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ABSTRACT: The Minimet is a Lagrangian surface drifter measuring near-surface winds in situ.

Ten Minimets were deployed in the Iceland Basin over the course of two field seasons in 2018 and

2019. We comparedMinimetwindmeasurements to coincident shipwinds from theR/VArmstrong

meteorology package and to hourly ERA5 reanalysis winds, and found that theMinimets accurately

captured wind variability across a variety of timescales. Comparisons between the ship, Minimets

and ERA5 winds point to significant discrepancies between the in situ wind measurements and

ERA5, with the most reasonable explanation being related to spatial offsets of small-scale storm

structures in the reanalysis model. After a general assessment of the Minimet performance we

compare estimates of wind power input in the near-inertial band using the Minimet winds and their

measured drift to that using ERA5 winds and the Minimet drift. Minimet-derived near-inertial

wind power estimates exceed those fromMinimet drift combined with ERA5 winds by about 42%.

The results highlight the importance of accurately capturing small scale, high frequency wind

events and suggest that in situ Minimet measurements are beneficial for accurately quantifying

near-inertial wind work on the ocean.
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SIGNIFICANCESTATEMENT: In this studywe introduce a novel, freely-driftingwindmeasure-

ment platform, the Minimet. After an initial validation of Minimet sea surface wind measurements

against independent wind measurements from a nearby research vessel, we investigate their utility

in context of the near-inertial work done by the wind on the ocean, which is important for the

ocean’s energy budget. We find Minimet near-inertial wind work estimates exceed those estimated

using winds from a state-of-the-art wind product by 42%. Our results indicate that capturing

storm events happening on timescales less than 12 hours is crucial for accurately quantifying near-

inertial wind work on the ocean, making wind measurements from platforms such as the Minimet

invaluable for these analyses.

1. Introduction

It has long been recognized that wind stress acting on the ocean surface accounts for a significant

portion of the estimated 2 TW (Munk and Wunsch 1998; St. Laurent and Simmons 2006) needed

to sustain abyssal mixing in the deep ocean. Previous studies have highlighted the importance of

the wind for internal wave generation (D’Asaro 1985; Simmons and Alford 2012), a process that

provides amechanism for mixing through shear instabilities andwave breaking, often far away from

the waves’ generation region (Alford 2003b). The accurate estimation of this vertically propagating

energy fraction is crucial for correctly representing abyssalmixing in general circulation and climate

models.

The near-inertial band has been identified as important for transferring energy from inertial

oscillations of the surface mixed layer, through the shear zone at the base of the mixed layer, and

into vertical propagating near-inertial waves in the stratified ocean interior (e.g. Plueddemann

and Farrar (2006)). Multiple approaches have been taken to estimate how much energy the wind

transfers to inertial oscillations of the surface mixed layer. D’Asaro (1985), in the first study of its

kind, forced a slab model (Pollard and Millard 1970) with wind stress from moored meteorological

buoys located in the North Pacific and North Atlantic to calculate the energy transfer from the

wind to mixed layer currents rotating at the local inertial frequency. He showed that the bulk of

the energy input was provided by mid-latitude winter storms on scales of 100 km, and was as

such highly temporally intermittent. Building on this study, Alford (2001) produced maps of near-

inertial wind power input between± 50◦ latitude, using six-hourly NCEP/NCAR gridded reanalysis
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wind stress to force a slab model similar to D’Asaro (1985). He found significant regional and

seasonal variability, with the wind supplying an average of about 0.29 TW to inertial oscillations

of the mixed layer, most of it being supplied in the western part of the basins during winter. Alford

(2003a) later modified the slabmodel approach slightly and extended the Alford (2001) calculations

polewards, estimating the global near-inertial wind power input to be around 0.47 TW. The ability

of the slab model to accurately simulate mixed layer inertial currents as a response to strong wind

forcing depends upon the suitability of the choices of prescribed mixed layer depth and a linear

damping parameter (Alford 2020; Plueddemann and Farrar 2006). Plueddemann and Farrar (2006)

showed that the slab model systematically overestimates near-inertial wind power input compared

with observations, and hence questioned its utility for wind power calculations.

More recently, Alford (2020) updated the Alford (2003a) estimate again to 0.27 TW using hourly

reanalysis winds and the Price et al. (1986) mixed layer model (henceforth referred to as the PWP

model). Using the PWP model resulted in better agreement with observations compared to the

slab model, due to an additional damping term acting on short timescales. Recently Alford (2020),

using hourly, 0.6◦ resolution reanalysis winds, showed that the Pollard and Millard (1970) slab

model overestimated near-inertial wind power input by 23% globally compared to PWP.

From the above estimates, the contribution of near-inertial wind power input is likely of the same

order of magnitude as the estimated 1 TW provided by the tides (Jayne and St. Laurent 2001) and

its importance in the global energy budget is clear. However, the large range of estimates from a

variety of methods is evidence of significant uncertainty.

A desirable option is to use mixed layer velocities obtained from satellite-tracked Lagrangian

surface drifters (see Niiler (2001); Maximenko et al. (2013) for a review). A large global array

of approximately 1250 surface drifters is maintained as part of NOAA’s Global Drifter Program

(GDP; Centurioni et al. (2017)). These drifters are drogued to follow the currents at 15 m depth and

hence represent a good approximation of ocean mixed layer velocities. This fact together with their

extensive coverage (Lumpkin et al. 2016), recently improved hourly reporting (Centurioni 2018),

and the recent development of an enhanced resolution hourly interpolated product (Elipot et al.

2016), makes the GDP drifters convenient platforms for estimating near-inertial wind power input

from observed mixed layer velocities directly, obviating the need for simulated velocities from a

mixed layer model. Surface drifters have previously been utilized in combination with gridded
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wind products to estimate wind power input on regional and global scales. Elipot and Gille (2009b)

used a subset of the standard, six-hourly kriged GDP data set (Hansen and Poulain 1996; Lumpkin

and Pazos 2007) in combination with six-hourly ERA-40 reanalysis wind stress to estimate wind

power input in the Southern Ocean. On a global scale, Liu et al. (2019) used the hourly GDP data

set of Elipot et al. (2016) and a six-hourly assimilated wind product. They estimated the global

near-inertial wind power input to be between 0.3 - 0.6 TW, in general agreement with studies

mentioned above.

