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Importance of the planetary boundary layer

It’s where we live!

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




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.

‘Free’ troposphere

"
The surface affects the boundary layer
through:
1-3km
Friction
Cooling or heating
Moistening

The fluxes of momentum, heat,
moisture and tracers are carried by
turbulent motions on a scale of ~depth
of the boundary layer

50 m
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Types of turbulence

: do
Convective turbulence: N2 = £Z2

0 dz

dz

Shear turbulence:

Positive wind

Negative wind
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Types of turbulence

: de
Shear turbulence: |[— Convective turbulence: N2 = 822
dz 0 dz
Positive wind
Negative wind
N? : :
Ri = Richardson number provides
2 :
du a measure of the reIatlye Ri < 0, convectively unstable
dz 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 = £Z2

0 dz

Shear turbulence: —

MakeAGIF.com

Ri = Richardson number provides
2 .
du a measure of the reIatlye Ri < 0, convectively unstable
dz importance of convectiveand  p;i _ 0 neutral
shear turbulence Ri > 0, stable but subject to shear
instability

<~ ECMWF



Turbulence in the governing
equations

< ECMWF



Governing equations - simplified
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Mass Continuity

No density
{ V-u=20 J

variations
Thermodynamics

(Boussinesq)

[69— 1\7 (pbu) + S, + VZH]
at_ P pou 0 vV

Moisture

dq 1
[E = —EV-(pqu) + 5, +vV2q]




Governing equations - simplified

Momentum
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Large scale terms
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Mass Continuity

No density
[ V-u=0 J

variations
Thermodynamics

(Boussinesq)
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at_ P pou 0 1%

Moisture

dq 1
[E = —;V-(pqu) + 5, +vV2q]




Governing equations - simplified

Momentum
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Large scale terms
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Mass Continuity

No density
[ V-u=0 J

variations
Thermodynamics

(Boussinesq)
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Moisture

dq 1
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Governing equations - simplified

Momentum
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Large scale terms Fluxes
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No density
[ V-u=0 ]
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Thermodynamics
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Governing equations - simplified

Momentum

@ B 1\7 ( )+ 10p+
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Large scale terms

Fluxes

Mass Continuity
] No density

variations

[ V-u=20
(Boussinesq)

Thermodynamics

[60— 17(9)+S+ J

Moisture

dq 1
[a——;V-(pqu)+Sq+ J

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

Governing equations - simplified

Mass Continuity
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Thermodynamics
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Large scale terms
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Fluxes = small + large scale processes

Sources and sinks (e.g. heating and cooling from radiation)
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Reynolds decomposition of fluxes
(separation of small and large scales)
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Reynolds decomposition of fluxes

Momentum Thermodynamics
/au 1 \ :
—=—-V " (puu) a0 1
dat p E——;V'(PHWJ)
d 1
a—z = = V- (pvu) -
\_ W, Moisture
-
dq 1
3= oV (paw
\_

Fluxes = small + large scale processes
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A variable ¢:

Reynolds decomposition of fluxes

-~

d¢

dt
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Steps:
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Fluxes = small + large scale processes



A variable &: Reynolds decomposition of fluxes

g A
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Fluxes = small + large scale processes

Steps:

1. Expand fluxes

<~ ECMWF



A variable ¢: Reynolds decomposition of fluxes )

/ \ ¢ = ¢+ ¢’
Large scale Small scale

ﬂph/\nnpq
¢VUJL/UUJ‘A’AT
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\ / xX,Y,Zt

Fluxes = small + large scale processes

Steps:
1. Expand fluxes

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

<~ ECMWF



A variable &: Reynolds decomposition of fluxes )

AN N
dpop u N dppv N dppw Large scale Small scale
ax dy — dz By definition: ¢’ = 0
dpp'u  dppu’  dpp'w

h
¢ _ 1 * dx i dx * dy F /\
dt p ' ﬂ

T watl
+ O T U U v, -

dpdp'u’  dpp'v’ dpdp'w’

k _+ dx + dy + dz | / X,V,Z,t

Fluxes = small + large scale processes

Steps:
1. Expand fluxes

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

-

dpd U N dpdv N dpdw
dp 1 dx dy dz
ot  pl apu o v dodw
N p¢u+ pP'v N pP'w
dx dy dz

~

Steps:

1. Expand fluxes

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

<~ ECMWF
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Reynolds decomposition of fluxes
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Large scale
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Fluxes = small + large scale processes

3. Average, such that ¢ + ¢/ = 0 anda =0



A variable ¢: Reynolds decomposition of fluxes

4 N
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Fluxes = small + large scale processes

Steps:

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

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

A variable ¢:
(0ppu 0ppv  dpPpw . "o
— + +
dp 1| ax dy dz | : i
p IWI
" dz , e
P
k pp'w’
Fluxes = small + large scale processes
Steps:

1. Expand fluxes

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

<~ ECMWF

3. Average, suchthat o + ¢’ =0 andg =0

4. Assume scale of horizontal variations >> vertical
variations

Results in small scale and large scale turbulent impact on
large scale mean field



