
1.  Introduction
1.1.  Importance and Background

Air-sea interactions are an important component of the global climate system, as they modulate the transfer of 
heat, buoyancy, momentum, and gases between the atmosphere and the ocean and are a driving force behind 
creating boundary layer to multidecadal-scale patterns in weather and climate. Surface gravity waves are a key 
component of the air-sea interface and modulate the transfer of momentum from the atmosphere to the ocean 
through the modification of surface drag (e.g., Janssen, 1989, and others), energy injection from breaking (e.g., 
Craig & Banner, 1994, and others), and momentum storage in the wave field (e.g., Ardhuin et al., 2004; Fisher 
et al., 2017, and others). Existing work on the role of waves in air-sea interaction often parameterizes this process 
using a wind speed-dependent drag coefficient (Edson et al., 2013; Large & Pond, 1981; Smith, 1980) or incor-
porates waves only through a wave age parameterization, which has been found to produce similar results as 
parameterizations incorporating wind speed alone (Edson et al., 2013). While these assumptions may be reason-
able when waves are modified only by wind and when wind-wave equilibrium (Phillips, 1985) holds, significant 
uncertainties exist when other processes affect surface waves. A primary objective of the present study is to 
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evaluate the significance of wave-current interactions, which are not typically incorporated into model parame-
terizations on wave properties and momentum flux at small scales. Another focus is to compare observations with 
momentum flux calculated using the COARE bulk flux algorithm (Edson et al., 2013; Fairall et al., 1996, 2003), a 
widely used scheme that incorporates current and wave effects on stress through current-relative winds and wave 
age, respectively, but does not parameterize wave-current interactions. It is well documented that surface currents 
vary at the mesoscale and smaller scales due to eddies and fronts (e.g., Ebuchi & Hanawa, 2000; Kim, 2010; 
McWilliams,  2016, Molinari et  al.,  1981; van Aken,  2002; and others); presumably, these current variations 
would lead to spatial differences in wave-current interactions and momentum flux.

In theory, when waves propagate over an area with spatially varying surface currents, a Doppler shift will modify 
the apparent wave frequency and effective rate of wave energy propagation by an amount dependent on the 
alignment of the surface current and the waves. Because the horizontal wave energy flux is conserved along a ray 
path, changes in the rate of energy propagation cause changes in the local energy density (much like the shoaling 
process in shallow water). The net effect is to elevate wave slopes when surface current gradients are opposed 
to wave propagation, and decrease wave slopes when surface current gradients follow wave propagation. The 
frequency shift is caused by the projection of the current vector onto the wave direction; this component will 
hereinafter be referred to as the wave-relative current. In areas where currents are spatially variable such as across 
fronts, wave slopes would be expected to vary on those same spatial scales. This has been observed in the field 
(Branch et al., 2018; Gemmrich & Pawlowicz, 2020; Kastner et al., 2018; Thomson et al., 2014; Zippel & Thom-
son, 2017) and simulated by numerical models (Akan et al., 2017, 2018; Moghimi et al., 2019) in coastal areas 
where strong spatial current variability exists. Specifically, energy levels, significant wave height, whitecapping, 
wave breaking, and near-surface turbulent dissipation rates are elevated where currents oppose the waves due 
to wave steepening. Wave properties can vary on spatial scales by ones to tens of km (e.g., Branch et al., 2018; 
Thomson et  al.,  2014) or larger (e.g., Gemmrich & Pawlowicz,  2020), depending on the structure of coastal 
features associated with current variability, including river plumes (Branch et al., 2018; Thomson et al., 2014), 
fronts, and upwelling jets (Romero et al., 2017). Near river mouths, currents can even be strong enough to reduce 
the wave group velocity to zero and block the propagation of waves on the side of a front where currents strongly 
oppose the waves (Chawla & Kirby, 2002; Chen & Zou, 2018).

Only a limited amount of research on wave-current interactions has focused on the open ocean, where currents 
are typically more wind and wave following than in localized coastal areas. Romero et al. (2017) quantify current 
effects on wave properties associated with the Loop Current in the Gulf of Mexico. Strong fronts with surface 
current gradients of up to 1.5 ms −1 over roughly 50 km exhibited variations in wave height and slope of up to 
30%, with greater variation in whitecap coverage. At O (100 km) scales, storms and western boundary currents 
have been shown to modulate wave properties in the presence of strong surface currents (Hegermiller et al., 2019; 
Holthuijsen & Tolman, 1991; Wang & Sheng, 2016). Wave-current interactions in the open ocean have also been 
shown to vary temporally due to varying inertial and tidal currents (Gemmrich & Garrett, 2012). Finally, as in 
coastal areas, current variations on very small scales can occur in the open ocean: Rascle et al. (2017) observed 
sea surface roughness anomalies across a 50 m-wide submesoscale front and attribute this to strong current gradi-
ents of 0.3 ms −1. These results demonstrate that wave-current interactions associated with strong surface current 
variability are important in the open ocean as well as coastal areas.

Wave-current interactions have been frequently studied using models. Mesoscale features on O (10–100  km 
scales) cause variations in wave properties through refraction, the advection of energy, the energy exchange 
between waves and currents, the aforementioned Doppler frequency shift, and the effect of currents on the wind 
stress between the ocean and atmosphere (Ardhuin et  al.,  2017). Romero et  al.  (2020) quantify some of this 
variability on O (1–10 km scales) with numerical modeling, and demonstrate that wave-current interactions most 
significantly influence wave-breaking variables including whitecap coverage and energy dissipation, particularly 
when winds are weak. Wave-current interactions also have a strong influence on significant wave height at scales 
of tens of kilometers (Ardhuin et al., 2017; Kudryavtsev et al., 2017; Quilfen et al., 2018). Similar effects on 
significant wave height have been shown at the mesoscale and at larger scales: Quilfen and Chapron (2019) show 
that current variability on scales of hundreds of kilometers can influence wave heights and Rapizo et al. (2018) 
show wave flattening on even larger scales due to wave-following currents. Nonnegligible effects of currents 
have been observed on other bulk wave variables including wave mean square slope mss (Rascle et al., 2014; 
Romero et al., 2020). Current effects on waves should theoretically be more significant for wind waves having 
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frequencies above the spectral peak (McWilliams, 2018; Phillips, 1984). While not the focus of the present study, 
it has been demonstrated that the reverse feedback can occur as well that is, waves can cause variations in surface 
currents (McWilliams, 2018; Suzuki et al., 2016; Tang et al., 2007). However, model results have shown that this 
effect is only a small contributor to submesoscale and mesoscale variability (Romero et al., 2021). Hereinafter 
in this manuscript, “wave-current interactions” will refer to current effects on waves, rather than wave effects on 
currents. A main objective of the present study is to analyze the influence of wave-current interactions on short 
temporal scales and spatial scales of tens of kilometers with observations. This is of similar scale to several previ-
ous modeling studies (e.g., Ardhuin et al., 2017; Romero et al., 2020), but smaller than the focus of large-scale 
observational studies (e.g., Holthuijsen & Tolman, 1991).

In areas with significant mesoscale or submesoscale activity, spatial gradients in currents are often associated 
with sea surface temperature (SST) fronts. SST fronts can generate spatial variations in air-sea heat fluxes, which 
can in turn modify momentum fluxes, wind, and waves. For instance, heating over the warm side of a front desta-
bilizes the atmospheric boundary layer, which induces atmospheric convection and increases surface wind speeds 
through either downward momentum transfer (Wallace et al., 1989) or horizontal pressure gradients (Lindzen & 
Nigam, 1987). These increases in wind speed can then influence the high frequency part of the wave spectrum. 
The modification of air-sea fluxes by SST fronts has been observed and modeled at the submesoscale (Redel-
sperger et al., 2019; Shao et al., 2019) and at the mesoscale (Businger & Shaw, 1984; Chelton et al., 2001, 2004; 
Friehe et al., 1991; Gaube et al., 2015). The primary focus of this work will be direct effects of the currents on 
waves and momentum flux, but it is important to note that indirect effects such as those induced by SST fronts 
may also be significant.

