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Abstract This study investigates the influence of ocean currents on wave modeling and satellite
observations using in situ wave measurements from the One Ocean Expedition 2021–2023. In January 2023, six
OpenMetBuoy drifters were deployed in the Agulhas Current region. Their high immersion ratio minimized
wind effects, allowing them to follow the current and return to the Indian Ocean by the Agulhas retroflection,
collecting data for about 2 months. Comparing surface current velocities from both the Mercator model and
Globcurrent product with drifter data reveals underestimation for velocities over 0.5 m s− 1 with Mercator
showing greater variability. Significant wave height and Stokes drift parameters from MFWAM and ERA5
were also evaluated against drifters. Both models tend to overestimate Stokes drift more noticeable in ERA5,
indicating sensitivity to wind seas. For significant wave height, both models agree well with drifter
measurements with correlations of 0.90 for MFWAM and 0.83 for ERA5. However, ERA5's lack of surface
current data combined with its coarse resolution (0.5°) lead to underestimation of wave heights exceeding 2.5 m.
MFWAM products including and excluding currents exhibit root mean square errors of 0.39 and 0.45 m,
respectively, when compared to drifter measurements. This confirms that neglecting currents introduces
additional errors particularly in areas with sharp current gradients. Analyzing MFWAMwave spectra, including
and excluding currents, reveals wave energy transfer attributed to wave‐current interactions. The spatial extent
of these interactions is captured by satellite altimeters, revealing wave modulations with considerable wave
height variations when waves cross eddies and the current core.

Plain Language Summary Our study explores how ocean waves interact with surface currents in the
Agulhas Current region, an important western boundary current of the global ocean circulation, reaching
velocities up to 3 m s− 1. In 2023, we deployed six drifters with the goal to assess the performance of wave
models and satellite observations in this dynamic environment. We found that two commonly used ocean
current products, Mercator and Globcurrent, often underestimate current speeds above 0.5 m s− 1 compared to
the drifters. We also evaluated wave height predictions from two models: the Météo‐France Wave Model
(MFWAM), which considers surface currents, and the European Center for Medium‐Range Weather Forecasts
Reanalysis v5 (ERA5), which does not. Our results showed that ERA5 often underestimates waves higher than
2.5 m, indicating that not accurately modeling ocean conditions can lead to significant errors. Wave height
comparisons between drifters and satellite altimeters revealed good agreement. Additionally, using satellite
data, we showcased how currents affect wave heights, especially around swirling waters (eddies) and when
waves cross the current. Overall, our research highlights the need for more work in the area of wave‐current
interactions and the importance of including these processes in wave modeling using multisource data.

1. Introduction
Understanding the complex interactions between ocean waves and currents is essential for accurate wave fore-
casts as they significantly affect wave dynamics and energy distribution. Ocean currents, influenced by factors
such as wind variations, temperature, and salinity gradients, possess the ability to alter wave characteristics,
including their amplitude and direction. This phenomenon, known as refraction, instigates energy transfer be-
tween currents and waves (Holthuijsen, 2007), often leading to the steepening of waves and the emergence of
abnormal sea states characterized by extreme wave heights (Barnes & Rautenbach, 2020; Ponce de León &
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Guedes Soares, 2021; Quilfen et al., 2018). Such conditions can pose significant hazards to maritime activities
and are critical for search and rescue operations, emphasizing the need for high‐quality wave forecasts in current
dominated regions to ensure safety. Additionally, surface currents affect air‐sea interactions, including the fluxes
of heat, carbon dioxide, and momentum. They also impact coastal ecosystems, making it essential to monitor their
strength and variability to understand environmental changes and ensure accurate climate predictions.

In recent decades, satellite remote sensing instruments have radically changed the study of ocean waves and
currents on a global scale. Satellite altimetry allows the estimation of detailed maps of geostrophic currents (Rio
et al., 2014), while offering consistent measurements of significant wave height and stress‐equivalent wind speed
globally (Hayne, 1980; Raney, 1998). Synthetic aperture radar (SAR) altimetry has shown promise in retrieving
swell wave spectra (Altiparmaki et al., 2022; Kleinherenbrink et al., 2024), whereas satellites such as Sentinel‐1
and CFOSAT contribute significantly to global wave spectra products (Ren et al., 2017; Torres et al., 2012).
Studies leveraging these advances have provided insights into how surface currents deflect incoming swell waves,
resulting in phenomena such as wave trapping (Irvine & Tilley, 1988; Krug et al., 2010; Kudryavtsev et al., 2017;
Marghany, 2018; Quilfen & Chapron, 2019). Despite these advances, accurately quantifying wave‐current
interaction effects at regional scales requires high‐resolution and multispectral observations. However, chal-
lenges, such as data continuity, spatial resolution, and coverage limitations, persist.

Wave models are essential for short‐term forecasting (5–10 days) but often fail to capture the complex interplay
between waves and currents, particularly when high‐quality current data are lacking or currents are entirely
neglected. Notably, neglecting currents in the simulations significantly affects wave height predictions, high-
lighting the need for surface current forcing to prevent major discrepancies especially in regions prone to
developing extreme waves (Ponce de León & Guedes Soares, 2021). Once current forcing is considered, several
factors contribute to the complexity of accurately modeling its impact on waves. Some of them are related to the
complex ocean dynamics in coastal zones, where bathymetry, coastline geometry, wave breaking, and tidal
variations complicate wave‐current interactions (Komijani & Monbaliu, 2019). These factors significantly in-
fluence the evolution of the wave field, intensifying the nonlinear interactions between waves and currents
(Pascolo et al., 2018). Moreover, the spatial and temporal resolution of wave models may fail to capture the rapid
variability of currents (Ponce de León & Guedes Soares, 2021), underlining the ongoing need to improve these
models through data assimilation methods and validation activities against in situ measurements.

