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Context and Motivation

Today... Future...... IPCC ARG (SSP5-8.5 2050) 100year event
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* Increase confidence on projected local ESLs=2» Need to account for future storm surge (SS) changes
» SS projections are sparse, typically based of relatively costly dynamical downscaling (DD) = Limited ensemble sizes, <5
GCMs for EU, exceptionally higher (8, Vousdoukas et al. 2018), strong inter-model spread
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* Increase confidence on projected local ESLs=2» Need to account for future storm surge (SS) changes
» SS projections are sparse, typically based of relatively costly dynamical downscaling (DD) = Limited ensemble sizes, <5
GCMs for EU, exceptionally higher (8, Vousdoukas et al. 2018), strong inter-model spread

« Statistical downscaling methods skillful for SS reconstructions, but poorly explored so far for projections (incl. for EU)
* They depend on extensive data availability for training = train on DD outputs (hybrid downscaling)
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Research questions

* Can cost-effective statistical downscaling models emulate projected extreme storm
surge (ESS) changes from dynamically downscaled projections (hybrid downscaling
approach) at pan-European scale?

 What is the magnitude and uncertainty of projected ESS changes based on extended
CMIP6 ensembles? (x17 GCMs)

Irazoqui et al. 2025, submitted to NHESS

CoCliCo @

coastal climate core services




Dynamical downscaling model . -~
(DDM) < IHcantabria
 ROMS barotropic storm-surge model for Em
Europe -
e Resolution: 5-11km, hourly outputs -
* Forced by PSL, U10,V10 |
e Bathymetry: ETOPO1 at 1-arc minute S _ o ) ]
. Validation against GESLA3 observations (NTR) with >4 years data
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Statistical downscaling model (SDM)

* Multi-linear regression (MLR) between atmospheric predictors (PSL,U10,V10) and simulated storm

surges (predictand)
* Trained on contemporary SS conditions: DDM hindcast using ERA5
* Degradation of ERAS fields to 1 degree to match CMIP6 typical resolutions
* Dimensionality reduction of predictors via PCA within Rol around target CP

EOFs (ERA5) ‘ ‘ Daily max SS reconstruction
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(d) PCO3 (4 %)

(a) PCO0 (27 %) (b) PCO1 (13 %) (c) PC02 (10 %)

PSL[Pa]

0.8 4

so0]
-10 2001
= ol

ol 0.6 4
~100 1

300+
200}
= 1007 0.24
ol
nnnnn
1998 2000 2004 2008 2012 2018 2020 0.0
300
0]
o 024 s
= 1o —
- R2=0.93 rpears=0.97 MB=0.00 N_MB=0.00 p99e=-0.00 N_p99e=-0.00 RMSE=0.04 N_RMSE=0.23 reg
of
100}
o 5P < S & & & $° & &
1996 2000 2004 2008 2012 2016 2020 v v v v
5

CoCliCo @

[m]

Example for La Rochelle, FR

coastal climate core services




Wokflow for statistical storm surge projections
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Calibrated SDM configuration

* Calibration (K-fold): set of predictors, region size, time-lags

Predictor variables Bounding-box size Time-lag

(degrees) (days)
SLP—D,in (T1) 3 x 3 (D3) 0 (LO)
SLP—Din; SLPG-Dpax (T2) 6 x 6 (D6) 1 (L1)
SLP—Dynin; SLPG—Dpax; ULl0-Diean, V10-Diean (T3) 9 x 9 (D9) 2 (L2)
SLP—Dynin; SLPG—Dmax; UL0-Dinax, V10-Dyay (T4) 12 x 12 (D12)

SLP—Dnin; SLPG-Dyax; U102-Dyean, V102~Diean (T5)
SLP—Din; SLPG-Dyyay; UL0?-Dyay, V102-Diay (T6)
SLP-Dynin; SLPG—Dax; U10?~5h-mean, V102-5h-mean (T7)

e Best configuration:
* PSL (Dmin), PSLG? (Dmax), U10% and V10%(Dmean)
* 9x9 degree Rol
e 2-daylag
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Calibrated SDM configuration

