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ABSTRACT

Atmospheric features such as translating cold fronts and small lows with
horizontal scales of about 100 km are traditionally thought to be most impor-
tant in exciting near-inertial motions in the ocean. However, recent studies
suggest that a significant fraction of energy flux from the wind to surface
inertial currents may be supplied by atmospheric systems of larger scales.
Here the dependence of this energy flux on the scale of atmospheric motions
is investigated using a high-resolution atmosphere reanalysis product and a
slab model. It is found that mesoscale atmospheric systems with scales less
than 1000 km are responsible for almost all the energy flux from the wind to
near-inertial motions in mid-latitude North Atlantic and North Pacific. Tran-
sient atmospheric features with scales of ~100 km contribute significantly to
this wind energy flux, but they are not as dominant as traditionally thought.
Owing to the nonlinear nature of the stress law, energy flux from mesoscale
atmospheric systems depends critically on the existence of the background,
larger-scale wind field. Finally, accounting for relative motions in the stress
calculation reduces the net wind energy flux to near-inertial motions by about
one-fifth. Mesoscale atmospheric systems are found to be responsible for the

majority of this relative wind damping effect.
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1. Introduction

Near-inertial waves generated by fluctuating winds are an important energy source for generating
diapycnal mixing in both the upper and deep ocean, contributing to the cooling of the sea surface
temperature (e.g Jochum et al. 2013) and the maintenance of the large-scale overturning circulation
(Wunsch and Ferrari 2004). The total energy flux from the wind to surface near-inertial currents
is estimated to be between 0.3 TW (1 TW = 10'> W) and 1.5 TW (e.g. Watanabe and Hibiya
2002; Alford 2003; Jiang et al. 2005; Furuichi et al. 2008; Rimac et al. 2013), with the spread
largely explained by the different wind stress products used. Midlatitude travelling winter storms
are believed to provide the bulk of this energy flux (e.g. Alford 2003; Dippe et al. 2015). The
term “storm” is, however, not strictly defined and in this context it often implicitly refers to a
combination of transient atmospheric phenomena including synoptic weather systems, cold/warm
fronts and travelling lows that cover a wide range of spatial scales. It remains unclear what scales
of atmospheric motions are responsible for the majority of energy flux to near-inertial motions in
the ocean.

In the pioneering work of D’ Asaro (1985), he examined wind forcing of surface inertial currents
using long-term meteorological buoy data off North America, and found that near-inertial motions
at his study sites are mainly excited by atmospheric features such as translating cold fronts and
small lows with horizontal scales of about 100 km, with the larger-scale features making only a mi-
nor contribution. The physical explanation is that mesoscale atmospheric features in midlatitudes
are typically advected by the background wind field at a speed of 10 m s~!. As such, features with
scales of 100 km will be advected past a given location with a time scale close to 1/f, where f is
the local inertial frequency, thereby resonantly exciting inertial currents in the surface mixed layer.

Results from recent sensitivity studies of energy input to near-inertial motions by the wind () to
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the resolution of wind stress forcing, on the other hand, seem to suggest that a greater fraction of
Py 1s provided by atmospheric systems with scales larger than that originally proposed by D’ Asaro
(1985). For example, in Rimac et al. (2013), although the globally-integrated P; decreases from
1.1 TW to 0.7 TW after they spatially interpolated their wind stress forcing from the original 0.35°
grid to a coarser 2.8° grid, the bulk (~64%) of P; remains.

It is, however, worth pointing out that the method of directly filtering wind stress used in previous
sensitivity studies is appropriate for analysing the influence of high-resolution wind stress forcing
on Py, but not for assessing the role of atmospheric systems of different spatial and temporal scales
in supplying P; to the ocean owing to the nonlinear nature of the stress law (e.g. Zhai et al. 2012;
Zhai 2013). For example, high-frequency wind fluctuations not only cause wind stresses to vary
at high frequencies, but also contribute toward low-frequency and time-mean wind stresses and
energy fluxes to the ocean (Zhai et al. 2012; Wu et al. 2016)." In this study, we investigate the
dependence of wind energy flux to surface inertial currents on the scale of atmospheric motions
using a high-resolution atmosphere reanalysis wind product and a slab model, while taking into

account the nonlinear stress law.