Undoubtedly, in situ measurements from moored buoys, drifters, and research vessels provide highly accurate
data. However, collecting such measurements over large spatial scales is challenging due to high maintenance
costs and maritime conditions. Consequently, relying solely on these data limits our understanding of the broader
impacts of currents on waves, which extend beyond local ocean processes. For instance, swell waves interacting
with strong currents can undergo refraction kilometers away from their initial point of interaction, complicating
the monitoring of their evolution (Halsne et al., 2023).

The consideration of various data sources, including in situ measurements and satellite observations, enhances our
ability to better understand complex dynamics of ocean circulation and achieve reliable predictions, thereby
contributing to more accurate climate models and effective marine resource management. Our study exploits in
situ measurements from drifters deployed during the ESA‐PECO2 Advanced Ocean Training Course 2023, part
of the One Ocean Expedition 2021–2023, in the Agulhas Current region to evaluate the current impact on wave
models and satellite observations (https://oneoceanexpedition.com/). The Agulhas Current is considered one of
the world's strongest western boundary currents with surface velocities exceeding 3 m s− 1 (Lutjeharms, 2007;
Naeije et al., 1992). This feature makes its study essential for understanding the climate system and marine
biodiversity of the Indian Ocean. Moreover, its strength and dynamic mesoscale structures provide a unique
natural laboratory for studying wave‐current interactions.

The article is structured as follows. Section 2 details the methods and data acquisition process, including in situ
measurements, satellites, and wave models. Section 3 presents comparative analyses of drifter‐derived surface
current speed, significant wave height, and surface Stokes drift against wave models and satellite products.
Initially, we examine surface current speeds as estimated by the drifters, the altimetry‐derived Globcurrent
product and the Mercator model. Subsequently, we perform a similar analysis on the impact of currents on
significant wave height and Stokes drift products of the European Center for Medium‐Range Weather Forecasts
Reanalysis v5 (ERA5) and Copernicus Marine Environment Monitoring Service Météo‐France WAve Model
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(MFWAM). Section 4 extends this analysis by utilizing customized
MFWAM wave spectra, computed both with and without current forcing,
highlighting the importance of including surface current data in wave
modeling. Section 5 focuses on the contribution of satellite altimetry in
identifying wave‐current interactions, emphasizing the critical role of
multisource data in understanding current‐induced wave modulations. The
article concludes in Section 6 with a summary of the key findings.

2. Data and Methods
2.1. OpenMetBuoy Drifters

During the One Ocean Expedition 2021–2023, six OpenMetBuoy drifters
were deployed in the Agulhas Current region as part of the ESA‐PECO2
Advanced Ocean Training Course 2023 held aboard the Statsraad Lehm-
kuhl sailing ship. The drifters, named OpenMetBuoy (Rabault et al., 2022),
have lateral dimensions of 16 × 16 cm and a height of 9 cm with approxi-
mately 3 cm of overwater structure. Powered by alkaline batteries, these
drifters had an operational period of approximately 2 months, which could be
extended with higher‐capacity batteries. Each drifter was equipped with an
inertial measurement unit (IMU) with six degrees of freedom, enabling pre-
cise high‐frequency measurements of acceleration and angular rates in the

three spatial dimensions. Wave spectra, covering a frequency range between 0.040 and 0.307 Hz, were acquired at
fixed intervals with measurements taken for 20 min every 3 hr. Additionally, a GPS module was integrated for
tracking the drifters' positions every 30 min. Over the 2‐month data collection period, the drifters' trajectories
revealed distinct movement patterns. Figure 1 depicts these paths, plotted over mean surface current velocities
obtained from the Copernicus Mercator product.

Four of the drifters were deployed within the core of the Agulhas Current, following the current toward the
retroflection area and then toward the Indian Ocean. In particular, AC‐01 and AC‐02 were initially deployed
together but drifted apart around the retroflection area. AC‐05 and AC‐06 were deployed approximately 12 hr
apart with an initial separation of over 200 km yet remained relatively close to each other until their power
supplies were depleted. The remaining two drifters, ED‐03 and ED‐04, were deployed with a separation of about
30 km in the anticyclonic and cyclonic part of a vortex pair southeast of the Agulhas Current and quickly diverged
from each other. Notably, both drifters exhibited inertial oscillations over periods of days likely induced by
sudden changes in local winds (Pollard, 1980).

The observed patterns clearly show that the drifters closely followed the surface currents. Their small size and
immersion‐to‐windage ratio minimized the impact of direct windage effects, which proved especially advanta-
geous in the Agulhas Current where surface drift is primarily driven by geostrophic currents (Lutjeharms, 2007).
As a result, we were able to infer the surface current directly from the drifter trajectories,

vdr ≈
Δs
Δt

. (1)

Here, Δt represents a 30‐min time interval and Δs the distance traveled by a drifter during this period. An outlier
removal scheme is implemented in two steps. First, outliers are rejected, setting a threshold for records taken at
time intervals of less than 30 min. Second, records acquired with a time interval exceeding 3 hr were deemed to be
of poor quality and subsequently excluded from the analysis. Then, considering linear wave theory, the significant
wave height and the Stokes drift velocity are calculated from the ocean wave spectrum F(),

Hs = 4

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∫

∞

0

F(ω)dω

√
√
√
√
√ (2)

Figure 1. Mean Mercator surface current velocities (vc is plotted in the
background using inserted color scale) and drifters' trajectories from 05‐
January‐2023 to 28‐February‐2023: Four drifters were deployed in the
Agulhas core (AC) and two in the vicinity of eddies (ED). The star‐shaped
markers indicate the deployment locations.
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vst,dr(z) =
2
g
∫

2π

0

∫

∞

0

ω3k̂e2kzF(ω,θ) dω dθ. (3)