Reynolds decomposition of fluxes

~

|
5 I
e

p%’ 2
pp'w'

Fluxes = small + large scale processes

A variable ¢:
_ Oppu  0p¢v  Ipdw
0b _ 1| dx dy dz
ot p 0 Iiay!
N po'w
dz
ppu | 9pPV 4 OPPW . Handled by model dynamics
dx dy dz
apjzw . Must be parametrized through subgrid physics

<~ ECMWF



Reynolds decomposition of fluxes

Momentum
/aa 1 lapu’w’] )
at ,; dz
v 1 lapv’w’]
at _E dz
N _/

Thermodynamics

p
0 1 [ape'w'l
at ; dz

\_

Moisture
g 1 [apq'w']
ot  pl dz

Small scale turbulent fluxes of momentum, heat and moisture (and tracers)

<~ ECMWF

must be parametrized




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

26
>, < 0 : unstable atmosphere

< ECMWF




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

26
>, < 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

26
>, < 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 F N
6 decreasing
A
O'w' ~ 0
Z o'w' >0 i
o'w' ~ 0
0 increasing >
e.g. potential temperature gradient o'w'

00

>, < 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
-

B Heating
6 decreasing
A aQ’W, >0
0z
Z
Cooling
20'w' ~ 0
0z
0 increasing

e.g. potential temperature gradient

26
>, < 0 : unstable atmosphere
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Diurnal cycle of the planetary
boundary layer

< ECMWF



Diurnal cycle of PBL

Temperature at Reading at various heights Diurnal cycle weakens with height
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Diurnal cycle of PBL

Temperature at Reading at various heights Diurnal cycle weakens with height
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Diurnal cycle of PBL

Temperature at Reading at various heights Diurnal cycle weakens with height
Temperature at 1000.0 hPa Temperature at 850.0 hPa . . .
85 0 P PBL height grows in the day due to solar heating of surface
Z yul g *’>° (reaches ~ 2 km)
v v 275.4
E E
3 283 g 275.2 Diurnal cycle much stronger over land than ocean
E 87 | E 275.0
274.8 BL Height (Hour 0)
|"|OUI'I I I I | |I'|C)Lll'I I |

Temperature at 500.0 hPa 216.0 Temperature at 100.0 hPa

251.6
Ez Ez 215.8
o 251.4 @
3 3 215.6
18] m
© 251.2 5 W\/-\/M
g 2215.4-
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= ® 215.2

250.8
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- Diurnal cycle of PBL
\ Free Atmosphere
B >y R
ﬂntrainment zone Capping inversion
/
Entrainment Zong
-E-'1000— .
= Residual layer
(@)]
0] Mixed layer
T
L Mixed
I
Stable Layer W
Surface layer
Noon

Sunset Midnight Sunrise

Noon
Local Time
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Daytime: unstable
near-surface and
convective mixing
occurs

J

<~ ECMWF

Height (m)

o Diurnal cycle of PBL
Free Atmosphere
— "“ . ) —
ﬂntrainment zone Capping inversion
/
Entrainment Zong
H000F Residual layer
Mixed layer
| Mixed
layer
Stable Layer Y
Surface layer
Noon Sunset Midnight Sunrise NoTon
/ Local Time
A 1600 LT
z FA Free atmosphere
—/ ez | Entrainment zone
Mixed
ML
layer
\\ _
Ri <0 @ Surface
\_ layer




o Diurnal cycle of PBL
\ Free Atmosphere
NZ Y D
Ri = 5 B L
dUu ﬂntrainment zone Capping inversion
. Entrainment Zong
§1000—
_ N\ Oz Residual layer
. (@)]
Daytime: unstable g Mixed layer
near-surface and
. . B Mixed
convective mixing
layer
occurs Stable Layer
Y, Surface layer .

4 h n- ------------ T ' +

Nighttime: Stable Noon Sunset Midnight Sunrise Noon

near-surface with ocal Time

. . [A 1600 LT ‘fB 2100 LT\FC 0400 LT\

residual mixed layer

g J z J . z J A Free atmosphere
o/ EZ ______/Z__ci_ | Capping inversion
Residual
L oL - layer i
________________________ Stable
\ ) SBL SBL S|a?c/er |
Ri«0¢)] Ri>0 ° Ri>»0¢ urrace

& ECMWF \§ AN AN J layer




Daytime: unstable
near-surface and
convective mixing
occurs

J
4 N
Nighttime: stable
near-surface with

residual mixed layer

\_

J

Morning: unstable
near-surface and

mixed layer grows

<~ ECMWF
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Clear and cloudy convective
boundary layers

< ECMWF



Clear convective boundary layer

Mixing is driven by:
e surface fluxes

Specific _ omy
humidity @ =49 = my +m,
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<~ ECMWF

Cloudy convective boundary layer



Clear convective boundary layer

Mixing is driven by:
e surface fluxes

Specific _ o my
humidity @ =49 = my +m,

: _Ra
Potential p\
temperature 6, =0=T|—
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q (g/ke) 0 (K)
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Cloudy convective boundary layer