2. Model experiment

The widely-used damped slab model originally proposed by Pollard and Millard (1970) is used

in this study. The governing equation of the slab model is given by

az . T
E+(lf+’”)z—ﬁ, (D

where Z = u -+ iv is the horizontal velocity, T = (7, +i7y)/po is the surface wind stress scaled by
the density of seawater, H is the surface mixed layer depth, and r is the linear damping coefficient

that parameterises the decay of near-inertial motions in the mixed layer via wave radiation and

Isee Grant and Madsen (1986) for a discussion of nonlinear stresses in the continental-shelf bottom boundary layer.

4
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shear dissipation at the base of the mixed layer. In the slab model, Z is assumed to be mixed
instantaneously over the depth of the surface mixed layer. However, a number of studies (e.g.
Niiler and Paduan 1995; D’ Asaro 1995; Garrett 2001; Rath et al. 2014; Kilbourne and Girton 2015)
have shown that this is not always true. For example, Kilbourne and Girton (2015) found that the
climatological mixed layer depths do not represent the vertical extent of wind-generated inertial
currents in their float observations and argued strongly against their use in the slab model. For this
reason, here we simply set H = 50 m and r—! = 4.5 days (see also Zhai 2015), instead of using
mixed layer depth climatologies. Following D’ Asaro (1985), the solution to (1) is divided into the
inertial (Z;) and Ekman (Zg) components, with the Ekman component given by Zg =T /(if +r)H
and the inertial component given by the residual, i.e., Z; = Z — Zg. Energy flux from the wind
to surface near-inertial currents is then calculated using P = poT - Z;, where Z; is the complex
conjugate of Z;.

The slab model is forced by the 10-m wind field taken from the hourly NCEP Climate Forecast
System Reanalysis product (CFSR; Saha et al. 2010) for the period of 2001-2010. The CFSR
10-m wind is provided on a T383 grid, i.e., a horizontal resolution of ~0.3°. To investigate the
dependence of P; on the scale of atmospheric motions, the original CFSR wind is spatially filtered
using a two-dimensional mean filter to coarser grids to remove atmospheric systems with scales
less than 200 km, 500 km and 1000 km, respectively, prior to the calculation of surface wind stress.
The surface wind stress is then calculated from both the original and spatially-filtered CFSR winds
based on the bulk formula (Large et al. 1994). To highlight the effect of the nonlinear stress law,
surface wind stresses calculated from the original CFSR winds are also spatially filtered to the
same 200 km, 500 km and 1000 km grids, as often done in previous studies (e.g. Rimac et al.

2013).
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3. Results

a. Scale dependence of Py

Figure 1a shows energy flux from the wind to surface near-inertial motions, P, in the midlati-
tude North Atlantic ([30°-70°N, 82°W-0°]) averaged over the decade of 2001-2010. The spatial
pattern of P; is characterised by large positive values concentrated in the storm track region and
small/moderate values elsewhere, in general agreement with previous studies (e.g. Alford 2003;
Furuichi et al. 2008; Rimac et al. 2013; Dippe et al. 2015). To the south of the Gulf Stream, there
are tracks of high values of P; associated with moving hurricanes. Removing wind variability
with scales less than 200 km in the stress calculation reduces the domain-averaged P; by about
30% from 1.17 mW m~2 to 0.82 mW m~? (Fig. 1b). Interestingly, the bulk of P; remains in the
absence of atmospheric motions with scales of ~100 km that are traditionally thought to be most
important and efficient in exciting near-inertial motions in the ocean (e.g. D’ Asaro 1985). Fur-
ther removing atmospheric motions with scales less than 500 km in the stress calculation reduces
the domain-averaged P; by about 70%, and removing atmospheric motions with scales less than
1000 km gets rid of almost all the P; (over 92%; Figs. 1c and d). These results show that wind
forcing of near-inertial motions in the ocean results from a combination of mesoscale atmospheric
systems with scales less than 1000 km that presumably propagate at a range of speeds, rather than
being dominated by features with scales of ~100 km propagating at a typical speed of 10 m s~!
as traditionally thought. A similar reduction in F; is also found in the midlatitude North Pacific
([20°-60°N, 125°E-120°W]) when mesoscale atmospheric features are excluded in the stress cal-

