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1. Introduction

Changes of Wave Climate - Natural Coastal Processes like e.g. Sediment Transport?
and Effects of Changes ? —> Effectiveness of Coastal and Flood Protection Structures?

Dunes

{

0 ‘
d \‘—\00d i

coast \ o by Prot

ss of o” g\\,e

| uEﬂed'Ne“e g c\ mate

13th May 2014 29 International Conference on Climate Change, Szczecin



2. Methods: Wind Data

SRES-Emission Scenarios (IPPC, AR4)

More Economic

More

More
Global

Regional
Cosmo-CLM (Climate Local Model) - Europe

(Rockel et al., 2008; Lautenschlager et al., 2009)
Forcing: AOGCM ECHAMS5/MPI-OM TN

Horlzontal—’ Tlme rESOIUtlon' 0_2/0_165o ’1hr The Watson Institute for International Studies -

Brown University, 2007

Reference Run Future Projections
(C20_1,C20_2) (A1B_1, A1B_2,B1 1, Bl 2)
1960 2000 - In total: 4 Ensemble Members 2100
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2. Methods: Numerical Simulations (Nesting of SWAN in WAM)

Baltic Sea (WAM, Hasselmann et al., 1988) Western Baltic Sea (SWAN, Booij et al., 1999)
—>HZG (Groll, N., Weisse, R. and Hinicke, B.)

Wave Spectra

Fine Model
5.5km, 35 Frequencies, 24 Directions 1.1km, 42 Frequencies, 144 Directions

Temporal resolution: 1hr parallel computation on high performance
Time domain: 1960-2100 multi-processor clusters

DKRZ: German Climate Computing Centre Computing Centre of TUHH resp. UR
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2. Methods: Hybrid-Approach (Empirical/Numerical Approach)

Statistical Correlation Windé>Waves Stationary Numerical simulations:
From measurements at specific locations SWAN [Booij et al., 2009]
[Frohle & Fittschen 1999; Frohle 2000] AU=1m/s, A®,=10°

~97%

4 Long-term time
series of wave
parameters

(1960-2100) -

At specific
Locations!

He M)
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3. Results: A) Changes of Average Wave Conditions

Comparisions of Frequency of Occurrence and Average Values of Wave
Parameters for the Scenarios A1B and B1 (2050, 2100)

=>» Values for Control Period C20 (1971-2000 resp. 1961-1990)

=>» Timeperiods of 30 years

=>» Annual (&) and Seasonal Averages (DJF, MAM, JJA, SON)

Control Period S1: Scenario 2050 S2: Scenario 2100
(C20_1,C20_2) (A1B_1, A1B 2,B1 1,B1 2) (A1B_1,A1B 2,B1 1,B1 2)

1960 1971 2000 2021 2050 2071 2100

- Signficant Wave Heights, Mean Wave Periods and Mean Wave Directions
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3. Results: A) Changes of Average Wave Conditions — Frequency of Sign. Wave Heights
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- Shift of average wave heights towards
higher/lower values!

2"d |nternational Conference on Climate Change, Szczecin

Significance Level 0.05




3. Results: A) Changes of Average Wave Conditions — Averages of Sign. Wave Heights
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3. Results: A) Changes of Average Wave Conditions — Frequency of Mean Wave Direct.
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- Shift of average wave directions
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—> Spatial and Temporal Variability! towards westerly directions!
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3. Results: A) Changes of Average Wave Conditions — Averages of Mean Wave Direct.

