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Abstract Emerging high-resolution global ocean climate models are expected to improve both hindcasts
and forecasts of coastal sea level variability by better resolving ocean turbulence and other small-scale
phenomena. To examine this hypothesis, we compare annual to multidecadal coastal sea level variability over
the 1993-2018 period, as observed by tide gauges and as simulated by two identically forced ocean models, at
~1°(LR) and ~0.1° (HR) horizontal resolution. Differences between HR and LR, and misfits with tide gauges,
are spatially coherent at regional alongcoast scales. Resolution-related improvements are largest in, and near,
marginal seas. Near attached western boundary currents, sea level variance is several times greater in HR than
LR, but correlations with observations may be reduced, due to intrinsic ocean variability. Globally, in HR
simulations, intrinsic variability comprises from zero to over 80% of coastal sea level variance. Outside of eddy-
rich regions, simulated coastal sea level variability is generally damped relative to observations. We hypothesize
that weak coastal variability is related to large-scale, remotely forced, variability; in both HR and LR, tropical
sea level variance is underestimated by ~50% relative to satellite altimetric observations. Similar coastal
dynamical regimes (e.g., attached western boundary currents) exhibit a consistent sensitivity to horizontal
resolution, suggesting that these findings are generalizable to regions with limited coastal observations.

Plain Language Summary Recent advancements in global ocean climate models, particularly
increases in horizontal resolution, are expected to improve predictions of coastal sea level changes. In this study,
we compared sea level data recorded by tide gauges from 1993 to 2018 with Community Earth System Model
(CESM) simulations at a lower (~1°) and higher (~ 0.1°) horizontal resolution. The higher-resolution model
better represents the influence of small-scale turbulent ocean behavior. In some regions, turbulent ocean
variability plays a significant role in coastal sea level changes, and can account for more than half of the
variance. However, despite these improvements, simulated sea level changes remain smaller than observations
in many regions, even at high model resolution. This underestimate of variability is apparent in CESM across
much of the tropical oceans.

1. Introduction

Global ocean climate models (GOCMs), in both atmospherically forced and coupled configurations, are widely
employed to: (a) understand and reconstruct drivers of variability and (b) make climate and sea level projections
over seasonal to centennial timescales. To date, the horizontal resolution of GOCMs is generally on the order of
1°. At this resolution, GOCMs can not represent many processes known to govern coastal sea level variability
(e.g., Becker et al., 2016; Holt et al., 2017; Penduff et al., 2010; Woodworth et al., 2019). For example, small-
scale turbulence, generated only in models of sufficiently high resolution, introduces chaotic (“intrinsic”) sea
level variations at meso-to basin-scales (Close et al., 2020; Penduff et al., 2010; Sérazin et al., 2015). In addition,
coastal regions are characterized by dramatic variations in bathymetry, and complex land boundaries that strongly
influence ocean circulation. The presence of a continental slope damps and smooths sea level variability on
continental shelves relative to the deep ocean, while coastal variability can be enhanced relative to, and/or
decorrelated from, offshore locations, due to tightly coastally trapped signals (Gill, 1982; Hughes et al., 2019;
Huthnance, 2004; Little et al., 2019; Roussenov et al., 2008; Vinogradov & Ponte, 2011; Wise et al., 2018, 2020;
Woodworth et al., 2019). Collectively, these physical constraints drive a highly spatially variable sea level
response to local and remote surface forcing that is often distinct from the open ocean.
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Increases in GOCM horizontal resolution permit a more complete representation of forced and intrinsic ocean
processes, and are thus expected to improve hindcasts and forecasts of coastal sea level variability. High-
resolution regional and global simulations indicate that sea level is significantly influenced, and generally
improved, by increased ocean model resolution (Chaigneau et al., 2022; Hermans et al., 2020; Li et al., 2022; Liu
et al., 2016; Penduff et al., 2010; Tinker et al., 2020; van Westen et al., 2020; X. Zhang et al., 2017) (see also
Figure 1) (A common threshold for “high resolution” is 0.1°, permitting explicit resolution of the first baroclinic
deformation radius over most regions equatorward of ~60° latitude (Hallberg, 2013)). Substantial resolution-
sensitivity has been noted in forecasts over lead times ranging from seasonal to centennial (Hermans
et al., 2020; Li et al., 2022; Liu et al., 2016; Long et al., 2021; Saba et al., 2016).

To improve confidence in sea level forecasts and understanding of resolution and/or parameterization re-
quirements, it is vital to assess the representation of historical sea level variability, especially along coastlines,
where: (a) human and ecosystem impacts are most evident (Cooley & Skern-Mauritzen, 2022; NOAA, 2022) and
(b) tide gauges provide long observational records (Holgate et al., 2013). Potentially because of their coarse res-
olution, most efforts to assess the fidelity of global models have focused on large-scale sea level variability (e.g.,
Griffies et al., 2014; Tsujino et al., 2020), with fewer direct comparisons to individual tide gauges (e.g., Little
etal.,2017). Previous evaluations of coastal sea level variability in high resolution models have had aregional focus
(Chaigneau et al., 2022; Hermans et al., 2020; Li et al., 2022; Tinker et al., 2020; van Westen et al., 2020). Such
results are not likely to be globally generalizable, as the importance of relevant physical processes varies on a
regional basis (governed by their physical characteristics, nearby large-scale ocean circulation, and surface forcing)
and as a function of timescale. There is also the less-discussed possibility for degraded agreement with observations
at high resolution, even in forced simulations, due to increased ocean intrinsic variability.

