Regional climate modelling
GCM RCM

LA AR . w — S e LA
e ’ R e FEEEEE S
: rrTrTrrrTYREY v AT A B TETrPTEFEERITTT Y
" & - & * + & & +* - - o+
et " s+ = 4*%?;** 3* - -?%*i#év?%i*++
- " ta b b BB S K rreee b e ot FPEFEFEEEEFEEY ¥ ¥
\ rrefrrrre . + o+++++vv+'+++
sessssEn - sPpreesmerrrrrnnlrne
s gt &+ + THEEERr RS+ H
rewsfrrreeEw - . RF' TrYTEEEES e
it it R g - + T S o +++
LR R RS R R R R LR ¥ L3 14 e
s2sBrrsrrrrsaRfr+r+ s + *ofs 44
Wil AAEEEF & ELL B . rr¥vr T
e R P
rrrrrrr e *
Aan b b _l»!Q.
xSttt rart++ LA + e +
LR - aw LR - 3 L S
0+0-i+4~r ++ 4+ -+ & + +
L ol rerrew L * *
B ++ - +rdes +
rreefrrre EEEEEL &5 vvvvvnﬂtvtv-l et
& & a4+ 2 L R
. - L S R R R o a s ik ok SR S O o
& -a T " - - +
- + Gt R + * 0+¢+vf;' +
. 4, a 5
z ,PS er-Zone:( io
- -

S Impacts

Water, food, energy,
ecosystem services,
biodiversity, migration,
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1. Introduction
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1. Introduction

Regional climates (variabilities) are determined by

Polarcell ...

1. planetary and large scale forcings and circulations i
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Hadley cell

Intertropical
convergence
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s | Zone 0°
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2. regional and local forcings modulate regional climate change + possible feedbacks
to large scale

We need to simulate processes at a wide range of spatio-temporal scales.
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1. Introduction

LATITUDE

LONGITURE

Climate changes needs to be simulated at multiple spatial scales!
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1. Introduction

Main (IPCC) tools: global models GCMs are numerical

representation on a

3D grid of the processes
determining the evolution
of Erath’s climate

Schematic for Global
Atmospheric Model

Horizontal Grid (Latitude-Longitude)

Vertical Grid (Height or Pressure)
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Global Climate Model (GCM)
or General Circulation Model (GCM)
or Earth System Model (ESM)
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1. Introduction
Evolution of GCMs

The world in global climate models

Mid-1970s Mid-1980s

Improvements in
spatial resolution
and complexity
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1. Introduction

Several tools are available for producing sub-GCM scale regional climate information:

1. Zoom with GCMs
(stretched grid)

2. Statistical downscaling + Al

3. Physical downscalling with
regional climate models (RCMs)

The resolution remains too coarse to
capture regional and local processes
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2. RCM: how it works

A RCM is "nested" in a GCM in order to
locally increase the model resolution.

..,GC Wi (ort:sM)  The initial conditions (IC) and lateral
iy e S PR I RN S CL boundary conditions (LBC) come from
i TR TR iﬂ’ 2} GCMs (as a "one-way nesting").
HE SRRt e a A A 6-hourly forcing is enough.
Wit - Tar AM) (3-hourly if the integration domain is small)
Retional A e, e, RCM (regional climate model)
argescle LD 000 LAM (limited area model)

A same RCM can be forced by
* "free" GCMs for performing future projections (IPCC),

* weather forecast global models (like GFS, ECMWEF) for performing forecast,

* reanalysis (perfect GCM where observations are assimilated into) for performing hindcast
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2. RCM: how it works

Relaxation or Buffer zone
The boundary between the GCM and the RCM

y 1D
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w|  GCM-wind RCM-wind
- 1
j |
0.2 FE T ™ o =
(RCM 1s fixed (last “relaxed” “free” RCM
to LS value) point) integration A A \
l Boundary region | «— >
e / .
o | | | ; 1 » Integration domain \
1= 1 2 V& 4 n X
Lhateral Inner domain
boundary V_RCM =V _GCM*a +(1-0a)*V_RCM (where RCM is free
(perpendicular)  where a = x/n ; n=7 with MAR in the boundary layer)

P
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2. RCM: how it works

A dynamical equilibrium is reached
into the interior domain:

- mainly in the planetary boundary layer
(except clouds)

- the general circulation is driven by GCM
in the free atmosphere

- as clouds impacts T + Q in the free
atmosphere => this impacts also U + V

EQUATOR
= TROPO PAUSE Eﬁlrjrg\edés:teorrems may
___________ penetrate the
l\z\ ............... Troposphere
( \'-.___ POLAR JET STREAA:\ .....
Free atmosphere :
TROPOSPHERE O km
Most weather occurs
6-hourly forcing: U,V,T,Q,SP oA e G 0007
(+ clouds) e s e
. . N T S
(+ oceanic conditons) | AW 1L2km
Boundary layer
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2. RCM: how it works

One way nesting:
The low resolution fields are only used to force the higher resolution model.
(If reanalysis is used at boundaries, this methodology could amplify biases of RCMs)

Two way nesting:
The model is run at different resolutions at the same time (e.g. WRF model)
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2. RCM: how it works

17/09/26

Two way nesting
The results of the nested RCMs are used in the forcing GCM
to improve some area (e.g. the polar areas)

The dream for regional climate modeller ... ;-)
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GCM ~« |
I — I
watar ] 100 200 500 1000 1500 30040 5000 m
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2. RCM: how it works

Difficulties of the choice of
] the integration domain
Topography from large scale at MAR boundaries and spatial resolution:

 resolution / 2 => computer time x 8

oo

ZO0C
sor

.. ° Integration domain too small

i => RCM not enough free

Foo

- — = ¢ [ntegration domain too large

o => RCM simulates its own circulation

jatalH)

100¢

jalal

Y (k)

.. ° topography at the boundary
- => possible instabilities in RCM
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N ‘s j&l\fi: “;T \ﬁw __ « « RCM needs enough pixels
e ii// ﬁ 2= to simulate its clouds + precipitation
— 1000 — HH\"*"\ f 7/4 / /}‘ ' 00
\E::Ei ' X/‘ﬂ ff K ™« max a factor 8-10 between the GCM
REE::HQEQ%_,—W” : 100

oo and RCM resolution

* the RCM results could depend to the
selected domain & resolution

TIME « 10=JUN=Z2021 315 '.:hlﬂL m
Solar radiation (w/m®) + 10m wind

MAR run at 15 km forced by ERA5 No cloud in MAR at the boundary
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¥ (km)

2. RCM: how it works

If the integration domain is too large (like for the CORDEX-Arctic domain),
an upper boundary forcing is needed in the upper troposphere and stratosphere

Stratopause
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Surface pressure from ERA5 on 10 Nov 2019 (hPa) over the CORDEX MAR domain (25km)
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2 ROM: howltworks T

MAR - 7 forced levels
wo  |Level #|sigma  |altitude |o (wind) o (temperature)
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3. RCM added values (1)

1. The RCM physics and parameters can be tuned for a specific
arealclimate while the GCM physics needs to work well over each

climate.
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MAR forced by GFS over Antarctica where the convection scheme and vegetation scheme
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are switched off and turbulence scheme can be tuned for very stable polar conditions.
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3. RCM added values (2)

2. Higher spatial resolution for a reduced computer time allows to better
take into account local circulations and processes.

Return Flow

E.g. Sea Breezes during day or
katabatic flows going down the mountains
during night

Figure 10-13. Sea breeze and land breeze wind circulation patterns.

Cool air
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3. RCM added values (2)

2. Higher spatial resolution for a reduced computer time allows to better
take into account local circulations and processes.
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3. RCM added values (2)

2. Higher spatial resolution for a reduced computer time allows to better
take into account local circulations and processes.
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3. RCM added values (3)

3. Simulation of (extreme) precipitation linked to local topography
(barrier) or convective events.

A“%ﬁm{iﬁg& b

-«
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3. RCM added Values (3) Precipitation: 13-15 July 2021
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3. RCM added values (3)

3. Simulation of (extreme) precipitation linked to local topography
(barrier) or convective events.

Can we have again this kind of event ?