Absolute Changes of Averages of Mean Wave Directions (in Degree) m
- Mathematical defintion of rotation -

Mean wave direction C20_2: 1971-2000 (arrows) Mean wave direction C20_2: 1971-2000 DJF (arrows)
and change of mean wave direction B1_2: 2021-2050 nd change of mean wave direction B1_2: 2021-2050 DJF
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3. Results: B) Effects of Changes of Average Wave Conditions - Sediment Transport

Calculation of long-shore transport capacities, CERC approach
- Genesis (Hanson, 1989)

Control Period
(C20_1,C20 _2)

S1: Scenario 2030
(A1B_1, A1B _2,B1 1,B1_2)

1960 1971

2000/2001
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H .
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H 40 |mB1_2:C202 060 0° 09500 5508
o o [u]
= 06°%0, OOOOOODD oonouga o 9 .
© 00p © o o oogoo ©4 0.0 o8
—- 30 o 00° oo m Hl Opg_o g880o 2l. '... bt
I_' ) >OOo © DDDDDD .ll. " -..EDEO .... - agum ...--- .
+ .20 ° ©_oghOm s
25 o ot0 oo s N 1]

Q 5 v 00%s00n amCHEo " a®

2 o (1) L]
Z g10 u:l;l.nigﬁi...ﬂ ...... . .......... ....... °

Oegum L)
ey 8c%e” o * se o ®
(@] ‘e L] o * L
0 ”"'..”‘;’""” L J

Q
o]0)] 10
C
<
(©)

-30
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S71: Scenario 2100
(A1B_1, A1B _2,B1 1,B1_2)

in total: 71 comparisons = ,,Moving Average”

2030

2071 2100
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3. Results: C) Changes of Extreme Wave Events = Extreme Value Analysis

(1) Sample Selection: annual maximum significant wave heights, 40 years

(2) Fitting : Distributions Gumbel, Weibull, Log-Normal and GEV (MLE)

(3) Goodness of fit-tests* (D, resp. D, between empirical & theoretical CDF)

max

- Log-Normal

(4) Calculation of extreme wave heights, return-period 200 years

Control Period S1: Scenario 2040 S61: Scenario 2100
(C20_1,C20 _2) (A1B_1, A1B _2,B1 1,B1_2) (A1B_1,A1B _2,B1 1,B1_2)

in total: 61 comparisons = ,,Moving Average”

1960/1961 2000/2001 2040 2061 2100
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3. Results: C) Changes of Extreme Wave Events = Extreme Value Analysis

-10

-15

—> Strong Spatial and Temporal Variability!
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4. Conclusion

e ECHAMS5/MPI-OM + Cosmo-CLM (A1B, B1):
= Changes of frequency (higher wind velocities, more westerly winds)

 Changes of Average Wave Conditions:
= Changes of frequency (higher/lower values, more westerly events)
- Prominant at W/NW wind exposed locations
¢ Significant wave heights (up to +10%)
¢ Mean wave periods (up to +4%, not shown here)
¢ Mean wave directions (up to +30°)
— High spatial, seasonal and temporal variability

- Consequences for the sediment transport and functional design of coastal
protec tion structures

e Changes of Extreme Wave Events:
- Large Bandwith: +15% to -15%
- No clear tendency
- Consequences for the constructional design of coastal protection structures
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4. Conclusion

e Comparison of Approaches

- Good Agreement of Results using Different Methods for the Calculation of
the Wave Climate

- Hybrid approach fast and efficient, but limited to locations with wave
measurements!

e  Future Work

- Extend ensemble of projections: transient hight resolution regional climate
model data (down to 11km) from different global forcing models (e.g.
HadCM3)
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Thank you for your
kind attention!
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Veranderung der mittleren Windverhaltnisse

Abb.: Bandbreite der Veranderung der Haufigkeiten fir die Windgeschwindigkeit (li.) und Windrichtung (re.), Warnemiinde im Vergleich zum Vergleichszeitraum 1971-2000
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Cosmo-CLM Grid of Dataset 3
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- No BIAS-Correction
- Bilinear Interpolation to horizontal resolution of the wave model (approx. 1km)
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Validation of Wind Wave Correlations
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Calculated and observed wave heights (a) wave periods (b) and wave directions for significant wave heights > 0.5m (c), location Warnemunde

|AHm0| IATm02| IAOwI
[m] [s] [°]
Warnemiinde 0.10473 0.44819 6.48415
Travemiinde 0.08785 0.45050 7.44012
Wester- 0.07481 0.21654 7.01464

markelsdorf

Mean absolute deviations between calculated and measured
values at the locations of the example areas
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Correction of Time Series of Wave Parameters

Problem:

W 1.16Umax_WWK

8 Umax A16 2 Maximum wind velocity CCLM A1B_ 2 (2001-2100) vs.
measured wind velocity WWC (1999-2002), Warnem.

th ||[|..