1.2.  Theory

We expect mss to vary as a result of currents opposing or following the waves, which will further influence 
surface stress (i.e., momentum flux). We know that

𝜏𝜏 = 𝜌𝜌𝑎𝑎𝑢𝑢
2

∗,� (1)

where

𝑢𝑢∗ = 𝐶𝐶
1∕2

𝐷𝐷
(𝑈𝑈10 − 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈) .� (2)

Parameter τ is the surface wind stress, ρa is the air density, u* is the friction velocity, CD is the drag coefficient, U10 
is the 10 m wind speed, U is the surface current, and θ is the angle between the surface current direction and the 
average wave direction in an equilibrium frequency range (fmax − fmin). Assuming that the source of wave energy 
(i.e., wind) is balanced by wave breaking and nonlinear effects (Phillips, 1984, 1985), and that the wind energy 
input is proportional to u* and mss (Plant, 1982), u* can be defined as a function of the wave energy spectrum E(f), 
which scales with f −4 (Juszko et al., 1995; Phillips, 1985; Thomson et al., 2013; Voermans et al., 2020). Within 
the equilibrium frequency range,
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Parameter f is the wave frequency, β is an empirically determined constant taken as 0.012, g is gravitational accel-
eration, and I is the wave directional spreading function with parameter p as defined by Phillips (1985). Following 
Phillips (1985), we assume a constant p = 0.5 and I(p) = 2.5. By combining the above equation with a version of 
the relation of Kitaigorodskii (1983) that is normalized by the frequency width,
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u* can be related to mss as
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Hereinafter, mss will refer to this frequency-width-normalized value rather than the unnormalized value to remove 
dependence on the selected equilibrium range. Equation 5 demonstrates that mss and u* are directly proportional 
under the assumptions that β and I(p) are constant and that there is an equilibrium frequency range fmax − fmin. The 
present study makes these assumptions, so observations presented in terms of mss and u* are essentially equiv-
alent and differ only by a constant factor. This wave-derived u* is distinct from estimates based on anemometer 
measurements (whether bulk or turbulent), but it is meant to be the same dynamic quantity.

When waves encounter a uniform current in the same or opposite direction as the waves, the Doppler shift effect 
leads to a shift in wave frequency by an amount proportional to wavenumber and the component of the current 
velocity aligned with the waves (Phillips, 1984). This frequency shift can be defined using

� = � + �⃗ ⋅ �⃗ = � + ��cos (�),� (6)

where ω is the absolute frequency of the wave in a fixed reference frame and σ is the intrinsic frequency defined 
with the deep-water wave dispersion relation,

𝜎𝜎 = 2𝜋𝜋𝜋𝜋 =

√

𝑔𝑔𝑔𝑔𝑔� (7)

Parameter 𝐴𝐴 𝐴𝐴𝐴 is the current and 𝐴𝐴 𝑘⃗𝑘 is the wavenumber. Currents opposing the direction of wave propagation will 
cause an increase in wavenumber and decrease in the rate of energy propagation. When a wave-relative current U 
cosθ is imposed, the surface energy flux of the waves Fwaves is defined as

𝐹𝐹𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 𝐸𝐸(𝑓𝑓 ) × (𝑐𝑐𝑔𝑔(𝑓𝑓 ) + 𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈) ,� (8)

where E is the local energy density and 𝐴𝐴 𝐴𝐴𝑔𝑔(𝑓𝑓 ) =
𝑔𝑔

4𝜋𝜋𝜋𝜋
 is the deep-water group velocity. To conserve Fwaves when U 

cosθ is negative, E must increase and the waves will steepen. This process is different for each frequency f in a 
given spectrum, because cg(f) is a strong function of frequency. The high-frequency components (which deter-
mine mss) have the largest effective change in the rate of energy propagation for a given U cosθ.

If waves reach a critical steepness, they can break (Gemmrich & Pawlowicz,  2020; Phillips,  1984; Romero 
et al., 2017; Thomson et al., 2014; van der Westhuysen, 2012; Zippel & Thomson, 2017). Similarly, currents 
in the same direction as the waves will experience a decrease in wavenumber, increase in wave speed, and flat-
tening. Wave properties are further modified when strong vertical (Banihashemi et al., 2017; Banihashemi & 
Kirby, 2019; Choi, 2009; Ellingsen & Li, 2017) or horizontal (Haus, 2007) current shear exists. To account for 
the current effect on wave frequency in a field with variable currents, we substitute the absolute frequency ω 
(Equation 6) for f in Equation 4. This yields a relationship between mss, the intrinsic frequency σ, the wavenum-
ber k, and the wave-relative current U  cosθ. Combining this with the dispersion relation (Equation 7), we can 
rewrite σ and k in terms of f and obtain an equation for the frequency width-normalized mss (or equilibrium u*, 
using Equation 3),

��� = ∫
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as a function of U cosθ and E(f), which is expected to increase at increasing wind speeds (Equations 2 and 3). 
Using Equation 9, we can calculate an expected variation in mss or u* when a nonzero uniform current U is 
imposed at an angle θ to the wave direction.

The theory suggests that the relative surface current would also contribute to variability in u*, both by modifying 
the current-relative wind speed (U10 − U cosθ in Equation 2; Figure 1a) and through wave-current interactions. 
It is important to note that while these two mechanisms both result from surface currents, they are physically 
distinct. Surface currents will influence the current-relative wind speed and u* regardless of spatial variability. 
That is, in a hypothetical ocean where surface currents are spatially invariant but nonzero, u* will still be increased 
or decreased compared to a case where surface currents are zero. On the other hand, wave-current interactions 
only occur in the presence of spatial variability. A wave has to propagate across an area of spatially varying 
surface currents for the Doppler shift and conservation of wave energy flux to alter the wave steepness. The 
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analysis in this manuscript discusses both of these processes and often makes the assumption that because data 
were collected in a region where winds are consistently from the same direction, deviations in currents from the 
strongly wind-following direction are associated with spatial variability.

A recent study estimated wind speed from in situ observations of wave spectra and found that observed wind 
speeds between 3 and 12 ms −1 are generally consistent with values predicted from Equation 3, with uncertainty 
resulting from sea state and buoy motion (Voermans et al., 2020). While wave properties vary significantly due to 
the Doppler shift effect in coastal regions where surface currents are strong and variable (Campana et al., 2016; 
Gemmrich & Pawlowicz, 2020; Thomson et al., 2014; Zippel & Thomson, 2017), the influence of wave-current 
interactions on u* has not been explored in the open ocean using observations, with the exception of areas with 
strong mesoscale activity and current variations (Hegermiller et al., 2019; Holthuijsen & Tolman, 1991; Romero 
et al., 2017). The theory suggests that even small spatial changes in surface currents will have nonnegligible 
effects on u* (Figure 1b), so wave-current interactions may still be important in locations away from coastal areas 
or major western boundary currents. Furthermore, areas without strong mesoscale activity are more representa-
tive of the global ocean as a whole. A goal of the present study is to evaluate the impact of wave-current interac-
tions in a region of moderate mesoscale activity (Figure 2).

2.  Methods
2.1.  Study Site

The NOAA Atlantic Tradewind Ocean-atmosphere Mesoscale Interaction Campaign (ATOMIC), part of 
EUREC 4A (Stevens et  al., 2021), took place in January-February 2020 in the northwestern tropical Atlantic, 
east-northeast of Barbados (Figure 2). This region is north of the intertropical convergence zone and well within 
the trade wind region. As a result, wind and waves are typically strong and westward following the prevail-
ing trade winds, with minimal directional variation. The ATOMIC study site is also adjacent to a region that 
has strong oceanic mesoscale activity (Figure 2) and spatial variability in ocean temperature and salinity: The 
outflows of the Amazon and Orinoco Rivers are nearby and large mesoscale ocean eddies are generated by the 

Figure 1.  (a) Expected variation in u* due to the direct effect of currents, assuming CD from Large and Pond (1981) (current-relative wind, Equation 2); (b) Expected 
variation in u* due to wave-current interactions (Equations 5, 8, and 9).
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North Brazil Current (Ffield, 2005; Fratantoni & Glickson, 2002; Fratantoni & Richardson, 2006). Despite this, 
only moderate eddy kinetic energy was observed during the field campaign (Figure 2) because the study site is 
farther north than the region of highest eddy kinetic energy and freshwater discharge (Reverdin et al., 2021) and 
the field campaign took place before the boreal spring peak discharge (Coles et al., 2013). However, river outflow 
or mesoscale eddies are still likely responsible for the observed submesoscale spatial variability in the ATOMIC 
study area (Figure 2).

