{.F]
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Some Reminders uno

Cold air descends from the poles
/ to the equator

Like an air flow... /

S0°N

Hot air expands
and rises by convection
till the tropopause (~15km)

Net Radiation
Heat Transport

30°  Low pressure

g0
30°S

SURPLUS DEFICIT

The larger the thermal contrast between
the poles and the equator, the more
dynamic the atmospheric circulation is.

Xavier.Fettweis@uliege.be 2/36



Some Reminders :1o 1

But the Earth is rotating...

Target at 50°N : ~1100km/h

Archer at 0°N : ~1600km/h

(relative velocity 500km/h) The top of th e Eiffel Tower

"turns" faster (by 0.05km/h)
than its basis

EQUATOR

With the Coriolis force...

... the winds are deviated towards the East i.e. the right/left
in the Northern/Southern Hemisphere.

Xavier.Fettweis@uliege.be



Some Reminders zno

. i Cold air descending from the poles
Vertical section... :

s /A Hadley Cell

ﬂ\ o~ 0°N-30°N
V)

—

U } Y. Hadley Cell

S "~ 30°S-0°N

thermal driven

r Xavier.Fettweis@uliege.be 4/36




Some Reminders uo

Cold air descending from the poles

Vertical section...
/ Forced upward flow of
l - 2 air masses around 60°N
g o~ by convergence (Polar Front)

) \ i \ : ‘\\\\\\ .
30N L S - Surface divergence of .

l@) ‘Hadley cell
N

/

v

30°S

thermal and dynamics driven

Xavier.Fettweis@uliege.be



Some Reminders sno

Divergence at the tropopause (~10km)
of the air resulting flow coming
from the convergence at the surface

Vertical section... |
—_ Ferrel Cell
> _~ 30°N-60°N
Polar Cell vl S
~ 60°N-90°N *’/50"’:'

o

S

30°S

_Ferrel Cell
~ 30°S-60°S

\i50Iar Cell
~ 90°S-60°S

Driver: Thermal (Polar Cell) and Dynamic (Ferrel Cell)

5 Xavier.Fettweis@uliege.be 6/36



~down draft flow +

Some Reminders eno
r divergence

=> High Pressure (H)

I
1
1
I
1
1
1
1
1
1
1
1
I
1
1

: ™ H igh P
West winds _
No wind
’ 4 T /
\
High
C W o, Eouatorial ol -
Intertropical /
Convergence
Zone (ITC2)

Convergence
+ up draft flow

Low

Low
e Hi Qh il

Xavier.Fettweis@uliege.be

_____ => Low Pressure (L)
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Some Reminders qno

Seasonal variability

Subtropical Subtropical
S u m mpﬁr Jet Stream Jet Stream Polar
let Stream 04—-—————‘ ————-——p.. -JEt Stream
s r] Hadley Ferrel
Tl cel
, 30° N
Earth’s Seasons June Solstice
POlar day Eq uinoxes Subtropical Subtropical
Polar Jet Stream Jet Stream Polar
Summer Jet Stream Jet Stream
Winter Ferrel Hadley {0 1 Hadley Ferrel
Cell Cell {’ cell
| I |
30°S 0 30°N 60°N 90°N
Polar night Equinoxes
WI nter Subtropical Subtropical
Polar Jet Stream Jet Stream Polar
Jet Stream Jet Stream
- O
\ L /
—| - —
| | | | | I |
90°s 60°S 30°S 0 30°N 60°N 90°N

December Solstice

* Maximum sunshine in the tropics
* The position of ICTZ seasonally varies.
* The Polar Cell takes up more “space” in winter than in summer

Xavier.Fettweis@uliege.be 8/36




Some Reminders a0

Jet polaire

Jet
subtropical

The tropopause altitude
decrease with latitude

Thermal wind Up draft of warm and wet air

jet subtropical
1

jet polaire

Cellule
Hadley

\.

||‘-"' .:l‘ e

Fole Morc 60°N

Pole Nord: Cold desert

Precibitation occurs at the o _
Polar Front Polar Front oscillation explains the

variability of our weather
Xavier.Fettweis@uliege.be 9/36



Some Reminders oo

Polar
Jet Stream

™ .
53
&

{8 —
-
33

! Hadley
Cell

f"’f

4
i{A

‘-(:‘ ),\_"' T A

H
Cell

Subtropical
Jet Stream

Ferrel
Cell

Polar
Jet Stream

Icelandic Low

Aleutian Low /

4

L Pacific (Hawaiian) High .~ . South-West wind

1 A““R“ L0 -5 h

180° 120°W 60°W 60°E 120°E 180°
vto, vio —  10.0 St Helena High
Azores High Data: ERA5, 1981-2010 average
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Some Reminders uomo

Icelandic
Low

......