The same event simulated by MPI vs MAR-MPI

51.8°N 52.0°N | = ?88

] B 180

51.4°N 51.6°N - = 170

i B 160

150

51.0°N 51.2°N | = 140

| = 130

50.6°N 50.8°N i ﬁg

o R 100

50.2°N 50.4°N | | 28

7 B 70

49.8°N 50.0°N — L 60

| B 50

40

49.4°N 49.6°N B 20

_ L 20

49.0°N 49.2°N ! L 10

2.0°E 3.0°E 4.0°F 5.0°F 6.0°F 7.0°E 8.0°1 2_(‘)0E 3.(‘)0E 4.(‘)0E 5_(‘)013 6.(‘)°E 7.(‘)OE |

Precipitation over 31 JUL — 02 AUG 2034 Precipitation over 31 JUL — 02 AUG 2034

from MPI-ESM1-2-HR (ssp585) from MAR forced by MPI-ESM1-2-HR (ssp585)
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3

. RCM added values (4)

4. Heat waves, droughts, ... and links to complex land use + ability to
correct GCM biases in the planetary boundary layer.

MPI

51.8°N
51.4°N
51.0°N

50.6°N

50.2°N

49.8°N

49.4°N -

49.0°N

urban heat island effect

-ESM1-2-HR is too cold

Tmax in Summer 2034 Tmax in Summer 2034
from MPI-ESM1-2-HR (ssp585) from MAR forced by MPI-ESM1-2-HR (ssp585)
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4. RCM drawbacks (1)

1. RCM is not able to correct large scale biases meaning that driving
large scale LBC should be of good quality (or corrections is needed)

£~

o
2
o
n
=
|

Latitude
o
=
o
Z
|

Latitude

Lengitude Lengitude

FPrecip (%) FPrecip (%)
Amount of precipitation simulated Amount of precipitation simulated
by MAR forced by MIROC6 (1981-2010) by MAR forced by MIROC6 (1981-2010)
VS VS
MAR forced by ERAS5 (1981-2010) MAR forced by ERAS5 (1981-2010)

Humidity — 2% at LBC
Temperature — 1°C
24/33
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4. RCM drawbacks (1)

1. RCM is not able to correct large scale biases meaning that driving
large scale LBC should be of good quality (or corrections is needed)

Response of the melt over the Greenland ice sheet vs temperature anomaly

Simulation too warm over current climate Simulation too cold over current climate
e
| | | | | |
g 1600 MARERA-INTERIM
' G e “PRARS
= | X Meltwater Run—off | e
~, . - “CanEsM2 \ IV v
E { Mellwaler cfrcezulg MJ\RCunESME (RCP85)
E 1200 —1 | I .R'I:\R.\”R()(‘ﬁ (R{‘P“l -3,
e
- |
c 800 — | | MARw. pvey_w (RCPB5
- | EM {
<
- —1 | — MARy,qcma (ALB)
ga | RACMOZggs-INTERIM
| 400 RACMOZy,46Eu2
= |
=
' —1 | —
i
L R e gacpasiufRNEER S ) ——
= *
= | | | | | | | l I | I I [ I
H |
- -1 0 1 2 3 4 5 6 7 8
- , 0
e) JJA TAS ano. from RCM (°C) Source: Fettweis et al. (2013)
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4. RCM drawbacks (2)

2. Additional computer time and uncertainties for future projections

Cascade of uncertainty in climate change prediction

Socio-Economic Assumptions

— Emissions Scenarios ]

Concentration Calculations

Biogeochemical/Chemistry Models

Global Climate Change Simulation
AOGCMs, Radiative Forcing

\VAVAV]

Regional Climate Change Simulat.
Regionalization Techniques

Interactions and Feedbacks
Land Use Change

Policy Responses: Adaptation and Mitigation

Impacts

Source:
Impact Models Giorgi (2018)
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4. RCM drawbacks (2)

2. Additional computer time and uncertainties for future projections

Global Climate Change Simulation
AOGCM, Radiative Forcing

-V
Systematic Model ket
Errors E
RN I~ o Internal System Natural
e - Variability (IC Forcings
Model Configuration 3§
S
e

Regional Climate Change Simulation
Regionalization Techniques

- b
Approach - RN Systematic Model
(RCM, SD) S o - - Errors
v b

Internal system = Model — Method
Variability Configuration

Source:
Giorgi (2018)
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4. RCM drawbacks (2)