2.2.  SWIFT Observations

During the ATOMIC field campaign, two version 3 (v3) Surface Wave Instrument Float with Tracking (SWIFT) 
drifters (Thomson, 2012) and four version 4 (v4) SWIFT drifters (Thomson et al., 2019) were deployed. The field 
campaign consisted of two cruise legs on the NOAA Ship Ronald H. Brown (Quinn et al., 2021) and 11 NOAA 
P-3 aircraft flights (Pincus et al., 2021) from Barbados to the study area shown in Figure 2. SWIFT drifters were 
deployed twice from the NOAA Ship Ronald H. Brown from 14 January 2020 to 22 January 2020 during Leg 1 
and from 30 January 2020 to 11 February 2020 during Leg 2. Leg 1 deployments were made in the northeastern 
part of the study area and Leg 2 deployments were made in the southwestern part of the study area. Details of 
these deployments and other measurements that were made during ATOMIC from the NOAA Ship Ronald H. 
Brown or other oceanic platforms are included in Quinn et al. (2021).

During both legs of ATOMIC, ocean temperature fronts were identified using satellite measurements and ship-
board sensors. SWIFTs were then strategically deployed in a line across the front, with 5–10 km spacing between 
each drifter's initial deployment positions. This strategy ensured that significant spatial variability in ocean 
temperature and surface currents was observed during the beginning of each deployment. Toward the end of 
deployments, SWIFT drifters converged to one (leg 1) or two (leg 2) general geographic areas due to currents.

V3 and v4 SWIFTs differed in height and had instrumentation at different heights and depths. V4 SWIFTs were 
equipped with Vaisala WXT350 meteorological sensors at 0.5 m height, which measured parameters including 

Figure 2.  Eddy kinetic energy calculated from Copernicus Marine Environment Monitoring Service satellite sea level anomalies on 1 February 2020. The rectangular 
box denotes the study area where Surface Wave Instrument Float with Trackings (SWIFTs) were deployed and recovered. Inset images picture the two types of SWIFTs 
deployed during Atlantic Tradewind Ocean-atmosphere Mesoscale Interaction Campaign.
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air temperature, relative humidity, and wind speed and direction. V3 SWIFTs were equipped with Airmar 200WX 
meteorological sensors at 0.8  m height, which measured the above parameters excluding relative humidity. 
Aanderaa 4319 sensors measured conductivity and ocean temperature at 0.3 m depth on v4 SWIFTs and at 0.5 
and 1.0 m on v3 SWIFTs. Nortek Signature 1000 (v4) or Nortek Aquadopp (v3) ADCPs measured ocean current 
velocities between 0.35 and 20 m depth. Directional wave spectra and bulk wave parameters were estimated from 
inertial motion observations on both v3 and v4 SWIFTs using a Microstrain 3DM-GX3-35 (v3) or SBG Ellipse 
(v4) attitude and heading reference system (AHRS). These systems also included GPS measurements, with wave 
spectral processing as described in Thomson et al. (2018). Raw data were processed onboard, and spectral results 
were sent via Iridium telemetry once per hour, corresponding to a 10 min burst of raw data at the top of each hour.

2.3.  Data Processing

Offsets in wind speed measurements were calibrated using shipboard observations made when a drifter was 
within 5 km of the ship by assuming that ship and drifter observations should be identical and performing linear 
regressions for each platform (Thomson et al., 2021). If fewer than 5 collocated data points were available for a 
given regression, offsets were first corrected using observations from another drifter that was near the ship. For 
one v4 drifter, a distance limit of 15 km was used because of a lack of data from other drifters closer than that. 
Root mean square errors in offsets were generally lower than sensor precision specifications; wind speed obser-
vations from individual SWIFTs had uncertainties between 0.24 and 0.96 ms −1.

SWIFT drifters are nearly Lagrangian surface-following platforms (Thomson, 2012), which drift with the surface 
currents. Surface currents are estimated from the drift track of SWIFTs, after subtracting the contributions from 
Stokes drift (following the methods of Thomson et al. (2019)) and wind slip. Stokes drift corrections are small 
(cms −1) relative to the surface currents. Drifter slip (i.e., offset between the platform motion of near-Lagran-
gian drifters and the actual currents) typically is the result of drifter windage and near-surface velocity shear 
(Niiler & Paduan, 1995; Poulain et al., 2013). As shear was minimal (discussed in detail later in this section), we 
assume that drifter slip is primarily a result of windage. Following Herrera et al. (2019), slip was calculated using 
onboard ADCP velocity observations made in the reference frame of the drifter. Because shear was minimal, 
velocities at 0.85 m depth were representative of the depth-averaged relative platform velocity and were used 
for this calculation. In theory, onboard velocities should be zero if drifters drift with the near-surface currents. 
Any nonzero velocity represents the difference between the drift and the current velocity. Moderate correlation 
(R 2 = 0.37) between wind speed and ADCP velocities supports the assumption that slip is a result of wind. Wind 
slip was, on average, 1.09% of the wind speed, with a standard deviation of 0.27%. To correct surface currents 
for wind slip, a vector with magnitude of 1.09% of the wind speed in the direction of the wind was subtracted 
from Stokes-corrected drift tracks. When wind data were unavailable, data from the nearest drifter were used. 
Wind slip corrections were typically a small northeastward adjustment of 0.05–0.15 ms −1; this direction for the 
adjustment is consistent with the prevailing trade winds.

Wave slopes mss and equilibrium u* are calculated from wave spectra, assuming a constant equilibrium frequency 
range over which the source and sink of wave energy is balanced (Equations 3 and 4). (Thomson et al., 2013) define 
the equilibrium frequency range as between 0.2 and 0.4 s −1. We slightly modify this range and use fmin = 0.25 s −1 
and fmax = 0.4 s −1 since swell is occasionally observed at frequencies between 0.2 and 0.25 s −1. Linear fits to the 
equilibrium range of the spectra in log-log space have an average slope of −3.89 (Figures 3a and 3c), roughly 
consistent with the theoretical f −4 shape. Minor deviations from the f −4 shape are frequently observed, although 
spectral slopes in the equilibrium range are rarely less steep than f −3 or steeper than f −5 (Figure 3c). Deviations 
from the f −4 shape are likely due to noise combined with the limited amount of data (10 min) used to calculate 
each spectrum.

Spectral shapes at high frequencies may be modulated by swell waves (Vincent et al., 2019) or coupling between 
the swell and high frequencies (Collins et al., 2018); when swell is strong (high wave centroid periods), spectral 
slopes are typically steeper than f −4 (Figure 3c). The transition between the equilibrium (f −4) and saturation (f −5) 
subranges has also been shown to be shifted to lower frequencies when u* is high (Lenain & Melville, 2017). 
Sensitivity tests involving calculating mss and equilibrium u* using an equilibrium frequency range prescribed 
based on the wave peak frequency (i.e., as done by Banner, 1990), centroid frequency, or wave age produce results 
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that are negligibly different from the above method (not shown). Removing spectra with significant deviations 
from the f −4 shape (Figure 3c) also has minimal influence on the overall results.

Near-surface vertical shear is a potential source of uncertainty in surface wave-relative current estimates. ADCP 
velocity observations below 0.35 m (not shown) demonstrate that the velocity difference between 0.35 and 15 m 
depth is typically only around 0.05 ms −1, which is small compared to the range of surface wave-relative currents 
observed (Figure 4c). Kirby and Chen (1989), Zippel and Thomson (2017) and others showed that wave-current 
interactions are dependent on the spatial scale of the waves. Waves with a frequency between 0.25 and 0.4 s −1 
will have a wavelength between 10 and 25 m, assuming deep-water wave dispersion. These waves will thus be 
sensitive to currents on vertical scales of 5–10 m, approximately half their wavelength (Kirby & Chen, 1989; 
Zippel & Thomson, 2017). Hence, although significant current shear has previously been observed above 0.35 m 
(e.g., Laxague et al., 2018), this shear near the surface likely only minimally influences wave-current interactions 
in the selected frequency range.