The accuracy of gridded wind products in combination with surface drifters for near-inertial

wind power calculations is, however, rarely assessed directly, particularly due to a lack of sufficient

in situ wind measurements in combination with mixed layer current measurements. Schmidt

et al. (2017) compared several gridded satellite scatterometer and reanalysis wind products to in

situ winds measured from an autonomous measurement platform in the Southern Ocean. Their

results emphasized the need for high resolution in situ wind measurements to validate gridded

wind products. Liu et al. (2019) compared near-inertial wind power estimates calculated from

surface drifters to that using in situ wind measurements from moored buoys located primarily in

the North Atlantic and Pacific Oceans and found power estimates from six-hourly reanalysis winds

interpolated onto drifter positions were consistently smaller than those frommoored buoy estimates

by up to a factor of two. They attributed this discrepancy to reduced near-inertial variance in the

wind product. Similarly, Elipot and Gille (2009b) concluded that their near-inertial wind power

calculations in the Southern Ocean are likely to be underestimates due to reduced near-inertial

variance in both the six-hourly drifter product and six-hourly reanalysis winds (see also Gille

(2005)).

Since the transition to the Iridium satellite system in 2016, the modern GDP drifters have been

configured to report their observations, including their GPS location, at regular hourly intervals

(Centurioni 2018). The combination of hourly drifter data with a new generation of hourly

reanalysis wind products promises significant improvements of the near-inertial wind power input

estimate, particularly at latitudes above 50◦, where the six-hourly resolution of some gridded

wind products is insufficient to resolve near-inertial wind variability due to the Coriolis frequency

approaching the Nyquist frequency of the wind product (Alford 2001; Gille 2005). The hourly

version of the GDP data set has been shown to have between 25%–50% more velocity variance
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than the previous, six-hourly kriged version (Elipot et al. 2016). Flexas et al. (2019) showed that

forcing their model with hourly instead of six-hourly reanalysis winds resulted in an inertial peak

in the surface current spectrum that was 2–3 times higher. While the hourly model reanalysis

winds are definitely expected to result in improved near-inertial wind power input estimates, to our

knowledge, an intercomparison between hourly model reanalysis winds and hourly in situ winds

within the context of the near-inertial wind power problem has yet to be made. It is unclear whether

the use of hourly reanalysis winds will solve problems associated with underestimated near-inertial

variance, so validation against in situ measurements remains vital. This is the point of the present

study.

In this study we utilize the Minimet drifter, a satellite-tracked, freely-drifting measurement

platform. Building on the Surface Velocity Program (SVP; Niiler et al. (1995); Niiler (2001);

Centurioni (2018)) drifter design, Minimet drifters (Centurioni 2018) were configured to measure

in situ wind speed and direction at variable sampling rates in combination with position data. This

presents us with a unique opportunity to estimate near-inertial wind power input from concurrent

in situ wind and current measurements in the Lagrangian frame and compare it to that calculated

using hourly ERA5 reanalysis winds interpolated along the Minimet drifter trajectories. To our

knowledge, this is the first estimate of near-inertial wind power input using Lagrangian drifting

buoys to provide both in situ current and wind measurements. The data and methods used for

analysis are described in Section 2, followed by our results and a discussion thereof in Sections 3

and 4, respectively.

2. Data and Methods

Minimet Surface Drifters

A total of ten Minimet surface drifters were deployed from the R/V Armstrong during the Near-

Inertial Shear and Kinetic Energy in the North Atlantic experiment (NISKINe). Five Minimets

were deployed during each of the two cruises in May 2018 and June 2019 (Fig. 1). The Minimet

(Centurioni 2018) is based on the Surface Velocity Program (SVP, https://gdp.ucsd.edu/

ldl/svp/) drifter configuration, consisting of a surface float drogued with a holey sock at 15 m

depth and equipped with a temperature sensor to measure sea-surface temperature. Minimet drifter

positions are tracked with a GPS transponder with 2 – 10 m accuracy and data is transmitted using
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a two-way Iridium satellite modem. In addition to the standard SVP configuration, Minimets are

equipped with a barometer and a 2-D Gill Sonic anemometer, measuring wind speed up to 60 m

s−1 and wind direction with 2 % and ± 2.5◦ accuracy, respectively, at a nominal height of 0.5 m

above the sea surface. A 9-DOF motion package is used to compute the attitude of the buoy with

respect to the east-north-up (ENU) frame of reference. The 9-DOF chip’s sensors are sampled

simultaneously at high frequency and fed into a sensor fusion algorithm that outputs the 3-D attitude

of the buoy. The anemometer is sampled at the highest frequency allowed by the device and the

horizontal wind is converted to the ENU frame of reference using the buoy orientation obtained

from the motion package. The Minimet was designed to be deployed in front of tropical cyclones

Fig. 1. Trajectories of Minimet drifters deployed during Spring field campaigns in 2018 (red) and 2019 (blue).

The inset shows the location of the study region and the time mean vector winds (arrows) and wind stress (colors)

from ERA5 over the study period. Initial positions are shown by the colored dots and by the yellow star in the

inset.

and is optimized to measure wind speed and direction in the most challenging conditions (Goni

et al. 2017). Similar drifter configurations with an identical surface buoy design were successfully

deployed in front of tropical cyclones and measured wind speeds in excess of 40 m s−1 (Hormann

et al. 2014). An internal algorithm is used to filter out unrealistic or unrepresentative winds

7

Accepted for publication in Journal of Physical Oceanography. DOI 10.1175/JPO-D-21-0283.1.Brought to you by University of Washington Libraries | Unauthenticated | Downloaded 08/16/22 03:43 PM UTC



over a 7-minute ensemble to ensure meaningful wind estimates. The wind velocity samples are

discarded when the tilt of the sensor, obtained from the motion package, exceeds the manufacturer

specifications, or when the anemometer is submerged. The wind samples are then pre-conditioned

using a filter that removes anomalous wind velocity values due, for example, to wave crest shielding

effects and disturbances from seawater spray, and wind speed is represented by the median value

over the ensemble. This pre-processing aims to reduce bias due the Minimet sampling in adverse

conditions. Such a bias would be expected to lead to Minimet wind speed being lower at high wind

speeds relative to reanalysis winds (cf. Large et al. (1995), Renfrew et al. (2020), Schmidt et al.

(2017)).

