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INTRODUCTION
Wind forcing at the ocean surface is the 
main mechanism for generating near- 
inertial waves (NIWs), which have an 
intrinsic frequency near the resonant 
Coriolis frequency f = 2ψsin(ϕ), where 
ψ is Earth’s rotation rate and ϕ is lati-
tude. Much like surface ripples radiating 
away from a pebble dropped into water, 
wind-generated near-inertial waves radi-
ate away from their generation region 
through a range of vertical and horizon-
tal scales. However, unlike surface rip-
ples, internal waves can propagate both 
horizontally and vertically, with the sur-
face and bottom boundaries of the ocean 
limiting their propagation. A propagat-
ing wave can be decomposed into ver-
tical modes that vary from fast- moving 
equatorward- propagating low modes, 
which are typically large-scale waves with 
horizontal wavelengths O(100) km and 
vertically standing patterns of oscillat-
ing horizontal currents (D’Asaro, 1985; 
Garrett, 2001; Alford, 2003b; Simmons 
and Alford, 2012), to slow-moving waves 
of intermediate to small vertical and hor-
izontal scales that dominate internal 
wave energy and shear in the deep ocean 
(Müller et al., 1978; Pinkel, 1985; Kunze 
et al., 1990; Alford et al., 2017; Waterhouse 
et  al., 2022). The lowest- mode NIWs 
(generally modes 1 and 2) contain as 
much as half of the near-  inertial energy 
and energy flux (D’Asaro et  al., 1995; 
Alford, 2003a; Simmons and Alford, 
2012; Raja et al., 2022) and distribute this 

energy far from their sources (Gill, 1984; 
Silverthorne and Toole, 2009; Alford, 
2003a; Simmons and Alford, 2012). 
Intermediate-scale near- inertial waves, 
which can also be generated through 
wave-wave (McComas and Bretherton, 
1977; McComas and Müller, 2000; 
Henyey et al., 1986; Le Boyer and Alford, 
2021) or wave-mean flow interactions 
(Kunze, 1985; Bühler and McIntyre, 
2005; Rainville and Pinkel, 2006), con-
tain shear that mediates the transfer of 
energy from large to dissipative scales 
(e.g., Gregg, 1989). The increased vertical 
shear associated with NIWs causes direct 
impacts on global ocean energy budgets 
(Kunze, 2017a) through enhanced tur-
bulent mixing that affects various aspects 
of the ocean- atmosphere climate system 
from the meridional overturning circu-
lation (Kunze, 2017b) to the oceanic car-
bon cycle (Song et al., 2019) to long-term 
climate variability (Jochum et al., 2013).

Given the large scales over which low-
mode NIWs propagate, the fate of these 
waves can be altered through interactions 
at generation, and during propagation, 
by energetic mesoscale activity. Oceanic 
mesoscale and associated eddies are 
often referred to as ocean “weather,” typ-
ically defined as having eddy scales less 
than 100 km and timescales of months. 
Downward propagation of NIWs into 
the thermocline is modulated by meso-
scale vorticity (Kunze, 1985; Young and 
Jelloul, 1997), as evidenced in the rela-
tively inconsistent seasonality of NIW 

downward energy fluxes (Park and Watts, 
2005). Mesoscale eddies affect NIW 
behavior through their vorticity ζ mod-
ifying the effective inertial frequency 
fe = f + ζ/2 (Kunze 1985; Elipot et  al., 
2010; Alford et  al., 2013). Eddies have 
been found to focus near-inertial waves 
into anticyclones (Kunze, 1985), acceler-
ate their downward propagation (e.g., Lee 
and Niiler, 1998; Halle and Pinkel, 2003; 
Rainville and Pinkel, 2004; Yu et al., 2022; 
Essink et  al., 2022), and trap them at 
the edge of fronts (Kunze and Sanford, 
1984; Weller, 1985; Zhong and Bracco, 
2013). Additionally, eddies can control 
where NIWs dissipate (Kunze et al., 1995; 
Whalen et  al., 2018). The observations 
presented in this paper aim to understand 
how mesoscale vorticity modulates the 
energy pathway of near-inertial inputs 
by investigating the vertical structure and 
energy flux of seasonally variable NIWs.

The Office of Naval Research (ONR) 
Near-Inertial Shear and Kinetic Energy 
in the North Atlantic experiment 
(NISKINe) was designed to study the full 
life cycle of near-inertial waves from gen-
eration through propagation to dissipa-
tion in a region with storm tracks and an 
energetic eddy kinetic energy (EKE) field. 
EKE in Iceland Basin is stronger in sum-
mer than in winter (Rieck et  al., 2015), 
while wind forcing is stronger in winter 
than in summer. Other detailed studies 
on NISKINe field and modeling compo-
nents can be found in Asselin and Young 
(2020), Thomas et  al. (2020, 2023, and 
2024, in this issue), Klenz et  al. (2022), 
Kunze et  al. (2023), and Girton et  al. 
(2024, in this issue).

MOORED OBSERVATIONS
One component of NISKINe included 
deployment of three full-depth moorings 
in a region of enhanced EKE in Iceland 
Basin (Figure 1). The moorings were 
deployed for 18 months, from May 5, 
2019, until October 5, 2020, in a triangu-
lar array separated by 15 km and centered 
around 59°6'N, 21°12'W in approximately 
2,800-meters water depth. Moorings were 
arranged in a triangle to allow for future 

ABSTRACT. An 18-month deployment of moored sensors in Iceland Basin allows 
characterization of near-inertial (frequencies near the Coriolis frequency f with periods 
of ~14 h) internal gravity wave generation and propagation in a region with an active 
mesoscale eddy field and strong seasonal wind and heat forcing. The seasonal cycle 
in surface forcing deepens the mixed layer in winter and controls excitation of near- 
inertial energy. The mesoscale eddy field modulates near-inertial wave temporal, hori-
zontal, and vertical scales, as well as propagation out of the surface layer into the deep 
permanent pycnocline. Wind-forced near-inertial energy has the most active down-
ward propagation within anticyclonic eddies. As oceanic surface and bottom bound-
aries act to naturally confine the propagation of internal waves, the vertical distribu-
tion of these waves can be decomposed into a set of “standing” vertical modes that each 
propagate horizontally at different speeds. The lowest modes, which propagate quickly 
away from their generation sites, are most enhanced when the mixed layer is deep and 
are generally directed southward.
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estimates of energy exchange between 
near-inertial waves and the mesoscale 
circulation. The location of the NISKINe 
array was chosen based on the area’s con-
sistent EKE signal (Figure 1). The spacing 
between moorings was chosen to resolve 
mesoscale eddy shears.