culation (Fig. 2; see also Table 1), although the magnitude of P; in the North Pacific is generally

higher than that in the North Atlantic.
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Since the slab model is linear, the reduction of P; found in this study has to be a direct result
of the decrease in the magnitude of inertial wind stress forcing when mesoscale wind fields are
removed in the stress calculation. Figure 3 shows the zonally-averaged zonal wind stress spectra
at 50°N and 35°N in the North Atlantic. Removing mesoscale wind variability is found to reduce
the power of wind stress at all frequencies at both latitudes (Figs. 3a and d). In particular, the
magnitude of inertial wind stress forcing decreases by about 32%, 72% and 93%, respectively,
when atmospheric motions with scales less than 200 km, 500 km and 1000 km are removed prior
to stress calculation. These percentage decreases in the magnitude of inertial wind stress forcing
are indeed very close to the percentage reductions in P, as one would expect. Similar results are
also found at other latitudes in the North Atlantic as well as in the North Pacific (not shown).

Associated with the seasonal variability of atmospheric storm tracks, P; exhibits a pronounced
seasonal cycle in both the North Atlantic and North Pacific: P; in winter months is over an order
of magnitude greater than that in summer months (Fig. 4). The reduction in P; when mesoscale
atmospheric features are removed in the stress calculation follows the same seasonal cycle with
the most significant reduction occurring during winter while almost no reduction during summer.
In other words, seasonal variations in the strength of mesoscale atmospheric phenomena strongly
enhance the seasonal cycle of P;. The percentage reduction of P, on the other hand, shows much
less seasonal variations: 25-40%, 60-80% and 90-95% in the absence of atmospheric motions
with scales less than 200 km, 500 km and 1000 km, respectively (Figs. 4c and d). There is little
difference between the North Atlantic and North Pacific in terms of percentage reductions in F;,
suggesting that the scale dependence of P; found in this study may apply to other ocean basins as

well.
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b. Nonlinear stress law

In this subsection, we seek to address two questions related to the nonlinear nature of the stress
law: (1) is there a noticeable difference between methods of averaging wind and averaging stress in
assessing the contribution of mesoscale atmospheric phenomena to P;? and (2) do the larger-scale
atmospheric motions matter?

Figure 5 shows F; in the midlatitude North Atlantic and North Pacific averaged over the period
of 2001-2010 when surface wind stresses calculated from the original CFSR winds are spatially
filtered to remove wind stress variability with scales less than 200 km, 500 km and 1000 km, as
is often done in previous sensitivity studies (e.g. Rimac et al. 2013). Although the spatial patterns
remain quite similar, there are some quantitative differences in P; between averaging stress (Fig. 5)
and averaging wind (Figs. 1 and 2). Owing to the nonlinear stress law, mesoscale winds contribute
to wind stresses not only at mesoscales but also at larger scales (e.g. Zhai et al. 2012). As a result,
the reduction of P is greater (roughly by 10%) when the winds, rather than wind stresses, are
spatially filtered. For example, about 74%, 35% and 10% of Py in the North Pacific remains when
the CFSR 10-m winds with scales less than 200 km, 500 km and 1000 km are removed prior to the
calculation of surface wind stress, comparing to 81%, 46% and 18% remaining when CFSR wind
stresses at the same scales are removed (Table 1). This quantitative difference in the reduction of
P; between averaging stress and averaging wind is consistent with the more tightly-grouped curves
of wind stress spectra in Figs. 3b and e than in Figs. 3a and d; directly filtering wind stresses leads
to a smaller decrease in the power of wind stress at all frequencies than filtering the wind field
prior to stress calculation (by ~10% at inertial frequencies).