Here, θ denotes the direction in which the wave component is traveling, ω = 2πf is the circular frequency with f
the linear frequency and k̂ the unit vector in the direction of wave propagation (Kenyon, 1969). For the purpose of
our study, depth, denoted by z, is set to zero as we are solely interested in surface Stokes drift velocities for our
comparisons with the drifter‐derived estimates. Given that OpenMetBuoys provide one‐dimensional frequency
wave spectra, thus lacking directional information, we simplify Equation 3 to (Breivik et al., 2014)

vst,dr(0) =
2
g
∫

∞

0

ω3F(ω) dω. (4)

2.2. Wave Models and Satellite Observations

Table 1 outlines the configuration characteristics of the wave and current products used in our study. The
operational Copernicus Mercator global ocean analysis and forecast system (Ferry et al., 2007) and the Coper-
nicus ESA Globcurrent product (Rio et al., 2014) are considered for the surface current analysis. Mercator
provides 6‐hourly surface current data, whereas Globcurrent provides hourly estimates derived from a combi-
nation of Copernicus Marine Service near real‐time satellite geostrophic surface currents and modeled Ekman
drifts, utilizing European Center for Medium‐Range Weather Forecasts (ECMWF) near real‐time wind speed
data. Both products ignore the effects of Stokes drift. To maintain consistency with the surface speeds recorded by
the drifters, we consider only surface currents by setting depth to zero. Mercator's gridded data are available at a
resolution of 1/12°, whereas Globcurrent has a resolution that is three times coarser 1/4°.

The surface Stokes drift and significant wave height are obtained from the MFWAM model (Aouf et al., 2019;
Ardhuin et al., 2010; Janssen et al., 2014), an operational global ocean analysis and forecast system, and the ERA5
product (Hersbach et al., 2020). ERA5 combines historical observational data with advanced modeling techniques
to produce reanalysis. This involves the assimilation of data from satellites, weather balloons, buoys, and ground
stations. Specifically, ERA5 assimilates observations from SARAL and CryoSat‐2 based on its operational
stream (Hersbach et al., 2020). In contrast, MFWAM incorporates significant wave height observations from
altimeters such as Jason‐3, SARAL, CryoSat‐2, Sentinel‐3 A/B, CFOSAT, and Sentinel‐6A as well as ocean‐
wave spectra from Sentinel‐1 (Dalphinet et al., 2023). In terms of resolution, MFWAM provides 3‐hourly
instantaneous estimates with a spatial resolution of 1/12°. In contrast, ERA5 provides hourly data, thus
enhancing temporal resolution by a factor of 3 compared to MFWAM. However, ERA5's spatial resolution is
6 times coarser at about 1/2°.

Notably, ERA5 does not incorporate surface current forcing, whereas MFWAM uses the operational Mercator
forecast product. In particular, the standard MFWAM product is forced by surface currents from the global
Mercator PSY4 ocean forecasting system, which provides daily updates. Given the differences in setup and

Table 1
List of the Parameters and Setup Used as the Forcing Conditions for Both Satellite and Wave Model Products

Mercator Globcurrent (NRT) ERA5 MFWAM

Spatial resolution 1/12° 1/4° 1/2° 1/12°

Temporal resolution (h) 6 1 1 3

Wind speed N/A Global Oceana ERA5 IFS‐ECMWF

Bathymetry ETOPO1 ETOPO1 ETOPO2 ETOPO2

Current forcing N/A N/A NO (a) Mercator PSY4 (daily)

(b) Globcurrent (daily)

(c) NO
aCopernicus Product ID:WIND_GLO_PHY_L4_NRT_012_004.
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forcing systems between ERA5 and MFWAM, direct comparisons for evaluating current impact on wave evo-
lution could be misleading. To address this, we conduct two additional experiments: one with MFWAM forced by
the Globcurrent product and another without surface current data. This setup allows us to investigate the impact of
currents on wave height by comparing three different MFWAM runs: one with model‐derived currents (Mer-
cator), one with satellite‐derived currents (Globcurrent), and one excluding current data as shown in Table 1.
Lastly, both the wave models and Globcurrent product are interpolated using the nearest neighbor technique to the
drifters' locations accounting for the different sampling intervals of the GPS (30 min) and wave (3 hr)
measurements.

3. A Comparative Analysis Along Drifters' Trajectories: Satellite Observations and
Wave Models Against In Situ Measurements
3.1. Surface Current Velocity

Figure 2 presents maps of in situ‐derived surface current speed along the drifter trajectories and those obtained by
the Mercator and Globcurrent products. Compared to the drifters' measurements, both Mercator and Globcurrent
appear to underestimate the surface current velocities within the core of the Agulhas Current and in areas beyond
its retroflection, an observation previously reported for Globcurrent by Hart‐Davis et al. (2018). The accompa-
nying density plots, which include around 18,400 data points, show that this trend persists in both products when
current speeds exceed approximately 0.5 m s− 1.

Globcurrent aligns more closely with drifter data, exhibiting a linear correlation of 0.84 and an RMSE (RootMean
Square Error) of 0.32 m s− 1. In contrast, Mercator displays a correlation of 0.51 and an RMSE of 0.52 m s− 1. The
decomposition of the RMSE into bias and standard deviation (Murphy, 1988) reveals that bias has a negligible
impact on the total error of the examined products (see Table A1, Appendix A).