In order to assess how well the Minimets measure winds, Minimet wind speed measurements

were compared against winds measured by the meteorology package on-board the R/V Armstrong

when the Minimets were within 25 km of the vessel during the respective cruise periods. True

winds were calculated from raw R/V Armstrong ship winds following Smith et al. (1999) and the

median was calculated over the same 7-minute interval as the Minimets. Ship winds were adjusted

from the ship-mast sensor height of 17.9 m to the standard 10 m height using an assumed law of

the wall profile (Large and Pond 1981). The Minimet winds were similarly adjusted to 10 m by

comparing the 10 m ship winds to the Minimet wind measurements utilizing an iterative process

that sought to minimize the root mean square deviation (RMSD) between the two measurements

by varying the effective height of the Minimet wind sensor. The resulting Minimet effective sensor

height of 0.30 m was subsequently used for adjusting the Minimet winds to 10 m height assuming

a law of the wall (Large and Pond 1981).

Drifter velocities were obtained by central differencing the drifter positions in time. Outliers in

the inferred velocity records were identified, and removed, in post-processing by first applying a

velocity standard deviation (f) criteria to the Minimet velocity time series. Velocities exceeding

4f were eliminated from the data. A second analysis step involved applying a 24-hour running-

mean filter to the drifter position time series and eliminating positions that deviated from the

running mean by more than 0.05◦ in latitude or in longitude. The thresholds for these criteria

were chosen subjectively. This procedure resulted in outliers being removed without damping

high-frequency signals in the time series through excessive filtration. Minimet wind measurements

for these outliers were discarded. After these processing steps, a total of 37500 drifter hours of
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drifter velocities and in situ sea level winds from Minimet drifters deployed during the NISKINe

cruise periods were available for analysis.

Reanalysis Winds

We made use of the European Centre for Medium-Range Weather Forecast (ECMWF) ERA5

reanalysis (ECMWF 2019). Hourly ERA5 10 m winds at 0.25◦ horizontal resolution were down-

loaded for the respective periods on February 24, 2020. As per the ERA5 documentation, times-

tamps can be viewed as instantaneous, with winds available at the top of the hour, matching the

temporal resolution of the Minimets. In order to calculate near-inertial wind power input and

comparison to in-situ measurements, ERA5 10 m winds were linearly interpolated onto drifter

GPS positions at every time step. It is important to note that while sea level pressure measurements

from the Minimets were assimilated into the reanalysis, the wind measurements were not, therefore

ensuring that the ERA5 winds are independent from our in situ measurements.

Near-Inertial Wind Power Calculation

Near-inertial wind power input was estimated by first calculating wind stress τ along the drifter

trajectories. Since the Minimets essentially measure wind speed relative to the ocean velocity at

15 m depth, we can calculate the wind stress as

τmm = 2ddair‖ũ<< ‖ũ<<, (1)

with ‖ũ<< ‖2 ≡ ũ<< · ũ<<. Here, ũ<< is the horizontal wind vector from Minimet wind measure-

ments adjusted to 10 m height, d08A is a reference air density assumed to be a constant at 1.25 kg

m−3, and 23 is a drag coefficient obtained following Large and Pond (1981). In order to compare

ERA5 winds to in situ winds from the Minimets, we have to subtract the drifter velocities from the

reanalysis winds and calculate ERA5 wind stress as follows:

τera = 2ddair‖ũ4A0 −u‖ (ũ4A0 −u) . (2)

Here u is a vector of the drifter velocity at 15 m depth, which we assume to be an adequate

approximation of the surface currents, and ũ4A0 is the 10 m wind vector from ERA5. Flexas et al.
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(2019) highlighted the importance of including the effect of ocean currents in calculating the wind

stress, and Alford (2020) and Rath et al. (2013) reported a reduction of wind power input into the

near-inertial band of 13% and 20%, respectively, when ignoring this effect. Energy input by the

wind can be calculated as the time integral of Π over some time interval.

Trajectories were divided into 20-day segments with 50% overlap. The segment length was

chosen to account for the change of Coriolis parameter along a given trajectory while retaining

adequate frequency resolution. Near-inertial wind power input Π was then calculated for each

20-day segment by multiplying wind stress g calculated using either Equation (1) or Equation (2)

along the drifter trajectory by the near-inertial drifter velocity uI:

Π = τ ·uI. (3)

u� was calculated using a bandpass filter. The specific choice of filter will be described in detail

later on.

3. Results

As mentioned previously, a total of ten Minimet drifters were deployed from the R/V Armstrong

during NISKINe Pilot and Process cruises in Spring of 2018 and 2019 (Fig. 1). All Minimets

recorded their positions, as well as in situ sea surface wind speed and direction, for several months,

156 days on average. The Minimets were deployed in an active mesoscale eddy field and hence

experienced rapid dispersal over their lifetimes, drifting in a mainly northeasterly direction from

their initial deployment locations. Individual Minimet drifters occasionally became trapped in

eddies, particularly around 58◦N and 22◦W, as indicated by their looping trajectories. The study

region in which the Minimets were deployed was characterized by strong wind stress (Fig. 1, inset),

with winds mainly from a southwesterly to westerly direction. As such, Minimet drifters would

routinely undergo inertial oscillations forced by passing storms, as can be seen upon zooming into

Figure 1 (not shown).

In order to evaluate the utility of Minimet wind measurements, in situ wind speed measured by

Minimet drifters and by the meteorological package located on the bow of the R/V Armstrong

are compared during the respective cruise periods. We are comparing measurements during times

when both platforms were within 25 km of each other, resulting in a total of 1137 individual wind
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speed data pairs recorded at 15-minute intervals. For quality-control purposes, ship winds were

omitted following Smith et al. (1999) during times when the ship was rapidly changing course,

accelerating or decelerating, or when the true wind direction was within ±15◦ of the stern of the

ship. Changing this true wind direction criterion to ±30◦ reduced the number of data points, but

did not significantly alter the results. The two measurements agreed well with each other (Fig. 2a)

and the majority of measurements lay on or close to the 1:1 line (Fig. 2b), with wind speeds up to

17 m s−1 captured by both. ERA5 winds interpolated onto the position of R/V Armstrong revealed

that ERA5 wind speed generally tended to be lower than that from R/V Armstrong (Fig. 2a,c) for

the same times considered in the Minimet and R/V Armstrong comparison.