The primary mooring, M1, was 
equipped with acoustic Doppler current 
Profilers (ADCPs) sampling velocity con-
tinuously over the upper 1,500 m of the 
water column. An additional point mea-
surement of velocity 26 m above the sea-
floor stopped working about two weeks 
after deployment due to instrument 
failure. Temperature and salinity were 
measured concurrently with Sea-Bird 
SBE  37 CTDs at 47, 170, 316, 594, and 
2,850  m nominal depths. Temperature 
was recorded with SBE 56 and RBR Solo 
thermistors spaced 5 to 10 m in the upper 
200 m and more coarsely distributed with 
spacing varying from 20 to 150 m down 
to 1,500 m depth (Figure 2a). In addition, 
turbulence-measuring χ-pods (Moum 

and Nash, 2009; Lien and Sanford, 2019) 
were attached from 100 m to 820 m depth. 
Only velocity and hydrography observa-
tions from M1 will be detailed here with 
quantification of lateral structure, evo-
lution of energetics across the mooring 
array, and turbulence observations to be 
detailed in forthcoming papers.

At times, the moorings were exposed 
to high current velocities in the strongly 
eddying North Atlantic Current, so they 
experienced periods of sustained knock-
down of up to 400  m due to high drag. 
These knockdown events are noted in 
Figure 2a–c as missing near- surface cur-
rent and temperature measurements. 
Pressure sensors on the moorings allow 
remapping the time series to constant 
depths. Vertical mooring excursions 
occurred at frequencies low enough that 
they did not appreciably affect depth- 
gridded data products.

In addition to the NISKINe moor-
ing array, a full-depth mooring from 
the Overturning in the Subpolar North 

Atlantic Program (OSNAP; moor-
ing MM4; Figure 1) was included in 
the analysis to estimate low-mode near- 
inertial internal-wave energy flux 100 km 
south of the NISKINe array between July 
2014 and June 2016. While the OSNAP 
array was deployed to address meridi-
onal overturning fluxes in the subpolar 
North Atlantic (Lozier et  al., 2019), a 
subset of its data also resolves low-mode 
near- inertial wave fluxes (e.g., Vic et al., 
2021). Although this mooring did not 
overlap in time with the NISKINe array, 
it provides information on seasonal vari-
ability in the Iceland Basin south of the 
NISKINe study area.

SEASONAL CYCLES OF 
BACKGROUND FIELDS
To quantify the effect of seasonal winds 
at the NISKINe mooring array, mixed-
layer depth, near-inertial wind-work, 
and mesoscale satellite altimetry EKE 
and vorticity are calculated as described 
below. The oceanic mixed layer is a weakly 
stratified region in the upper ocean where 
there is little variation in temperature, 
salinity, or density with depth (Kara et al., 
2000). Near-inertial wind-work is defined 
as transfer of kinetic energy from atmo-
sphere to ocean at near-inertial frequency 
(e.g.,  Simmons and Alford, 2012; Torres 
et  al., 2022). Vorticity estimates the rate 
of fluid rotation and is often quantified 
in the ocean as “normalized vorticity,” 
which describes the rate of fluid rotation 
normalized by Earth’s rotation (in this 
case by the Coriolis frequency f ).

Mixed-Layer Depth
Mixed-layer depth (MLD) is typically cal-
culated based on vertical profiles of den-
sity, temperature, or salinity (Thomson 
and Fine, 2003). From observations at 
mooring M1 (Figure 2a), an MLD time 
series is based on a temperature thresh-
old of 0.2°C. In general, the threshold 
method identifies the depth at which the 
temperature profile changes by a pre-
defined amount (the threshold value, 
0.2°C) relative to a near-surface reference 
value. A density-based threshold could 

FIGURE 1. Locations of three NISKINe moorings deployed from May 2019 to October 2020 are indi-
cated by white circles, with the northmost mooring labeled M1. OSNAP mooring MM4 (black cir-
cle) was deployed from July 2014 to June 2016. The white line shows the trajectory of an EM-APEX 
float deployed near 57°N, 24°W on June 5, 2019 (marked together with two later timestamps), and 
small white dots give individual float locations spaced by varying periods (Irminger Sea portion 
not shown). Color shading shows surface eddy kinetic energy (EKE) in the Iceland Basin based on 
satellite sea level anomaly data between 2005 and 2020. Light gray dashed contours show the 
covariance pattern between EKE and the dominant mode of EKE variability (based on empirical 
orthogonal function analysis) in the area.
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not be applied because most measure-
ments on the mooring were temperature 
only. Time series from the few moored 
CTDs (not shown) indicate considerable 
isopycnal variability in temperature and 
salinity, complicating direct mapping of 
temperature to density.

The temperature-threshold-based 
MLD time series, calculated using the 
upper most moored temperature record 
as the near-surface reference value, shows 
considerable deviation during moor-
ing knockdown periods from Argo MLD 
climatology (Holte et  al., 2017) interpo-
lated to the mooring array (Figure 3c). 
Calculating MLD with mooring data 
alone proved to be elusive due to inter-
mittent mooring knockdown and miss-
ing hydrography measurements in the 
upper 40 m. Comparison with satellite 
sea surface temperature (SST; Figure 3a) 
shows large differences between warmest 
temperatures observed by the M1 moor-
ing and temperature at the ocean sur-
face during summer months and during 
mooring knockdown. Therefore, when 
mooring knockdown exceeded 50  m or 
satellite SST deviated by more than 1.5°C 

from the uppermost moored temperature 
record, mooring MLD was replaced with 
Argo MLD climatology. Figure 3d shows 
the final MLD product derived for this 
NISKINe deployment.