These discrepancies can be partially attributed to the spatial and temporal resolution limitations of the products,
which may not capture small‐scale dynamics effectively. The observed underestimation of surface currents by the
Mercator model aligns with findings in Mercator's Quality Information Document (Lellouche et al., 2023). This
document indicates that when compared to in situ measurements from drifting buoys, the underestimation can
range from 20% in strong currents to 60% in weak currents. Although the inclusion of Stokes drift, particularly
during storms, may improve modeled surface velocities, its magnitude is expected to be relatively small in regions
with strong currents, such as the Agulhas. This is because the current speeds in such areas are typically much
higher than the Stokes drift, diminishing the latter's impact on the overall surface velocity. Globcurrent's per-
formance, which partially depends on satellites' coverage and revisit period, may be constrained by its tendency to
smooth small‐scale dynamics affected by local wind variations and current variability (Hart‐Davis et al., 2018).

Considering the variability in current strength in the study area, we analyze specific aspects for each drifter.
Figure 3 presents scatter plots of surface speed for individual drifters, contrasting their measurements with those
from the Mercator and Globcurrent products in the top and bottom panels, respectively. Notably, the four drifters
deployed within the current core (AC‐01, AC‐02, AC‐05, and AC‐06) show significantly better alignment with
Globcurrent, exhibiting linear correlation coefficients ranging from 0.79 to 0.86 compared to Mercator's 0.32 to
0.60. In contrast, drifters located around eddies exhibit varying correlation patterns. Mercator shows very weak
correlations with coefficients of 0.10 and − 0.11 for drifters ED‐03 and ED‐04, respectively, which are statistically
well below the significance level. In contrast, Globcurrent maintains relatively good agreement, achieving mod-
erate correlations of 0.58 and 0.77, respectively.Asmentioned earlier, instances of near‐surface inertial oscillations
are revealed in Figure 1. These oscillations, driven by the Coriolis effect, lead to circular counterclockwise tra-
jectories in the southern hemisphere and are particularly evident in the latter part of drifter ED‐04's path.

3.2. Stokes Drift and Significant Wave Height

Although surface Stokes drift is expected to be significantly smaller than the geostrophic current in the Agulhas
region, our primary focus is on evaluating the ERA5 and MFWAM operational products against in situ mea-
surements. As shown in Figure 4, this analysis includes Stokes drifts derived from drifters, compared with ERA5
and MFWAM, along with their corresponding scatter plots. The analysis encompasses approximately 3,000 data
points, which are notably fewer than those used in the surface current analysis. This is due to the less frequent
sampling rate of wave spectra, which was set to 3 hr.

Journal of Geophysical Research: Oceans 10.1029/2024JC021581
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The drifters recorded surface Stokes drifts reaching up to approximately 0.3 m s− 1 with both models consistently
overestimating these values. Particularly ERA5 shows a pronounced tendency toward higher estimates. In
evaluating model performance via correlation coefficients, both models demonstrated a reasonable alignment
with drifter data: MFWAM achieved a correlation of 0.80, while ERA5 recorded a lower correlation of 0.72 albeit

Figure 2. Surface current velocity interpolated along the six drifter trajectories from Mercator (top‐left), Globcurrent (top‐right), and as measured by the drifters
(middle). Density plots of drifters' measurements versus Mercator (bottom‐left) and Globcurrent (bottom‐right). A regression line is shown in red color. The dashed
black line represents the line of equality when in situ = model. Unit: [ms− 1].
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accompanied by notable variability. In terms of accuracy, assessed through RMSE, both models perform simi-
larly, achieving 0.04 and 0.05 m s− 1 for MFWAM and ERA5, with bias and standard deviation being comparable
(see Table A1, Appendix A).

Note that as reported by Breivik et al. (2014) and Ardhuin et al. (2009), implementing an unidirectional approach
may result in an overestimation of the Stokes drifts by approximately 15%–19%, whereas in swell‐dominated seas
the impact is less. Therefore, this would lead to relatively larger discrepancies compared to wave models.
However, given that the observed Stokes drifts do not exceed 0.3 m s− 1, and considering that geostrophic forces,
being predominant, can nearly be 10 times stronger, the influence of our assumption is likely minimal. Thus, we
deem this assumption to fall within the noise level of our measurements (Rabault et al., 2023), rendering its impact
negligible.

Various factors could contribute to the observed discrepancies, including differences in wave model setup and
forcing parameters. For example, the relatively coarse spatial resolution of 1/2° in ERA5 might fail to capture
small‐scale dynamics influenced by local wind variations aligning with the observed average Stokes drift di-
rection (Clarke & Van Gorder, 2018). An individual analysis of the drifters' trajectories indicates a comparable
level of overestimation across all data points, with linear correlations ranging from 0.69 to 0.85 for both models,
with MFWAM achieving approximately 10% higher correlation. Detailed plots of these correlations can be found
in Appendix A (see Figure A1).

Similar to the analysis of Stokes drifts, Figure 5 presents maps of significant wave height estimates as derived
from both models against drifters. The maps suggest good correspondence for both models. In particular, cor-
relations of 0.90 and 0.83 and RMSE of the differences at 0.39 and 0.54 m are calculated between the drifters and
MFWAM and the drifters and ERA5, respectively. Notably, ERA5 exhibits larger discrepancies and a distinct
trend of underestimation with increasing wave height, particularly for waves exceeding approximately 2.5 m.
This trend can by described by a negative bias of 0.23 m for ERA5, compared to 0.04 m for MFWAM, whereas in
terms of variability the standard deviation is estimated at 0.48 and 0.38 m, respectively (see Table A1,
Appendix A).

A considerable part of the underestimation in both MFWAM and ERA5 appears to be linked to the surface current
strength as indicated by the coloring of the scatter points based on drifter‐measured current speeds. In particular,
ERA5 does not incorporate surface current data into its simulations, overlooking the impact of currents on wave
evolution. Specifically, ERA5's lack of accounting for wave refraction and steepening effects leads to larger
discrepancies compared to MFWAM with errors occasionally exceeding 2 m in extreme sea states. This
observation underscores the critical role of incorporating current modeling within wave forecasting systems. An
individual significant wave height analysis of the drifter trajectories reveals similar trends to Figure 5 with linear
correlations ranging from 0.73 to 0.95 (see Figure A2, Appendix A). MFWAM consistently outperforms ERA5,
confirming the impact of current and eddies on wave height forecasts.