Correlation valid within certain

30
|

error margin

25
|

Goal:

Improvement of accuracy of

20

calculated wave heights (extreme

Umax [m/s]

value analysis)

Cut-off criteria:

— *
ucut,CLM_l'l6 Umax,WWK ©

(5% error margin)
[Frohle & Fittschen, 1999] ée{é‘

10 15
1 1
4
/6‘ L ——
§
b é
_ﬁ
_*

=>» SWAN: stationary mode
simplification: constant wind field over the area

resolution of wind boundary: AU,,=1m/s, A@,=10°
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Statistical Significance of Changes of Average Wave Conditions

Approach: Significance test of differences of frequencies of occurrence
=parametrical Test (z-Test), assumption: normal distribution

(1) Null-Hypothesis: ~ Hy: py = Pp Alternative Hypothesis: Hi: psy # pp
(1) Standard error of
1-— 1-
differences of freq. STDERR, g = pa(1-Pa) + pp(1-Pp)
’ Ny Np
(1) z-value: — bPa~ Ps

“cale = STDERR, 5

(IV) critical z-value: from e.g. table of the normal distribution or calculation with R-Software

a = 0.05 Zerit = q.norm(a) = 1.65

Rejection of H, and acceptance of H;

A YA
calc = “crut = Change of freq. is stat. significant at given level of sign.

(V) Comparison:
H, can not be rejected
=>» Change of freq. is stat. not significant
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Statistical Significance of Changes of Average Wave Conditions

Tables of the Normal Distribution
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Goodness of fit Tests (Dmax, Drms) — Warnemiinde - Log-Normal (Drms)
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Goodness of fit Tests (Dmax, Drms ) — Travemiinde = Weibull/Log-Normal (Drms)
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Goodness of fit Tests (Dmax, Drms) — Westermarkelsdorf - Log-Normal (Drms)
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3. Results: 1) Changes of Average Wave Conditions — Wave Heights

C20 1

C20 2

AlB 1 2071-2100 ¢
AlB 1 2021-2050 ¢
AlB 2 2071-2100 (
AlB 2 2021-2050 |
Bl 2 2071-2100 (
Bl 2 2021-2050 |
B1 1 2071-2100
Bl 1 2021-2050

Bandwith of
Changes:

-2% t0 +10.3%
(appr. 0.05m)

Higher values
predominant

13.05.2014

1971-2000 0.4712 0.5169
1971-2000 0.4748 0.5215

0.3916 0.4604 0.5173
0.4049 0.4474 0.5267

A1B 1 2071-2100 5.9 8.2 6.8 1.0 7.4
A1B 1 2021-2050 4.3 1.6 10.3 0.9 5.3
A1B 2 2071-2100 5.3 4.5 44 56 6.7
A1B 2 2021-2050 2.8 7.6 1.8 2.2 -0.6
B1 2 2071-2100 3.5  -0.3 4.8 7.2 3.2
B1 2 2021-2050 19 -2.0 3.7 41 2.3
B1 1 2071-2100

B1 1 2021-2050

Minimum 2100 3.5 -0.3

Maximum 2100 5.9 8.2 . .
Minimum 2050 | 19| -2.0 -0.6
Maximum 2050 | 4.3 7.6 HpisE B 5.3
Minimum 2050,2100 19 | -2.0 1.8 0.9 -0.6
Maximum 2050,2100 5.9 8.2 10.3 7.2 7.4
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3. Results: 1) Changes of Average Wave Conditions — Wave Heights

AlB 1 2071-2100
AlB 1 2021-2050
AlB 2 2071-2100
AlB 2 2021-2050
Bl 2 2071-2100
Bl 2 2021-2050
Bl 1 2071-2100
Bl 1 2021-2050
Bandwith of

Changes:

-5.7% to +5.3%
(appr. 0.02m)

Lower and Higher
values possible!