Time series of adjusted 10 m wind speed indicate that wind speeds from all three sources

generally agreed well during times when Minimets and the research vessel were within 25 km of

each other (Fig. 2d,e), while, unsurprisingly, agreement between Minimets and R/V Armstrong

winds generallyworsenedwith increasing distance. Temporal variability aswell as themagnitude of

wind eventswas generallywell captured by all. However, during individual highwind events, ERA5

reanalysis wind speed was significantly lower compared to that measured from R/V Armstrong and

the Minimets, as was evident during wind events on 27 May 2018, 28 May 2018 (Fig. 2d) and 13

June 2019 (Fig. 2e). During these wind events, ERA5 wind speed differed from R/V Armstrong by

up to 5 m s−1 while wind speed differences between Minimets and R/V Armstrong were smaller.

To quantify the wind speed differences between Minimets, ERA5 and R/V Armstrong, we

compute the mean square deviation (MSD) between wind speeds sorted into wind speed bins

of 1 m/s. The MSD is further separated into two components, the square of the bias (systematic

differences) and variance (spread around themean). The term bias is used in a strict statistical sense,

with no assumption about which measurement platform represents the true wind speed. These

intercomparisons during the cruise periods aid in evaluating the observed differences between

ERA5 and Minimet wind speed during the entire observation period.

Wind speed differences between Minimets and R/V Armstrong when both were within 25 km of

each other were generally small, 1 m s−1 at wind speeds of 17 m s−1 (Fig. 3a). Differences between

ERA5 and R/V Armstrong during those times were larger, around 2 – 4 m s−1 in the same wind

speed range (cf. Figure 2). Wind speed differences generally increased with wind speed. Over

the whole observation period, ERA5 and Minimets wind stress differences increased linearly to
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Fig. 2. a) Coincident Minimet (blue) and ERA5 (red) wind speed versus R/V Armstrong wind speed. Minimet

windswithin 25 kmofR/VArmstrongwere considered. b)Number of observations forMinimet versusArmstrong

winds in 1 m s−1 bins. c) Same as b) but for ERA5 versus Armstrong winds. d) Time series of hourly wind speed

from a single Minimet (blue circles), R/V Armstrong (green diamonds) and ERA5 reanalysis interpolated onto

the vessel’s position (red squares) during the 2018 Pilot cruise. The distance between the respective Minimet

drifter and R/V Armstrong is shown in black and the black dotted line depicts 25 km distance. Opacity indicates

when the Minimet is within 25 km of R/V Armstrong. e) Same as d) but during the 2019 Process cruise.

about 1 m s−1 for wind speeds up to 20 m s−1, indicating that ERA5 wind speed was generally

lower than that from Minimets. For wind speed in excess of 20 m s−1, ERA5 wind speed differed

from Minimet wind speed by up to 3 m s−1. Note that wind speeds in excess of 20 m s−1 were

only observed for 0.5% of the Minimet data (not shown) and were hence very rare. However,

comparable wind speed differences between ERA5 and R/V Armstrong were observed during the

cruise periods for wind speeds of 10 – 20 m s−1.

The standard deviation (calculated as the square root of the variance) between Minimet and

R/V Armstrong wind speed was 0.97 m s−1 when both platforms were within 25 km of each
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Fig. 3. a) Wind speed difference between Minimet and R/V Armstrong wind speed measurements during the

cruise periods when Minimets were within 25 km of R/V Armstrong (red), between ERA5 and R/V Armstrong

wind speed values for times when Minimets were within 25 km from R/V Armstrong (green), between all ERA5

andR/VArmstrongwind speed values during thewhole cruise periods (blue), and between all ERA5 andMinimet

wind speed values during the whole observation period (yellow). b) Wind speed standard deviation between

wind speed values according to the legend in a). Errorbars in all panels depict the standard error and wind speed

differences and standard deviations are plotted against the respective reference wind speed measurement, either

from R/V Armstrong (red, green, blue) or the Minimets (yellow).

other (Fig. 3b). In comparison, for ERA5 wind speed values interpolated onto Minimet positions

and coincident with Minimet wind measurements within 25 km of R/V Armstrong the standard

deviation between Minimet wind speed and ERA5 wind speed was 1.22 m s−1 (cf. Fig. 2). Over

the entire observation period, the standard deviation between Minimet and ERA5 wind speed was

1.26 m s−1. Both the observed differences and standard deviations between Minimets and R/V

Armstrong wind speed suggest that the two measurements agreed well, while agreement between

ERA5 and R/V Armstrong was poorer, leading us to conclude that the Minimet winds are reliable.

We want to further investigate the differences between ERA5 and Minimets at high wind speeds

by highlighting an energetic wind event in August 2018 that was sampled by four of five Minimets

(Fig. 4). Peak wind speed for this wind event as measured by the Minimets on 17 August 2018 was

around 20m s−1. TheMinimets here are numbered 1 – 5 for the sake of simplicity. During this wind

event, the center of the cyclone moved eastward just North of the Minimets, with maximum wind

stress passing directly over four of the five the Minimets (Fig. 4a). Minimets 1 – 3 encountered
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maximum wind stress on 17 August 2018 at 17:00 UTC, while Minimet 5 was furthest to the

West and sampled the same wind event slightly earlier. The largest difference between wind stress

estimated from Minimet winds and ERA5 winds was found for Minimets 1 and 3. However, these

Minimets, being closest to the center of the cyclone, were sampling in regions characterized by

large local gradients in the reanalysis wind field. Additionally, Minimets 2 and 5, which were

sampling furthest from the center of the cyclone and in a region of less pronounced local gradients,

recorded wind stress equal to or larger than the reanalysis model. This suggests the possibility that

a mismatch of the spatial location of maximum winds between the observations and the reanalysis

model could account for the differences between the reanalysis winds and those observed by the

Minimets.

Fig. 4. a) Wind stress (colors) and wind vectors (arrows) from ERA5 at 17:00 UTC, 17 August 2018. The

locations of five Minimets are shown. b) Time series of wind stress fromMinimet winds (blue) and ERA5 winds

(red) for each of the five Minimets shown in a). The vertical black dashed line corresponds to the time of the

peak of the event shown in a).