Figure 3. Scatter plots of drifter‐derived surface current velocity versus Mercator (top panels) and Globcurrent (bottom panels) for each drifter separately. A regression
line is shown in red color. The dashed black line represents the line of equality when in situ = model. Unit: m s− 1.

Journal of Geophysical Research: Oceans 10.1029/2024JC021581

ALTIPARMAKI ET AL. 7 of 20

 21699291, 2024, 11, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JC

021581, W
iley O

nline L
ibrary on [24/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



A comparison between significant wave height and Stokes drift results reveals contrasting trends: although
significant wave heights are underestimated, Stokes drift shows a tendency to be overestimated with increasing
sea states. In our study area, wave heights are primarily dominated by swells generated from distant storms. The
underestimation of wave heights in high sea states suggests that wind speeds during these storm events may be
underestimated, creating uncertainties in the initial wind‐waves growth conditions and, consequently, affecting

Figure 4. Surface Stokes drifts interpolated along the six drifter trajectories from ERA5 (top‐left), MFWAM (top‐right), and as measured by the drifters (middle). Scatter
plots of drifters' measurements versus ERA5 (bottom‐left) and MFWAM (bottom‐right). A regression line is shown in red color. The dashed black line represents the
line of equality when in situ = model. Unit: m s− 1.
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the transition to swell regime. In contrast, the overestimation of Stokes drift can be attributed to the use of a
Phillips wave spectrum shape for the high‐frequency part of the spectrum in both ERA5 and MFWAM, which
tends to distribute excess energy in this range (Breivik et al., 2016). Additionally, the upper frequency cutoff for
both models is significantly higher than that of the drifters (0.56 Hz for MFWAM and 0.55 Hz for ERA5,
compared to 0.30 Hz for the drifters). Taking into account that Stokes drift estimates are sensitive to high‐

Figure 5. Significant wave height interpolated along the six drifter trajectories from ERA5 (top‐left), MFWAM (top‐right), and as measured by the drifters (middle).
Scatter plots of drifters' significant wave height measurements versus ERA5 (bottom‐left) and MFWAM (bottom‐right) colored to indicate the drifters' surface current
speeds vdr (m s− 1) . A regression line is shown in black color. The dashed black line represents the line of equality when in situ = model. Unit: m.
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frequency components—magnified by the ω3 = (2πf )3 factor (Equation 4)—this suggests that noise will
propagate into the final estimates, thereby amplifying inaccuracies.

Given the inherent complexities of absolute comparisons between different models, which are developed using
varied wind, wave, and current forcing systems along with different spatial and temporal resolutions as shown in
Table 1, such comparisons can admittedly complicate interpretation of differences. Although geostrophic currents
dominate in the region, we must also acknowledge topographic steering and wind‐driven small‐scale ageostrophic
components that are captured by the drifters but not necessarily by the models. Lastly, errors related to instrument
performance and method implementation may also contribute to RMSE. Therefore, the next section discusses
additional experiments, customizing MFWAM with different current forcing settings to assess the potential
weaknesses and strengths inherent in each scenario.

4. Surface Current Impact on Wave Parameters and Ocean Wave Spectra
4.1. Significant Wave Height and Stokes Drift

In this experiment, MFWAM is run with (a) the Mercator surface current product, (b) the Globcurrent surface
current product, and (c) without currents. Figure 6 illustrates the fluctuations in significant wave heights along the
path of each drifter per model from the date of deployment until February 28.

Figure 6. Time series of significant wave height derived from each drifter and the MFWAM products. The wave heights
measured by the drifters are shown as dots colored to indicate the corresponding surface current speeds (vdr).
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Overall, in relatively calm current conditions (<0.5 m s− 1) and up to moderate significant wave height (<3 m),
the model runs align closely with in situ measurements. However, under higher wave conditions—particularly
when wave heights exceed 4 m, likely indicating storm events—the models begin to diverge with increasing
current speed. For instance, drifter AC‐01 recorded two significant wave height peaks of around 6 m at the end of
January and February, while experiencing current speeds above 1.5 m s− 1 and below 1.0 m s− 1, respectively.
Notably, the first peak was also recorded by drifter AC‐02. These instances indicate a pronounced underesti-
mation of wave height associated with increased drifter speeds. This suggests that higher current speeds likely
introduce significant uncertainties in wave forecasts when currents are not considered with discrepancies
sometimes exceeding 2 m in high sea states as also shown in the analysis of ERA5 data (Figure 5) and further
illustrated in Figure A3 of Appendix A. Conversely, the MFWAM run excluding current data can lead to an
overestimation of wave height as observed for AC‐05 on February 3. This can be attributed to the alignment
between wave and currents in this case with a mean wave direction of 232° relative to North according to
MFWAM and a current flow direction of 223° based on Globcurrent. When waves and currents propagate in the
same direction the momentum flux to the waves is reduced, and, consequently, the exclusion of current in
modeling can result in an overestimation of wave heights (Ponce de León & Guedes Soares, 2021). The impact of

Figure 7. Time series of Stokes drift (vst) derived from each drifter and customized MFWAM runs indicated by the different
colors.
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not including current data in the simulations is also evident in the RMSE, which increases to 0.45 m compared to
0.39 m when Mercator and Globcurrent current data are integrated into the model (see Table A1, Appendix A).
This result also suggests that both Mercator and Globcurrent perform equally well compared to drifters when
current dynamics are considered.