Clean separation of intrinsic and forced variability, especially near coastlines, is not trivial, as it generally entails
computationally intensive ensemble simulations, which are rarely performed with eddy-resolving ocean models.
Previous studies (Carret et al., 2021; Close et al., 2020; Sérazin et al., 2015) have quantified the relative roles of
intrinsic and forced variability based on a 50-member ensemble of global ocean-only model simulations using
eddy-permitting 0.25° horizontal grids. These analyses show substantial contributions of intrinsic sea level
variability across a variety of time scales and over vast areas of the global oceans, including western boundary
currents. However, results have not been directly compared to tide gauge observations of coastal sea level.
Furthermore, a 0.25° resolution may not be sufficient to capture all relevant processes and physical constraints.
No previous analysis has quantified the relative roles of intrinsic and forced coastal sea level variability in a model
of sufficiently high resolution to explicitly resolve midlatitude mesoscale turbulence.

Here, we conduct a global comparison of simulated coastal sea level variability and the tide gauge record using a
set of paired high- (HR) and low- (LR) resolution forced ocean/sea-ice (FOSI) simulations performed using the
Community Earth System Model (Chang et al., 2020). These simulations isolate the role of ocean model reso-
lution and facilitate evaluation of both the amplitude and phasing of sea level variability. They also comprise an
“ensemble of opportunity” facilitating an initial global assessment of the magnitude of oceanic intrinsic vari-
ability in coastal sea level.

2. Methods
2.1. CESM Simulations

We utilize sea surface height (“SSH”; equivalent to dynamic sea level (Gregory et al., 2019)) fields from global
Community Earth System Model version 1.3 (CESM1.3) simulations at ~0.1° (HR) and ~1° (LR) horizontal
resolution (Chang et al., 2020). The focus here is on forced ocean/sea-ice (FOSI) simulations using CESM1.3
(Small et al., 2024) that follow the Ocean Model Intercomparison Project version 2 (OMIP2) experimental
protocol (Griffies et al., 2016). FOSI simulations utilize bias-corrected, reanalysis-based atmospheric data sets (e.
g., Large & Yeager, 2009; Tsujino et al., 2018) to impart historical variability into the ocean and sea-ice com-
ponents of climate models without the need for expensive data assimilation in those components. Since the advent
of a coordinated experimental protocol (Griffies et al., 2009), the FOSI approach for reconstructing historical
states has been widely adopted for comparative evaluations of ocean/sea-ice models and investigations of his-
torical seasonal-to-decadal variability (e.g., Danabasoglu et al., 2014; Downes et al., 2015; Farneti et al., 2015;
Ilicak et al., 2016; Tseng et al., 2016; Wang et al., 2016). While FOSI experiments are now common and
well-documented (thanks to their relative simplicity and economy) and permit state reconstruction from the
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mid-twentieth century to near present, there are known issues with the experimental design (including spurious
feedbacks, imperfect spin-up procedures, and uncertainties in the prescribed atmospheric state; see discussions in
Griffies et al. (2009, 2016)) that limit the strength of conclusions that can be drawn from FOSI simulations.
Nevertheless, FOSI state reconstruction has proven quite successful, if not optimal, for initializing seasonal to
decadal climate predictions with the CESM model in both LR (Yeager et al., 2018, 2022) and HR (Yeager
et al., 2023; Q. Zhang et al., 2024) configurations. It is likely that FOSI experimental design choices impact SSH
state reconstruction (Griffies et al., 2014), but as the intent here is to present a baseline assessment of coastal sea
level variability obtained in pre-existing CESM1.3 FOSIs at different resolutions, we leave an in-depth inves-
tigation of experimental design sensitivity for future work.

The OMIP2 protocol uses 1958-2018 forcing derived from JRASS5 reanalysis (JRAS55do; Tsujino et al., 2018) and
represents the current state-of-the-art for FOSI model intercomparisons (Tsujino et al., 2020). Recent work has
expanded OMIP2 evaluation to include HR configurations (e.g., Chassignet et al., 2020; Small et al., 2024), and
this paper builds on those HR/LR comparisons with the aim of highlighting potential benefits of increased res-
olution under a given experimental design. In OMIP2, simulations are initialized from observed ocean/sea-ice
climatology and spun up through consecutive cycles of 1958-2018 (61-year) forcing. Simulation years 62-122
(cycle 2) repeats the forcing of simulation years 1-61 (cycle 1), etc. The JRA55do atmospheric fields at ~55 km
spatial resolution and 3-hr temporal resolution are interpolated to the HR (~10 km) and LR (~100 km) grids prior
to surface flux computations.

While HR and LR FOSI simulations are subject to identical forcing fields, the horizontal grid differences are
accompanied by a multitude of configuration differences (including bathymetry, parameterized physics, and
tracer advection scheme (Chassignet et al., 2020)) that could contribute to simulation differences. For the pur-
poses of this paper, “horizontal resolution” encompasses all model configuration choices that go along with the
choice of a particular horizontal mesh.