13.05.2014

1971-2000 0.3095 0.3495
1971-2000 0.3120 0.3531

0.3247 0.2642 0.3068

Al1B 1 2071-2100
Al1B 1 2021-2050
AlB 2 2071-2100
Al1B 2 2021-2050
Bl 2 2071-2100
Bl 2 2021-2050
Bl 1 2071-2100
Bl 1 2021-2050
Minimum 2100
Maximum 2100
Minimum 2050
Maximum 2050
Minimum 2050,2100
Maximum 2050,2100

0.3074 0.2698 0.3121

-0.9
-1.0
-1.9
-0.3
-1.2
-0.4

-2.0 3.8 -1.0 -4.4
-4.8 53 -0.8 -3.3
-4.4 -1.9 0.6 -1.3
-2.9 2.6 1.0 -1.5
-5.7 1.2 1.2 -0.8
-4.4 -0.7 3.3 1.4

-19 -1.0

3.8 1.2

-0.7 -0.8

53 3.3

-19 -1.0

5.3 3.3
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AJH, Szenario 2100 A1B_2

Bm.-500-1 1+3@m+7 Relative Change of
4000 CI+4mm+8 Significant Waveheight (%)
-3+ E+5mm+9 A1B_2 2071-2100 DJF -
E-21+2 0 +6 MM +10 C20_2 1971-2000 DJF

501 CJ+3@@+7 Relative Change of
W40 CO+4mm+8 Significant Waveheight (%)
E-3C0+1E0+5mm+8 A1B 2 2071-2100 JJA -
E-20C0+2E0+6Mm+10C20_2 1971-2000 JJA

--5B LJ+3E8+7 Relative Change of

E9-4C00 CJ+4E8+8 gignificant Waveheight (%)
BE-3C0+1EI+5Em+9 A1B 2 2071-2100 MAM -
E-200+2Em+6 WM +10C20_2 1971-2000 MAM

Bm-500-1 CJ+3@@+7 Relative Change of Annual
EN-4C00 CO+4mm+8 Significant Waveheight (%)
B30+ E0+5mm+9 A1B_2 2071-2100 -
E9-21+2 0 +6 Ml +10 C20_2 1971-2000

5031 CI+3 @8 +7 Relative Change of
400 CI+4mm+8 Significant Waveheight (%)
-3+ C0+5mm+9 A1B_2 2071-2100 SON -
-20C0+2E0+6 M +10C20_2 1971-2000 SON

B -500-1 CO+3@@+7 Relative Change of Annual
400 CO+4mm+8  Significant Waveheight (%)
-3+ EO+5mm+9 A1B_2 2071-2100 -

-20+2E0+6mm+10 C20_2 1961-1990
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AJH, Szenario 2100 B1_2

mm-500-1 C+3mm+7 Relative Change of

-3+ Em+5mm+9 B1_2 2071-2100 DJF -
-2 +2 Em+6mm+10 C20_2 1971-2000 DJF

40 Cl+amm+g Significant Waveheight (%)

mm-501-1 CJ+3mm+7 Relative Change of
W40 CI+4mm+8 Significant Waveheight (%)
-3+ ED+5mm+9 B1_2 2071-2100 JJA -
-201+2 0 +6 WM +10C20_2 1971-2000 JJA

mm_ 5001 c+3mm+7  Relative Change of Annual
mE-4rmo C+4mm+g Significant Waveheight (%)
-3+ EI+5mm+9 B1_22071-2100 -
-20+2 0 +6 MM +10 C20_2 1971-2000

=501 +3mm+7 Relative Change of

-3+ CI+5mm+9 B1_2 2071-2100 MAM -
£9-200+20+6 MM +10C20_2 1971-2000 MAM

400 1+4mm+8 Significant Waveheight (%)

mm-507-1 [+3mm+7 Relative Change of
m-4000 CI+4mm+g Significant Waveheight (%)
-3+ +5mm+9 B1_22071-2100 SON -
m-200+200+6mm+10C20_2 1971-2000 SON