Continuing our analysis of Stokes drifts, Figure 7 compares in situ measurements with the customized MFWAM
results. Although all model runs generally capture the overall in situ trends, a systematic overestimation is evident
across the models. A comparison between MFWAM‐Mercator, MFWAM‐Globcurrent, and MFWAM‐no‐
current runs reveals that current forcing has only a marginal impact, as Stokes drift is primarily driven by
local winds. This suggests that the inclusion of current data does not significantly impact the overall accuracy of
Stokes drift predictions. Overall, the discrepancies observed across the model experiments seem to be within the
noise level with the RMSE calculated to be about 10% of the mean modeled Stokes drifts, suggesting a relatively
minor but still noticeable variance (see Table A1, Appendix A).

As previously mentioned, Globcurrent is produced by combining geostrophic velocities, derived from altimeters,
with modeled Ekman drifts, while neglecting the impact of Stokes drift. Given that Stokes drift reaches up to
approximately 0.3 m s− 1 according to our analysis, its contribution to the overall surface velocity is expected to be
small. However, in scenarios with weaker currents, incorporating Stokes drift could potentially improve the
agreement between satellite observations and in situ measurements.

4.2. Ocean Wave Spectra

Taking into account the influence of currents on the wave field and the resulting energy transfer, we will now
investigate the wave spectra computed by all three model experiments and drifters to highlight their impact. We
focus on three areas for detailed examination, and for simplicity, we concentrate on data from a single drifter,
namely AC‐01. As shown in Figure 1, this drifter followed the Agulhas current core experiencing a wide range of
current speeds, allowing us to evaluate the impact of varying current conditions. Averaged Mercator and
Globcurrent surface velocities over the experiment period are shown in the top‐left and top‐right maps of Figure 8,
respectively. The examined zones are around the core of the Agulhas Current (zone A) and its retroflection (zones
B and C). All cases represent collocations within 1 hr and 20 km distance between gridded MFWAM points and
drifter locations to minimize the impact of local wind‐wave condition differences. The unidirectional wave
spectra from both drifters and MFWAM runs (panels a–c) as well as the MFWAM directional (panels d–l) wave
spectra reveal distinct patterns and variations.

In zone A, with current speeds reaching about 2.4 m s− 1, swells travel northeast at 41.7°, whereas long‐period
wind waves come from the opposite direction at 192.8°. The one‐dimensional wave spectra provided by model
runs with Globcurrent and Mercator closely match the drifter's significant wave height estimates with discrep-
ancies of 2 and 32 cm, respectively (panel a). Ignoring current refraction results in a more peaky wave spectrum
for both swell and wind waves and an overestimation of the significant wave height by 73 cm. The impact of
currents on waves is also captured in the MFWAM directional spread where wave energy is spread across fre-
quencies and directions due to refraction (panels d, g vs. j). Notably, wave energy decreases when current
refraction is included, an observation that has also been reported in other studies (Ponce de León & Guedes
Soares, 2021; Rapizo et al., 2018). It is evident that when currents are accounted for, swells with a peak wave
period of about 13 s are slightly shortened to 12 s under a current strength of 2.4 m s− 1 without noticeable impact
on their propagation direction.

In zone B, within the retroflection area, the current strength decreases to 1.6 m s− 1. Swells dominate, traveling
northeast at 51.6°, whereas wind waves are much weaker, traveling east‐west at 89.9°. The drifter records a
significant wave height for the swell at 7.4 m with its one‐dimensional wave spectrum featuring a high‐energy
swell peak nearly 4°times larger than those reported by all model runs, indicating a considerable underestima-
tion of the significant wave height (panel b). Specifically, Mercator and Globcurrent underestimate the wave
height by 1.9 and 1.4 m, respectively. Without current data, the underestimation reaches 2.6 m, a critical
magnitude for accurate wave forecasting and marine safety. Overall, the observed wave height variability un-
derscores the challenges of modeling dynamic marine environments and the need for ongoing refinement of
model parameters especially in extreme wave conditions. In contrast to zone A, the directional wave spectra show
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Figure 8. Maps of the Mercator (top‐left) and Globcurrent (top‐right) surface velocities averaged over January–February 2023. MFWAM and drifter‐derived
unidirectional (a–c) and MFWAM directional (d–l) wave spectra in the current core (A) and its retroflection (B, C) usingMercator (MERC), Globcurrent (GLOBC) and
without current forcing (NOCUR). Parameters: MFWAM wind wave direction (θww) and primary swell direction (θsw), ERA5 wind speed (U10) and drifter derived
surface speeds (υdr).
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minor signs of wave energy spread, indicating that swells of the same order of magnitude, that is, 13 s, can
maintain their wavelength and propagation direction when current speeds reach 1.6 m s− 1 (panels e, h vs. k).

Continuing with the retroflection area, zone C involves a much weaker current approximately 0.5 m s− 1.
Similar to zone A, swells travel northeast (53.5°), while a weaker wind sea originates from the opposite
direction (161.4°). The significant wave height is recorded at 2.07 m with Globcurrent providing an accurate
forecast at 2.06 m (panel c). In contrast, both the Mercator and no‐current scenarios reveal larger wave energy
peaks, leading to wave height overestimations by 50 and 30 cm, respectively. Signs of wave energy spread are
still evident when currents are included in the directional wave spectra, but they are much less pronounced
than in zone A due to the weaker current strength (panels f, i vs. l). In terms of swell modulations, the
MFWAM‐Globcurrent run aligns well with the no‐current scenario, showing a 12‐s peak wave period
compared to 13 s for the MFWAM‐Mercator product. However, the MFWAM‐Globcurrent wave spectrum
reveals a significant decrease in wave energy around the peak period. Consulting the drifter one‐dimensional
wave spectrum, it is evident that the MFWAM‐Globcurrent run demonstrate better alignment with the drifter
measurements.