To further examine this hypothesis we can look at wind speed differences between ERA5 and

Minimets in the vicinity of wind speed gradients in the ERA5 reanalysis fields. We find that
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Fig. 5. Wind speed difference (blue circles) and standard deviation (red diamonds) between Minimet and

ERA5 versus the local ERA5 wind speed gradient magnitude in the vicinity of the Minimets. Errorbars depict

the standard error.

differences between the two are larger in the vicinity of larger local horizontal gradients in the

ERA5 wind field (Fig. 5). Further, spatial gradients in the ERA5 fields map onto the time domain,

and, because these energetic storms are translating rapidly, a simple gradient analysis addresses

both spatial and temporal discrepancies. This leads us to conclude that the observed differences

between individual events in the Minimet and ERA5 data could at least in part be explained by a

difference in spatial structure of individual wind events between observations and the reanalysis

model, or a potential lack of small scale structure in the reanalysis model fields.

Having established how Minimet and ERA5 winds differ, we want to investigate the impact of

these differences on the near-inertial wind power input calculations. First of all, near-inertial wind

power input into the ocean can be represented as a time series by calculating the dot product in

Eq. 3 or in frequency space, through the real part of the complex cross spectrum between the wind

stress and the surface velocities (Elipot and Gille 2009a; Flexas et al. 2019), as will be further

investigated later. Hence it makes sense to first look at the frequency-domain representation of the

drifter velocities and wind stress from both ERA5 and Minimets.

We estimated rotary spectra for 20-day segments of Minimet and ERA5 winds, as well as

Minimet drifter velocities, by first multiplying each 20-day time series by a Slepian taper (Slepian
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Fig. 6. a) Wind stress rotary spectra for Minimet in situ winds (blue) and ERA5 reanalysis winds (red). Solid

and dashed lines represent the clockwise and counter-clockwise sides of the rotary spectrum, respectively. The

inset highlights the near-inertial regime between 0.7 ≤ l/ 50 ≤ 1.3 on linear axes. b) Clockwise (dark blue)

and counter-clockwise (light blue) rotary spectral components for drifter velocities. The dashed blue line shows

the effect of the bandpass applied to the clockwise side of the spectrum and the dashed black line shows the

clockwise rotary spectral component of the residual velocities obtained by subtracting the bandpassed velocities.

The vertical dashed red line marks the location of the M2 tidal frequency.

1978), calculating the Fourier transform, and taking the squared modulus of the result. The time-

bandwidth product ? was chosen to be ? = 2. A total of 138 20-day, half-overlapping segments

were then averaged to produce the spectral estimates and frequencies were normalized by the mean

inertial frequency f0 along the respective 20-day trajectory segments (Fig. 6). Since both the

Minimet measurements and ERA5 reanalysis had hourly resolution, the Nyquist frequency was

l#H = 12 cpd, far from the average inertial frequency over the entire record of 1.7 cpd.

Both wind stress spectra were red, but Minimet wind stress showed a significantly shallower

spectral slope at high frequencies compared to ERA5 (Fig. 6a). Around the inertial frequency the

two spectra start to diverge, with spectral energy at the local inertial frequency higher in theMinimet

data compared to ERA5 winds by a factor of 1.8 (Fig. 6a, inset). Spectral energy at super-inertial

frequencies up to the Nyquist frequency was significantly larger in the Minimet data set compared

to ERA5. There is no reason to believe that this difference at super-inertial frequencies is due to

noise in the Minimet wind data. Rather, it is indicative of the Minimets capturing high-frequency

variability related to wind events happening on timescales smaller than the inertial period that are

seemingly not captured in the ERA5 model.
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Minimet drifter velocities are used to estimate near-inertial wind power input in combination

with both Minimet winds and ERA5 reanalysis winds. Their rotary spectra (Fig. 6b) showed a

distinct peak around the average inertial frequency f0 on the clockwise side of the rotary spectrum,

as expected for these northern hemisphere drifters, while a peak at the semi-diurnal tidal frequency

dominated the counter-clockwise side. A super-inertial shoulder on the clockwise side of the

velocity rotary spectrum coincides with the semi-diurnal tidal frequency. This shoulder is an order

of magnitude larger than the semi-diurnal peak on the counter-clockwise side and is indicative of

an anticyclonic polarization of the semi-diurnal tide. A small peak at l = 0.6 f0 coincides with the

diurnal tide.

To calculate near-inertial wind power input using Eq. (3), drifter velocities were bandpassed using

a generalized Morse wavelet filter (Lilly 2017), applied only to the anticyclonic side of the drifter

velocity rotary spectrum. The parameters of the filter were chosen subjectively as W = 0.4 and

V = 12 in order to effectively eliminate the observed inertial peak (Fig. 6b, grey dotted line). The

advantage of using such a one-sided bandpass is that energy on the cyclonic side, rotating opposite

the inertial oscillations, is completely eliminated and hence does not contaminate the estimates.

The resulting bandpassed drifter velocities captured the spectral energy in the near-inertial band

around the local inertial frequency f0 on the clockwise side of the rotary spectrum (Fig. 6b, blue

dotted line), while excluding such energy from the residual velocities, that is, the original signal

minus the bandpass. It should be noted that our filter does not eliminate the semi-diurnal tidal

signal on the clockwise side of the rotary spectrum.

We now want to highlight two wind events that are representative of when differences between

ERA5 and Minimet-derived near-inertial wind power estimates arise. Example time series of

bandpassed drifter velocities, Minimet and ERA5 wind stress magnitude, and the associated

estimated near-inertial wind power and energy input for two wind events captured by Minimets in

August 2018 and October 2019 are shown (Fig. 7). In these example time series, Minimet drifters

underwent inertial oscillations forced by wind events around 18 August, 2018 and 7 October,

2019 (Fig. 7a,b). There is indication of the semi-diurnal tide being present in the bandpassed

drifter velocities and possible leakage from the diurnal tide (cf. Fig. 6b), particularly when the

inertial signal is weak and the tides might dominate. While both ERA5 and Minimets seem to

capture the general temporal variability well, Minimet wind stress magnitude was lower compared
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to ERA5 wind stress in 2018 and higher in 2019 (Fig. 7c,d), and high-frequency variability was

more pronounced in the Minimet winds. The onset of inertial oscillations with peak amplitudes of

0.28 m s−1 and 0.2 m s−1 (Fig. 7a,b) coincided with the wind events in August 2018 and October