Wave directions are calculated using directional moments and the maximum entropy method (Lygre & Krog-
stad, 1986). For consistency with the mss observations, the averaged value in the equilibrium range is used as 
the wave direction. An energy-weighted average direction was also calculated, but rarely differed by more than 
10° from the average direction and thus was not used. mss, equilibrium u*, and wave direction data are smoothed 
over 3-hr periods because each individual spectrum consists of only 10 min of data (12 degrees of freedom), 
which is not enough to obtain robust estimates of wave parameters. For consistency, all other atmospheric and 
oceanic observations are smoothed over 3-hr periods. In general, when winds are higher, waves are more ener-
getic (Figure  3a). This leads to greater mss (Equation  4). An objective of the present study is to isolate the 
dominant effect of wind speed on spectral energy in order to evaluate a secondary effect, in which opposing or 
following surface currents influence spectra and mss through wave-current interactions.

Figure 3.  (a) Wave spectra observed from v4 Surface Wave Instrument Float with Tracking drifters during both legs of Atlantic Tradewind Ocean-atmosphere 
Mesoscale Interaction Campaign. Energy at individual frequencies was smoothed over a 3-hr time period and in frequency space over 0.059 s −1 (gray; n = 1156). 
Colored lines denote average spectra within 1 ms −1-wide wind speed categories. Spectra with a wave direction of <0° or >150° had significant swell input and are 
excluded. (b) Histograms of significant wave height and wave centroid period from all drifters. (c) Binned scatter plot of wave centroid period versus fitted equilibrium 
range spectral slope for all drifters.
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Data collected during a large swell event that occurred from 19 to 21 January 2020 are excluded from further 
analysis because of the effect of swell waves on the wave directional spectra in the equilibrium range. First, when 
swell is strong, high frequency wave directions are shifted away from the wind direction, leading to a much 
larger directional spread. Because wave energy is spread over a wide directional range, it is difficult to determine 
the direction aligned with the currents that would be expected to be most significantly influenced by wave-cur-
rent interactions. Second, swell is associated with elevated energy levels between 0.25 and 0.3 s −1, which leads 
to spectral slopes that are consistently steeper than f −4 (Figure 3c) and therefore inconsistent with equilibrium 
theory. Swell modulation of the mid-to high-frequency portion of the wave spectrum, including shifting the 
transition frequency between the equilibrium and saturation subranges, has previously been observed (Vincent 
et al., 2019). To exclude conditions where swell significantly influenced high-frequency energy levels, we only 
analyze data where the average wave direction in the equilibrium range is >0° and <150°, as high frequency wave 
directions during the swell event were typically 150°–300°. This criterion eliminates data almost exclusively 
from the 19–21 January 2020 swell event, which comprise <6% of all observations. Because wind direction does 
not significantly vary in the ATOMIC region, this technique is analogous to the spectral partitioning method of 
Portilla et al. (2009).

V3 SWIFTs are larger in size and much taller than v4 SWIFTs (Figure 2 inset) and thus susceptible to bias at 
high frequencies due to tilting at high wind speeds. To account for this, mss observations from each v3 SWIFT 
are corrected using data from v4 SWIFTs. This is done by comparing mss observations from v3 and v4 SWIFTs 
when a v4 SWIFT was within 20 km of the v3 SWIFT. Linear regressions of wind speed versus mss are then 
developed to relate v3 and nearby v4 data, and v3 data are corrected by subtracting the difference between the 
linear fits at each wind speed. Potential uncertainty in the corrections due to spatial variability in the wave field 
is further discussed in the following paragraph. On average, this correction decreases mss by 1.5 × 10 −3, or 6.2%, 
with slightly larger corrections at higher wind speeds. A sensitivity test that involved recalculating mss and u* 
without making this correction (not shown) determined that correcting the tilting bias has little effect on the 
results presented in subsequent sections.

Data processing techniques used to correct wind speed and v3 mss measurements involved using observations 
from closely spaced platforms to develop a linear relationship used to make corrections. As highlighted in this 
manuscript, spatial variations likely exist on small scales, so observations from nearby drifters are not always 
equivalent for individual data pairs. However, this correction method is reasonable for several reasons: First, 

Figure 4.  (a) Drift tracks of all Surface Wave Instrument Float with Tracking drifters during both legs of Atlantic Tradewind Ocean-atmosphere Mesoscale Interaction 
Campaign. Colors represent the component of the current vector aligned with the waves. Histograms of data from all drifters: (b) wind (v3 only), wave, and current 
direction (note that green-gray indicates overlap of wind and wave directions, dark blue indicates overlap of wind and current directions, light blue-green indicates 
overlap of wind and wave directions, and dark blue-green indicates overlap of wind, wave, and current directions); (c) current and wave-relative current speed; (d) wind 
speed.
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many pairs of drifters were much closer together than the stated criterion; for instance, v4 drifters used to correct 
mss from v3 drifters were only 10.8 km apart on average. Second, large amounts of data (n = 598) are used to 
calculate the relationships used to correct v3 mss. Third, variations in mss due to wave-current interactions or 
other intermittencies in the wave field are not more frequently observed by v3 or v4 drifters (i.e., steeper waves 
due to opposing surface currents would be observed at the same frequency by v3 and v4 drifters). Because of this, 
the spatial variability between drifters, a source of random error, is smoothed out when constructing regressions. 
Finally, in the individual case with significant spatial variability highlighted in Section 3.2.2, variability is on 
scales of over 20 km and hence a correction on smaller scales would not influence those results.

3.  Results
We first evaluate the range of wind, wave, and current conditions observed during ATOMIC (Section 3.1). We then 
evaluate how mss and equilibrium u* differ across different current conditions in case studies on varying spatial 
scales (Section 3.2) and collectively in the study area (Section 3.3). Results are reported in Section 3.2 in terms of 
mss to highlight the effect of wave-current interactions on wave slope, while results are discussed in Section 3.3 in 
terms of u* to highlight the effects on friction velocity and air-sea momentum flux. We reiterate that reported mss 
and u* are directly proportional assuming that an equilibrium spectrum exists: if fmax − fmin = 0.15 s −1, β = 0.012, 
and I(p) = 2.5, u* will be higher than mss (normalized by frequency width) by exactly a factor of 13.0 ms −1 
(Equation 5).

3.1.  Wind, Wave, and Current Conditions During ATOMIC

Wind directions during ATOMIC were typically from the east or northeast following the prevailing trade winds. 
Wind speeds were variable: observed values ranged from 3.7 ms −1–13.0 ms −1 with a mean of 8.2 ms −1 and a 
standard deviation of 1.6 ms −1 (Figure 4d). Variations in wind speed led to variations in significant wave height. 
Significant wave heights averaged 2.3 m with a standard deviation of 0.6 m (Figure 3b), but were elevated to 
over 4 m during the swell event on 19–21 January 2021. Significant wave height was positively correlated with 
wave period; a mean wave centroid period of 6.8 s was observed, but this value increased to over 9 s during the 
swell event. As discussed previously, we exclude data from this period of time. Wave directions in the equilib-
rium frequency range were within ±20° of the wind direction 78% of the time (Figure 4b). Surface ocean current 
directions were usually aligned with the wind and waves, but had significantly greater variability. Currents were 
westward and aligned (within ±90°) with the waves 68% of the time (Figures 4a–4c). Currents opposed the waves 
(>|90°| angle between wind and wave directions) 32% of the time. Current speeds were on average 0.17 ms −1, 
with a standard deviation of 0.11 ms −1. The vector component of the current aligned with the waves (i.e., the 
wave-relative current) varied between −0.24 ms −1 and 0.47 ms −1, with an average of 0.07 ms −1 and a standard 
deviation of 0.12 ms −1.