Bm-507-1 CJ+3@W+7 Relative Change of Annual
400 C+4mm+8 Significant Waveheight (%)
-3C0+1 0+5mm+9 B1_2 2071-2100 -
ES-20C0+2E0+6 MR +10C20_2 1961-1990

25th March 2014
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AJH, Szenario 2050 A1B_1

= ---...,;/
Summer o

BN -500-1 CJ+3@+7 elative Change of B 5001 [+3mm+7 Relative Change of B -500-1 CJ+3@M+7 Relative Change of Annual
BN 400 [C1+4 WM +8 Significant Waveheight (%) mm-400 C+4mm+8 Significant Waveheight (%) 400 CJ+4@m+8 Significant Waveheight (%)
-3+ ED+5 MM +9 A1B_1 2021-2050 DJF - B30+ C0+5 mm+9 A1B_1 2021-2050 JJA - EE-300+1C0+5MM+9 A1B 1 2021-2050 -
E9-21+2 0 +6 Ml +10220_1 1971-2000 DJF -2 0+2 [ +6 MM +10C20_1 1971-2000 JJA |:1.2|:|+2|:|+5-+10020:1 1971-2000

B -500-1 CJ+3mm+7 Relative Change of mm 5001 J+3mm+7 Relative Change of BE.5070-1 CI1+3@@+7 Relative Change of Annual
mm-4E0 CI+4mm+8 Significant Waveheight (%) | [mm-4mm0 ©+4mm+g Significant Waveheight (%) | |mm 4mmo ©1+4mm-+8 Significant Waveheight (%)
E-300+1 C+5mm+9 A1B_1 2021-2050 MAM - -3+ CI+5mm+9 A1B_12021-2050 SON - B-300+1 C0+5 Bm+9 A1B 1 2021-2050 -
-2 C+2 5 +6 MM +10C20_1 1971-2000 MAM -2 +2 0 +6 W +10C20_1 1971-2000 SON -2 C1+2 0 +6 MM +10C20_1 1961-1990
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3. Results: 1) Changes of Average Wave Conditions — Wave Periods

A1B 1 2071-2100
Al1B 1 2021-2050
A1B 2 2071-2100
AlB 2 2021-2050
Bl 2 2071-2000
Bl 2 2021-2050
Bl 1 2071-2100
B1 1 2021-2050
Bandwith of

Changes:

-1.3% to +4.0%

(appr. 0.06s)

Slight Tendency
towards higher

values!

13.05.2014

1971-2000 1.6290 1.6815
1971-2000 1.6377 1.6940

1.5262 1.6320 1.6778
1.5472 1.6161 1.6951

A1B 1 2071-2100 2.1 2.4 2.5 0.5 3.1
AlB 1 2021-2050 1.7 0.3 4.0 0.7 2.0
A1B 2 2071-2100 1.8 0.8 1.6 2.4 2.4
AlB 2 2021-2050 0.8 2.1 0.8 0.9 -0.7
Bl 2 2071-2100 1.2 -0.9 1.9 2.8 0.9
Bl 2 2021-2050 0.5 -1.3 1.4 1.6 0.4
Bl 1 2071-2100

Bl 1 2021-2050

Minimum 2100 1.2 -0.9

Maximum 2100 2.1 2.4

Minimum 2050 0.5 -1.3

Maximum 2050 1.7 2.1

Minimum 2050,2100 0.5 -1.3

Maximum 2050,2100 2.1 2.4
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3. Results: 1) Changes of Average Wave Conditions — Wave Periods

AlB 1 2071-2100
AlB 1 2021-2050
AlB 2 2071-2100
AlB 2 2021-2050
Bl 2 2071-2000
Bl 2 2021-2050
Bl 1 2071-2100
B1 1 2021-2050
Bandwith of

Changes:

-3% to +1.9%

(appr. 0.03s)

Lower and Higher
values possible!