Overall, the analysis of wave spectra between the standardMFWAM runs, using theMercator current product and
those computed after forcing the wave system with satellite observations, that is, Globcurrent, reveals that the
latter shows better agreement with the in situ measurements. As discussed in detail in Section 3.1, the Mercator
product underperforms compared to Globcurrent, showing extreme variability in the region of interest. Specif-
ically, for drifter AC‐01, which this analysis examines, the correlation between the drifter and the model was
calculated at 0.49, while Globcurrent achieved a significantly higher correlation at 0.84 (Figure 3). Furthermore,
some observed discrepancies can be attributed to Mercator's inability to effectively resolve mesoscale vorticity
(Ponce de León & Guedes Soares, 2021). This shortfall may lead to significant errors particularly in regions with
strong currents such as the Agulhas region.

5. Current‐Induced Wave Modulation Signatures in Satellite Altimetry
As previously mentioned, wave refraction is not a local process. Waves continue to be modulated by currents
many kilometers away from their initial point of interaction (Halsne et al., 2023). Although drifters are useful for
validation and calibration activities and essential for localized wave field monitoring, using them to monitor and
study the impact of refraction across wide areas is impractical as one would need to deploy hundreds of drifters
simultaneously to effectively capture its spatial extent. To investigate wave refraction on a broader scale, we use
the Global Ocean L3 1‐Hz significant wave height product from near‐real‐time satellite observations. This data
set includes data from Sentinel‐3A/B, Sentinel‐6, CFOSAT, ALTIKA, CryoSat‐2, HY‐2B, and Jason‐3. These
satellites provide comprehensive coverage that enables a detailed analysis of wave refraction patterns over
extensive geographic areas and under various conditions.

To evaluate the performance of the satellites against drifters, we first conducted a comparative analysis. For the
mono‐mission satellite‐based along‐track significant wave height measurements, collocations were implemented
using constraints of a 15‐min time window and a 20‐km radius around each independent drifter record using the
open‐source WAVY software (https://github.com/bohlinger/wavy, Bohlinger et al. (2019)). Figure 9 illustrates
the significant wave height time series, demonstrating a good agreement between in situ measurements and
satellite observations across a wide range of wave conditions and regardless of whether the sensors were posi-
tioned around the core of the current or its associated eddies.

To quantify this agreement, a comparison of the closest satellite records to each drifter position was performed,
revealing a correlation of 0.97 and an RMSE of 24 cm. Since no interpolation was applied to match the exact
drifter positions, part of the discrepancies may be attributed to wave height modulations induced by wave‐current
interactions, including refraction effects that continue to develop several kilometers away from the drifters' lo-
cations. It is noteworthy that the satellites demonstrate good performance even in high sea‐state conditions. For
instance, Sentinel‐3A and Jason‐3 along with Altika measured wave heights up to 6 m on January 24 and February
20, respectively, observations in line with drifter AC‐01's measurements. Similarly, between 25 and 29 January
CFOSAT, CryoSat‐2, Jason‐3, and Altika captured wave heights of approximately 4.5 and 5 m around the eddies,
aligning well with the measurements from drifters ED‐03 and ED‐04.
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Figure 10 provides insights into the evolution of refraction. Estimates of significant wave heights along the
paths of drifters AC‐05 (left panel) and ED‐03 (right panel) are illustrated, superimposed on Mercator current
velocities averaged over the period January–February 2023. In this deepwater region, collocated altimeter
tracks extend hundreds of kilometers from the drifters' points, demonstrating how the wave heights are

Figure 9. Time series of significant wave height measurements per drifter along with collocated satellite altimetry observations obtained from the Copernicus Global
Ocean L3 Significant Wave Height product (1 Hz). Collocation criteria: 20 km and 15 min around each drifter measurement point. The satellite observations from
Altika‐SARAL (al), CryoSat‐2 (c2), Jason‐3 (j3), CFOSAT (cfo), HY‐2B (h2b), Sentinel‐3A/B (s3a/s3b), and Sentinel‐6A (s6a) are color coded.

Figure 10. Mean Mercator current velocities with superimposed significant wave height estimates from drifter AC‐05 (left
panel) between 9 January 2023 and 28 February 2023 and from drifter ED‐03 (right panel) between 9 January 2023 and 20
February 2023. Collocated altimetry data from Sentinel‐3A/B (s3a/s3b), Sentinel‐6A (s6a), and HY‐2B (h2b) are also
illustrated using as criterion a 15‐min acquisition time difference between satellite observations and drifters' measurements.
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modulated by the Agulhas Current and its surrounding eddies. Notably, waves, regardless of their initial
height, exhibit pronounced modulations when traversing the area of current return and the observed eddy. In
contrast, tracks that span regions outside the influence of the current, where surface speeds are reported below
0.5 m s− 1 (h2b1, h2b4), show only minor variations in wave height. Within the eddies, waves are observed to
either steepen (h2b3) or flatten (s3b). Several studies have reported that these dynamics are significantly
influenced by the direction in which the waves encounter the current (Ardhuin et al., 2009; Ponce de León &
Guedes Soares, 2021; Quilfen & Chapron, 2019). Considering the additional information acquired by the
drifters in our study, this collocation experiment provides clear evidence of the importance of using multi-
source data to map the complex interactions between waves and currents as well as their spatial extent in
regions with strong currents.

6. Conclusions
This study has investigated in situ wave measurements collected in the Agulhas Current during the ESA‐
PECO2 Advanced Ocean Training Course 2023, part of the One Ocean Expedition 2021–2023, to evaluate
the influence of wave‐current interactions on wave models and altimetry‐derived products. In January 2023, six
OpenMetBuoy drifters were deployed in the Indian Ocean in and around the Agulhas Current. Over approx-
imately 2 months, these drifters recorded wave spectra and their location, enabling the estimation of significant
wave height and Stokes drift along their paths. Additionally, drifter speeds were estimated using GPS data,
allowing estimates of surface current speeds, as the drifters experienced minimal direct windage due to their
high immersion ratio.

