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1Laboratoire d’Océanographie Physique et Spatiale, Univ Brest CNRS IRD Ifremer, Brest, France

Contents of this file

1. Text S1

2. Text S2

3. Text S3

4. Text S4

5. Figure S1

6. Figure S2

7. Figure S3

8. Figure S4

9. Figure S5

10. Table S1

Introduction

February 28, 2023, 10:36am



X - 2 :

In this supporting information, we first compare the North Atlantic( NA) JFM Hs

variability in different global wave reanalysis and hindcasts (Text S1, Fig. S1 and S2).

Then, we assess the statistical reconstruction of Hs from the Sea level Pressure (Text

S2, Fig. S3). In Text S3 and Fig. S4, we assess the number of members required to

decompose the NAO index trend.

Then (Text S4, Figure S5), we compute the spatial correlation between the trend com-

puted on the North Atlantic reconstructed Hs ensemble mean and the trend computed on

each individual members as a function of the duration of the trend (starting from 1993).

Finally, in table T1, Hs in the three regions of interest is decomposed into the most

common modes of atmospheric inter-annual to decadal variability over the North Atlantic.

Text S1. The purpose of this section is to compare the JFM Hs variations in the North

Atlantic as given by various datasets. We first compare the JFM Hs trends in these

datasets for the 1980-2014 period (Fig. S1), which corresponds to the longest available

period of time for the datasets under consideration here. Following the classification used

in (Erikson et al., 2022), these datasets are either global ocean wave reanalysis coupled

and with wave data assimilation: ERA5 (Hersbach et al., 2020); global ocean wave hind-

casts uncoupled without wave data assimilation: with sea-ice forcing: IORAS(Sharmar

et al., 2021), NOC(Bricheno & Wolf, 2018), GOW1(Reguero et al., 2012); CFSR-driven

wave hindcasts with sea-ice forcing CSIRO-CAWR (Smith et al., 2021) IFREMER-CFSR

Stopa, Ardhuin, Babanin, and Zieger (2016); global wave hindcast without sea-ice forcing:

JRC-ERAIMentaschi, Vousdoukas, Voukouvalas, Dosio, and Feyen (2017), JRC-CFSR

Mentaschi et al. (2017). The detailed description of the Hs datasets used here can be
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found in (Erikson et al., 2022). The comparison of the 1980-2014 JFM Hs trends in the

NA for these 8 different datasets reveals that the patterns are overall similar with negative

values in the North East and positive values at lower latitudes in the western part of the

basin. The largest differences are found for the Ifremer and NOC dataset. To further

assess the differences between these datasets, we also show the NA average of the JFM

time series (Fig. S2). The mean of the individual time correlation between ERA5 and the

7 datasets is 0.76 and goes up to 0.84 if the NOC dataset is removed, suggesting that the

agreement between the different datasets for the JFM Hs in the North Atlantic is high.

Text S2. To assess the statistical model given by equation (6), we first compute the

βi coefficients (i.e. the projection of JFM Hs on the JFM SLP principal components)

using the 1950-1992 period. Then, the time correlation between the ERA-5 JFM Hs

and the reconstructed JFM Hs obtained using Eq. (6) and ERA-5 JFM SLP over the

1993-2018 period are computed. Using these two disjoint periods of time insures that

the reconstruction is independent from the calibration. We find that the best results are

obtained when 25 EOFs of SLP are used. In Figure S3, the correlation is high (> 0.75)

almost everywhere and has a mean of 0.72 when non-significant values are excluded. Non

significant correlations are mostly found at low latitudes and close to the western boundary

of the basin. In the following section, we use the full period of ERA-5 (1950-2018) to train

the statistical model which will be used to derive Hs from a large ensemble of climate

simulations.