P
E

Low . 4
storm track & | , F*
= 4 [East-Central

480, 5 AR o :
storm track >~ ‘-"f-_{_* *j : East-Central |
— —— European
an European o Hiah
" High o, N : A
] < t15‘1. E F -
"~ | ¥ S " f?& ? L
: g B : g

48 =
Low v e [\_‘_J -l h
1 o, &ope Azores . & LR %
5 ngh III':-. £ .B\'},—:\-_ :
e .‘-:'xi' I;-f_f-\'::f'\.____j'

1
R U

B O A T o0

Azores [ N African & o

High & © High dagdl

' ] N African . -
y High

North Atlantic Oscillation (NAO)

Normalized pressure difference between the Icelandic Low and the Azores High
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Local wind

Return Flow

Sea Breeze

FERFET (aptimized) var7.1
TR
08-DC1-2017 15:58:20

Z (sigma_level) : 0.9998
TIME @ $3—-AUG-2003 $0:00 DATA SET: MARV3.7—2003—hourly

Return Flow

51.2°N

50.8°M —
Land Breieze —
_%l S0.4"N —
2
E a
Figure 10-13. Sea breeze and land breeze wind circulation patterns. 50.0°H —
43,5 —
Sea and valley breeze .
492" —

I I T I I
2.5 3.5°E 4.5 2.5°E B.57E

w,ow —=  10.0 Langitude

Temperature (C)

Xavier.Fettwel




The MAR model w. @ LIEGE université

Climatologie & Topoclimatologie

GCM RCM

: Ann I |
SHESHB SR s e |
: PS_| Biiffor Zone (LBC Relaxation)
Modéele Atmosphériqgue Régionale
i Impacts
Water, food, energy, . 700
ecosystem services, . 650
biodiversity, migration, 600
coastal areas, tourism L8N 9 &5
51.2°N 200
a2l. I\ 450
. . 508N | 400
The MAR model is used to downscale over Belgium " &
large scale future projections s0.40N |
49.6°N - I;O
50
49,2°N . . . 1 0
2.0°E 3.0°E 4.0°E 5.0°E 6.0°E

MAR 5km—topography (m)

LA LIBERTE DE CHERCHER
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Current evolution : Solar flux -

! atmosphere ﬂw\n\py

(a) ™ Article

180 Global Radiative Flux and Cloudiness Variability for
the Period 1959-2010 in Belgium: A Comparison
between Reanalyses and the Regional Climate
Model MAR

160

140

E_[W m-2]

120 Coraline Wyard 1*(, Sébastien Doutreloup !, Alexandre Belleflamme !, Martin Wild 2 and

Xavier Fettweis 1

200 — =+ MARNCEP1

——— MAR-ERA-20C
80 MAR-20CRV2C

19560 1970 1980 1990 2000 2010

_ Cloudiness observed and simulated
Solar flux observed and simulated at at Saint-Hubert

Saint-Hubert

w
N

TCC [%]
.8 % 8 8 3 3 8 8 8

960 1970 1980 1990 2000 2010

Xavier.Fettweis@uliege.be



Current evolution : Solar flux -

Annual solar flux 1960-2021 (w/m2) Cumulated change from 1960 (w/m?/62yrs)

LATITUDE
LATITUDE

180° 120°W BO°W 0¢ B0°E 120°F 180° 180° 120°W BO°W ae 60°E 120°E 180°
LONGITUDE LONGITUDE

BO™N

Pollution decreasing &

40N

+

General circulation change
and change in cloudines

40°% 20
25

—30

=35

8075 —40

180° 120°W BO°W a® 60°E 120°E 180° 1R0° 120°W BO°W (1}
LONGITUDE LONGITUDE

Xavier.Fettweis@uliege.be



Current evolution : Wind .-

What about wind ?

2.0
1.8
1.6

1.2
1.0
0.8
0.6

0.2
0.0
-0.2

LATITUDE
LATITUDE

-0.6

0.8
-1.0
-1.2

-1.6
1.8

180° 120%W BOW a= GO°E 120°E 180 #
LONGITUDE LONGITUDE

Mean wind speed at 100m Cumulated change (m/s/42yrs)
over 1960-2021 (m/s)

Not very significant change observed but ...