2019, respectively. Near-inertial wind power Π during the event in 2018 showed a distinct peak

corresponding to this short-lived wind event, while near-inertial wind power amplitude remained

high for several days due to the prolonged high wind stress following the onset of the event in 2019

(Fig. 7e,f). Additionally, peak Minimet wind stress during the 2019 wind event was delayed by 8

hours compared to ERA5, as can be seen by zooming into Figure 7d (not shown). Peak Minimet

wind stress coincided with maximum inertial current amplitude and consequently lead to larger

near-inertial wind power input compared to ERA5 (Fig. 7f). Time-averaged estimated near-inertial

wind power input 〈Π〉 from Minimet and ERA5 winds over the two periods considered were

〈Π〉"" = 0.4 mW m−2 and 〈Π〉�'� = 0.9 mW m−2 between 10 – 25 August, 2018, and 〈Π〉"" =
1.2 mW m−2 and 〈Π〉�'� = 0.3 mW m−2 between 3 – 18 October, 2019. Minimet-derived energy

input into the mixed layer estimated along the Minimet trajectories over the same time period was

about 2.3 times lower in August 2018, and about 3.7 times higher in October 2019 (Fig. 7g,h)

compared to that calculated from ERA5 winds. The impact of the two wind events presented here

was a net input of energy into the ocean by the winds as captured by both the Minimet and ERA5

winds, but their magnitudes differ substantially.

The two example time series above (Fig. 7) highlight one case in which ERA5 overestimates, and

one case in which it underestimates, the time-averaged near-inertial wind power input relative to

that computed using the Minimet winds. Over the whole data set, the time-averaged near-inertial

wind power input 〈Π〉 estimated from Minimet winds was 0.26 ± 0.06 mW m−2, 42% higher than

the 0.18 ± 0.05 mW m−2 estimated from ERA5 winds. For both Minimet and ERA5 winds the

estimated effect of the wind acting on the ocean surface was, unsurprisingly, a net input of power

into the ocean over the observation period considered here.

In order to investigate how the wind speed-dependent differences in wind speed presented above

affect the near-inertial wind power estimates, we averaged instantaneous near-inertial wind power

differences between Minimets and ERA5 in 1 m s−1 wind speed bins. At wind speeds below 20

m s−1 these differences were small and largely negative, indicating that Minimet-derived estimates

were generally larger than those from ERA5 winds (Fig. 8a). Significantly larger differences
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Fig. 7. Example time series for two wind events recorded in August 2018 (left) and October 2019 (right).

Shown are a,b) bandpassed near-inertial currents from the Minimets, c,d) wind stress magnitude calculated from

Minimet winds (blue) and ERA5 reanalysis winds (red), e,f) near-inertial wind power input, and g,h) energy

input.

between the two estimates were apparent at wind speeds larger than 20 m s−1 (Fig. 8a). However,

these were again associated with rare events. The bulk of the discrepancy in time-averaged near-

inertial wind power input from Minimets and ERA5 stems from the differences at smaller wind

speeds, with Minimet-derived time-averaged near-inertial wind power input for wind speeds below

20 m s−1 being larger than that estimated from ERA5 winds by 75%. At wind speeds larger than 20

m s−1, time-averaged near-inertial wind power estimated from Minimets was larger by only 10%.

Standard deviation between instantaneous near-inertial wind power input estimates increased

for wind speeds larger than 10 m s−1 suggesting that, while differences averaged in wind speed

bins below 20 m s−1 were small and generally indicating near-inertial wind power estimated from
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Minimets to be larger than that from ERA5, discrepancies grew more pronounced with increasing

wind speed.
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Fig. 8. a) Instantaneous wind power difference and standard deviation between ERA5 and Minimet-derived

wind power input estimates versus Minimet wind speed in 1 m s−1 bins. b) Same as a) but plotted against

instantaneous Minimet-derived wind power input estimates in 20 mWm−2 bins. Errorbars in both panels denote

the standard error.

Near-inertial wind power input differences averaged in instantaneous Minimet-derived near-

inertial wind power bins showed that particularly at the high positive and negative ends of the

distribution, Minimet-derived estimates showed considerably larger near-inertial wind power input

magnitudes compared to those estimated from ERA5 winds (Fig. 8b). ERA5 underestimated both

energy input and energy loss, with the former being more pronounced. Some physical intuition

might help interpret this effect. Strong wind events happening on timescales shorter than an inertial

period could lead to large near-inertial wind power input during the first half of an inertial period,

when winds and currents are in phase. Differences in wind speed magnitude or the onset of these

wind events between the Minimet observations and ERA5 data could explain the asymmetry in

Figure 8b.

To investigate the short-timescale hypothesis further, we now look at timescales over which

differences between ERA5 and Minimet winds contributed to the observed near-inertial wind

power discrepancies. We analyzed those events during which instantaneous near-inertial wind

power estimates in the Minimet record differed from the record mean by more than one standard
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deviation

|Πmm− 〈Πmm〉| >
√

1
#

∑
(Πmm− 〈Πmm〉)2 (4)

and also simultaneously during which the difference between instantaneous Minimet and ERA5

near-inertial wind power input estimates was greater than one root mean square deviation

|Πmm−Πera | >
√

1
#

∑
(Πmm−Πera)2. (5)

In both criteria N represents the record length. Testing the entire record for (4) and (5) identified

those energetic wind events that contributed to significant differences in time-averaged near-inertial

wind power input estimates fromMinimet and ERA5winds. Their duration is defined as the number

of consecutive hours during which both of the above criteria were met.