Another interesting consequence of the nonlinear stress law is that the effect of wind fluctua-

tions on wind stress depends strongly on the presence of the large-scale background winds (Zhai
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2013). For example, the mean wind stress vanishes in regions of zero mean winds, regardless of
the strength of wind fluctuations there, owing to the modulus sign in the stress formula. Figure
6 shows P in the midlatitude North Atlantic and North Pacific when only mesoscale atmospheric
motions with scales less than 200 km, 500 km and 1000 km are included in the stress calcula-
tion. In the absence of atmospheric motions with scales greater than 200 km, 500 km and 1000
km, merely 0.2%, 2% and 10%, respectively, of P; remains in each ocean basin, as a result of
the orders of magnitude decrease in the strength of inertial wind stress forcing (Figs. 3c and f).
This striking result demonstrates that although mesoscale atmospheric systems play a fundamen-
tal role in supplying P to the ocean, the role they play depends critically on the existence of the
background, larger-scale wind field owing to the nonlinear nature of the stress law. Studies on
the variability and trend of P; (e.g. Alford 2003; Dippe et al. 2015; Zhai 2015) therefore need to
take into account not only changes of mesoscale atmospheric systems but also the background
large-scale wind field.

A recent study (Rath et al. 2013) found that including ocean surface velocity in the wind stress
calculation led to a noticeable reduction of F; in the Southern Ocean owing to the relative wind
damping effect, an effect not accounted for in previous estimates of Py (e.g. Alford 2003; Jiang
et al. 2005; Furuichi et al. 2008; Rimac et al. 2013). The relative wind damping effect arises
because accounting for relative motions in the stress calculation systematically reduces the positive
wind work when the wind and ocean surface current are aligned and enhances the negative wind
work when they oppose each other (Zhai et al. 2012). Here we investigate this relative wind
damping effect on P; in the North Atlantic and North Pacific as well as its dependence on spatial
scales. Figure 7 shows that accounting for relative motions in the stress calculation leads to a
wide-spread reduction in P;. The reduction of P; is most significant in the storm track regions

where the winds are particularly strong, since the relative wind damping effect is proportional to
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the speed of 10-m winds (Duhaut and Straub 2006; Zhai et al. 2012; Rath et al. 2013). Averaged
over the midlatitude North Atlantic and North Pacific, P; decreases by about 20% in both ocean
basins, similar to what Rath et al. (2013) found in a model of the Southern Ocean. Furthermore, the
relative wind damping effect of P; shows a pronounced seasonal cycle, with large damping effect
in winter months and almost no damping in summer months (Figs. 4a and b). As such, accounting
for relative motions in the stress calculation acts to reduce the amplitude of the seasonal cycle
of P;. Finally, the effect of relative wind damping of P; depends strongly on the presence of
mesoscale atmospheric features. Removing atmospheric features with scales less than 200 km,
500 km and 1000 km in the stress calculation reduces the damping effect by about 32%, 74% and

95%, respectively.

4. Concluding remarks

The dependence of energy flux from the wind to surface inertial currents on the scale of atmo-
spheric motions has been investigated in this study using a high-resolution atmospheric reanalysis

product and a slab model. Our main findings are as follows:

e Mesoscale atmospheric systems with horizontal scales less than 1000 km are responsible for

almost all the P; to the ocean.

e Transient atmospheric features with scales of ~100 km contribute significantly (about 25-

30%) to P, but they are not as dominant as traditionally thought.

e Owing to the nonlinear nature of the stress law, P; from mesoscale atmospheric systems

depends critically on the existence of the background, larger-scale wind field.

10
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e Accounting for relative motions in the stress calculation reduces the net P; by about one-fifth.
Mesoscale atmospheric systems are found to be responsible for the majority of this energy

flux reduction.

It is well known (e.g. Gill 1984; D’ Asaro 1989) that the rate at which the wind-induced near-
inertial energy radiates away from the mixed layer is inversely proportional to the scale of at-
mospheric forcing squared, the rate being greatest for the smallest scales. Therefore, whether P,
is primarily supplied by transient atmospheric features with horizontal scales of ~100 km or by
those of larger scales may have important consequences for the efficiency of near-inertial energy
flux into the ocean interior, with implications for the interior near-inertial mixing. In this study,
the bulk of P; is found to be supplied by atmospheric motions with scales greater than 200 km,
suggesting a lower efficiency of near-inertial energy flux into the ocean interior than it would have
been if P; were supplied by transient atmospheric features with scales of ~100 km as traditionally
thought.