DD SS
* Worst for Baltic, eastern Mediterranean Texel(NSS)
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SDM validation for climate
projections: CC signal

Can the hindcast-trained SDM reproduce the CC signal in dynamical
simulations?
=» Comparison to DD projections for 4GCMs, SSP5-8.5
* CCsignal: RL10 changes [1985-2014] vs [2070-2099]
« Stationary-on-slice EVA (POT+GPD)
* 3 estimates:
* DD : DDM projections
* 5D :SDM projections trained on GCM-forced historical
simulation
* SD_hind: SDM projections trained on ERA5-forced hindcast

GCM2 GCM1

GCM3

GCM4

DD

(a) MPI-ESM1-2-HR - DD
|

(d) MRI-ESM2-0 - DD

(g) CNRM-CM6-1-HR - DD

ARL10
SD

(b) MPI-ESM1-2-HR - SD

(e) MRI-ESM2-0 - SD

(h) CNRM-CM6-1-HR - SD
S |

SD_hind

(c) MPI-ESM1-2-HR - SD_hind
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SDM validation for climate
projections: CC signal

Can the hindcast-trained SDM reproduce the CC signal in dynamical
simulations?
=>» Comparison to DD projections for 4GCMs, SSP5-8.5
 CCsignal: RL10 changes [1985-2014] vs [2070-2099]
e Stationary-on-slice EVA (POT+GPD)
* 3 estimates:

* DD : DDM projections

: SDM projections trained on GCM-forced historical
simulation
* SD hind: SDM projections trained on ERA5-forced hindcast

e SD tend to slightly underestimate DD ARL10

» Spatial features and GCM-specific responses well reproduced by
SDM

* Exceptions: BAL, EMED

SD and SD_hind very similar=» extrapolability of hindcast-trained
SDM to climate forcings

GCM3 GCM2 GCM1

GCM4

DD

ARL10

SD_hind

(a) MPI-ESM1-2-HR - DD

(b) MPI-ESM1-2-HR - SD

(c) MPI-ESM1-2-HR - SD_hind
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Statistical storm surge projections (x17 GCMs)

Relative ARL10 by 2100, SSP5-8.5, EVA on 30-yr slices

(9) q=83rd (h) g=17th

(e) MMM (f) model agreement

60°N
100

50°N

[%]

RL10 (2100)

40°N

30°N

* Mediterranean Sea (—7%) Moroccan Atlantic coast (—10%) Danish Straits (—6%)
* +6% for the Celtic and Irish Seas, western Denmark, and the Gulf of Finland

e Large inter-model spread!
 Low confidence in southern North Sea and northern Baltic Sea
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Conclusions and perspectives

Conclusions

 The SDM showed satisfactory skill in emulating dynamically downscaled ESS change projections at a fraction of the cost

* Based on extended CMIP6 ensemble sizes (x17), statistical projections reveal regions of robust changes across Europe,
but inter-model spread remains large (caution for small ensembles!)

Future works:
» Significance of projected ESSs changes relative to internal variability
* SD pre-industrial control simulations (high-frequency forcing?)
* Non-stationary EVA with covariates for climate indexes
=>»isolate forced trends, reduce inter-model spread?
* GCM weighting
* Representativity of circulation patterns (e.g., weather types approach Perez et al. 2014, or variance explained)
* historical ESS performance (regional/per CP)
» Evaluating drivers of projected ESS changes (e.g., atmospheric predictor/principal component)
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Statistical storm surge projections (x17 GCMs)

Relative ARL100, SSP5-8.5 by 2100, EVA on 30-yr slices

* RL100: larger inter-model spread,
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SDM calibration
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Variance retained in GCMs (historical)
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Historical RL10 error in GCMs