We analyze monthly mean output from years 1993-2018 from cycles 1-4 (104 years of simulation for each model
resolution). Since the forcing applied is (nearly) identical, cycle-to-cycle differences within each experiment can
be attributed largely to intrinsic ocean variability.

In addition to FOSI simulations, we analyze a HR repeat-year-forcing (RYF) simulation conducted using repeat
application of a single year of JRA55do boundary conditions (May 2003 to the end of April 2004) (Stewart
et al., 2020). Deseasonalized monthly variability in the RYF simulation can also be attributed largely to intrinsic
variability. Here, we use the last 26 years of monthly output from a 70-year RYF simulation.

2.2. Observational Data Sets, and Corrections Applied for Model-Data Comparison

We use monthly mean tide gauge records, retrieved from the Permanent Service for Mean Sea Level Revised
Local Reference database on 1 December 2022 (Holgate et al., 2013; Permanent Service for Mean Sea
Level, 2024), that have less than 12 missing months, in total, over the 1993-2018 period. Gaps in monthly records
are filled after removal of the seasonal cycle and linear trend (see below) using linear interpolation. The initial
data set of 365 tide gauge records provides reasonably dense spatial coverage over many coastlines (e.g., the
continental United States, Europe, and Japan) but leaves significant gaps in other regions (e.g., most of the
southern hemisphere).

Coastal sea level, as recorded by tide gauges, is influenced by several processes which are absent in CESM. These
include the inverted barometer effect (IBE), global mean steric expansion/contraction, mass transfers from land
and land-based ice to the ocean (barystatic changes), changes in the geoid, vertical land motion, and astronomical
forcing (Gregory et al., 2019; Kopp et al., 2015). CESM simulations explicitly simulate only dynamic sea level ()

Figure 1. Detrended, deseasonalized, 13-month low-passed coastal sea level (ClF) variance (in cm?, on a log, scale; see methods for processing details) over the 1993—
2018 period, for the third forcing cycle of LR (a) and HR (b), calculated on each model's native grid. Both shading and contours represent variance; larger values are
shown with contours where shading is saturated. Tide gauge locations are shown with black stars. Model grid points closest to tide gauge locations are shown with white
stars. (c) {75 at the Charleston tide gauge (black), and for LR (blue) and HR (orange), at grid points closest to the tide gauge (circled stars in (a) and (b)). In (c), the four
lines for LR and HR reflect forcing cycles 1—4. Inter-cycle differences arise from intrinsic variability (due to differences in initial conditions resulting from the cyclic

forcing protocol).
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variability, although the global mean steric component can be computed offline from density fields (Gregory
et al., 2019).

We thus remove the following components from the tide gauge record, at monthly temporal resolution: global
mean sea level due to barystatic and steric processes, using altimetry-derived estimates (MEaSURESs, 2021); and
IBE, using surface pressure fields from the ERA-5 atmospheric reanalysis (Hersbach et al., 2020). The effect of
these “corrections” is generally consistent with the single location shown in Figure 2: removal of IBE reduces
variance predominantly over interannual timescales (see Supplementary Figure S1 in Supporting Informa-
tion S1), with global mean corrections becoming increasingly more important at lower frequencies. We note that
these corrections are not comprehensive, however, the effect of other unrepresented processes is expected to be
small in most locations over the timescales considered here.

While trends in ¢ are present in FOSI simulations, comparison with trends in the tide gauge record is ambiguous
given local and regional signals (presumably largely due to vertical land motion) that are unrepresented in ocean
models, and the potential influence of model drift. We thus linearly detrend both model ¢ timeseries and “cor-
rected” tide gauge time series; these trends are shown in Supplementary Figure S2 in Supporting Information S1.
After correction and detrending, sea level in both CESM and tide gauges is denoted by Z_,".

2.3. Selection of “Coastal” Grid Points

We compare { " attide gauges and model grid points closest to each tide gauge, in both LR and HR. Grid points are
identified using a ball tree algorithm. We do not expect CESM to represent riverine processes in upriver tide gauges,
and thus only compare model output to é' at tide gauges that are less than 20 km from the nearest HR ocean grid
point (resulting in 322 unique comparisons to tide gauge data). The location of tide gauges, and corresponding
model grid points, is shown in Figure 1 along a representative coastline (the US east coast). To assess resolution
differences at coastal locations without tide gauge records, we perform identical analyses for model output closest
to 805 “pseudo-tide gauge” locations spaced approximately every 250 km along global coastlines.

2.4. Altimetry

We use a 1/6° gridded satellite altimetry product (MEaSURESs, 2022), at monthly temporal resolution over the
1993-2018 period, to assess the large-scale spatial structure of C’ variability. IBE is already removed from this
data set; we subtract the same global mean sea level timeseries removed from tide gauge records, and linearly
detrend the residual at each gridpoint.