Xavier.Fettweis@uliege.be 16/36




Current evolution : Wind .-

647N

60°N

56°N

Ll
]
=)
=
= 52°N
3

480N

440N

20°N

20°W 10°W o° 10°E 20°E 30°E 40°E 20°W o® 10°E 20°F 30°E 40°E
LONGITUDE LONGITUDE

Wind speed anomaly in 2021 (m/s)

Xavier.Fettweis@uliege.be



Current evolution : Wind .-

Air density
Observations based on MAR forced by ERAS5 /
Production = p v3

2250
2000

o >

IS % 1750

c O

83

3 45 1500

=

Qo

T S

3 4=

C O

c

<=

750
O N IV P> P O AN PO NI O O DO O NI D N> OL O A D 9O N0 N
N L M M S e e M e M N A N MR N N A N I I A I I I N S IS A I I A I I a2
SRR RS ST RS I S SIS S S SIS S S S S S S SO S S S S S S
= alhem Linear (dalhem) = estaimpuis Linear (estaimpuis) fernelmont2
Linear (fernelmont2) == geel west Linear (geel_west) === lierneux Linear (lierneux)
nobelwind Linear (nobelwind) zeebrugge Linear (zeebrugge)

Source : MAR forced by ERAS
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Climate change impact (4

The Changing Jet Stream

=> slow down + oscillation of the jet

Stable : => + meridional wind (N/S)
iet stream A stable jet stream _ .

. flows on a somewhat =" ZO”?" Wmd.(W/E) :
straight path. => + anticyclonic blocking

=> jet toward the Nord (mainly in summer)

| Wavy => Azores High should reach our
jet stream latitude

@ Cold air

"Climate Change & the Jet Stream |

A wavy jet stream
allows warm air
to move north or
colder air to sink
deeper south.

Warm air
moves north

CBC NEWS SOURCES: NDAA; Scientific American

Xavier.Fettweis@uliege.be



Climate change impact 24

ARTICLES nature
https://doi.org/10.1038/s41561-022-00971-w geo SClence

M) Check for updates

Twentieth-century Azores High expansion
unprecedented in the past 1,200 years

Nathaniel Cresswell-Clay’, Caroline C. Ummenhofer ®'*, Diana L. Thatcher ®2, Alan D. Wanamaker?,
Rhawn F. Denniston?®, Yemane Asmerom®* and Victor J. Polyak ®*

The Azores High is a persistent atmospheric high-pressure ridge over the North Atlantic surrounded by anticyclonic winds that
steer rain-bearing weather systems and modulate the oceanic moisture transport to Europe. The areal extent of the Azores High
thereby affects precipitation across western Europe, especially during winter. Here we use observations and ensemble climate
model simulations to show that winters with an extremely large Azores High are significantly more common in the industrial era
(since ce 1850) than in pre-industrial times, resulting in anomalously dry conditions across the western Mediterranean, includ-
ing the Iberian Peninsula. Simulations of the past millennium indicate that the industrial-era expansion of the Azores High is

unprecedented throughout the past millennium (since ce 850), consistent with precipitation proxy evidence from Portugal. 19 80_ 2 OO 7 VS 1 9 50_ 1 9 7 9
D

Azores High expansion emerges after ce 1850 and strengthens into the twentieth century, consistent with anthropogenically

Latitude

- 20°W -

20°' W
Longitude Longitude
APrecipitation (mm month'1) ASea-level pressure (hPa)
EET 222 s e ropees
-30 -24 -18 -12 -6 0 6 12 18 24 30 -4.5 -3.0 -15 0 1.5 3.0 4.5
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Climate change impact @)

Europe is the most impacted area

e

//////////// ’; ///// . // . ////

// 4
/// //////////

K7 ////// ////////////////// / / // 7 /// /// 2.7 //////////////////////// // // %

e ‘M”/

 —— P
. ", //// s ///
10m wind speed anomaly (%)

& 4 & @ &
(=] (=] [=] (=] (=]

Surface wind - Change (%)
Near Term (2021-2040) (SSP5-8.5) (rel. to 1850-1900)
CMIP6 - Annual (31 models) Low agreement

|:| High agreement

07-10-2022 07:33:57

Average of 31 global models from IPCC

Xavier.Fettweis@uliege.be

2021-2040
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Climate change impact )

PP S
L % -

IRy
..// -lr .p'