MLD follows a seasonal cycle of deep-
ening starting in early to mid fall, with a 
persistent winter remnant layer between 
500 and 600 m (peaking in March), and 
a rapid return to less than 50  m at the 
beginning of summer (Figure 3d). MLD 
broadly agrees with climatology. However, 
a 400 m thick mixed layer persisted longer 
than was seen in climatology in both 2019 
and 2020 (Figure 3c). The summer mixed 
layer forms a shallow seasonal pycnocline 
that overlies remnants of the deep winter 
mixed layer (Figure 2d). The deep winter 
mixed layer slowly restratifies starting at 
the cessation of deep winter convection in 
April and lasts until deep convection onset 
in December (Figure 2d; see also Box 1 
and Figure 7 with buoyancy frequency N 
from EM-APEX float observations show-
ing similar behavior). As pointed out by 
Kunze et al. (2023), restratification below 
the seasonal pycnocline may be explained 
by vertical mixing.

Near-Inertial Wind-Work
Surface wind stress and near-inertial 
wind-work have clear seasonal cycles, 
each with a minimum in summer and a 
maximum in winter (Figure 4a–c). We 
use wind data from the European Centre 
for Medium-Range Weather Forecasting 
(ECMWF) ERA5 reanalysis interpolated 
to the M1 mooring location. Wind stress 
τ is calculated as

 τ = ρaCD ur |ur| (1)

with air density ρa, drag coefficient CD, 
and relative wind speed ur = u10 – us. Here, 
u10 is the ERA5 wind speed (10 m above 
sea level), and us is the ocean surface 
velocity taken from the moored veloc-
ity record in the mixed layer. Following 
Vic et  al. (2021), we apply a correction 
factor to the calculation of ur to account 
for current feedback on wind stress not 
taken into account in reanalysis prod-
ucts (Kelly and Thompson, 2002; Renault 
et al., 2020): ur = u10 – (1 – sw)us where 
sw = 0.3 is the globally averaged value of 
the current- wind coupling coefficient.
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FIGURE 2. Seasonal 
cycles of temperature 
(a,d), horizontal veloc-
ity (u,v) (b,c) and mode-1 
vertical profiles for dis-
placement η and hor-
izontal velocity (e) at 
NISKINe mooring M1.
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Near-inertial wind-work ΠNI is calcu-
lated as

 
ΠNI = τf · uNI  (2)

where uNI denotes inertial mixed-layer 
currents and τf near-inertial wind stress 
that are obtained by band-pass fil-
tering around the inertial frequency 
( f = 1.248 × 10–4 [s–1], with a bandwidth 
factor c = 1.06). The bandwidth factor c is 
chosen to satisfy c f < c–1 ωSD so as to sepa-
rate semidiurnal tidal and inertial bands. 
Due to the proximity of inertial and 
semidiurnal frequencies (ωSD = 1.13f ) in 
the Iceland Basin, the pass band used for 
filtering is narrower than the customary 
c = 1.25 factor (e.g., Alford, 2003b).

Average near-inertial wind-work 
from May 2019 to October 2020 was 
0.12 mW m–2. During individual win-
ter storm events, near- inertial wind-
work exceeded 2 mW m–2. Cumulative 
near-inertial wind-work over the 
NISKINe deployment period was 
4 kJ m–2 (Figure 4c). Total global 
near-inertial wind-work of about 
0.3 TW (Alford, 2020) translates to a 
global average of about 0.8 mW m–2 
or 25 kJ m–2 annual wind-work. Thus, 

near-inertial wind-work at the NISKINe 
site is a factor of six smaller than the 
global average.

Eddy Kinetic Energy
Mesoscale EKE in the Iceland Basin is 
concentrated over the deeper part of the 
basin (Figure 4e). It is calculated from 
satellite-altimetry-derived geostrophic 
velocities uga as

 
EKE = 

ρ0—2 (u2
ga + v2

ga)
 

(3)

with lateral resolution of 0.25° or 28 km. 
For comparison, mixed-layer eddy kinetic 
energy (EKEML) is calculated from three-
day low-pass-filtered velocity observa-
tions at mooring M1 (Figure 4e). EKEML 
generally follows the pattern of EKE but 
has higher amplitudes. Satellite-altimetry-
derived geostrophic velocities are known 
to underestimate true geostrophic veloc-
ities because of finite resolution (Chelton 
et  al., 2019), but the general match of 
high and low EKE from the two esti-
mates gives us confidence in the satellite- 
altimetry inference for this region. The 
seasonal cycle in surface EKE peaks in 
May (Figure 4e). Seasonal EKE vari-
ance is mostly focused on the center of 

Iceland Basin (dashed gray contours in 
Figure 1). EKE seasonality is a general fea-
ture of both the Atlantic and Pacific that 
may be related to upscale energy trans-
fer from submesoscale variability (Sasaki 
et al., 2017; Naveira Garabato et al., 2022), 
seasonal variations in surface heat-fluxes, 
and associated thermocline changes 
(Rieck et al. 2015), or to a seasonal cycle 
in wind forcing and momentum removal 
at the mesoscale (Rai et al., 2021).

Vorticity
Relative vorticity is calculated from satel-
lite- altimetry-derived geostrophic veloc-
ity anomalies as

 
ζ = –— —

∂vga ∂uga

∂x ∂y  
(4)

and normalized by the local inertial fre-
quency f as ζ/f, which is referred to as nor-
malized vorticity in the following. Direct 
estimates of vorticity from the triangular 
mooring array require careful processing 
(e.g., Lien and Müller, 1992) and will be 
included in future work.