As discussed previously, SWIFT drifters are Lagrangian platforms which follow the surface currents (with small 
additional contributions from wind slip and Stokes drift). Drifters often made loops and turns due to current 
variability on timescales of under 24 hr (e.g., see Figure 5a). This is considerably shorter than the inertial period, 
so these features are likely fronts or filaments rather than inertial oscillations. Surface current variability is espe-
cially apparent during Leg 2: Currents were slower and highly variable in the northern region with four drifters, 
and faster and aligned with the wind in the southern region with two drifters (Figure 4a).

3.2.  Case Studies

3.2.1.  Case 1: Small-Scale Current Loop

Two SWIFTs drifted toward the southwest in the southern part of the study region for a 72-hr period from 0000 
UTC on 2 February 2020 to 0000 UTC on 5 February 2020, during the second set of drifter deployments. During 
this period of time, two other drifters made a clockwise reversing turn in an area of cooler water to the north, on 
the scale of 10 km. While all drifters generally drifted southwestward, shifts in current direction lasting 12–24 hr 
caused them to briefly drift eastward. This resulted in the observed loops, on scales of less than 10 km, in the 
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drift tracks at 14.25°N and 54.82°W in Figure 5a. Wind speeds observed by the southern two drifters steadily 
decreased from 9 to 4 ms −1 throughout most of the 72-hr period. Wind speeds observed by the northern two drift-
ers were steady around 4–6 ms −1 for the first 48 hr, before increasing to 7–9 ms −1 for the remainder of the time 
period. Throughout the domain, wind and waves were consistently from the northeast without changing direction 
(Figure 5a). This is expected in a region with prevailing trade winds.

Because wind and wave directions were relatively constant, eastward currents correspond to conditions where 
the currents and waves were in opposite directions, as seen by the black markers in Figure 5. When currents 
opposed waves, mss was considerably higher than when currents were aligned with the waves during similar 
wind conditions (Figure 5b). Specifically, average mss at wind speeds between 5 and 7 ms −1 was 9% higher in 
opposing current conditions. At wind speeds between 4 and 5 ms −1, this difference was 20%. Differences were 
much smaller between 7 and 9 ms −1, although mss was still greater in wave-opposing conditions compared to 
wave-following conditions in all five bins. The small difference in mss between current conditions at wind speeds 
over 7 ms −1 appears to be because wave-opposing currents were much weaker in these bins than below 7 ms −1 
winds (i.e., the black points in Figure 5b are much lighter at higher winds, denoting only very weakly wave-op-
posing currents). The average difference in wave-relative current between the wave-following and wave-opposing 
conditions (pink and black lines in Figure 5b) was 0.20 ms −1, which at average wind speeds is expected to be 
associated with a difference in mss of 3.3% due to the difference in relative winds. This is shown by the difference 
in u* (assumed to be proportional to the difference in mss) between colored lines in Figure 1a. Thus, although 
differences were not statistically significant at the 95% confidence level except in the 4–5 ms −1 bin (Figure 5b), 

Figure 5.  Surface Wave Instrument Float with Tracking (SWIFT) observations from Case 1. (a) Drift tracks. Colors represent the component of the current vector 
aligned with the waves, black quivers represent the current direction, and cyan quivers represent the wave direction. (b) mss versus wind speed for four SWIFT drifters 
from 2 February 2020 0000 UTC to 5 February 2020 0000 UTC during leg 2 of Atlantic Tradewind Ocean-atmosphere Mesoscale Interaction Campaign. Lines denote 
averages in 1 ms −1-wide wind speed bins, separated by the wave-relative current (U cosθ). Points are colored by the wave-relative current, with point outlines denoting 
whether U cosθ < 0 (black) or U cosθ > 0 (pink). All plotted bins contain a minimum of 10 data points.
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the observed mss still differed by a much greater amount between current regimes than expected from relative 
winds alone. This suggests that wave-current interactions elevated (suppressed) wave slopes while the surface 
currents were opposing (following) the waves.

3.2.2.  Case 2: 30–50 km Front

Three SWIFTs drifted southwestward during a 48-hr period from 15 January 2020 0800 UTC to 17 January 2020 
0800 UTC near the start of leg 1 of ATOMIC. A ocean temperature front existed between the southernmost and 
two northern drifters, as evidenced by a spatial difference in ocean temperature of about 0.3°C (Figure 6b) across 
30–50 km. Currents were also considerably faster south of the front, as seen by the long drift track of the south-
ernmost drifter (Figure 6a). Unlike the previous case study, wind speeds were steady at 8–10 ms −1 throughout 
the domain.

Because wind speeds only varied by around 2 ms −1 during this case study, we evaluate the variability in mss 
using histograms of wind speed, wave-relative current, mss, and ocean temperature in two wave-relative current 
regimes: wave-following currents and wave-opposing currents (Figure 7). Wind speeds were, on average, slightly 
higher when currents followed the waves (Figure 7e). Despite the stronger winds, average mss was considera-
bly lower in these wave-following current conditions (Figure 7g). On the other hand, mss was relatively high, 
often near 3.0  ×  10 −2, when currents opposed the waves (Figure  7c). These results demonstrate that in this 
case with nearly invariant winds, wave-relative currents were the primary driver in modulating mss. However, 

Figure 6.  Surface Wave Instrument Float with Tracking observations from Case 2, collected from 15 January 2020 
0800 UTC to 17 January 0800 UTC during leg 1 of Atlantic Tradewind Ocean-atmosphere Mesoscale Interaction Campaign. 
(a) Drift tracks. Colors represent the component of the current vector aligned with the waves, black quivers represent the 
current direction, and cyan quivers represent the wave direction. For clarity, quivers are only plotted every 2 points (hours). 
(b) Drift tracks. Colors represent near-surface ocean temperature in the top 0.5 m.
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Figure 7g demonstrates that intermittent stronger winds also occasionally elevate mss: several points with wind 
speeds greater than 10 ms −1 and mss greater than 0.03 were observed in wave-following current conditions where 
currents would not be expected to steepen waves. The near-surface ocean temperatures associated with current 
regimes (Figures 6b, 7d, and 7h) show that wave-following currents were almost exclusively observed south 
of the temperature front, while opposing currents were more commonly observed by the northern two drifters. 
These results suggest that the mesoscale temperature front coincided with a front in surface currents that led to 
spatial variability in wave-current interactions.

3.3.  Synthesis of all Data

Figure 8 shows the average observed mss and u*, computed from Equation 3 using the equilibrium range of the 
wave spectra, binned by wind speed and separated by wave-relative current conditions for all SWIFT observa-
tions during ATOMIC. u* derived from wave spectra is generally consistent with the expected values of Large 
and Pond (1981). This suggests that wind speed and surface stress can be predicted from wave spectra alone and 
supports the findings of Voermans et al. (2020). u* generally increases as wave-relative currents decrease (i.e., 
currents are more wave opposing). The differences in average mss and u* between wave-relative current condi-
tions were statistically significant at the 95% level at most but not all wind speed bins. This may be due to the 
fact that wind speeds sometimes differed between current conditions even within bins; that is, slightly lower wind 
speeds observed during wave-opposing current conditions may partially cancel out the effect of currents increas-
ing u*. The variability in u* between different current conditions generally increases with increasing wind speed, 
which is consistent with the theoretical predictions based on wave-current interactions shown in Figure 1b and 
Equations 8 and 9. There are differences in u* between different levels of wave-following currents, which suggest 
that wave-current interactions may be important even when wave-opposing currents are not present, provided that 
spatial variability exists.