Mixing is driven by:

surface fluxes

cloud top eddies

radiative heating / cooling
entrainment from environment

Total water G.=q +q, = m, +m
content ‘ l mg +m, +m;
Liquid water potential 9, =0 — ﬁq
temperature : cp L
dt 01 q _
vl 1 7 ! ,
v 1 70 /
vl 1/ /
< v |II I’ =
V1 & -
= feat If— L Cloud base
@ | |
‘O I i
T 1\ i
1\ i
I ‘\ i
q (g/kg) 6 (K) q; (g/kg)
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Development of clouds over sea surface

Cloud Clusters Hadley/Walker Circulation

Subsidence

Land/Sea Circulation

. I Lk f T
EQ

.__stratocumulus

cold, eastern subtropical ocean
warm € cold Sandu, Stevens, Pincus, 2010

SST &
. SUrface
wind

28
I 26

24




Mixing in clear convective PBLs

q KEntrainment
t qsat 0, A Inversion height
Free atmosphere
) Level of neutral
Inversion layer ~  buoyancy
=
c c
c .
‘U Mixed -%D Surface
T layer T “— driven
/ mixing
\ \ = <~ 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

qe sat /

Free atmosphere < Cloud top
— . Inversion layer ;

Cloud layer ~ |
5 Condensation
20
)
- Mixed = Cloud base

layer 5
@ Surface
; Surface layer L “— 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
& ECMWF



Mixing in stratoculums topped PBLs
Cloud top entrainment

qe sat /

Free atmosphere < Cloud top
Inversion layer Longwave/" \
““““““““ m cooling
Cloud layer ™~~~ _
%0 Longwave Condensation
k% warming |
T Mixed - Cloud base
/ layer &
‘L Surface
y Surface layer, - " driven
mixing

L . 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
& ECMWF



Stratoculums topped PBLs are very sensitive to mixing

q; Asat

Height

( ) Cloud layer The presence of stratocumulus is
=Qt0 2 Zsﬁq‘l sensitive to:
[ Mixed
/ layer
: \ Surface layer

qc=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
& ECMWF



Stratoculums topped PBLs are very sensitive to mixing

qt ant
Free atmosphere
X __——"1_ . Inversion layer
: (G — Gonr) Cloud layer The |E)r.esence of stratocumulus is
b= =0 kS“_l sensitive to:
o0 = Vg kg
= |
T Mixed - Small variations in humidity
/ layer
y Surface layer

q: =198 g kg1

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
& ECMWF



Stratoculums topped PBLs are very sensitive to mixing

q; Asat

(qt — 9sat) / Cloud layer
< =02gkg1
o
- I Mixed
/ layer
y \ Surface layer|

qc=20gkg™"

The presence of stratocumulus is
sensitive to:

- Small variations in humidity

- Small variations in temperature

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

<~ ECMWF



Stratoculums topped PBLs are very sensitive to mixing

qt ant
Free atmosphere
— ===" . Inversion layer
The presence of stratocumulus is

= (4 = ant)1~ /I / Cloud layer sens?tive to:
& 0gkg™ ; |
¢ { o .
T+ | Mixed - Small variations in humidity

! layer

i / - Small variations in temperature

' y Surface layer

=20g kg™t —_—>
=298~ 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
& 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

— [ and Waren, 2007
cECMWF 0 5 10 15 20 25 30 35 40 45 50 55 60 ’




Height

Mixing in cumulus topped PBLs

Free atmosphere

Inversion layer

-_— e s e = = g m - - o e o - o o =

Conditionally
unstable

Subcloud
mixed layer

Mixing in cumulus clouds:

Surface layer

-~

Height

Cloud top entrainment

Cloud top

.— Condensation

Level of free
convection

Cloud base Surface

<— driven
mixing

0'w'

- Mean specific humidity is below saturation (q; < g4¢), 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 PBL is:

* Directly influenced by the presence of the Earth’s surface through turbulent exchange of
momentum, heat and moisture

* Types of tubulence:

* Shear and convective
2

(D)
* 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)
e 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 =




	Introduction
	Slide 1
	Slide 2
	Slide 3: Importance of the planetary boundary layer
	Slide 4: Importance of the planetary boundary layer
	Slide 5: Definition of the planetary boundary layer
	Slide 6
	Slide 7
	Slide 8

	Governing equations
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15

	Reynolds decomposition
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32

	diurnal cycle of PBL
	Slide 33
	Slide 34: Diurnal cycle of PBL
	Slide 35: Diurnal cycle of PBL
	Slide 36: Diurnal cycle of PBL
	Slide 37
	Slide 38
	Slide 39
	Slide 40

	Clear/Cloudy convective boundary layers
	Slide 47
	Slide 48: Clear convective boundary layer
	Slide 49: Clear convective boundary layer
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58: Stratocumulus – Why are they important?
	Slide 60
	Slide 61: Summary of PBL and turbulence