Vorticity amplitudes at the moor-
ing sites follow the seasonal cycle of sur-
face EKE with enhanced vorticity in 
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FIGURE 3. Mixed-layer depth calcula-
tion components and resulting time- 
series. (a) Satellite sea surface tempera-
ture (SST, blue line), including average 
maximum and minimum temperature 
over a 20 km radius around mooring M1 
(blue shading) and warmest tempera-
ture observed by the mooring (black 
line). Periods when SST differed by more 
than 1.5°C from the mooring observa-
tions are shown in gray. (b) Depth of the 
top-most mooring element, indicating 
mooring knockdown. Periods when the 
top buoy was deeper than 100 m are 
shown in gray. (c) Mixed-layer depth cal-
culated from all temperature observa-
tions on the mooring based on a 0.2°C 
threshold. Periods where either SST dif-
fered by more than 1.5°C or the top float 
was deeper than 100 m are shown in 
gray. Argo mixed-layer depth climatol-
ogy (Holte et al., 2017) for the mooring 
is shown in blue. (d) Combined product 
of moored temperature-based mixed-
layer depth and Argo mixed-layer depth 
climatology (see text for details).
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summer (Figure 4d). A 2005–2020 nor-
malized vorticity average displays stand-
ing eddies in Iceland Basin with an anti-
cyclonic eddy with ζ/f— ≈ –0.025 south of 
the mooring array and a cyclonic eddy to 
the north with ζ/f— ≈ +0.02 (not shown). 
The persistent anticyclonic eddy, referred 
to as “PRIME eddy” in previous studies 
(Martin et al., 1998; Wade and Heywood, 
2001), is characterized by a cold core. 
The northmost mooring M1 was located 
in positive long-term mean vorticity, 
the southmost mooring M2 in nega-
tive mean vorticity, and M3 in the tran-
sition. From May 2019 to October 2020, 

average vorticity was positive at all moor-
ings, with a meridional vorticity gradient 
of the same sign and about twice as large 
as the long-term average. The average 
meridional gradient in vorticity for this 
time was an order of magnitude larger 
than the planetary meridional inertial 
frequency gradient β.

SEASONAL VARIABILITY
Seasonal Variation of Velocity 
and Kinetic Energy
Over the duration of the NISKINe 
deployment, surface velocities were gen-
erally deep-reaching, with currents 

exceeding 0.4 m s–1 for sustained periods 
(Figure 2b,c). Near-inertial kinetic energy

 
KENI = (uNI

2  + vNI
2 )—

ρ0

2  
(5)

is enhanced in winter (Figure 4f). Depth 
extent of the initial response to enhanced 
NI wind-work increases as the mixed 
layer deepens from January through 
March, and near-inertial kinetic energy 
content in the water column is gener-
ally larger when the mixed layer is deeper 
(Figure 4h, black). Near-inertial kinetic 
energy below the permanent pycnocline 
at around 500  m depth is largely inde-
pendent of mixed-layer depth (Figure 4h, 
blue). Winter-enhanced near-inertial KE 
events observed from the mooring dif-
fer from summer-enhanced KE events 
observed by EM-APEX floats (see 
Box 1, Figure 7), likely due to the differ-
ent modal content captured by each plat-
form, with low modes dominating the 
near-full-water-column moored obser-
vations and higher modes (>8) dominat-
ing the EM-APEX float measurements 
(which sample to 800 m depth, above the 
first zero crossing of the first ~7 modes).

Near-inertial kinetic energy asso-
ciated with negative normalized vor-
ticity (anticyclones) is twice that in 
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FIGURE 4. Surface forcing, upper ocean vorticity, upper ocean eddy kinetic energy, and near-inertial kinetic energy at mooring M1. (a) Surface wind 
stress τ from ERA-5 reanalysis. (b) Near-inertial wind-work ΠNI. (c) Cumulative near-inertial wind-work over the mooring deployment period. (d) Surface 
normalized vorticity ζ/f. (e) Estimates of surface eddy kinetic energy based on mixed-layer-averaged velocity (pink) and satellite-altimetry-derived 
sea surface height anomaly (blue). (f) Near-inertial kinetic energy. The black line shows mixed-layer depth from Figure 3d. (g) Vertical profiles of time-
mean near- inertial kinetic energy segregated into positive (red) and negative (blue) normalized vorticity ζ/f. Shading indicates 95% confidence inter-
vals around the mean profiles based on a seven-day decorrelation timescale yielding 72 degrees of freedom in the 506-day-long time series. Only 
depths with less than 10% gaps due to mooring knockdown were included in the mean. Solid lines show overall means. Dashed profiles were calcu-
lated from near-inertial kinetic energy during the top 50 percentile of wind stress at the mooring site. Dash-dotted profiles were calculated from data 
during the lower 50 percentile of wind stress. (h) Near-inertial kinetic energy depth-integrated over the full water column (black), the mixed layer (pink), 
and between 500 m and 1,200 m depth (blue).
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positive normalized vorticity (cyclones; 
Figure 4g), likely due to vorticity refrac-
tion, which focuses and traps near- 
inertial energy in anticyclonic vorticity 
(Elipot et  al., 2010), then amplifies it at 
critical layers at the bases of anticyclones 
(Kunze et  al.,1995; Lelong et  al., 2020; 
Yu et al., 2022).

Two high near-inertial kinetic energy 
events below the permanent pycnocline 
during September 2019 and January 2020 
stand out. Both coincide with negative 
vorticity and were observed across the 
triangle array. Details of these events 
are currently being analyzed and will be 
reported in a future paper.

Seasonality of the Spectral 
Content of Vertical Shear in 
Active Mesoscale Conditions
Given the influence of background con-
ditions on the response in near-  inertial 
kinetic energy to 1,500 m depth, we assess 
how near-inertial and tidal frequencies are 
modulated by variability of background 
and forcing conditions. To investigate sea-
sonality of the frequency content of hor-
izontal velocity and vertical shear, two 
month-long subsets of 304–1,312 m depth 
data from the M1 mooring are utilized. 
The first subset is from March 1 to March 
30, 2020, during enhanced wind stress, 
negative vorticity, and a deep (> 450 m) 

mixed layer, and the second is from July 1 
to July 31, 2020, during decreased wind 
stress, positive vorticity, and a shallow 
mixed layer (< 50 m). From these two 
subsets, we quantify the spectral content 
of velocity u and 16 m vertical shear uz at 
320, 800, and 1,280 m depths (Figure 2e) 
from the gridded velocity time series.