Text S3.
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To assess the number of members needed to decompose the forced and internal signal

we investigate the number of members required to decompose the NAO index trend into

forced and internal components. The NAO index INDEXNAO is obtained by regressing the

first EOF of SLP, computed for year 1993 over the CESM2 LENS2 ensemble dimension,

over the SLP anomaly:

INDEXNAO(ens, t) =
∫
S
EOF0(x, y)SLPA(x, y, t, ens)dxdy (1)

where EOF0 is the normalized first EOF of SLP computed over the north Atlantic at year

1993 over the ensemble dimension that corresponds to the NAO, and where ens is the

ensemble member index. Then the NAO trends are computed for all members, starting

in 1993 and ending between 2018 to 2100 i.e. a duration between 25 and 107 years. The

normalized ensemble mean trend of the NAO index is shown in black (Fig. S4) and is

always positive. We also compute the standard deviation of the trend as a function of its

duration by randomly choosing 5, 10, 30 or 50 members among the 80 available members

and by performing 10 000 realisations for each case. When the ensemble mean trend

of the NAO index is smaller than 1.64 times the standard deviation of the X members

sub-ensemble (where X=5, 10, 30 or 50), it means that there is only a 5% chance that

computing the trends by averaging over the X members gives a different trend sign than

with the 80 members ensemble mean. In other words, if the 1.64 times standard deviation

is smaller than the mean, then the forced component of the NAO index trend can extracted

with only X members. Figure S5 shows that the number of members needed to decompose

the signal depends on the trend duration. With longer trend duration less members are

required. For satellite-era duration (i.e. around 30 years) more than 50 members are
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needed to decompose the NAO trend. However for longer trends, for instance 70 years,

only 5 members are required.

Text S4.

Figure S5 shows the spatial correlation between the North Atlantic reconstructed Hs

ensemble mean trend and the individual Hs trend in each member for different period of

times all starting in 1993 i.e.:

corr2D(A,B) =

∑
k,l (Ak,l − ⟨A⟩) (Bk,l − ⟨B⟩)

(
∑

k,l (Ak,l − ⟨A⟩)2) 1
2 (
∑

k,l (Bk,l − ⟨B⟩)2) 1
2

(2)

where A = (Ak,l) and B = (Bk,l) are the 2D trends with (k, l) longitudes and latitudes

indices, and where ⟨A⟩ , ⟨B⟩ are the spatial average of A and B. As expected, the ensemble

mean of the spatial correlation between the ensemble mean reconstructed Hs trend and

the reconstructed Hs trend computed for each member increases when the time period is

longer. Around 2020, the spatial correlation is mostly contained between -0.25 and 0.7,

with a mean value close to 0.25. It indicates that the reconstructed Hs trend in some

members is completely uncorrelated with the trend from the ensemble mean. The blue

shading shows members with 95% of the largest correlation values and the blue line is

the separation between the 5% smallest values and 95% largest. The 5% correlation value

becomes larger than 0.5 around 2060 which means by this date, only 5% of the ensemble

members have correlations smaller than 0.5.

Figure S1

Comparison of the 1980-2014 JFM Hs trends in the North Atlantic for 8 different

datasets.

Figure S2
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Time series of the NA average JFM Hs anomalies obtained from 8 different datasets.

The ERA-5 time serie, used in this article, is shown in black.

Figure S3

Time correlation between the 1993-2018 reconstructed Hs and ERA-5 Hs. Only 5%

significant values are shown. The three specifically studied locations are indicated with

orange stars.

Figure S4

Ensemble mean trend of the North Atlantic Oscillation index (black line) and 1.64

standard deviation of the same index (dashed) computed using 5, 10, 30 and 50 members

of the CESM2 LENS2 ensemble. The trends are given as a function of the duration

since 1993 (in year). The date (or duration) for which the 1.64 standard deviation curve

for X members (X=5, 10, 30 or 50) intersects the ensemble mean (black) curve can be

interpreted as the date of emergence of the forced signal in the X-member sub-ensemble.