To quantify the effect of wave-current interactions, it is necessary to isolate the effect of currents from the domi-
nant effect of wind speed on u*. A multiple linear regression assesses the variability in u* independent of wind 
speed: assuming u* depends only on wind speed and wave-relative current, the effect of currents and wind speed 
on u* can be individually quantified. This regression is described by Equation 10,

Figure 7.  Histograms of Surface Wave Instrument Float with Tracking (SWIFT) observations from Case 2: (a and e) wind speed, (b and f) wave-relative current, (c and 
g) mss, and (d and h) ocean temperature for three SWIFT drifters from 15 January 2020 0800 UTC to 17 January 0800 UTC during leg 1 of Atlantic Tradewind Ocean-
atmosphere Mesoscale Interaction Campaign. Colors represent categories of the wave-relative current: Black denotes wave-opposing currents (U cosθ < 0 ms −1; n = 69) 
and pink denotes wave-following currents (U cosθ > 0 ms −1; n = 77).
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𝑢𝑢∗ = 𝑥𝑥 + 𝑦𝑦 𝑦𝑦10 − 𝑧𝑧 𝑧𝑧𝑧𝑧𝑧𝑧𝑧𝑧(𝜃𝜃),� (10)

which shows the average individual contributions of wind speed (U10) and wave-relative current (U cos(θ)) to 
u*. Using u* inferred from the wave spectra and U10 and U cos(θ) from the SWIFT observations, we find that 
x = −0.043 ± 0.006 (standard error), y = 0.041 ± 0.001, and z = −0.084 ± 0.009 (R 2 = 0.66). The method used 
to obtain u*, using wave spectra calculated from 10-min segments of data, is likely responsible for the relatively 
low R 2 value, as robust wave statistics cannot be obtained from short bursts. Physically, y and z are the contri-
butions of U10 and U cos(θ) to u*. The offset x is likely an artifact of the differences between the moderate- and 
low-wind relationship between U10 and u* (Edson et al., 2013), with additional contribution from the assumption 
of constant β and I(p) in calculations of u*. We note that using multiple linear regression to calculate Equation 10 
inherently assumes that U10 and U cos(θ) are uncorrelated. A linear regression between these variables shows 
only a very weak positive correlation (R 2 = 0.04), so the use of multiple linear regression to isolate wind speed 
is reasonable. Equation 10 demonstrates that the variation in u* across different current conditions is greater than 
what is expected from the current-relative wind alone. That is, the observed spread in u* (Figure 8) is greater than 
the prediction shown in Figure 1a. A wave-relative current change of 0.1 ms −1 was, on average, associated with 
a change of 0.0084 ms −1 in u* (compared to 0.0035 ms −1 expected from Equation 2 and Figure 1a). Equation 10 
suggests that the range of observed values of wave-relative current of approximately 0.7 ms −1 will lead to varia-
tions in mss and u* of 20%, at moderate wind speeds of 8–9 ms −1 (compared to 8% expected from Equation 2 and 
Figure 1a). However, wave-relative currents did not often vary by this amount at constant wind speeds; the middle 
80% of observations within wind bins typically had 0.3–0.35 ms −1 variability in wave-relative currents. Hence, 
the true typical variation in mss and u* is likely around 10%.

Figure 8.  Equilibrium u* and mss versus wind speed for all Surface Wave Instrument Float with Tracking data during both 
legs of Atlantic Tradewind Ocean-atmosphere Mesoscale Interaction Campaign. Lines denote averages in 1 ms −1-wide wind 
speed bins, colored by the wave-relative current (U cosθ). Error bars represent 95% confidence intervals around the mean of 
each bin. Blue shading represents the number of observations near a given wind speed and mss or u*. All plotted bins contain 
a minimum of 10 data points. The dotted purple line shows expected values of u* calculated from the relationship in Large 
and Pond (1981).
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Another method of quantifying the influence of surface currents on u* is to calculate the difference between the 
observed u* and predicted value from the Large and Pond (1981) relationship, which does not incorporate wave 
effects, and determine a relationship between this residual u* and the wave-relative current. This analysis yielded 
similar results as the multiple linear regression, with a slightly smaller dependence of wave-relative current on 
u*: residual u* decreased by 0.0057 ms −1 for every 0.1 ms −1 increase in wave-relative current. These analyses 
demonstrate that in the ATOMIC study area, which has consistent and strong wave-following currents, small-
scale spatial variations in surface currents may drive wave-current interactions and cause significant increases or 
decreases in u* and mss due to wave steepening or flattening, respectively. This is likely also applicable to other 
regions of the ocean with similar wind speeds and moderate current variability.

These findings support the hypothesis that wave-current interactions in the open ocean significantly modify u* 
when currents strongly follow or oppose the waves. However, the overall variation in observed u* is less than 
the expected spread for a single theoretical wave; that is, there is a greater spread in u* at a given wind speed in 
Figure 1b than in Figure 8. We expect that this discrepancy is primarily due to the directional spread of waves. 
Calculated from directional moments obtained from SWIFT onboard processing, average wave directional spread 
in the equilibrium frequency range is around 45°, with typical fluctuations up to 20°. The spread may partially 
result from scattering effects from submesoscale current velocity variations (Smit & Janssen, 2019), which were 
commonly observed in this area. The large wave directional spread indicates that a significant portion of the 
wave spectrum will not be directly aligned with the surface currents when the surface currents oppose or follow 
the average wave direction. Thus, the net effect of currents on wave steepening or flattening will be lower than 
expected for a single theoretical wave. The assumption of a constant I(p) in the calculation of u* (Equation 3) may 
also have contributed to the weaker signal, as directional spreading may covary with the alignment and direction 
of the waves. In addition, nonlinear interactions and contributions from the lower frequency portion of the spec-
trum (Vincent et al., 2019) may have smoothed out differences in u* between current regimes.

To assess the contribution of wave-current interactions to air-sea momentum flux, we calculate momentum flux 
from equilibrium u* and ρa observations using Equation 1. The physical idea is that mss is a proxy for surface 
roughness, which is directly related to the wind friction velocity and the momentum flux. ρa was determined from 
air temperature, air pressure, and relative humidity observations on the v4 SWIFTs. Because relative humidity 
observations were not available from the v3 SWIFTs, meteorological observations made on the NOAA Ship 
Ronald H. Brown (Thompson et al., 2021) were used to estimate ρa for these drifters. This approximation had 
a negligible effect, as ρa varied minimally (mean ρa on the ship was 1.172 kg m −3 with a standard deviation of 
0.003 kg m −3). Momentum flux calculated using u* from wave spectra and Equation 1 will hereinafter be referred 
to as τwaves. We note that using τwaves as a measure of momentum flux is contingent on the assumption that wind-
wave equilibrium is valid and spectra follow the theoretical f −4 shape; see Section 4.3 for a discussion. Figure 9a 
compares wind speed and τwaves: τwaves varies significantly between current conditions for a given wind speed. 
These differences are statistically significant at moderate wind speeds over 8 ms −1. Equation 11,

𝜏𝜏𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = 𝑋𝑋 + 𝑌𝑌 𝑌𝑌10 −𝑍𝑍 𝑍𝑍𝑍𝑍𝑍𝑍𝑍𝑍(𝜃𝜃),� (11)

represents the dependence of τwaves on wind speed and wave-relative current. Performing a multiple linear regres-
sion, we find that X = −0.116 ± 0.004 (standard error), Y = 0.028 ± 0.001, and Z = −0.061 ± 0.007 (R 2 = 0.61). 
As with Equation 10, the short 10-min sampling window likely contributed to uncertainty in these values. X is 
an offset and Y and Z are the contributions of U10 and U cos(θ) to τwaves. τwaves varies by 0.0061 Nm −2 on average 
for a 0.1 ms −1 change in wave-relative current. This equates to a 40% variation across the entire 0.7 ms −1 range 
of observed wave-relative currents at moderate wind speeds of 8–9 ms −1 (Equation 11). However, as mentioned 
above, the true variability at a given wind speed is likely much less than this value, as wave-relative currents typi-
cally only varied by a smaller amount. For instance, if wave-relative currents varied by 0.3 ms −1, τwaves would be 
expected to vary by approximately 17% at 8–9 ms −1 winds. This is comparable to the change in momentum flux 
that would be associated with a wind increase or decrease of 0.7 ms −1, according to the Large and Pond (1981) 
relationship.