2.5. Filtering Time Series

Temporal variability in C’ (Figure 2b) is complex, with many superimposed timescales, including long-term
trends, decadal anomalies, a strong seasonal cycle, and interannual and subannual variability. Here our focus
is on annual and longer timescales over the altimeter record. Other frequency bands are of interest, but are not
considered here. In order to isolate these lower frequencies, we first remove the mean seasonal cycle, and apply a
13 months low-pass, fifth order, Butterworth filter to all tide gauge, model, and altimetry Lfl timeseries. We
analyze the low-pass filtered timeseries (C'LF) : Figure 2e shows this component at the Charleston tide gauge, with
the residual (é’},p) shown in Figure 2d. {7 » timeseries for all tide gauges, and cycle 3 of HR and LR, are shown in
Supplementary Figures S3—S6 in Supporting Information S1.

2.6. Partitioning Forced and Intrinsic Variability

We estimate the variance associated with forced and intrinsic sea level variability using inter-cycle differences.
For each FOSI cycle n, the total sea level ({) time series at each grid point consists of a forced (f) and intrinsic (i)
component:

Cuey, ) = Cu(0) = L) + (o) (1

The difference between any two cycles removes the forced component (and common drift):

MOETRORTR0 ©)

LITTLE ET AL.

5 of 20



N\\I Journal of Geophysical Research: Oceans 10.1029/20241C021679

ADVANCING EARTH
AND SPACE SCIENCES

¢ (cm)

¢ - GMSL - IB (cm)

10 A

¢’ (cm)

~10
o{o? =443
20 1 d)

10 1

G
0
Ry
5
—10 -
~0{0? =26.5
g~ =20.
20
c)
10

Chp (em)

—10 A

20402 =15.1
Jan—1996 Jan—2000 Jan—2004 Jan—2008 Jan—2012 Jan—2016
Month

Figure 2. (a) Monthly demeaned relative sea level, in cm, at the Charleston tide gauge (black), global mean sea level (green solid line), and the local contribution from the
inverted barometer effect (green dashed line). (b) Relative sea level after removal of the global mean and IBE contribution. Straight black line indicates the linear trend.
(c) Relative sea level after removal of the linear trend and climatological seasonal cycle. (d) High pass component (¢ ) () Low pass component (¢7 7). Values indicate
the variance of each time series.
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The variance (0'2) of the inter-cycle difference is:
7 (Can) = 7*(G,) + 0 (C,) + 2 X Cov((, . 8,,) (3)

With the assumption that the intrinsic variability in different cycles is uncorrelated (i.e., neglecting the last term in
Equation 3), the variance of the differenced time series is equal to the sum of the variance of the intrinsic
components of each cycle, for example,:

7 (Can) # 0*(E,) + 0 (C,) “)

This assumption has been shown to hold in Close et al. (2020). We can then estimate the variance of the intrinsic
component of each cycle by combining equations, for example,:

*(G,) ® 05x [0 (Cun,,) + 0 (Can.) = 0 ()] ®)

With four cycles at each resolution, we can calculate two estimates of intrinsic variance for each cycle. Assuming
forced and intrinsic variability are uncorrelated, the forced variance is:

(&) = * (&) = a*(8) (6)

We obtain 8 estimates of intrinsic (0%) and forced variance at each tide gauge location, for both HR and LR (we
do not present partitioned variance for LR, as intrinsic variability is negligible everywhere). In addition, we
calculate an additional independent estimate of intrinsic variability using deseasonalized sea level from 26 years
of the RYF simulation (see also Penduff et al., 2011). We emphasize that our analysis considers only oceanic
intrinsic variability, rather than all internal (unforced) variability in the coupled atmosphere-ocean system.

3. Results
3.1. Comparison of ¢/ in Tide Gauges and FOSI Simulations

Detrended, deseasonalized, 13-month low-passed coastal sea level (CLF) exhibits considerable spatiotemporal
complexity, in both tide gauge sea level records and at coastal gridpoints in FOSI simulations. To highlight our
principal findings across a large number of coastal locations (>300), we utilize simplified metrics of observed ¢
variability and model-data differences (results are shown in greater detail in Supplementary Figures S3-S6 in
Supporting Information S1). Spatial structure is highlighted using two simple, time-independent, aggregate,
metrics (variance and correlation), while temporal misfits in spatially coherent alongcoast regions are presented
using timeseries from representative locations. These choices are supported by Supplementary Figures S7-S9 in
Supporting Information S1: differences between model resolutions, and model-observational misfits (where
sufficient tide gauge coverage exists), are similar at 0(102—103) km alongcoast scales, and correspond to well-
documented coastal dynamical regimes. Alternate means to assess the spatiotemporal structure of misfits,
including spatial averaging and empirical orthogonal functions, were considered but judged unnecessary.

3.1.1. Time-Independent Metrics

The amplitude of observed ¢} - variability, as measured by its total variance (02; Figure 3a), spans approximately
two orders of magnitude across global tide gauges, but exhibits clear regional “clusters”. For example, 6% is
relatively high (over 70 cm?) in the Baltic seas, with smaller values elsewhere along European coastlines.
Similarly, G%G is substantially larger in western Australia than eastern Australia. As noted earlier, the spatial
coverage provided by the tide gauge record is quite limited in Africa and the southern hemisphere outside of
Australia.

The HR simulation successfully captures the large-scale alongshore structure in (; variability evident in tide
gauges (Figure 3b and Supplementary Figures S3—S9 in Supporting Information S1. However, a normalized
metric of HR variance, defined as
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Figure 3. (a) JZTG, in cm? (note logarithmic color scale), over the 1993-2018 period at 322 global tide gauges. (b) as (a) for HR (5,2”; mean across cycle 1-4). To improve
the visibility of results at each tide gauge, in this and subsequent figures, the size of points at each tide gauge is scaled by its distance from its nearest neighbor.