The analysis first focused on surface current products. The Copernicus ESA Globcurrent product combines
altimetry‐derived geostrophic currents with Ekman drift computed from atmospheric forecasts. We found that this
product tends to underestimate surface velocities exceeding approximately 0.5 m s− 1. A similar underestimation
with a significantly greater variability was observed for the Mercator surface current product. Moreover, circular
trajectories indicative of inertial oscillations were observed over periods of days likely driven by rapid changes in
wind speed and direction.

Further, we compared modeled surface Stokes drift and significant wave height from ERA5 and MFWAM with
the in situ measurements. ERA5 consistently underestimated significant wave heights over 2.5 m, whereas
MFWAM demonstrated good agreement with drifter data. Both models tended to overestimate the Stokes drift
with ERA5 showing greater variability. The absence of current forcing in ERA5, coupled with its coarser spatial
resolution (1/2°) compared to MFWAM (1/12°), likely contributes to the decreased accuracy of ERA5 in areas
with strong currents, emphasizing the complexities and challenges in accurately modeling wave‐current in-
teractions in dynamic regions such as the Agulhas Current.

A customized MFWAM run, which excludes current forcing, revealed an underestimation of wave height, oc-
casionally exceeding 2 m as current velocities increase compared to drifter current estimates. A comparison of the
directional MFWAM wave spectra, both with and without current data, demonstrated how current‐induced
refraction alters the shape of the wave spectra. The refraction bends the waves, causing them to become
steeper or flatter and directionally more spread. Furthermore, the MFWAM model forced with Globcurrent
surface currents tends to align closely with drifter observations and even outperforms the operational MFWAM
model that uses Mercator‐derived currents.

The study concludes with a comparative analysis of significant wave heights from the drifters with those from
collocated satellite altimeter observations from various missions showing good correspondence. Notably, current‐
induced wave refraction patterns are observed along the satellite tracks with wave heights being significantly
modulated when crossing eddies or the current core. These findings highlight the need for high‐resolution models
and multisource data integration to achieve accurate wave forecasts.

Lastly, the authors would like to emphasize that the data analyzed in this study were collected during the
Australian summer, a period with comparably milder storm activity relative to the winter season in the
southern region. A year‐round field campaign would be necessary for a comprehensive validation of satellite
products and models, as it would capture a wider spectrum of sea states and current variability, including
extreme conditions associated with storm periods, where the examined products demonstrated increased
sensitivity.
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Appendix A
This section provides supplementary information regarding the analyses between wave models, satellite obser-
vations, and in situ measurements. In particular, Figure A1 presents scatter plots illustrating the relationship
between Stokes drift values estimated by drifters and those estimated by the ERA5 (top panels) and MFWAM
(bottom panels) models. Each subplot represents collocated data in both time and space for each drifter separately.
The scatter plots highlight the areas of agreement and discrepancy, providing a visual representation of models
performance.

Similarly, Figure A2 depicts scatter plots for significant wave height, comparing the drifter measurements with
those derived from the ERA5 (top panels) and MFWAM (bottom panels) models.

Table A1 summarizes statistics of all examined scenarios. Key metrics, including root mean square error (RMSE),
mean (bias), and standard deviation (Std. Dev.), provide a quantitative assessment of the performance of all the
examined current and wave products against drifters. The correlation coefficients (Corr. Coef.) further indicate
the strength of the linear relationship between models, satellite observations, and in situ measurements. In
addition, Figure A3 presents scatter plots of significant wave height (left‐panel) and Stokes drifts (right‐panel) as
obtained from the drifters and the customized MFWAM runs.

Table A1
Statistics of the Differences and Correlation Coefficients of Wave Models and Satellite‐Derived Products Against In Situ
Measurements From the OpenMetBuoy (OMB) Drifters

Bias Std.Dev. RMSE Corr. Coef. (− )

Surface current speed [m s− 1]

Mercator − OMB − 0.06 0.52 0.52 0.51

Globcurrent − OMB − 0.09 0.31 0.32 0.84

Surface Stokes drift [m s− 1]

ERA5 − OMB 0.03 0.04 0.05 0.72

MFWAMMERC − OMB 0.02 0.03 0.04 0.80

MFWAMGLOBC − OMB 0.03 0.03 0.04 0.75

MFWAMNOCUR − OMB 0.03 0.03 0.04 0.78

Significant wave height [m]

ERA5 − OMB − 0.23 0.48 0.54 0.83

MFWAMMERC − OMB − 0.04 0.38 0.39 0.90

MFWAMGLOBC − OMB − 0.04 0.39 0.39 0.91

MFWAMNOCUR − OMB − 0.06 0.45 0.45 0.88

Figure A1. Scatter plots of surface Stokes drift versus ERA5 (top panels) and MFWAM (bottom panels) for each drifter separately. A regression line is shown in red
color. The dashed black line represents the line of equality when in situ = model. Unit: m s− 1.
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Data Availability Statement
Wave model and satellite products supporting the findings of this study are publicly available and can be
downloaded from https://doi.org/10.48670/moi‐00179 (Global Ocean L3 Significant Wave Height From NRT
Satellite Measurements), https://doi.org/10.48670/moi‐00017 (MFWAM), https://doi.org/10.24381/cds.
adbb2d47 (ERA5), https://doi.org/10.48670/moi‐00016 (Mercator), and https://doi.org/10.48670/mds‐00327
(Globcurrent). The drifter measurements collected during the One Ocean Expedition (2021–2023) as well as the
customized MFWAM products will be openly available in the 4TU.ResearchData repository of TU Delft (https://
data.4tu.nl/).
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