(a) ERAS - DD (b) ERAS - SD_hind (c) NESM3 - SD_hind (d) MIROC6 - SD_hind (m) MIROC-ES2H - SD_hind (n) CMCC-ESM2 - SD_hind (o) HadGEM3-GC31-LL - SD_hind (p) MPI-ESM1-2-LR - SD_hind
: p ";‘ R ~ "(:“ N Y -‘/'“ v = P ’Q I g 'a x 4 ";a > ; ’ .
) o g 9 o 0N 1l 1 " § . 1 5. :
60°N . 2 20 _ ) ‘,‘-I“ 20 . P 20 g ) 40 p” L 4 40 @ el 40 g | 40
2 ) - ¥ 3 3 32 : 20 X 20 ¥ . 20 ¥a o 20
Zhin 20 L5 Y 20 3 20 500N - » b
o E 1 0o 3 o 3 0o ¥ 4 ° g b \ : ° 8 1 * * 3 3 & ° E
= k e & K e & e = » \ t A b
1 . - N, A ; : -20 N -20 . -20 N -20
. -20 - -y -20 F L -20 40°N . ) ‘ = ; 3 ‘ :
40°N : .. b S y . 46 W o T b W& T _ido | 4
0 ps -40 s - S W oao —40 ] . S ¥ } T gy 4 s
4 I 30°N | - e . -'i St ' A B B £ ! -
30°N " : . o [P anitean: 56873825 16.12.11]] [T Wedlanean; 11.45/-12.02,(24.95,2.40]
I | Mec an/Mean: -8.58/-0.09,(-18,51.2.11] Median/Mean: -9.26/-8.90,(-25.78,4.79] X (q) CNRM-CM6-1 - SD_hind (r) IPSL-CM6A-LR - SD_hind (s) ACCESS-CM2 - SD_hind
(e) CMCC-CM2-5R5 - SD_hind (f) BCC-CSM2-MR - SD_hind  (g) HadGEM3-GC31-MM - SD_hind  (h) MPI-ESM1-2-HR - SD_hind - A 5 g > 2
S £ = i N 4 k.
b 4 s 4 i i i 4 '3 I - I : ] [ Yy
o y A = 4 F S > y df 2 4 ¥ Q ~ 60°N L g o b 5 Q’ 40 A 40
60°N ; g @ LI & s DR & S s Ll . ¥ . : ia
40 ' 40 VAN 40 £ 40 3 3 "
d r i “ 3 i & i ey F 20 b Y 20 i 20
Z .3 20 Yixa ol 20 3y 20 3 ' 20 oo 9 o 3 s o 3 . o ¥
50°N o ﬁ o ﬁ — LI - H) B Ky £
0 3 0 3 0 : 0o F 3 \, 255 s o . A\ 4
n g N 3 ﬁ' &a N * &a N .'Q( & - 40°N i e . 3 »
40°N 7. S -20 Sd o -20 3 L% O -20 : i =20 sgmb’= - YUY -40 s -40 -40
fnd” 'f'-#m -40 P -40 St | W a0 g ¢ . -40 i | o4 ) oy ;
30°N ;- ‘MM ' i . " i [ .. " -...,.' Median/Mean: -10,40/-10,66,(-23.47,3.73]] Egév-mmﬂ r;e n/Mean: -10.09/-10.03,(-24.07.6.27]
e R e | [FHecianiean: -14.29/-14 48,126 96,113 B o e | WecianiMean: -7.63/-7,57,022.48,5.981] 20°W 0° 10°E 30°E 20°W  0° 10°E  30°E 20°W 0° 10°E 30°
(i) MRI-ESM2-0 - SD_hind (j) CNRM-CM6-1-HR - SD_hind (k) EC-Earth3 - SD_hind (1) KIOST-ESM - SD_hind
'.‘ - ‘.‘ - ‘.‘ - = -
3 » 3 » 3 - > y -
eow i W (:' 40 i ;'” 40 . 'a“ 40 ¢ & 9;" 40
& ¥ &t _- L .ﬂ .
F 20 3 200 20 : : 20 2L 20
50°N i i i _ =i —
0 ¥ 3 0 ¥ 0 ¥ 3 0 ¥
[ .Q\ ! N P _.ﬁ- ' a ‘ _.$‘ ] n o . _.6‘ -
o i e -20 A . -20 s Lan -20 s -20
R 0 B a0 i TR w0 AR AL a0
. . ; 3 : T . ST *
30°N | -, 4 Dy - ! . 4 A f . f

CoCliCo @

coastal climate core services




RL10 projections each GCM - 2100
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