The bulk of events that contributed most to the observed discrepancies happened on timescales

much shorter than the local inertial period (Fig. 9), withmany individual events lasting less than half

an inertial period, further highlighting the importance of accurately capturing energetic wind events

occurring on timescales smaller than the local inertial period to accurately represent near-inertial

wind power input, as noted previously by Plueddemann and Farrar (2006).
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Fig. 9. Relative number of events lasting between 1 – 14 hours contributing to the discrepancy between

Minimet and ERA5 wind power input, defined as Π<< varying by more than one standard deviation from the

record mean and estimates of instantaneous wind power input Π from Minimet and ERA5 winds differing by

more than one root mean square deviation. The average Coriolis period over the record is shown by the black

dashed line.
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In order to investigate the frequency-domain representation of near-inertial wind power input into

the mixed layer, we calculate complex-valued rotary cross-spectra between wind stress and drifter

velocities. Lilly and Elipot (2021), their Equation (12), have shown that under the assumptions of

the Ekman problem, the rate of change of the vertically integrated mixed layer kinetic energy due

to the wind forcing is given by

<{g(C)D∗(C)} ≡ Π(C). (6)

Here g(C) and D(C) are complex-valued time series of the form I(C) = G(C) + 8H(C), with G(C) being
the zonal and H(C) the meridional components of the drifter velocity or wind stress vector, and (·)∗

denotes the complex conjugate. Equation (6) is thus interpreted as the instantaneous wind power

input. We can express the wind stress and drifter velocities as their spectral representations

g(C) = 1
2c

∫ ∞

−∞
48lC3T(l) + g

D(C) = 1
2c

∫ ∞

−∞
48lC3U(l) + E

(Lilly and Elipot 2021), their Equations (2) and (3), and substitute them into the definition of the

cross-covariance:

'gD (a) ≡ � [g(C)D∗(C − a)] .

Together with the definition of the cross-spectrum

(gD (l)X(l−h)3l3h ≡
1

2c
� [3T(l)3U∗(h)]

we readily obtain

'gD (a) =
1

2c

∫ ∞

−∞
48la(gD (l)3l,

which states that the cross-covariance and the cross-spectrum are a Fourier transform pair (Emery

and Thomson 2001). Combining this with Equation (6) we see that the time-averaged wind power

input is given by

〈Π〉 ≡ � [Π(C)] = � [<{g(C)D∗(C)}] = 'gD (0) =
1

2c

∫ ∞

−∞
<{(gD (l)}3l.
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This implies that the total expected wind power input is the integral of the real part of the cross-

spectrum, the cospectrum, between the wind stress and the surface current, and contributions due

to fluctuations in the vicinity of the local inertial frequency can be obtained by bandpassing either

the wind stress or the surface currents.

We estimated complex-valued rotary cross-spectra by first multiplying each 20-day segment

of Minimet wind stress, ERA5 wind stress and Minimet drifter velocities with a Slepian taper

(Slepian 1978). The time-bandwidth product ? was again chosen to be ? = 2. Shown here is

only the clockwise side of the cospectrum; the counter-clockwise side showed little to no spectral

energy in the near-inertial band, as is expected since inertial oscillations rotate clockwise in the

Northern Hemisphere.
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Fig. 10. Coincident clockwise rotary spectrum between Minimet drifter velocities and Minimet winds (blue)

and between Minimet drifter velocities and ERA5 winds (red). The near-inertial frequency band between 0.7f0

and 1.3f0 is indicated by the vertical thin black dotted lines and the vertical dashed red line marks the location of

the M2 tidal frequency (cf. Fig. 6b).

Cospectra averaged over all available segments from both Minimet and ERA5 winds showed

a local maximum at or around the local Coriolis frequency, with maximum cospectral values at

l/ 50 = 1 being larger by a factor of 2.4 for those estimated fromMinimet winds compared to those

from ERA5 winds (Fig. 10). Since wind stress spectra differed by only a factor of 1.8 at l/ 50 = 1

(Fig. 6a), the larger discrepancy in the cospectra is indicative of larger coherence between the

Minimet drifter velocities and Minimet winds compared to ERA5 winds (not shown). Between

0.7 f0 and 0.95 f0 the ERA5 cospectrum was larger compared to the Minimet-derived estimate.

At super-inertial frequencies both cospectra were negative, particularly around 1.11 f0, indicating
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the wind essentially removing energy from the ocean at these frequencies. Negative cospectra at

1.11 f0 for both the Minimet and ERA5 winds coincide with the super-inertial shoulder on the

clockwise side of the velocity rotary spectrum and a spectral peak on the counter-clockwise side

(Fig. 6b red dashed line), suggesting that the wind acting on the semi-diurnal tide could act to

remove energy from the ocean. For frequencies l�f0, cospectral values were nearly equal to zero

for both Minimet and ERA5 estimates.

4. Discussion

Novel in situ wind measurements from Lagrangian Minimet surface drifters were validated

against coincident ship wind measurements, as suggested by Schmidt et al. (2017) as a method to

verify in situ measurements from platforms such as the Minimet. While ship winds are not without

issues (e.g. Landwehr et al. (2020), Smith et al. (1999)), they provide an additional independent

wind measurement in the vicinity of the Minimets and aid in evaluating the wind speed differences

observed between ERA5 and Minimet winds outside of the cruise periods. Comparisons to R/V

Armstrong winds during the cruise periods indicated that Minimet winds differed slightly from

ship winds, with both positive and negative differences of up to 1 m s−1 occurring over the observed

wind speed range up to 17 m s−1. However, considering these measurements were separated by up

to 25 km, we would not expect them to agree perfectly. Overall, validation against independently

measured ship winds have shown that Minimets captured the general temporal variability and wind

speed magnitude well.

Potential problems with platforms like the Minimet measuring winds close to the sea surface

include a sheltering effect by wave crests and the periodical submersion of the instrument leading

to anomalous wind speed values. Based on comparisons to reanalysis winds, Schmidt et al. (2017)

suggested that autonomous platforms like the Minimet measuring winds in challenging conditions

characterized by high wind and sea states would likely underestimate true wind speed. Generally,

these differences would be expected to manifest as reanalysis wind speed being larger than those

measured in situ and affected by wave crest sheltering (Large et al. 1995; Renfrew et al. 2020;

Schmidt et al. 2017).

As mentioned previously, the internal pre-processing of the Minimet winds aims to eliminate

anomalous wind values due to sheltering effects and instrument submersion. Intercomparisons
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betweenMinimet, R/VArmstrong, andERA5winds interpolated onto the respective drifter and ves-

sel positions revealed ERA5 winds were generally smaller than both R/V Armstrong and Minimet

winds over a range of wind speeds, and wind speed differences were wind speed-dependent. The

observed wind speed differences between Minimets and ERA5 were consistent during both the

cruise periods and when the entire observation period was considered. The wind speed differences

observed between ERA5 and Minimet winds were hence inconsistent with wind sheltering effects.

Similar to the results in this present study, wind speed-dependent differences between reanalysis

winds and buoy measurements were reported by Jones et al. (2016) and Stopa and Cheung (2014),

as well as between ship winds and ERA5 (Renfrew et al. 2020).