2. Additional computer time and uncertainties for future projections

Sources of uncertainty in the simulation of temperature
and precipitation change (2071-2100 minus 1961-1990)
by the ensemble of PRUDENCE simulations (whole Europe)

(Note: the scenario range is about half of the full IPCC range, the GCM
range does not cover the full IPCC range) (Adapted from Deque et al. 2006)

VARIABILITY |

GCM

=g B N

T-DJF T-JJA P-DJF Srort 2018)
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5. RCM next steps (1)

1. Go towards resolution < 5km allowing to explicitly simulate
convection (convection-permitting modelling)

All days " Wet days
c 04 ol ' obs Convection permitting models
-% —— CCLM 2 km osf N\ ——CCm2km | canimprove the simulation
£ 3 o2 —— COLM 12km N N\~ COLM 12k of precipitation at sub-daily
S8 ol o scales
GEJ_'-% (Prein et al. GRL; 2015)
> 005 - (Van de Vyver, Journal of
'cD‘s a) b) Applied Meteorology and
00— 5 e *® T s 7o 75 w0 2 @ s lmatology, 2021)
precipitation [mm/day] precipitation [mm/day]
(@ 1.0
O Out obs obs
L ol ——cctM2km | .l — CCLM 2 km
Q & »
2w —— CCLM 12 km ——— CCLM 12 km
O £ o 0.3f
X 3=
czs g boEi 0.2
g\ 0.02¢ 0.1¢
S c) d)
Sl 5 10 15 20 2% 5 10 15 20
precipitation [mm/h] precipitation [mm/h]

Source: Prein et al. (2015)
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P
o

PARAMOUR

EOS
THE EXCELLENCE
OF SCIENCE

fn's fwo

For simulating the Greenland ice sheet, MAR (simulating atmosphere
and near surface snowpack) has been coupled with

- an ice sheet model (simulating the ice dynamics)

- the regional ocean model NEMO aroundgGreenianc

17/09/26

In this area,

~* MAR simulates the surface melt
=+ the ice sheet model produces icebergs (fresh water flux)

and glacier advance

~ - the ocean model produces the basal melting 4

+Accumu|ation +

: zone <
Ablation . Ablation -

zone
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5. RCM next steps (3) "CHROEX

3. The CORDEX exercises: ensemble of RCMs for specific areas

1: South America (SAM)

== 2: Central America (CAM)
; 3: North America (NAM)

5 4: Europe (EUR)

I ~ y : i‘) 5: Africa (AFR)

- ——\\ 6: South Asia (WAS)
I.-' u ; ||I 7: East Asia ([EAS)
|| _ 3 . 8: Central Asia (CAS)

9: Australasia (AUS)

10: Antarctica (ANT)

11: Arctic (ARC)

12: Mediterranean (MED)

f} 13: Middle East North Africa (MNA)
14: South-East Asia (SEA)

o 1000 zum.am:-
I

Elevation (m a.s.1.)

Domains, resolutions (25 or 12.5km), variables, forcings, ... are fixed and used by an
ensemble of RCMs

See: https://cordex.org/
CORDEX = COordinated Regional climate Downscaling EXperiment
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https://cordex.org/

5. RCM next steps (3) e

3. The CORDEX exercises: ensemble of RCMs for specific areas
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The CORDEX outputs are used by the IPCC ARG atlas: http://interactive-atlas.ipcc.ch
but the CORDEX runs use yet the old CMIP5 based scenarios.



http://interactive-atlas.ipcc.ch/

6. Conclusions

* Regional modelling has matured in the last decades and has become an important
tool for regional climate studies.

 Users of RCMs need to be aware of a number of technical issues, which need to be
well understood (LBC, domain configurations, added values)

* The main new directions in regional climate modelling are the development of
coupled Regional Earth System Models and very high resolution, cloud resolving
models.

e CORDEX has bhecome the main international framework for RCM research

The GCMs community want to withdraw the use of RCMs because of

 the additional computer times and uncertainties.
the GCM ability to reach the resolution of RCM.

BUT

the problem of using the same physics everywhere will remain.
the coupling with other models is very expensive and relevant for
specific areas (e.g. the polar regions).

RCM can correct biases over current climate before performing
future projections

17/09/26 RCM - Xavier.Fettweis@uliege.be


https://cordex.org/
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