Spectra of buoyancy-normalized veloc-
ity vary between winter (March 2020) and 
summer (July 2020; Figure 5a–c). During 
winter, the dominant spectral peak is in 
the near-inertial band at all depths, blue-
shifted to 1.02f. This blue shift can arise 
from beta dispersion of inertial oscilla-
tions propagating from the north, where f 
is higher (Fu, 1981; Gill, 1984; D’Asaro and 
Perkins, 1984; Garrett, 2001; Simmons 
and Alford, 2012) and surface generation 
of inertial oscillations are modulated by 
mesoscale vorticity (Weller, 1982; Thomas 
et al., 2020). There is a smaller peak at M2 
and S2 semi diurnal frequencies, enhanced 
at 1,280  m depth. The K1 diurnal tides 
(which are non-propagating at this lat-
itude since ωK1 < f and thus should eva-
nesce away from the bottom) are enhanced 
near the surface (at 320  m depth), 
which may be due to diurnal forcing of 
the winter mixed layer.

In summer, when winds are reduced 
and the mixed layer is thinner, the semi-
diurnal tidal peak dominates at all depths 
and is similar to the spectral content at 
Reykjanes Ridge to the west (Vic et  al., 
2021). The M2 peak is more prominent at 
1,280 m than 320 m depth (Figure 5a,c). 
While the inertial peak is smaller, a blue 
shift is still evident where the peak is 
shifted toward higher frequency.

As an additional step to assess seasonal 
variability of spectral content of shear, 
a two-dimensional (2D) wavenumber-  
frequency spectrum is computed 
(e.g., Pinkel, 2008; Fer, 2014) in order to 
consider patterns of variability in both 
time and space simultaneously. The sign of 
phase propagation is given by the relative 
signs of frequency, fm, and vertical wave-
number, kz. For freely propagating linear 
internal waves, downward- propagating 
energy (upward-propagating phase) cor-

FIGURE 5. (a–c) Power spectra of buoyancy-normalized velocity at 320, 800, and 1,280 m depths 
with differing background and forcing conditions. The first (blue lines) is during the enhanced KENI 
event of March 2020 associated with a deep mixed-layer depth and negative vorticity. The second 
event (red lines) is during a period with shallow mixed-layer depth, positive vorticity, and decreased 
wind-stress in July 2020. Local inertial ( f ), semidiurnal (M2), and diurnal (K1) frequencies are marked 
with dashed, dotted, and solid gray vertical lines, respectively. (d,e) Two-dimensional wavenumber- 
frequency spectra of buoyancy-normalized shear (uz + ivz) from the same two subsets: (d) March and 
(e) July 2020. Local inertial ( f ) semidiurnal (M2 and S2), and diurnal (K1) frequencies are indicated 
with solid vertical lines.
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responds to fm/kz > 0, whereas upward- 
propagating energy is in quadrants with 
fm/kz < 0. Wind-generated downward 
near-inertial energy is expected in the 
lower-left quadrant (fm < 0 and kz < 0).

During winter, the 2D spectrum is 
dominated by a peak in the bottom 
left quadrant (Figure 5d), consistent 
with downward- propagating near- inertial 
waves forced by winds. The near- inertial 
peak spreads toward both higher and 
lower frequencies with increasing wave-
number kz. This is consistent with smear-
ing associated with Doppler shifting 
due to internal- wave vertical velocities 
with increasing vertical wavenumbers 
(Holloway, 1983; Sherman and Pinkel, 
1991; Pinkel, 2014). A smaller peak 
appears at the M2 semidiurnal frequency 
in both positive and negative wavenumber 
bands at approximately kz = 0.0059 cpm 
(170 m wavelength). The right-hand side 
of the 2D spectrum contains relatively 
weak signals, indicating mostly clockwise 
rotation of shear with time, as is expected 
in the Northern Hemisphere.

During summer, there is a similar 

peak in both positive and negative wave-
numbers at the M2 semidiurnal frequency 
and a near-inertial peak in the bottom 
left quadrant from kz = 0 to −0.01 cpm. 
Again, the peak at the local inertial fre-
quency ( f ) spreads with increasing ver-
tical wavenumber towards both higher 
and lower frequencies, consistent with 
Doppler shifting.

Vorticity Influence on 
Directionality of Vertical Shear
Following Leaman and Sanford (1975), 
upward and downward energy prop-
agation can be diagnosed by separat-
ing Northern Hemisphere shear pro-
files into counterclockwise-(CCW) and 
clockwise-(CW) with-depth compo-
nents. Following Waterhouse et al. (2022), 
rotary- with- depth spectra are calcu-
lated from buoyancy-normalized vertical 
shear for each gridded 10 min sample 
to obtain CCW- and CW-with-depth 
rotary shear components. CCW and CW 
shear variances, ϕccw and ϕcw, are calcu-
lated by integrating over 32–832  m ver-
tical wavelengths and normalizing by the 

buoyancy-normalized GM76 shear spec-
trum (Garrett and Munk, 1975) inte-
grated over the same wavenumber range.

The non-dimensional vertical asym-
metry ratio,

 
Ω = ———

ϕcw – ϕccw

ϕcw + ϕccw  
(6)

(Gonella, 1972; Waterhouse et al., 2022), 
describes the relative dominance of down-
ward- vs. upward-propagating shear vari-
ance in the Northern Hemisphere.

From May 2019 to October 2020, one-
day- smoothed Ω indicates enhanced 
down- going energy during winter 
(Figure 6a), in line with the expecta-
tion that wind-generated NIWs are 
passing through the observational 
array. Probability distributions indi-
cate enhanced downward-propagating 
shear during winter (Ω–winter = 0.10) and 
near-equal directionality during sum-
mer (Ω–summer = 0.03; Figure 6b). The win-
ter average Ω– is close to the 200–600 m 
average Ω– (0.13) from a global com-
pendium of shear observations 
(Waterhouse et al., 2022).