Ryg = li 2R Q)
4o o,

where 7 is the forcing cycle, highlights differences at global, regional and local scales (Figure 4a). While variance
is overestimated at a few tide gauge locations, most prominently in the Kuroshio region, and in narrow channels
(e.g., the English Channel and Strait of Gibraltar; see Supplementary Figures S3—S6 in Supporting Information S1
for more detail), variance along coastlines in HR is almost always damped relative to observations. Normalized
variance is particularly low throughout the Southern Hemisphere.

At a regional level (e.g., along the western North American coastline), the spatial structure of Ry often roughly
corresponds to that of 6%, (Figure 3a). In these regions, model biases likely relate to the processes that determine
the alongcoast extent of regional coastal dynamical regimes. However, there are also regions of underestimated
variability (e.g., the entirety of coastal Australia) suggestive of a larger-scale bias (see Figure 9 for supporting
evidence, including offshore regions). Some locations, for example, along the United States east coast, exhibit
differences suggestive of more localized model errors. These may relate to small-scale unresolved forcing, or
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Figure 4. (a) Normalized ;- variance (Ryy) in the HR simulations relative to tide gauges. (b) Correlation of ¢;» in HR and tide gauges (7).

misrepresented coastline and/or bathymetric features. There is also the possibility that some local discrepancies
originate in real phenomena, intentionally absent from FOSI simulations, that are not “corrected” by our tide
gauge processing (e.g., tectonic effects in Japan).

We use correlation as a simple metric of skill in representing temporal variability against tide gauge observations
(Figure 4b). Initially, we consider the mean correlation across four HR cycles, that is,:

1 1 HRn 1,
THR = 2 Z r(gLFHR ’CLFTG) ®)
n=l

Broadly, the spatial structure of 7y corresponds well with observed geographic differences in variance. Corre-
lations are fairly high (7yz> 0.6) in most locations, with values approaching 1.0 on the west coast of the United
States, the Baltic Sea, and western Australian coastlines. The lowest values globally (and largest differences
between cycles; see Supplementary Figures S3—-S6 in Supporting Information S1) are in Japan, especially its
eastern coast, with other relatively low correlations along eastern Australia and the US Southeast coast. There is a
clear general distinction between oceanic eastern (relatively high correlations) and western (relatively low cor-
relations) boundaries. Local-scale differences are less evident in 7y than in Ry, which may indicate that local
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effects predominantly act to amplify or damp regional-scale variability (rather than alter phasing and/or drive
qualitatively different variability).

In Figure 5, we compare differences in the representation of the tide gauge record between HR and LR simulations
(comparison between LR and tide gauges is shown in Supplementary Figures S10-S11 in Supporting Informa-
tion S1.) Our discussion again focuses on regional-scale differences between resolutions, beginning with variance
(Figure 5a):

4 4 2 _
—Rziz Z”HR,m2 ULR,n’ ©)

where m and n are the four forcing cycles. Differences in variance in HR and LR are considered significant only if
all 16 inter-cycle differences are significant at p<0.05 (using a Bartlett's test of homogeneity of variances
(Snedecor & Cochran, 1989)).

Because there are very few places in which HR overpredicts variance, positive values of AR generally indicate
improvements in model representation relative to tide gauges. The largest increases with resolution are in regions
in which there is a near-absence of variability in the LR. This is most evident in the Baltic seas, but is also evident
in the Adriatic. Substantial (>50%) increases in normalized variance are also seen in western boundary current
regions, particularly in locations upstream of boundary current detachment. Near the Baltic Sea, there are regions
along the Northern European coast where variance is damped in the HR relative to LR. In most other global
locations, normalized variance is similar (e.g., Australia) or slightly increased (<20%) in HR.

We quantify resolution-related differences in correlation using a similar approach:

4

S [ JHRm 1,TG LRy ,1,TG
Ar=oo > Dorer e ) =), (10)

m=

n=1

Differences in correlation are considered significant if all 16 inter-cycle correlations are significant at p<0.05
(using a t-test on correlations after a Fisher Z-transformation (Snedecor & Cochran, 1989)).

Broadly, most locations exhibit moderate increases in correlation with increases in resolution, suggesting
improved skill and better process representation in HR. As with variance, there is a dramatic increase in Ar in
marginal seas. Outside of marginal seas, HR exhibits improved correlations over most of Europe. Coastlines
adjacent to eastern boundary currents (e.g., western North America and western Australia) exhibit little increase
in correlation.

Western boundary currents exhibit a complex response to an increase in ocean model resolution. Most notable are
negative values of Ar in Japan, especially in regions closely bordering the Kuroshio. Other western boundary
current regions, including the southeast US and eastern Australia, show a substantial increase in correlation with
higher resolution. These results indicate that capturing of additional variance may not lead to enhanced corre-
lation. And conversely, even in locations where there is a strong correlation (e.g., along the western North
American coastline), variance may still be substantially underpredicted.