Previous studies have shown that wave statistics, including mss, are improved when spectra are normalized by the 
wave directional spread (Banner et al., 2002; Schwendeman & Thomson, 2015). We recalculated mss from the 
wave spectra after normalizing spectra by the directional spread (Δθ), in addition to the aforementioned normal-
ization by the equilibrium frequency range width: normalizing by Δθ had a minimal effect on the magnitude 
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of mss; however, it increased the spread in mss between different wave-relative current conditions slightly (not 
shown). Normalizing by Δθ2, the directional spread calculated with the second-order moments of the wave spec-
tra (Thomson et al., 2018), increased the magnitude of mss but did not affect the spread in mss between different 
current conditions. In short, variance in mss across different wave-relative current conditions exists whether or 
not spectra are normalized by Δθ or Δθ2. Hence, mss only normalized by the frequency width are shown.

4.  Discussion and Conclusions
4.1.  Temporal and Lateral Variations in Surface Currents

The SWIFT observations demonstrate that both temporal and spatial variations in currents exist in the trade wind 
region encompassing the ATOMIC study area. For instance, case study 1 (Figure 5) shows variations in current 
speed and direction owing to a combination of increasing or decreasing wind speeds and larger-scale ocean vari-
ability, which modified currents throughout the area where drifters were deployed. That is, all drifters observed 
similar surface current speed and direction at a given time. On the other hand, case study 2 (Figure 6) exhibited 
spatial variations in surface currents, as winds were relatively steady throughout the domain but current speed 
and direction varied between drifters that is, drifters at different locations did not observe similar surface currents 
at the same point in time. This suggests that there is lateral shear in surface currents, which presumably drives 

Figure 9.  Momentum flux versus wind speed calculated from (a) equilibrium u* inferred from wave spectra for all Surface Wave Instrument Float with Tracking 
(SWIFT) data and (b–d) version 3.6 of the COARE algorithm for v4 SWIFT data, during both legs of Atlantic Tradewind Ocean-atmosphere Mesoscale Interaction 
Campaign. COARE 3.6 inputs included (b) observed surface currents and waves, (c) observed surface currents but not waves, and (d) observed waves but not surface 
currents. Lines denote averages in 1 ms −1-wide wind speed bins, colored by the wave-relative current (U cosθ). Error bars represent 95% confidence intervals around 
the mean of each bin. All plotted bins contain a minimum of 10 data points. Gray points represent wind speed and momentum flux observations, smoothed over a 3-hr 
period. The dotted purple line shows expected values calculated using Equation 1, with u* determined by the relationship in Large and Pond (1981) and using the mean 
ρa observed by the Ronald H. Brown.
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lateral variability in waves and air-sea fluxes. For instance, at 1200 UTC on 15 January 2020 near the beginning 
of case study 2, the southern two drifters are roughly 30 km apart, with wave-relative currents 0.17 ms −1 higher 
(more wave following) at the location of the southernmost drifter (Figure 6). u* and τwaves are 0.060 ms −1 and 
0.043 Nm −2 larger at the location of the central drifter (not shown). This implies that an average lateral wave-rel-
ative current shear of just under 0.006 ms −1 km −1 is responsible for average lateral variations of 0.002 ms −1 km −1 
and 0.0015 Nm −2 in u* and τwaves. We note that these shear estimates are highly dependent on the scale of the 
observations, that is, the spacing between SWIFT drifters. For instance, if a temperature front is sharp, shear will 
be much stronger in the small region near the front and weaker away from it. This is an important caveat in the 
context of wave-current interactions: these wave-current interactions only will occur if waves propagate across a 
region with spatial current variations; otherwise, any change in wave properties is likely due to the current-rel-
ative wind alone. Nevertheless, the significant variations observed by drifters across fronts imply that shear is 
present at some locations between the drifters. This, along with the small-scale features highlighted in Case 1, 
demonstrates that spatial variations of wave-current interactions are a major source of uncertainty in studies 
assuming that currents are uniform on submesoscales or mesoscales. That is, surface currents influence mss, u*, 
and momentum flux both when currents are spatially variable and when currents are spatially homogeneous but 
temporally variable.

4.2.  Applications to Air-Sea Interaction and Fluxes

The latest version (3.6) of the widely used Coupled Ocean-Atmosphere Response Experiment (COARE) bulk 
flux algorithm (Edson et al., 2013; Fairall et al., 2003) utilizes a wave model (Banner & Morison, 2010) to param-
eterize the effect of wave age on surface roughness and stress through the dominant wave phase speed (i.e., speed 
at the spectral peak), significant wave height, and wind speed, but does not consider the effects of surface currents 
on waves other than through changes in the current-relative wind speed (Equation 2). Because the results from 
Section 3 indicate that wave-current interactions significantly modulate momentum flux when spatial variability 
exists, we compare COARE 3.6 output, including and excluding parameterizations of the current-relative wind 
and wave age, to observations to evaluate the significance of wave-current interactions in modulating fluxes and 
gain insight into the effectiveness of COARE 3.6 parameterizations of momentum flux when surface currents 
are variable.

Momentum flux calculated using the COARE algorithm (τCOARE), wind speed, surface current, and wave condi-
tions observed by the SWIFTs and other atmospheric conditions observed at the Ronald H. Brown is shown 
in Figure 9b. Figure 9c shows momentum flux calculated using COARE 3.6 and prescribing observed surface 
currents but not waves (i.e., identical to 9b except without wave height and peak period prescribed as an input). 
Figure 9d shows momentum flux calculated using COARE 3.6 and prescribing observed wave conditions but not 
surface currents. Wave phase speeds input into COARE were calculated from the observed wave peak period and 
deep-water wave dispersion relation. Even though centroid period is a more stable parameter that is independent 
of the frequency spacing of the spectra, we use peak period as the dominant wave period input into COARE 
because the current version of the COARE algorithm was developed using peak period. v3 and v4 SWIFT peak 
periods are inconsistent because of the tilting bias discussed earlier, so only v4 SWIFT data were used to calculate 
momentum flux using COARE.

Figures 9b–9d indicate that the variability of τCOARE at a given wind speed is due to both variations in current-rel-
ative wind (Figure 9c) and wave age (Figure 9d). At wind speeds under 10 ms −1, there is a larger difference 
between current conditions when only current-relative wind is prescribed (Figure 9c) than when just wave age is 
prescribed (Figure 9d). This indicates that the spread in τCOARE between different wave-relative current conditions 
(Figure 9b) is largely the result of current-relative wind variations rather than waves, although waves do appear 
to have a significant impact at the highest wind speeds. The variations in τ are much larger in the observations 
(gray points in Figure 9a) than in COARE (gray points in Figures 9b–9d). This results from both variability in 
waves and turbulence and the inconsistencies in the assumptions used to calculate τ. Specifically, variations in 
the wave spectral slope (Figure 3c), the short 10-min duration over which wave spectra were calculated from, 
and the assumptions of constant β and I(p) all contribute uncertainty to τ estimates and result in inconsistencies 
between observed τ and COARE estimates or the Large and Pond (1981) parameterization. Furthermore, COARE 
is designed to represent the mean stress observed under given conditions rather than capture turbulent fluctua-
tions inherent in the real world. However, the variability in bin-averaged τ between current conditions estimated 
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using COARE (spread between lines in Figure 9b) is also much smaller than in the observations (spread between 
lines in Figure 9a). Because random error will be averaged out, we conclude that the smaller spread in COARE 
estimates is likely not due to the sources of uncertainty mentioned above and instead may be a result of current 
variability.

Table 1 shows mean τ within individual wind speed bins in Figures 9a and 9c. Because Figure 9c does not consider 
waves, the difference in τ between Figures 9a and 9c is an estimate of the influence of waves on momentum flux. 
At wind speeds above 8 ms −1, τwaves varies by 12.7%–36.8%, while τCOARE only varies by 6.3%–8.6% (Figure 9, 
Table 1). At these wind speeds, the difference between τwaves and τCOARE within individual bins is at least 6%, 
suggesting that wave-current interactions may be responsible for variations in τ of at least 6%. The variability in 
τ in the 8–9 ms −1 wind speed bin suggests significantly greater variability; however, the cause of this is unclear. 
One possibility is the presence of greater spatial variability in wave-relative currents when winds are moderate.