7

10m wind speed anoma ‘% L 2081-2100

o

o b & - o o N ¥ I E E b r ¢ 4 ki ‘ : bl w =
) [=] [=] [=1 [=] [=1 [=] o L) 2
=] [=]

Surface wind - Change (%) =

Long Term (2081-2100) (SSP5-8.5) (rel. to 1850-1900) ] High agreement I C c & ®
7L t ARG
CMIP6 - Annual (31 models) ow agreemen

II'=."'.-C'\'=.=!‘.rlr'Lh'."-. PANEL ON
climate chanee

07-10-2022 07:58:25 http://www.ipcc.ch/copyright

Average of 31 global models from IPCC
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Future evolution in Belgiu 30312060

51.8°N —

5

4

3 51.4°N =
2

1 51.0°N =
0

50.6°N =

50.2°N =

49.8°N

49.4°N =

QI T T TITT1TP
G ke B
L1 1

1 1 1 I I 1 1 1 1 1
25°E 3.5°E 4.5°E 5.5°E 6.5°E 2.5°E 3.5°E 4.5°E 5.5°E 6.5°E

Anomalies d ensoleillement annuel en +2°C (%) Anomalies d ensoleillement en été (JJA) en +2°C (%)
1 1 1 1 1 1 1 1 1 1

—

o N B~ OO 00 O

51.8°N

51.4°N

51.0°N

50.6°N

50.2°N

49.8°N

AT
= 5 & L i

49.4°N

26°E  35°E  45°%E 55  65E 25°E  35°%E 45°E 55°E  6.5°E
Anomalies de prod. éolienne annuelle en +2°C (%) Anomalies de prod. éolienne en été en +2°C (%)
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Future evolution in Belgiu 30612000

10
8
6
— 4
-
1 o
B 2
L 4
_ -6
-10
2_5I°E l 3_5'°E I 4_5I°E l 5_5I°E I 6A5I°'E I 2.fI)°E ‘ 3_5I°E I 4_5l°E I 5.5;°E I 6.51°E I
Anorr:aliels d tlensolleilltlemeint arllnue;I enI +3°.C (%) Anomaliles dl enslolei!Iemlent tlen élté (JIJA) Ien +|3°C (%)
20 20
16 16
12 12
1 8 B
. .
T 1 o
L1 4 N 4
-8 B s
[ 12 i 12
-16 -16
-20 -20
2.5°E 3.5°E 4.5°E 5.5°E 6.5°E 2.'.'T>°E I 3.!;°E I 4_;°E l 5_;°E I 6_!;°E '
Anomalies de prod. éolienne annuelle en +3°C (%) Anomalies de prod. éolienne en été en +3°C (%)

Xavier.Fettweis@uliege.be



Future evolution in Belgium North Sea

Rendement d'une Enercon E126 7.5 MW (KW)

3600

3400 annual LA

3200 AN /‘
3000

summer

2800
2600 "~
2400
2200
2000
Scénario : SSP370
1800
CRCHCHC HCICIC IR B I I U e S
MAR-ERA MAR-CMC MAR-EC3 MAR-IPL
MAR-MIR MAR-MPI MAR-NOR MAR-ERA
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Future evolution in Belgium Bastogne

1600

1500

1400 NN :
DAY XA L/ u
annual Y"‘ WAL Ve

1300 PPN N

1200

1100

1000 summer

Rendement d'une Enercon E126 7.5 MW (kW)

900
goo .\
700
600
500
Scénario : SSP370
400
QO > O VO O HxDPAVAO QO o> P VOO >D D OO A™ADN O O DO O DDAV AR o» D oL
SECHCACECHEC U N G i M S S S S Sl SN S S S
MAR-ERA MAR-CMC MAR-EC3 MAR-IPL
MAR-MIR MAR-MPI MAR-NOR MAR-ERA
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Future evolution : wind turbine .-

Temperature ++ revolution-energetigue.com 05/10/22

= air density --

= wind speed --

= spatial variability ++
= time variability ++

Current and future wind energy resources in the

:::> Slgnlflcant decrease Une'haistsle”gt;a.nérzliséedesvemsenEurnpemenace-l-elle North Sea according tO CM|P6
Of Wi n d e n e rgy Over Andrea N. Hahmann &4, Oscar Garcia-5antiago, and Alfredo Pena
West EurOpe (a) AU Annual (b) AU Summer (c) AU Winter 5
i"‘e) - eraressioe Vs Seram VR i e e 3
2
1
‘ -1
’J'?gg oale — 2
2l =
T 2
Le réchauffement climatique menace-t-il les €oliennes ? (d) AP Annual 15
grloz‘f(;l; lresz Zﬁ:f;?;e[? Vcelgz.anque pourrait se traduire par une diminution du vent. Une contrainte supplémentaire pour les _;) / y 5
4
Express.fr 13/09/22 2
-2
) -4
e EJ : s 2 , g -8
Comment la baisse des vents & > - e “12