On the other hand, the remarkable coincidence between atmospheric and oceanic storm tracks
means that regions of large Py are also regions of enhanced mesoscale variability in the ocean (Zhai
et al. 2005). A number of studies (e.g. Weller 1982; Kunze 1985; Zhai et al. 2005; Danioux et al.
2008) have shown that the horizontal scales of near-inertial motions in the surface mixed layer in
strongly eddying regions are often set by the oceanic eddy field, rendering the rate at which near-
inertial energy radiates downward into the interior much less sensitive to the scales of atmospheric
forcing. Future research is required to unravel the relative importance of atmospheric forcing and
oceanic eddy field in setting the scales of near-inertial motions in the ocean.

Finally, our results imply that wind forcing of near-inertial motions in the ocean is a result of

mesoscale atmospheric features with scales less than 1000 km propagating at a range of speeds

11
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over a given location, rather than being dominated by features with scales of ~100 km propagating
at a typical speed of 10 m s~!. Efforts are currently underway to identify and categorise (e.g., type,
size and translational speed) transient mesoscale atmospheric phenomena that constitute the major
near-inertial wind forcing of the ocean by applying automatic tracking algorithms (e.g. Hodges

1994; Blender and Schubert 2000) to high-resolution atmospheric reanalysis products.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Energy flux (mW m~2) from the wind to near-inertial motions in the midlatitude North
Atlantic averaged over the period of 2001-2010 when (a) the original CFSR winds, and
CFSR winds excluding wind variability with scales less than (b) 200 km, (c¢) 500 km and (d)
1000 km, are used in the stress calculation.

Same as Fig. 1 but for the midlatitude North Pacific.

Zonally-averaged zonal wind stress spectra at 50°N in the North Atlantic when (a) low-pass
spatially-filtering the wind field prior to stress calculation, (b) directly low-pass filtering
wind stresses and (c) high-pass filtering the wind field prior to stress calculation. The solid
black curve in each panel represents the spectra of zonal wind stresses calculated from the
original CFSR wind field, and the red, magenta and blue curves represent respectively the
spectra of wind stresses that are either directly filtered with cutoff scales of 200 km, 500
km and 1000 km or calculated from the wind fields that are low-pass or high-pass filtered at
those scales. The vertical dashed black line marks the local inertial frequency. (d)-(f) are the
same as (a)-(c), but for the zonally-averaged zonal wind stress spectra at 35°N in the North

Atlantic. The subharmonic spectra peaks are likely to be an artefact of the reanalysis product.

Seasonal cycles of P; in the midlatitude (a) North Atlantic and (b) North Pacific when the
original CFSR winds (black), and CFSR winds excluding wind variability with scales less
than 200 km (red), 500 km (magenta) and 1000 km (blue), are used in the stress calculation.
The ratios of red, magenta and blue curves over the black curve in (a) and (b) are shown in
the same colours in (c) and (d) respectively. The dashed lines in (a) and (b) are P; in the
midlatitude North Atlantic and North Pacific when the relative wind effect is accounted for
in the stress calculation. .

(), (c) and (e) are P, (mW m~2) in the midlatitude North Atlantic when wind stresses cal-
culated from the original CFSR winds are spatially-filtered to remove wind stress variability
with scales less than 200 km, 500 km and 1000 km, respectlvely (b), (d) and (f) are the
same as (a), (¢) and (e) but for the North Pacific.

(), (c) and (e) are P, (mW m~2) in the midlatitude North Atlantic when only atmospheric
motions with scales less than 200 km, 500 km and 1000 km are included in the stress calcu-
lation. (b), (d) and (f) are the same as (a), (c) and (e) but for the North Pacific.

The relative wind damping of P; (mW m~2) averaged over the period of 2001-2010 in the
midlatitude (a) North Atlantic and (b) North Pacific. L
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(P, (b) P, excluding winds < 200 km
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a5 FIG. 1. Energy flux (mW m~2) from the wind to near-inertial motions in the midlatitude North Atlantic
as  averaged over the period of 2001-2010 when (a) the original CFSR winds, and CFSR winds excluding wind

a7 variability with scales less than (b) 200 km, (c) 500 km and (d) 1000 km, are used in the stress calculation.
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FIG. 2. Same as Fig. 1 but for the midlatitude North Pacific.