We note that the wave age parameterization in COARE, which does not incorporate wave-current interactions, 
reproduces some of the spread between current conditions at wind speeds above 10 ms −1 (Figures 9b and 9d). 
This may imply that wave-current interactions are not solely responsible for this variability. However, the spread 
is not reproduced at slightly lower wind speeds: τCOARE shown in Figures 9b and 9c are typically within a few 
percent at all wind speeds below 10 ms −1 (Table 1). At wind speeds below 8 ms −1, τwaves is only associated with a 
small amount of additional variability compared to τCOARE (Figure 9, Table 1), which suggests that variations in τ 
between different wave-relative current conditions at low wind speeds are primarily the result of current-relative 
winds rather than wave-current interactions.

Wave-current interactions are expected to have a second-order role in modulating the spatial variations of physical 
processes in addition to the air-sea momentum flux, including near-surface turbulence, gas transfer, and air-sea 
sensible, latent, buoyancy, and net heat fluxes. As discussed earlier, steeper wave slopes on one side of a front 
have previously been observed to be associated with enhanced wave breaking (e.g., Romero et al., 2017; Romero 
et al., 2020, and others), a process which elevates near-surface turbulent kinetic energy (TKE) dissipation rates 
(e.g., Agrawal et al., 1992; Craig & Banner, 1994; Terray et al., 1996; Thomson, 2012, and others) and air-sea 
gas transfer velocities (e.g., Asher et al., 1996; Keeling, 1993; Melville, 1996, and others). Thus, the observed 
submesoscale spatial variations in mss suggest that air-sea gas exchange and near-surface turbulence vary on the 
same spatial scales of kilometers to tens of kilometers. Air-sea heat fluxes are influenced by momentum fluxes 
and would also be expected to vary on the same spatial scales. Assuming standard bulk flux relationships between 
τ, the drag coefficient CD, the transfer coefficients of heat and moisture, and the surface heat flux (as shown in 
Fairall et al., 1996) and assuming that only surface stress is modified and other terms remain the same, a 6% 
uncertainty in bulk momentum flux will lead to an uncertainty of approximately 3%, or 6 Wm −2, of the air-sea 
sensible plus latent heat flux under average conditions observed during ATOMIC. As mentioned in Section 3.3, 
a direct comparison between τwaves and direct or parameterized flux estimates (i.e., τCOARE) requires assuming that 
wave spectra used in the calculation of τwaves follow a f −4 shape and wind and waves are in equilibrium. Time- 
and frequency-averaged spectra had a slope close to f −4 (Figures 3a and 3c), although small deviations from the 
expected f −4 shape occurred in a considerable number of spectra. Regardless, mss calculated from the spectra 

Wind speed 5–6 ms −1 6–7 ms −1 7–8 ms −1 8–9 ms −1 9–10 ms −1 10–11 ms −1

τwaves, U cosθ < 0 0.0431 0.0554 0.0832 0.1469 0.1527 0.1677

τwaves, 0 < U cosθ < 0.2 0.0399 0.0528 0.0815 0.1149 0.1386 0.1667

τwaves, U cosθ > 0.2 0.0406 0.0483 0.0751 0.1012 0.1324 0.1477

τCOARE, U cosθ < 0 0.0410 0.0564 0.0802 0.1117 0.1460 0.1814

τCOARE, 0 < U cosθ < 0.2 0.0391 0.0546 0.0766 0.1073 0.1395 0.1814

τCOARE, U cosθ > 0.2 0.0370 0.0507 0.0745 0.1025 0.1362 0.1703

Current effect in τwaves 6.0% 13.7% 10.2% 36.8% 14.2% 12.7%

Current effect in τCOARE 10.3% 10.6% 7.4% 8.6% 7.0% 6.3%

Note. “Current effect” refers to the percent difference between mean values of τ in the U cosθ < 0 versus U cosθ > 0.2 ms −1 wave-relative current bins.

Table 1 
Mean Observed and Expected Momentum Flux (τ, in Nm −2) Within Wind Speed Bins, as Shown in Figures 9a and 9c
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(directly proportional to u* used to calculate τwaves, as seen in Equation 5) are indicative of the surface roughness 
and thus will modulate air-sea momentum fluxes, even if wind-wave equilibrium is not strictly satisfied.

Wind directions are relatively invariant in the ATOMIC study area. Many other areas of the world ocean have 
similarly consistent wind directions, including the tropics and midlatitudes with prevailing trade winds and west-
erlies, respectively. Because of this, the observed influence of current variability on waves and momentum flux in 
the ATOMIC region, as well as the hypothesized influence of current variability on near-surface turbulence, gas 
exchange, and heat fluxes, is likely applicable to other areas; that is, wave-current interactions may be globally 
significant in modulating small-scale variability in waves and air-sea interaction even outside of locations with 
large wind or current variations. This finding is of particular relevance to model simulations that do not account 
for small-scale spatial variations in surface currents, or those that do not incorporate wave-current interactions at 
all or comprehensively into air-sea flux parameterizations. Due to greater small-scale spatial variability in coastal 
areas, the influence of wave-current interactions on air-sea fluxes is likely significantly greater here, along with 
locations that have stronger mesoscale and submesoscale eddy activity such as near strong western boundary 
currents like the North Brazil Current region to the south of the ATOMIC study area (Figure 2).

5.  Conclusions
Typically, in the northwest tropical Atlantic trade wind region during winter, currents follow the waves at 
0–0.2 ms −1. Conditions where currents were in the opposite direction as the waves occurred approximately 32% 
of the time, preferentially when wind speeds were below 8 ms −1. Opposing wave-relative currents were never 
greater than 0.24 ms −1. The two case studies demonstrate that surface current speed and directional variability 
exist on a wide range of spatial scales, from a few kilometers (Figure 5) to the scales of mesoscale features 
(Figure 6), and produce variations in mss and u* on the same scales.

In conditions where the currents follow the waves (green and blue lines in Figure 8), mss and u* deviate by 10% 
from conditions where the currents are neutral or wave opposing (pink and orange lines in Figure 8) in moderate 
wind conditions. Significant variations in mss and u* also are present across different levels of wave-following 
current conditions. Variability in mss and u* is greater than expected from the current-relative wind speed alone 
(Figure 1a), which implies that variability in u* at constant wind speeds is the result of a combination of the 
current-relative wind and wave-current interactions. The Doppler shift changes the waves' slopes when currents 
vary spatially, and these changes in roughness are used to infer changes in momentum flux.

These findings suggest that wave-current interactions are a source of uncertainty in predictions of mss or u* from 
either wind speed or current-relative wind speed alone and predictions of wind speed from u* such as those by 
Voermans et al. (2020). Variations in u* of 10% roughly equate to variations in momentum flux of 20% at a given 
wind speed (Equation 1). This significant contribution suggests that the inclusion of current-relative winds and 
wave-current interactions in models and parameterizations is crucial for obtaining accurate estimates of waves, 
near-surface turbulence, and air-sea heat, gas, and momentum fluxes. Existing parameterizations of waves and 
surface currents, such as those from version 3.6 of the COARE bulk flux algorithm, do not comprehensively 
consider the effect of wave-current interactions. Hence, even though the mean flux is still well represented by 
these models, they may underestimate variability in air-sea fluxes in the presence of varying surface currents and 
waves.

Data Availability Statement
SWIFT data are available through NOAA National Centers for Environmental Information (NCEI) at https://doi.
org/10.25921/s5d7-tc07 (Thomson et al., 2021). Meteorological observations from the NOAA Ship Ronald H. 
Brown are also available through NOAA NCEI at https://doi.org/10.25921/etxb-ht19. Coastline data in Figure 2 
were obtained using the NOAA Global Self-consistent Hierarchical High-resolution Geography Database 
(GSHHG). Reprocessed satellite sea level anomalies used to calculate eddy kinetic energy are available through 
CMEMS at https://resources.marine.copernicus.eu/?option=com_csw&view=details&product_id=SEA-
LEVEL_GLO_PHY_L4_REP_OBSERVATIONS_008_047. Version 3.6 of the COARE bulk flux algorithm 
is available at ftp://ftp1.esrl.noaa.gov/BLO/Air-Sea/bulkalg/cor3_6/. Perceptually uniform colormaps used in 
Figure 2 were obtained from the cmocean package (Thyng et al., 2016).
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