3.1.2. ¢ Timeseries at Representative Tide Gauge Locations

In Figure 6, we examine (5 timeseries at a subset of geographically and dynamically diverse locations (noted
with black circles in Figure 5). Helsinki (Figures 6a and 6b), along the Baltic Sea coastline, exemplifies the stark
differences between HR and LR in marginal seas. The amplitude of HR {;  anomalies is similar to observations,
while LR exhibits dramatically damped variability throughout the period. Tregde (Figures 6¢ and 6d), just outside
the Baltic Sea along the Norwegian coast, exhibits higher amplitude variability in LR than HR. However, it is
clear that this is too large compared with tide gauge measurements. While HR exhibits misfits in both interannual,
and potentially lower-frequency, ¢;» anomalies, it exhibits a higher correlation with the Tregde tide gauge than
LR, and its variance lies much closer to observations.
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Figure 5. (a) Normalized increase in variance (ﬁ) at each tide gauge. (b) Difference between HR and LR correlation with tide gauge {7 » (E) . Black outlined circles
indicate the difference between HR and LR is statistically significant. Stars indicate the set of tide gauges for which time series are shown in Figure 6.

In two representative locations adjacent to eastern boundary currents (San Francisco and Fremantle; Figures 6e—
6h) the high correlations evident at both resolutions are consistent with very close phase relationships between
LR, HR, and tide gauges. There is little obvious dependence on frequency band, with both resolutions showing
similar anomalies over annual and interannual-decadal timescales. With respect to amplitude, HR offers only a
slight improvement in San Francisco and no improvement in Fremantle.

In contrast, there are dramatic differences in variance between model resolution in two locations near attached
western boundary currents (Tan-Nowa, Japan; and Charleston, South Carolina; Figures 6i—6l). Inter-cycle dif-
ferences in both amplitude and phase clearly suggest a role for intrinsic variability. In these locations, the
amplitude of coastal sea level variability observed using tide gauges is far more consistent with HR than LR. At
the nearest ocean grid point to Charleston, HR sea level variance is approximately four times that in LR. Cor-
relations, however, exhibit only a limited improvement at Charleston, and are reduced in the mean at Tan-Nowa
(in addition to showing a substantial inter-cycle spread). While there are time periods in which HR anomalies
common to all cycles follow the tide gauge time series, suggesting a role for an improvement in the representation
of forced variability, there are other periods in which there is a substantial spread, or common misfits.
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Figure 6. (Left column) ;- for observations (black), LR (blue) and HR (orange) at 6 selected tide gauge locations (noted with black circles in Figure 5). Variance, and
correlations with tide gauges, are shown, for each forcing cycle, in each panel. (Right column) Model-observational differences in {7 for LR (blue) and HR (orange).
The four lines for LR and HR reflect forcing cycles 1-4.

3.1.3. “Pseudo-Tide Gauge” Comparison

The LR/HR comparison is easily extended to coastal regions that lack tide gauges. As described in methods, we
perform such a comparison at approximately uniformly spaced locations (“pseudo-tide gauges”) along global
coastlines in Figure 7. In this comparison, we calculate the correlation between HR and LR cycles, rather than
differences in the correlation with tide gauges.
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Figure 7. Resolution-sensitivity at 805 pseudo-tide gauge locations. (a) Ratio of the variance in LR to the variance in HR
('::#) at each tide gauge (mean value across cycle 1-4; shown using a log,, scale). (b) Correlation between HR and LR (mean
LR

value across 16 pairs of cycles).

Where nearby tide gauges exist, these results more fully define the spatial extent of the regimes identified earlier.
For example, the large increase in variance in the Gulf of Mexico and Southeast US in HR is confined to those
regions and does not extend further southward along Central and South American coastlines. Along the Southeast
US coast, there are stark differences in the variance and correlation at locations to the east (e.g., Bahamas) and
west (the US mainland) of the Florida Current.

The limited sensitivity to resolution along the eastern boundaries of the South Atlantic and the entire eastern Pacific
margin support a generalization of findings in eastern boundary current regions. Similarly, dramatically enhanced
variability in marginal seas is evident in many unmonitored locations (e.g., the Red and Black Sea), extending into
narrow regions of complex topography in the Arctic. All regions of attached western boundary currents exhibit
large increases in variance in HR, and low correlation between resolutions, perhaps most clearly in the Agulhas
current. Coastal regions downstream of subtropical western boundary currents detachments exhibit substantial
differences between simulations. For example, relatively low correlations extend well beyond the northern
boundary of the Gulf Stream, and variance is not as high. Higher variance along Antarctica, and New Zealand and
south Australia suggests that small-scale variability in the Southern Ocean is important in these regions.
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3.2. Interpretation of Resolution-Sensitivity and Model-Data Misfits

Collectively, our results highlight dramatic differences in the fidelity and resolution-sensitivity of simulated ¢;
across coastal dynamical regimes: marginal seas, and eastern and western boundary current regions, comprise the
most prominent archetypes.