20



348

349

350

351

352

353

354

355

356

PSD (N2 m*/rads™)

PSD (N2 m*/rads™)

107

(a) L-pass filter wind at 50N

(b) L-pass filter wind stress at 50N

(c) H-pass filter wind at 50N

10—4 L

10-6 L

[

T
\
\
|

[

108
10°°

(d) L-pass filter wind at 35N

10°®

107

(e) L-pass filter wind stress at 35N

(f) H-pass filter wind at 35N

10—4 L

10-6 L

[

[

\
\
L.

[

)/

108 -
10°

107
frequency (rad s'1)

10

107
frequency (rad 5'1)

10°®

107
frequency (rad 5'1)

FIG. 3. Zonally-averaged zonal wind stress spectra at 50°N in the North Atlantic when (a) low-pass spatially-

filtering the wind field prior to stress calculation, (b) directly low-pass filtering wind stresses and (c) high-pass

filtering the wind field prior to stress calculation. The solid black curve in each panel represents the spectra of

zonal wind stresses calculated from the original CFSR wind field, and the red, magenta and blue curves represent

respectively the spectra of wind stresses that are either directly filtered with cutoff scales of 200 km, 500 km and

1000 km or calculated from the wind fields that are low-pass or high-pass filtered at those scales. The vertical

dashed black line marks the local inertial frequency. (d)-(f) are the same as (a)-(c), but for the zonally-averaged

zonal wind stress spectra at 35°N in the North Atlantic. The subharmonic spectra peaks are likely to be an

artefact of the reanalysis product.
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FI1G. 4. Seasonal cycles of P; in the midlatitude (a) North Atlantic and (b) North Pacific when the original
CFSR winds (black), and CFSR winds excluding wind variability with scales less than 200 km (red), 500 km
(magenta) and 1000 km (blue), are used in the stress calculation. The ratios of red, magenta and blue curves
over the black curve in (a) and (b) are shown in the same colours in (c) and (d) respectively. The dashed lines in
(a) and (b) are P; in the midlatitude North Atlantic and North Pacific when the relative wind effect is accounted

for in the stress calculation.
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363 FIG. 5. (a), (¢) and (e) are P, (mW m~2) in the midlatitude North Atlantic when wind stresses calculated from
s+ the original CFSR winds are spatially-filtered to remove wind stress variability with scales less than 200 km,

sss 500 km and 1000 km, respectively. (b), (d) and (f) are the same as (a), (c) and (e) but for the North Pacific.

23



64°N

=_ L L

- | 56°NT / C{} s
55% 48°N - L
40°N 1 J
32°N -

249N -

(a)d - -~ — = .
. . : 125°E 150°E 175°E 160°W 135°W
75°W 60°W 45°W 30°w 15°w  0°

56°N
48°N

40°N T

32°N

64°N P . op 4 2 ¢
L\...J) N 56 N (;} . . el R\
56°N | % 55,»;\ 48°N ’ 4
48°N s » 40°N
2
s0oNT 32°N- ) I
24°N 1’ . -
U N (©)., i - o ;
-t 125°E 150°E 175°E 160°W 135°W

75°W 60°W 45°W 30°w 15°w  0°

64°N o
56°N 1

56°N | 48°N -
40°N 1
329N A ' i
- AN O
125°E 150°E 175°E 160°W  135°w

48°N

40°N

32°N {q

75°W B60°W 45°W 30°W 15°W  0°
as6 FIG. 6. (a), (c) and (e) are ; (mW m~2) in the midlatitude North Atlantic when only atmospheric motions

sz with scales less than 200 km, 500 km and 1000 km are included in the stress calculation. (b), (d) and (f) are the

s same as (a), (¢) and (e) but for the North Pacific.
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(a) Relative wind damping in North Atlantic
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369 FIG. 7. The relative wind damping of P, (mW m~2) averaged over the period of 2001-2010 in the midlatitude
s (a) North Atlantic and (b) North Pacific.
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