13.05.2014

1971-2000 1.3615 1.4230
1971-2000 1.3664 1.4372

1.37311.2919 1.3593
1.4005 1.2828 1.3464

AlB 1 2071-2100 -1.0 -2.1 1.2 -0.4
Al1B 1 2021-2050 -0.6 2.4 1.9 0.0
AlB 2 2071-2100 -1.1 -3.0 -0.8 0.4
AlB 2 2021-2050 -0.6 -2.3 0.9 0.1
Bl 2 2071-2100 -0.9 -3.0 0.3 0.2
Bl 2 2021-2050 -0.3 -2.1 -0.2 1.3
Bl 1 2071-2100

Bl 1 2021-2050

Minimum 2100 -1.1 -0.8 -0.4
Maximum 2100 -0.9 1.2 0.4
Minimum 2050 -0.6 -0.2 0.0
Maximum 2050 -0.3 1.9 1.3
Minimum 2050,2100 -1.1 -0.8 -04
Maximum 2050,2100 -0.3 1.9 1.3
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ADT, o, Szenario 2100 A1B_1

Winter

mm .50 CI+3@m+7 Relative Change of -53-1 CJ+3E8+7 Relative Change of Bm-5E0-1 CI+3EE+7 Relative Change of Annual
B-400 C1+4@m+8 Mean Wave Period (%) 400 CI+4@m+8 Mean Wave Period (%) BN 4000 CI+4 W848 \Mean Wave Period (%)
Em-300+1 CI+5mm+9 A1B_1 2071-2100 DJF - -3+ ED+5 MM +9 A1B_12071-2100 JJA - E-3C0+1E0+5 M489 A1B 1 2071-2100 -

-2 +2 [ +6 WM +10C20_1 1971-2000 DJF ~-2[J+2 5 +6 WM +10C20_1 1971-2000 JJA -2 +21.+6 ER+10050 ™1 1971-2000

mm.507-1 C1+3@8+7 Relative Change of BN -500-1 [J+3@@+7 Relative Change of 501 C+3mm+7 Relative Change of Annual
EN-4000 CI+4@@+8 Mean Wave Period (%) Em-4E50 CI+4mm+8 Mean Wave Period (%) m-400 C+4mm+8 Mean Wave Period (%)
BE-300+1 E+5MM+9 A1B_12071-2100 MAM - | |EE-3C30+1E2+5mM+9 A1B_12071-2100 SON - .30 +1 Em+5mm+9 A1B_12071-2100 -
E-20+2 6 +6 MM+10C20_1 1971-2000 MAM -2 +2 [0 +6 WM +10C20_1 1971-2000 SON -2 +2 5 +6 M +10C20_1 1961-1990

25th March 2014 2"d |nternational Conference on Climate Change, Szczecin




Comparison of Average Changes between SWAN<->WAM in the Western Baltic Sea

10+ E 11+ E 12+ E 13*E 14 E 12¢ E

SE* N

255 M

a5+ N

545 M

o4 N
50t percentile Hs A1B_1

2071-2100 vs. 1961-1990

mm 501 C1+3mm+7 Relative Change of Annual
mm 400 C1+4mm+g Significant Waveheight (%)
-3+ a+5mm+9 A1B_12071-2100 -

-2 +2 -+ mm+10C20_1 1961-1990

-1¢.5 -15 -125 -10 -¥.5 -5 -2.5 2.5 5 7.5 0 125 15 175

[Groll et al., 2013]
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Comparison of Average Changes between different Methods (Hybrid-Approach)

10730°0°E 1 WTE

Change of average Change of average

sign. wave height wave direction
(min, max) (min, max)
Time period 2021- 2071- 2021- 2071-
; P 2050 2100 2050 2100
+2% - +3%-+4% -+1° - +4° -

Warnemiinde +3% +4A+6% 45°
0 -2% - 2% --1° - +1° -
Traveminde 1% _1% +5° @

Travemiinde

Libeck . Westermarkels- +2% - +4% - +0° - +3° -

dorf (Fehmarn) +5% +4°

0N
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