive to mixing

q; Asat

/ Cloud layer

The presence of stratocumulus is

(9t — dsar) sensitive to:

=02gkg?!

Height

Mixed

/ layer
y \ Surface layer

Mixing in stratocumulus clouds is more complex due to:
- Stronger entrainment from free atmosphere

- Condensation within cloud
- Radiative heating/cooling, which is essential for cloud evolution

q: =20gkg™"
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Stratoculums topped PBLs are very sensitive to mixing

qt qSClt
Free atmosphere
N __——"1_ . Inversion layer
: (o — Geus) Cloud layer The F)lfesence of stratocumulus is
= =0 kS“_1 sensitive to:
o0 =UgKg
[
T Mixed - Small variations in humidity
/ layer
y Surface layer|

g =198 g kg™

Mixing in stratocumulus clouds is more complex due to:
- Stronger entrainment from free atmosphere

- Condensation within cloud

- Radiative heating/cooling, which is essential for cloud evolution
S ECMWF



Stratoculums topped PBLs are very sensitive to mixing

q; Asat

The presence of stratocumulus is
(Qt _ CIsat) Cloud Iayer iti t
e _ il sensitive to:
ﬁo =0.29kg
)
T : Mixed - Small variations in humidity
layer
- Small variations in temperature
y Surface layer|

q: =20gkg™"

Mixing in stratocumulus clouds is more complex due to:
- Stronger entrainment from free atmosphere
- Condensation within cloud

- Radiative heating/cooling, which is essential for cloud evolution
S ECMWF



Stratoculums topped PBLs are very sensitive to mixing

Asat

Free atmosphere
S ==\ _ _._Inversion |ayer
(e = Goat) ~ / / Cloud layer The Filfesetnce of stratocumulus is

= = sensitive to:
:@ \ nggl-/
- ‘ ( . .
- r‘\ | Mixed - Small variations in humidity

: layer

' / - Small variations in temperature

' y Surface layer|

—20gkg™t ——>
@w=<29%F g 106K

Mixing in stratocumulus clouds is more complex due to:
- Stronger entrainment from free atmosphere
- Condensation within cloud

- Radiative heating/cooling, which is essential for cloud evolution
S ECMWF



Stratocumulus — Why are they important?

* They cover on (annual) average 29% of the planet (Klein and Hartmann, 1993)
* Cloud top albedo is 50-80% (in contrast to 7 % at ocean surface)

* |Increase in global stratocumulus extent could offset several degrees of global warming (Randall et

al. 1984)

* Coupled models have large biases in stratocumulus extent and SST

Stratocumulus cloud cover (annual mean) Wood, 2012,based on Han

T [ e  and Waren, 2007
—CECMWF O 5 10 15 20 25 30 35 40 45 50 55 60 ’




Height

Mixing in cumulus topped PBLs

Free atmosphere

Inversion layer

i my - o o e e e o =

Conditionally
unstable

Subcloud
mixed layer

Mixing in cumulus clouds:

Surface layer

7

Height

Cloud top entrainment

Cloud top

.— Condensation

Level of free
convection

Cloud base Surface

<«— driven
mixing

o'w'

- Mean specific humidity is below saturation (q; < q4¢), because of small area fraction
- Very strong surface driven mixing — represented by mass flux scheme (see later)
- Inertia of parcel causes it to continue rising, reaching level of free convection

< ECMWF



Summary of PBL and turbulence

* The PBLis:
* Directly influenced by the presence of the Earth’s surface through turbulent exchange of
momentum, heat and moisture
* Types of tubulence:

e Shear and convective
2

(&)
* Reynolds decomposition is used to:
» Separate the (large-scale) mean fluxes from the (small-scale) turbulent fluxes
* Show that vertical divergence of turbulent fluxes impact large scale mean flow (e.g.
heating)
* Diurnal cycle of PBL:
* Near-surface stability (Richard number) and turbulent fluxes change throughout the day
* Diurnal cycle much stronger over land than over ocean
* Cloudy PBL:
* Presence of cloud changes nature of turbulent mixing due to entrainment and radiation

< ECMWF

* Their relative influence is measured by Richardson number, Ri =
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