FIGURE 6. (a) Time series of asymmetry ratio, Ω, cal-
culated from buoyancy-normalized rotary shear based 
on moored current meter observations. Ω is smoothed 
using a one-day third-order median filter. (b) Probability 
density function of median-filtered Ω over the full moor-
ing record from May 2019 to October 2020 (black), win-
ter (blue; November 1, 2019, to April 30, 2020), and sum-
mer (red; May–October 2019 and May–October 2020). 
(c) Bivariate histogram of Ω and normalized vorticity, ζ/f, 
for the full observational period at NISKINe mooring M1. 
Left and right halves of the plot indicate anticyclonic and 
cyclonic vorticity. Top and bottom halves show excess 
downward- and upward-propagating shear.

ba

c
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BOX 1. EM-APEX PROFILING FLOAT TIME SERIES

Six EM-APEX profiling floats also made long-term measurements, the longest 
lasting from late May 2019 to early April 2021, as they drifted from the NISKINe 
site (~58°N, ~24°W) around Iceland and Irminger Basins, collecting half-  
inertial- period profile pairs of water-mass properties (T, S), horizontal velocity 
(u, v) and temperature microstructure (from which turbulent kinetic energy 
dissipation rates ε and diapycnal diffusivities K are inferred) every 10–14 days 
(Kunze et  al., 2023). The coarse temporal sampling could not distinguish 
between wind-forced near-inertial and tide/topography-generated semidiur-
nal (M2 = 1.13f ) internal waves. The profiles spanned the upper 1 km, resolving 
vertical modes 8–40.

One float’s profile time series spans June 2019 to December 2020 (Figure 7; 
trajectory shown in Figure 1). A sharp pycnocline is present at 20–30 m depth 
during April through September (Figure 7a). It is eradicated and a ~600 m 
deep winter mixed layer forms during the fall. Eddy horizontal kinetic energy 
EKE, based on half-inertial-period pair velocity profile sums, is O(10–100) J m–3 
in the upper 500 m (Figure 7b–c). Near-inertial/semidiurnal horizontal kinetic 
energy KENI, based on half-inertial period pair velocity profile differences, is 
an order of magnitude weaker than eddy energy (Figure 7d–e). It is energized 
in the surface layer and pycnocline during fall and winter.

Seasonal variability of near-inertial/semidiurnal shear variance and rotary- 
with- depth properties demonstrates that the mooring signals are widespread 
in Iceland and Irminger Basins. Vertical wavenumber spectral levels are com-
parable to canonical mid-latitude Garrett and Munk (1979) levels during sum-
mer but five times higher in fall, winter, and spring. Clockwise-with-depth 
shear variance (downward energy propagation) is a factor of two higher than 
counterclockwise- with-depth (upward propagating) shear variance during 
fall and winter, but the two are not significantly different in spring and sum-
mer. Counterclockwise-with-depth shear variance dominates over the rough 
topography of the East Greenland continental slope, Reykjanes Ridge, and 
the western flank of the Rockall Plateau, consistent with Vic et  al. (2021) 
reporting that semidiurnal barotropic-to-baroclinic tidal conversion exceeded 
wind forcing at the Reykjanes Ridge during summer.

Average turbulent dissipation rates ε ~ O(3 × 10–9) W kg–1 and diapycnal dif-
fusivities K ~ O(10–4) m2 s–1 are an order of magnitude higher than canonical 
mid-latitude values (e.g., K ~ 0.05 × 10–4 m2 s–1; Gregg 1989). These vary by a 
factor of three from month to month but the only repeatable seasonal signal 
is a K ~ 0.2 × 10–4 m2 s–1 minimum in August 2019 and 2020. Float dissipation 
rates are more comparable with the tidal parameterization of de Lavergne 
et al. (2020) than the factor-of-five lower microstructure estimates along and 
across Reykjanes Ridge (Petit et al., 2018), but the association of the stron-
gest peaks with storm-forced near-inertial waves rather than with crossing of 
the Reykjanes Ridge points to the de Lavergne et al. (2020) parameterization 
overestimating tidal turbulence production in the Iceland and Irminger Basins. 
Dissipation timescales for the resolved near-inertial/semidiurnal energy are 
~2 weeks, comparable to replenishment timescales (Vic et al., 2021). In con-
trast, these timescales are 24 weeks at mid-latitudes (Garrett and Munk, 1979). 
The shorter timescales of the internal wave field in the eastern subpolar North 
Atlantic imply that energy balances will be local in time and space, limiting 
the number of surface and bottom reflections, as well as lateral propagation 
distances for modes 8–40. Thus, seasons and locations are relatively iso-
lated from each other, explaining why variabilities in variances and rotary-
with-depth behavior track local forcing.

To determine the influence of back-
ground vorticity on the preferred direc-
tion of vertical energy propagation, daily- 
filtered Ω is compared to background 
vorticity using a bivariate histogram 
(Figure 6c). Results suggest that down-
ward propagation is particularly dominant 
within negative vorticity, consistent with 
historical observations that have shown 
trapping of inertial signals within anti-
cyclonic eddies (e.g., Kunze, 1986; Kunze 
et al.,1995; Joyce et al., 2013; Essink et al., 
2022). Even in weak normalized vorticity 
(|ζ/f | < 0.1), there is enhanced downward- 
compared to upward- propagating shear 
variance within anticyclonic vorticity.

Seasonality and Lateral 
Variability of Low-Mode 
Near-Inertial Energy Flux
Internal wave radiation transports 
energy from generation sites across 
ocean basins (Nash et  al., 2005). Near-
inertial energy flux is the flux of energy 
associated with waves close to the iner-
tial frequency. Typically, low-mode 
near-inertial waves propagate rapidly 
from generation sites unless they are vor-
ticity-trapped. Higher modes have much 
slower propagation speeds and thus gen-
erally do not contribute significantly to 
lateral energy fluxes. We determine the 
near-inertial low-mode energy flux at 
NISKINe mooring M1 and at OSNAP 
mooring MM4 ~100 km to the south 
(Gill, 1984; Kunze et  al., 2002; Alford, 
2003b; Althaus et al., 2003).