L3 ' Id [
contrarie I'éolien = Median of the ensemble relative change (%) in 100 ma.g.l.

st cnregtste depls o ot ey el Vbmeoraie Copenitu, e des. wind speed among the CMIP6 models (a)-(c) and wind
conséquences sur |'approvisionnement énergétique et la filiére éolienne. power denSIty (d)_(f) between the future (2031_2050) and
Echo.fr 22/09/22 the past (1995-2014). Source
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https://wes.copernicus.org/articles/7/2373/2022/

Future evolution : general circulation

It is very likely that GCM underestimates the general
circulation change and then the slow down of wind in
Europe...

GBI (Greenland Blocking index) ~ - NAO index

GB2 21-years running mean

o CMIP5 GB2 - NCEP GB1
 —— CMIP6 GB2 —— ERA5GB2
— NCEP GB2

1960 1980 2000 2020 2040 2060 2080

~ 50 IPCC models (AR5 and ARG6)

Xavier.Fettweis@uliege.be



a, P LIEGE université

Solutions ... & Katabata project

Where the dominant wind flows in the same
direction than the local wind...

ey

Received: 28 February 2022 Revised: 15 Jus 2

DOI: 10.1002/joc.7795

RESEARCH ARTICLE

Assessment of future wind speed and wind power changes
over South Greenland using the Modeéle Atmosphérique
Régional regional climate model

v 250

Clara Lambin'© | Xavier Fettweis' | Christoph Kittel'>© | Michaél Fonder® |
Damien Ernst®* Mean wind speed at 100m (km/h)

Xavier.Fettweis@uliege.be



_ ¢ LIEGE université

Solutions ... o Katabata project

Not correlated High wind speed

LATITUDE

o 15ﬂl\inNGITUDE b o 15ul\i\',ONGITUDE b
Correlation with the wind in BE Mean wind speed from ERA5 at 100m (m/s)

Xavier.Fettweis@uliege.be



a, P LIEGE université

Solutions ... & Katabata project

(local) katabatic wind over the Greenland ice sheet:

Air plus chaud Air froid

empérature de

Gradient de pressio :ru;:faesse
O
=t
Vent catabatique = Calotte
o |

Polynie
N e
Glace de mer

Continent

Xavier.Fettweis@uliege.be



a, P LIEGE université

Solutions ... « & Katabata project

1. High wind speeds.

2. Decorrelation with European
wind temporal variability.

3. Huge areas.

4., Half-way between Europe

and the US.

Real katabatic wind
(deviated on its right due

1 5, Notimpacted by global

to the Coriolis force) 40 .
warming
35
‘ g e 30 Synoptic wind due to
Pure katabatic i . theinland low
wind pressure.
In thisarea, =
combination of both /
katabatic and Mean Wind speed at 100m (km/h)

synoptic winds

Xavier.Fettweis@uliege.be



Solutions ... e

pi

RRRRRRRRRRRRRRR

Assessment of future wind speed and wind power changes
over South Greenland using the Modéle Atmosphérique
Régional regional climate model

Clara Lambin'© | Xavier Fettweis' | Christoph Kittel'>© | Michaél Fonder® |
Damien Ernst®*

@ LIEGE université
b Katabata project

wind speed changes from
2071-2100 compared to
1981-2010 (m/s)

MAR-crmc (c) MAR-crme

e

(d)

()

/

MAR-uksm ()

=
[
]

N

Xavier.Fettweis@uliege.be
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Solutions ... &

Solar panels ;-)

a0°M

407N

LATITUDE
B
LAl IVLE

4073

8005

14809 120°% GO Qe GG°E 12G°E 180° 1ane 120°% GO e G09E 12G°E 180"
LOMNGITUDE LONGITUDE

Annual solar radiation anomaly vs 1981-2010 (W/m2)

Source: ensemble mean of 24 GCMs using SSP585
34/36
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Solutions ...

)

Solar panels
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Conclusion

1. Decrease (probably underestimated) of the wind turbines efficiency in Western Europe.

2. Increased efficiency of solar panels as a results of less clouds in Belgium (mainly in
summer)
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