The forced NAO trend can be extracted with only 5 members if we consider trends longer

than 70 years, whereas more than 50 members are required for trends shorter than 30

years.

Figure S5

Spatial correlation between the Hs trend computed on the ensemble mean and the

trend computed on each individual members between 1993 (the CCI v1 dataset start)

and the end date shown as the x-coordinate. The black line is the mean of the spatial

correlation between the ensemble mean trend and each individual member trend, the

orange lines show the values that are within one standard deviation from the mean, blue
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shading shows members with 95% of the largest correlation values and the blue line is the

separation between the 5% smallest values and 95% largest.

Table S1.

In order to link Hs variability in the three regions of interest with well documented

climate indices that are known to influence atmospheric variability in the NA, we compute

the correlations between Hs in each location and the following indices: the North Atlantic

Oscillation (NAO), the Eastern Atlantic pattern (EA), the Scandinavian index (SCAN),

The Eastern Atlantic Western Russia index (EAWR), the Pacific North America index

(PNA), the NINO3.4 index (ENSO) which is one of the indices used to characterize the El

niño Southern Oscillation and the Tropical Northern Hemisphere index (TNH) (see Table 1

of the supporting information). The climate indices are selected for there known influence

on the winter North Atlantic Hs climate (see for instance Hochet, Dodet, Ardhuin, Hemer,

and Young (2021)) and downloaded from the NOAA website (Hurrell & Staff, 2020). All

indices except NINO3.4 are based on Empirical Orthogonal functions of SLP. NINO3.4 is

obtained from SST average in a region of the tropical Pacific (see (Hurrell & Staff, 2020)).

Only 5 % significant correlations are shown.
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Figure S1. Comparison of the 1980-2014 JFM Hs trends in the North Atlantic for 8 different

datasets.
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Figure S2. Time series of the NA average JFM Hs anomalies obtained from 8 different dataset.

The ERA-5 time serie, used in this article, is shown in black.

Table S1. Time correlation between the JFM average of the main North Atlantic climate

indices and Hs in the three locations. Only 5 % significant correlations are shown. The consid-

ered indices are: the North Atlantic Oscillation (NAO), the Eastern Atlantic pattern (EA), the

Scandinavian index (SCAN), the Eastern Atlantic Western Russia index (EAWR), the Pacific

North America index (PNA), the NINO3.4 index (el nino) and the Tropical Northern Hemisphere

index (TNH).

NAO EA SCAN EAWR PNA el nino TNH
Norwegian Sea 0.66 -0.55 -0.28

Western Mediterranean Sea -0.29 -0.42 -0.29
U.S. East Coast -0.65 0.26
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Figure S3. Time correlation between the 1993-2018 reconstructed Hs and ERA-5 Hs. Only 5%

significant values are shown. The three specifically studied locations are indicated with orange

stars.
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Figure S4. Ensemble mean trend of the North Atlantic Oscillation index (black line) and

1.64 standard deviation of the same index (dashed) computed using 5, 10, 30 and 50 members

of the CESM2 LENS2 ensemble. The trends are given as a function of the duration since 1993

(in year). The date (or duration) for which the 1.64 standard deviation curve for X members

(X=5, 10, 30 or 50) intersects the ensemble mean (black) curve can be interpreted as the date

of emergence of the forced signal in the X-member sub-ensemble. The forced NAO trend can be

extracted with only 5 members if we consider trends longer than 70 years, whereas more than 50

members are required for trends shorter than 30 years.
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Figure S5. Spatial correlation between the Hs trend computed on the ensemble mean and

the trend computed on each individual members between 1993 (the CCI v1 dataset start) and

the end date shown as the x-coordinate. The black line is the mean of the spatial correlation

between the ensemble mean trend and each individual member trend, the orange lines show the

values that are within one standard deviation from the mean, blue shading shows members with

95% of the largest correlation values and the blue line is the separation between the 5% smallest

values and 95% largest.
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