Low-mode vertical structure is deter-
mined by the stratification of the water 
column N(z). For hydrostatic waves 
(ω << N), the modes are solutions to

 
—∂2

∂z2 
ηi(z) + ci

–2N2(z)ηi(z) = 0
 

(7)

with vertical displacement of water par-
cels η where ci is the eigenspeed of mode 
i. Boundary conditions in their simplest 
form are η(0) = η(H) = 0 (i.e., a rigid lid at 
the top and a flat bottom). Determining 
orthogonal modes with a free ocean sur-
face is also possible (Kelly, 2016). Vertical 
modes for horizontal velocities can then 
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FIGURE 7. EM-APEX profiling float profile time-series of (a) buoyancy frequency N, (b) subinertial 
eddy horizontal kinetic energy (EKE) as a function of depth, and (c) depth-averaged EKE. (d) Near-
inertial/semidiurnal kinetic energy (KENI) as a function of depth. (e) Depth-averaged KENI in the upper 
150 m (blue bars and left axis) and in the permanent pycnocline over 550–800 m depth (red bars 
and right axis). Light green shading denotes spring and rose shading autumn. The black bar along 
the upper axis in (c) marks the interval when the float was crossing the Reykjanes Ridge (Figure 1). 
Down and up arrows in (e) mark profiles with clear clockwise-with-depth (downgoing energy) or 
counterclockwise-with-depth (upgoing energy) signatures.

be determined from the internal-wave 
polarization relations. Seasonal evolution 
of mode-1 shapes at the NISKINe moor-
ing is shown in Figure 2e.

Time series of vertical displacement 
are estimated from moored tempera-
ture observations and seasonally resolved 
climatological temperature gradients 
(WOCE-Argo; Gouretski, 2019) as

 η(zj, t) = T(zj, t)Tz
–1(zj) (8)

at discrete depths zj. Modal profiles of 
near-inertial velocity, ui(z, t), and dis-
placement, ηi(z,t), for the three lowest 
baroclinic modes are determined by pro-
jecting mode shapes onto near-inertial 
band-pass-filtered time-series uj(z, t) and 
ηj(z, t) via a least-squares inverse at each 
time t. Figure 8a,b shows an example of 
mode-shape projection and reconstruc-
tion of velocity and displacement esti-
mates using the three lowest baroclinic 
modes for one time step. From displace-
ment modes, modal baroclinic pressure 
perturbations pi' are the depth integral of 
N 2ηi(z) minus the depth mean (Kunze 
et  al., 2002). Near-inertial horizontal 
energy-flux F  per mode i is

 
Fi = <ui  pi'>  

(9)

where angle brackets indicate averaging 
over a wave period.

Mode projections were complicated 
at NISKINe mooring M1 because veloc-
ity measurements near the bottom ter-
minated after one week due to instru-
ment failure. The first week of data near 
the bottom shows near-inertial velocities 
to be less than 1 cm s–1. A comparison of 
flux calculations for this first week assum-
ing zero velocity at depth as compared to 
the measured velocity (see open circle in 
Figure 8a) shows a difference of less than 
5% in energy flux. Therefore, to constrain 
horizontal velocity modes at depth, we 
assumed zero near-inertial velocities near 
the bottom throughout the time series.

Low-mode near-inertial energy fluxes 
exhibit a distinct seasonal cycle at both 
NISKINe and OSNAP mooring sites 
(Figure 8c–f). Most of the energy flux is 
in mode 1, and the strongest low-mode 

NI fluxes occur between January and 
April at both sites. Low-mode fluxes 
thus appear to correlate not only with 
increased winter near-inertial wind-work 
but also possibly with mixed-layer depth 
(Figure 4). Simmons and Alford (2012) 
discuss how a deeper winter mixed 
layer may lead to stronger forcing of low 
modes as the mixed layer projects better 
onto low-mode shapes.

Low-mode energy-flux magnitudes 
(summed over the first three modes) 
at the NISKINe mooring are 74 W m–1 
on average, a factor of two smaller than 
those at the OSNAP site (174 W m–1). 
Similarly, the 95 percentile of low-
mode near- inertial energy-flux is 305 
W m–1 at NISKINe and 774 W m–1 at 
OSNAP. These are within the range of 
annual near-inertial energy fluxes from 

western boundaries subject to enhanced 
wind input (100 W m–1) and below 
those from the Southeast Pacific and the 
Southern Ocean (between 300 W m–1 and 
500 W m–1), where wind input is large 
(Raja et al., 2022).

Local near-inertial wind-work alone 
does not explain the difference in mag-
nitude because the seasonal cumulative 
near-inertial wind forcing is O(3) kJ m–2 
at both sites. Although these two data 
sets are not contemporaneous, equiva-
lent surface forcing provides a qualita-
tive estimate of the lateral variability in 
low-mode energy fluxes. An accumula-
tion of near-inertial energy flux prop-
agating from elsewhere or focused by 
mesoscale eddies may explain the higher 
energy flux at OSNAP (see Summary and 
Discussion). Integrated over one season, 
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the low-mode near-inertial energy flux is 
directed to the southwest at the NISKINe 
site, though the strongest flux events are 
directed to the southeast. Flux direction 
differs between the two seasons at OSNAP 
with the 2014/2015 flux southward while 
the 2015/2016 flux was northwestward 
on average. The average meridional vor-
ticity gradient north of the OSNAP site 
at O(100) km scale was negative between 
January and March 2016 when north-
ward low-mode flux was strongest. The 
meridional relative vorticity gradient 
amplitude at this time was two orders of 
magnitude larger than the local change in 
planetary meridional inertial frequency 
gradient, indicating that local mesoscale 
conditions would have counteracted the 
effect of a varying Coriolis frequency 
with latitude.

Fluxes to the southwest are negligi-
ble at the OSNAP mooring site. This may 
indicate an influence of Hatton Bank, a 
region of much shallower bathymetry 
extending approximately from southwest 
to northeast (Figure 1), on low-mode 
near- inertial wave propagation. This is at 
odds with expected reflection behavior 
from a slope (Eriksen, 1982) but is con-
sistent with a topographically trapped 
wave. The physical mechanisms for topo-
graphic trapping, however, are unclear 
and warrant further investigation.