In marginal seas, large increases in variance, and Ar where tide gauges exist, are likely due to the improved
representation of atmospherically forced volume transport across narrow straits, and improved representation of
small-scale bathymetric features. These straits (generally below the grid-scale of coarse resolution models), and
the dynamics governing such exchanges, must be resolved in order to capture sea level variability along marginal
sea coastlines. Coarse resolution models approximate such unresolved bathymetric and coastline features; the
dramatic underestimation of variance in LR in all marginal seas (e.g., near Helsinki; Figure 6a), indicates that, in
CESM, these approximations act to limit exchange. Despite identical forcing in the HR simulations, these misfits
are largely eliminated once straits are resolved on the model grid. Poor representation of the ocean domain and/or
dynamics in marginal seas may also result in errors along open ocean coastlines. For example, sea level variance
along the Norwegian coast in LR (Figure 6c), is far larger than observed. This error likely relates to under-
estimated energy flux into the (very shallow) Baltic Sea in LR, that, in turn, influences alongcoast energy
propagation toward Northern Europe.

Coastlines near attached western boundary currents exhibit dramatic increases in variability in HR, as well as a
substantial inter-cycle spread. These results are driven by the ability of HR to represent intrinsic processes in
energetic regions, and they are consistent with studies using large ensembles of eddy-permitting, but lower
resolution, ocean models (Carret et al., 2021; Close et al., 2020; Sérazin et al., 2015). However, there are marked
differences in Ar and AR near different western boundary currents. For example, AR is larger, and Ar is smaller,
in coastal locations adjacent to the Kuroshio Current relative to locations near the Gulf Stream, suggesting that a
larger fraction of ¢ variance arises from intrinsic variability.

Using the HR “ensemble of opportunity”, we assess the relative importance of intrinsic variance (67) to {1z
variability, at each tide gauge location, following the approach described in Section 2.6 (Figure 8). Both the FOSI
and RYF simulations reveal that there are many regions of the global coastline in which 67 is negligible; the only
large, continuous, monitored, coastlines where it comprises >5% of total variance occur in Japan, the Southeast
US (including the Gulf of Mexico coast), and the eastern coast of Australia (Figures 8a and 8b). Within these
regions, the mean ratio of intrinsic to total variance calculated from FOSI inter-cycle differences varies widely,
ranging from approximately 0.3 (Southeast US/Australia) to over 0.8 (Japan) (Figure 8a), consistent with the low
correlations between HR and TG near the Kuroshio. The RYF simulation provides a very similar estimate of o2,
with respect to both local magnitude and spatial distribution (Figure 8b). While FOSI and RYF estimates show
uncertainty on the order of 30% (Figure S12 in Supporting Information S1), differences in the mean value between
regions are much larger, indicating significant regional differences in the amplitude and importance of intrinsic
variability (as represented in HR simulations). Despite the relatively small number of HR simulations, both the
amplitude and spatial structure of intrinsic variance are in close agreement with large (50-member) ensembles
(Carret et al., 2021, their Figure 3). In particular, near-coast intrinsic variance is smaller in the Southeast United
States than Southeast Japan. Consistency with these earlier studies further strengthens the robustness of our
conclusions based on this “ensemble of opportunity”.

These estimates of o-% are consistent with analysis of HR cycle-mean timeseries (Figure 8c), which would be
expected to reduce “noise” resulting from unphased intrinsic variability. While correlations remain lower than LR
in the Kuroshio region, they are enhanced relative to individual HR forcing cycles, indicating that the reduction in
unphased variability improves correlations with the forced component of the observed record. It is possible that,
with an ensemble average over more simulations, correlations would be larger than LR. However, robustly
isolating “forced” variability and/or resolving time- and/or state-dependence will require a much larger ensemble,
or more sophisticated analysis techniques.

In contrast to western boundary current regions, inter-cycle differences in LR and HR time series near eastern
boundary currents are very small, and the two order-of-magnitude increase in (areal) resolution generally results
in minimal changes to variability (Figure 5). Relatively high correlations suggest that the model is (correctly)
simulating a lack of ocean intrinsic variability in observations, but that forced sea level variability is
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Figure 8. (a) Ratio of intrinsic to total variance in FOSI HR (mean estimate). (b) RYF variance. (c) The difference in correlation with tide gauges when a four-cycle
average HR timeseries is used, rather than a mean correlation of four cycles.
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Figure 9. (a) Variance (cm?, note logarithmic color scale) in {7 over the 1993-2018 period from altimetry. (b) Ratio of {7
variance in LR to altimetry. (c) Ratio of {75 variance in HR to altimetry. (d) Ratio of {7 variance in HR to LR. All monthly
time series have been area-averaged to a uniform ~ 1° grid. In (b)—(d), ratios are shown using a log,, scale.
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underestimated. The fact that both model resolutions underestimate (presumably forced) coastal sea level vari-
ance leaves three possible explanations: (a) variability is underestimated in imposed forcing fields; (b) a weak
oceanic response to imposed surface forcing (e.g., due to excessive viscosity, lateral, and/or bottom drag, or an
absence of ocean-atmosphere coupling) persists across resolutions; or 3) the relevant across-shelf scales of sea
level variability remain unresolved, even at 0.1° resolution.

While each of these explanations may influence regional and local scale misfits, we look for more general, large-
scale, insight by comparing ¢; » variance with satellite altimetry on a common 1° horizontal grid (Figure 9). In
regions of high variability, including western boundary currents, the Southern Ocean, and the Arctic, HR exhibits
substantially larger ;5 variability than LR (Figure 9d). These regions of amplified variance are consistent with
those observed in the open ocean (Figure 9a, noting a lack of observations in the Arctic), and our analyses of
coastal sea level on well-monitored coastlines near western boundary currents (with the exception of southeast
Australia).