The validation of Minimet winds against coincident ship winds from R/V Armstrong has shown

that the Minimets measure winds reliably. Additionally, the fact that wind speed differences

between ERA5 and Minimets increased in the presence of larger local gradients in the ERA5

reanalysis model wind fields suggest the observed discrepancies between Minimets and ERA5 are

likely due to potential limitations of the latter. While ERA5 reanalysis winds represent a significant

improvement overall compared to previous generation ERA reanalysis models (Belmonte Rivas

and Stoffelen 2019), our results indicate that Minimet winds better represented true wind speed

magnitudes, particularly at super-inertial frequencies, than ERA5 during the observation period

considered here. These results highlight the fact that verification of gridded wind products through

in situ wind measurements, particularly in poorly sampled regions, remains vital.

Despite its hourly resolution, near- and particularly super-inertial spectral energy on both sides of

the ERA5 rotary wind spectrum was considerably smaller than that estimated from hourly Minimet

winds. This is in agreement with results by Liu et al. (2019), who found near-inertial wind power

estimates derived from surface drifters in combination with a six-hourly gridded wind product to

be systematically smaller than in situ buoy estimates. The authors concluded these difference were

due to reduced near-inertial variance in the wind product and additionally found no significant

improvement in their near-inertial wind power estimates when using an hourly reanalysis product.

The results from the present study further suggest that, despite their improved hourly resolution,

wind variability in the ERA5 reanalysis winds at near- and super-inertial frequencies is likely

underestimated in and polewards of the study region considered here.
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Near-inertial wind power input was estimated using Minimet drifter velocities and coincident

in situ sea surface winds measured by Minimet drifters. These were compared to estimates from

hourly ERA5 reanalysis winds linearly interpolated onto drifter positions. While both estimates

showed a net input of energy into the mixed layer by the wind over the study period, the use of in

situ winds measured by Minimet drifters resulted in a 42% higher time-averaged near-inertial wind

power input over the observation period relative to that estimated using hourly ERA5 reanalysis

winds. The approach taken in this study involved using in situ wind measurements along the track

of the Minimet surface drifter and represents the most desirable option to estimate near-inertial

wind power input into the mixed layer, obviating the need for modelled mixed layer velocities and

gridded wind products.

The importance of high-frequency wind variability for accurate near-inertial wind power esti-

mates was further evidenced by wind events happening on timescales far smaller than the local

inertial period that were not captured in the reanalysis model and lead to large discrepancies be-

tween wind power estimates from Minimet and ERA5 winds. Plueddemann and Farrar (2006)

showed that wind events with the largest contribution to time-averaged near-inertial wind power

input occur on timescales much shorter than the local inertial period. We found events lasting less

than half the average inertial period in our study contributing significantly to the discrepancies

between ERA5 and Minimet-derived near-inertial wind power input estimates. These events com-

prised about 5% of our data set. As such, these results imply that high-resolution wind products

are necessary to capture small scale wind events and to adequately resolve near-inertial wind power

input. Lower-resolution wind products may fail to accurately represent these short wind events (e.g.

Kilbourne and Girton (2015)) and hence underestimate wind work. Our results further emphasize

the utility of platforms like the Minimet for validating and possibly correcting regional and global

estimates from reanalysis products in combination with surface drifter data.

Cospectra ofMinimet wind stress and drifter velocities showed significantly increased wind work

in the near-inertial band compared to those estimated from Minimet drifter velocities and ERA5

winds. Negative cospectral values estimated fromMinimet drifter velocities and both Minimet and

ERA5 winds further suggested that the wind effectively acted to remove energy from the mixed

layer at super-inertial frequencies, reducing overall wind power input in the near-inertial band. The

negative wind power at super-inertial frequencies coincidedwith a shoulder at the semi-diurnal tidal
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frequency on the clockwise side of the drifter velocity rotary spectrum (cf. Figure 6b), suggesting

that the wind acting on the semi-diurnal tides acts to remove energy from the ocean. As mentioned

previously, this peak was larger on the clockwise side compared to the counter-clockwise side,

pointing to an anticyclonic polarization of the semi-diurnal tide (see also Thomson et al. (1998)

and Poulain and Centurioni (2015)). These results are further in agreement with recent results by

Flexas et al. (2019), who showed negative super-inertial wind power occurring at the semi-diurnal

tidal frequencies across a range of wavenumbers at several geographical locations in a global ocean

model. The exact mechanisms underlying this negative wind power at super-inertial frequencies

exceed the scope of this paper but certainly warrant further investigation.

The present study aimed to validate in situ wind measurements from the Minimet drifter against

coincident ship measurements. Further, in the first study of its kind, it applied these novel wind

measurements to the near-inertial wind power problem. Comparisons to ship winds during the two

cruise periods indicate that there is a general utility for Minimets to be deployed in regions other

than the one highlighted here to reliably measure winds along their drifter track. The results of

this study do not, however, permit to make a general statement about discrepancies between ERA5

reanalysis winds and in situ wind measurements, and any potential limitations of the former might

be regional.

Wind measurements from Minimet drifters can aid in further investigating the skill of reanalysis

model winds and potential discrepancies with in situ winds, particularly in sparsely sampled or

difficult to sample regions. Sustaining a Minimet array over at least one season at a basin scale

would lead to an interesting verification, or otherwise, of near-inertial wind power input estimates

from reanalysis products and highlight the need for maintaining arrays ofMinimets at key locations.

Similar to a correction method employed by Liu et al. (2019), who used the ratio of the variances

of their wind product and buoy winds averaged over the near-inertial band as a correction factor, a

suitable approach in our case would be to follow a method similar to that outlined in Elipot (2006)

and Elipot and Gille (2009b). The ratio of ERA5- and Minimet-estimated cospectra could provide

a frequency-dependent correction for the ERA5-estimated near-inertial wind power and provide a

measure of uncertainty in the near-inertial range. This could be a way to utilize high-resolution in

situ wind measurements from Minimet drifters to estimate the degree to which reanalysis products

under- or overestimate near-inertial wind power input and apply corrections when necessary. This
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approach would require a lot more data, but regional deployments could aid in quantifying the

error associated with using gridded wind products and hence improve our estimates of near-inertial

wind power input globally, important for accurately depicting abyssal mixing in general circulation

and climate models.
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