Mode-1 wave properties at the 
NISKINe mooring are estimated from 
mode-1 eigenspeed c1 and the internal- 
wave dispersion relation (e.g., Alford and 
Zhao, 2007):

 ωn
2 – f 2 = cn

2K2  (10)

where ωn = mode-n frequency, cn = 
mode-n eigenspeed, and K = (kx, ky) hor-
izontal wavevector. Horizontal mode 
group speed is

 
— —∂ωn √ωn

2 – f 2

∂K ωn
cnK̂cg = = 

 
(11)

where K̂ points in the direction of hor-
izontal wave propagation. cg is esti-
mated via regression of mode-1 energy 
flux onto mode-1 kinetic energy content 
(Figure 8g). Depending on the range of 

FIGURE 8. Low-mode near-inertial wave properties. (a,b) Example horizontal velocity and vertical 
displacement projections. In (a,b), measurements (black dots) are from January 26, 2020, at 20:00. 
The open circle shows zero horizontal velocity constraint applied near the bottom. Colored lines 
show the results of a least squares fit of the three gravest baroclinic modes to eastward velocity and 
vertical displacement. Black curves show the sum of these first three modes. (c–f) Energy fluxes at 
NISKINe mooring M1 (c,d) and OSNAP mooring MM4 (e,f). Panels c and e show the cumulative inte-
gral in time of depth-integrated low-mode near-inertial energy flux. Colored lines show energy-flux 
contributions from modes 1 to 3, black lines the sum over the three modes. Dashed lines show 
east-west components, solid lines north-south components. Note different scales on the y-axes 
in c and e. Times in c and e on the x-axes also differ but have been aligned to match seasonally. 
Middle right panels (d,f) show histograms of flux magnitude and direction at both sites. (g) Group 
speed, obtained by regressing energy flux onto kinetic energy content, is 0.6 m s–1 (slope of fit) for 
kinetic energy less than 200 J m–2 where the majority of the data reside (blue line). Using a larger 
data range up to 800 J m–2, group speed is 0.4 m s–1 (pink line). (h) Replenishment time scale from 
regressing kinetic energy content onto near-inertial wind-work. Energy decay time is 5 days from 
a fit to all data (blue) and 6.5 days from a fit to binned data for wind-work smaller than 1 mW m–2.
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data used in the regression, mode-1 group 
speed is between 0.4 and 0.6 m s–1, with 
the higher estimate stemming from reject-
ing large-amplitude energy content and 
fluxes. Taking an average mode-1 group 
speed, cg = 0.5  m  s–1, Equation 11 pre-
dicts a characteristic mode-1 frequency 
ω1 = 1.055f. Upper and lower frequency 
bounds based on 0.6 m s–1 > cg > 0.4 m s–1 

are 1.078f and 1.035f. Horizontal wave-
number magnitude is 2.7 × 10–5 m–1, 
corresponding to a characteristic hor-
izontal wavelength of ~230 km for the 
lowest-mode near-inertial waves.

SUMMARY AND DISCUSSION
Observations from an 18-month deploy-
ment of a moored array in Iceland Basin 
as part of the NISKINe project captured 
variability in near-inertial wave genera-
tion and propagation associated with sea-
sonality of surface wind forcing and heat 
loss that peak in winter, and the back-
ground eddy field that peaks in summer.

While mean currents show little depth 
dependence in the upper 1,500 m, iner-
tially band-passed velocities are strongly 
depth-dependent (Figure 4). Near-
inertial kinetic energy in the upper 
1,500  m follows the seasonal cycle in 
wind-work, so it is enhanced during win-
ter. Overall, near-inertial kinetic energy 
in winter scales with seasonal pycnocline 
depth. Depth penetration of near- inertial 
kinetic energy below the mixed-layer 
depth is linked to vorticity and mostly 
independent of mixed-layer depth.

The spectral content of velocity and 
vertical shear indicate a peak in the local 
inertial band during winter. The peak in 
the inertial band is just above the local 
inertial frequency due either to near- 
inertial waves propagating from fur-
ther north (Gill, 1984) or modification 
of near-inertial wave generation by the 
background mesoscale eddy vorticity 
field (Weller, 1982).

Following a typical winter storm, ver-
tical shear is predominantly downgoing, 
particularly in anticyclonic background 
vorticity. Anticyclonic eddies act as iner-
tial drainpipes (e.g., Kunze, 1985; Kunze 

et al., 1995; Vic et al., 2021; Yu et al., 2022; 
Thomas et  al., 2023) where near- inertial 
wave energy is focused, trapped, and 
amplified (Kunze, 1986; Kunze et al., 1995; 
Lelong et al., 2020; Essink et al., 2022).

Near-inertial energy in the lowest 
baroclinic modes propagates south on 
average. It is larger and more variable 
at the OSNAP site where its propaga-
tion direction is aligned with the sharp 
bathymetry gradient of Hatton Bank to 
the east. At both NISKINe and OSNAP 
sites, low-mode energy-flux magnitudes 
increase when the mixed-layer depth bet-
ter matches the zero crossing of the grav-
est baroclinic horizontal velocity mode 
(compare Figures 2e and 3d).

Mode-1 wave properties indicate 
basin- scale forcing of low-mode near- 
inertial energy fluxes at the NISKINe 
mooring. A flux of energy from the north 
is necessary to close a local energy bud-
get. The extent of the forcing region may 
be estimated under the assumption that 
all near-inertial wind-work excites low-
mode near-inertial waves. Annual mean 
low-mode near-inertial energy-flux at the 
NISKINe site is 74 W m–1. Division by 
annual mean near-inertial wind-work of 
0.12 mW m–2 yields an upstream forcing 
region of about 600 km. Because ERA5 
reanalysis winds underestimate wind 
power at the NISKINe site by about 40% 
due to inadequate temporal resolution 
(Klenz et  al., 2022), the forcing region 
may scale down to about 360 km, or the 
northern extent of Iceland Basin. Mode-1 
group speeds of about 0.5 m s–1 indicate 
rapid lateral progression of near-inertial 
waves. At this speed, a low-mode near- 
inertial wave with 230 km characteristic 
lateral extent passes through the mooring 
site in about five days. A similar replenish-
ment time scale is estimated by regressing 
mode-1 energy content onto near- inertial 
wind-work (Figure 8h); initial northward 
propagation of low-mode near-inertial 
waves is possible, contributing to the rel-
atively wide spread in estimates for group 
velocity and replenishment time scale in 
Figure 8g,h. At the characteristic mode-1 
frequency ω1 = 1.055f, the northward 

distance to the turning latitude based on 
the local change in inertial frequency β is 
(ω1 – f ) / β = 586 km. Waves at ω1 are thus 
free to propagate in the full northward 
range of Iceland Basin.
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