However, improvements in the amplitude of variability in HR are primarily located in the extratropics. There is a
substantial (~50%) underestimation of variance, common across both LR and HR, over much of the tropical ocean
(Figures 9b and 9c¢). Such tropical variability is likely to be dynamically connected, through equatorial and coastal
waveguides, to the US west coast, Australia, and many other coastal regions. This, in turn, suggests that missing
coastal variability may not be related to local forcing (e.g., alongshore winds), but could be due to large scale
deficiencies in either the forcing fields, or the ocean response to forcing. The origin of this large-scale under-
estimation of {7, variance, including its commonality across different ocean models forced with JRA55-do, or
other OMIP-style, forcing (Chassignet et al., 2020), deserves further investigation.

4. Discussion

Our global analysis of CESM forced ocean-sea ice (FOSI) simulations indicates that the representation of
detrended, 13-month low pass filtered coastal dynamic sea level (C'LF) variability often—but not always—differs
substantially between high (~0.1°) and low (~1°) ocean model resolutions. Resolution-sensitivity has been
highlighted in prior, more regionally focused, studies, but comparison of global, multi-cycle, FOSI simulations
more clearly isolates the influence of ocean model resolution and intrinsic variability across different geographic
regions.

This assessment could be extended through comparison of different ocean models (Griffies et al., 2016; Haarsma
et al., 2016), or the inclusion of additional observational data sets. For example, long tide gauge records could be
used to identify model-data differences in lower-frequency coastal sea level variability. Such an investigation is of
merit, but it would have to assess tradeoffs between spatial and temporal coverage of the tide gauge data set.
Analysis of longer time periods will also require additional care in the treatment of model drift, nonlinearities in
the tide gauge record arising from vertical land motion and solid-earth effects, and uncertainties in the partition
between individual components of global mean sea level change. While spurious variability associated with the
cyclic forcing protocol is likely small for the time period analyzed here (1993-2018), analyses that extend further
back in time would likely need to assess alternate ocean model spinup procedures.

Comparison with coastal altimetric observations from 1993 to present could provide additional insight into the
spatial structure of model-data differences. However, altimetry records exhibit systematic differences from the
tide gauge record (Vinogradov & Ponte, 2011), originating in physical processes and/or observational errors,
which complicates the interpretation of inter-product differences. A more complete analysis of differences across
coastal altimetric, tide gauge, and ocean model data sets will be pursued in future work.

Despite these limitations, our analysis provides valuable guidance for sea level forecasting efforts. Accurate
representation of historical coastal sea level variability implies that an ocean model sufficiently captures: (a) the
ocean's response to atmospheric forcing; and (b) the oceanic memory and/or propagation processes that are key
elements of predictability (Frederikse et al., 2022; Polkova et al., 2015). Thus, the relatively high correlations
between tide gauges and model output over many global coastlines implies that such processes are often well-
represented, either in HR only, or in both HR and LR. These processes also influence climate and ocean vari-
ability at longer (e.g., decadal-centennial) timescales, providing at least some confidence in the robustness of
longer-timescale projections of coastal sea level. This confidence should, however, be tempered by the ability of
coupled models to accurately represent, and project, surface forcing fields.
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More specifically, forecasting approaches will benefit from an improved understanding of the origin (e.g., forced or
intrinsic) and spatiotemporal properties of coastal sea level variability, and the fidelity with which it is represented
in dynamical models of different structure and resolution. For example, along the North American west coast, the
timing of sea level variability is well-represented, but anomalies are damped. In this and similar regions, forecasts
might inflate the variance of coarse-resolution models using a scaling factor based on the observed record. The use
of computationally inexpensive coarse resolution models may then permit a more detailed characterization of
uncertainty in, for example, atmospheric forcing fields. Near western boundary currents, resolving processes that
lead to intrinsic variability improves agreement with observed sea level variance. However, the chaotic nature of
such variability, and its dependence upon initial conditions, pose challenges for forecasting strategies: correlations
against observations using a single model realization could yield misleadingly low estimates of potential pre-
dictability. At a minimum, ocean intrinsic variability should be recognized as a potentially large source of forecast
uncertainty in energetic regions, and ensemble approaches should be prioritized. We note that intrinsic sea level
variability may have predictability in initialized simulations, with sufficient resolution and accurate initialization of
small scales. The potential value of such approaches requires further study.

Finally, predictive skill analyses are often made using FOSI simulations as the “truth” data set. Biases in FOSI
simulations may obscure the absolute predictability in the climate system. For example, a larger signal, and more
predictability, may exist in locations in which the {7 variability is damped relative to observations. Such biases
should be acknowledged in potential skill assessments even if their effect on real-world predictability is difficult
to estimate.

Data Availability Statement

Sea level observations analyzed in this study are available from the Permanent Service for Mean Sea Level
(Holgate et al., 2013; Permanent Service for Mean Sea Level, 2024) (for tide gauges) and from NASA (MEa-
SUREs, 2021) (for satellite altimetry). Derived quantities from CESM simulations, and scripts required to
generate figures, are archived at Little (2024).
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