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Abstract

Understanding of the spatial distribution of near-surface oceanic chlorophyll a (Chl-a) in relation to eddy activity is important
because Chl-a is critical to biological production and carbon absorption, and its distribution is closely related to meso-scale
eddies and Rossby waves. Chl-a distributions based on satellite observations from 2001 to 2018 were analyzed in association
with eddy activity in mid-latitude regions of the five ocean basins (North/South Pacific, North/South Atlantic, and South
Indian oceans) and related to physical eddy scales including the internal Rossby deformation radius (LD) and Rhines scale
(LR). In the open ocean, the horizontal scale of Chl-a (D) decreased with increasing eddy kinetic energy (EKE), converging
to LD in the high-eddy-activity region. The ratio of zonal (Dz) to meridional (Dm) scales, RD (= Dz/Dm), converged to 1
with increasing EKE, implying isotropic uniformization with meso-scale eddies. In regions of low EKE (especially the central
subtropical and eastern parts of each basin), Dm was larger than LD, with a scale similar to cLR. In these regions, Dz values
greater than Dm were found (with scales of 500-1000 km), indicating the effects of planetary phenomena on Chl-a. In such
regions the sensitivity of D to EKE tended to be higher than in western boundary regions, indicating the influence of meso-scale
eddy activity on the Chl-a distribution, even with low EKE.
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Key Points:

e The distribution of chlorophyll @ in global mid-latitude basins was studied
in relation to eddy activity.

e The characteristic scale of the chlorophyll a distribution is closer to the
deformation radius in regions of high meso-scale eddy activity.

e Larger horizontal scales of ~1000 km were found in eastern and central
regions of each basin, with higher sensitivity to eddy activity.

Abstract

Understanding of the spatial distribution of near-surface oceanic chlorophyll a
(Chl-a) in relation to eddy activity is important because Chl-a is critical to bio-
logical production and carbon absorption, and its distribution is closely related
to meso-scale eddies and Rossby waves. Chl-a distributions based on satellite ob-
servations from 2001 to 2018 were analyzed in association with eddy activity in
mid-latitude regions of the five ocean basins (North/South Pacific, North/South
Atlantic, and South Indian oceans) and related to physical eddy scales including
the internal Rossby deformation radius (Lp) and Rhines scale (Ly). In the open
ocean, the horizontal scale of Chl-a (D) decreased with increasing eddy kinetic
energy (EKE), converging to Lp in the high-eddy-activity region. The ratio
of zonal (D,) to meridional (D,,) scales, R (= D,/D,,), converged to 1 with
increasing EKE, implying isotropic uniformization with meso-scale eddies. In
regions of low EKE (especially the central subtropical and eastern parts of each
basin), D, was larger than Ly, with a scale similar to Lg. In these regions, D,
values greater than D, were found (with scales of 500-1000 km), indicating the
effects of planetary phenomena on Chl-a. In such regions the sensitivity of D
to EKE tended to be higher than in western boundary regions, indicating the
influence of meso-scale eddy activity on the Chl-a distribution, even with low
EKE.

Plain Language Summary

Chlorophyll a (Chl-a) is a pigment critical for photosynthesis and provides a
representative index of phytoplankton activity that sustains oceanic ecosystems.
To investigate the relationship between Chl-a distribution and eddy activity at
various scales in global oceans, long-term satellite data were evaluated to ob-
tain representative scales of Chl-a distribution (D) for comparison with oceanic



spatial scales, particularly with the internal Rossby deformation radius (Lp, up
to 100 km) and the Rhines scale (Lg, hundreds to a million km). D is generally
smaller than or similar to Lp in the western boundary of each ocean basin
where meso-scale eddies are active, whereas it tends to be larger in the eastern
and central subtropical basin areas with less meso-scale eddy activity. In these
regions, eddy enlargement in the meridional direction is restricted by the effect
of planetary rotation, and Chl-a information is stretched in the zonal direction
like as the bands of Jupiter. However, the sensitivity of the horizontal scale of
Chl-a to eddy activity tended to be higher than in the western boundary re-
gion, suggesting that a slight increase in meso-scale activity can influence Chl-a
distribution in eastern parts of the basins.

1 Introduction

Ocean eddies are widespread (e.g., Nilsson and Cresswell, 1980; Joyce et al.,
1984; Byrne et al., 1995; Griindlingh 1995; Qiu, 1995, 1999; Ridgway and Dunn,
2003; Itoh and Yasuda, 2010) and crucially important for the distribution of heat
and nutrients in global oceans (e.g., Chelton et al., 2011a; McGillicuddy, 2016).
Eddies also affect the distribution of Chlorophyll a (Chl-a), which is critical to
biological production and carbon absorption in the global ocean. The relation-
ship between eddies and Chl-a distribution has been investigated previously for
non-linear meso-scale eddies (O(100) km scale; e.g., Garcia et al., 2004; Chelton
et al., 2011a; Lehahn, 2011; McGillcudy, 2016; Gaube and McGillicuddy, 2017)
and Rossby waves (~1000 km scale; Cipollini et al., 2001; Uz et al., 2001; Seagel,
2001; Killworth et al., 2004).

Meso-scale eddies affect the Chl-a distribution by eddy pumping associated with
isopycnal heaving caused by cyclonic eddies (e.g., McGilicuddy et al., 1998),
with horizontal advection of ambient Chl-a along the periphery (Abraham,
1998; Siegel et al., 2007, 2011; Chelton et al., 2011a). Local Ekman pump-
ing through interaction with surface wind (with convergence in cyclonic eddies
and divergence in anticyclonic eddies; Siegel et al., 2011), sub-meso-scale up-
welling around a meso-scale eddy (Levy et al., 2001), and vertical fluxes of
nutrients occur during eddy development and decay and also affect Chl-a distri-
butions (Folkowski et al., 1991). The influence of eddies on stratification also
plays an important role in the distribution of Chl-a through suspension of phy-
toplankton under preferable light conditions (Levy et al., 1998; Gaube et al.,
2013). Westward-propagating oceanic Rossby waves of planetary scale (O(1000)
km) may also affect Chl-a distributions through horizontal advection of a mean
background Chl-a gradient, with vertical upwelling of nutrients and Chl-a (e.g.,
Killworth et al., 2004).

The importance of nonlinearity in meso-scale eddies has been considered in re-
cent studies (e.g., Chelton et al., 2007; 2011a) with the development of satellite
observations, providing a Lagrangian perspective on eddy formation and propa-
gation. For example, Gaube et al. (2014) investigated the influence of mesoscale
eddies on Chl-a distribution, focusing on variations of individual eddy interiors
within an eddy-centric framework. Such an approach allows the study of trapped



fluid and properties of the eddy. However, a wider geophysical approach (a Eu-
lerian perspective) is also important in elucidating the effects of eddy activity
(including at scales larger than meso-scale eddies) on biogeographical functions,
particularly concerning when we consider the regional dependence of eddy ac-
tivity. Most energetic eddies occur in western ocean-boundary regions (Olson,
1991; Ducet et al., 2000; Chelton et al., 2011b). In contrast, Rossby waves are
frequently generated in the eastern part of each basin and subsequently propa-
gate to the western part (e.g., Gill, 1982). In regions where meso-scale eddies
are weak but Rossby wave excitation is active, care should be taken in select-
ing the spatial scale of interest when considering Chl-a variation and related
phenomena.

Here we attempt to elucidate the global distribution of surface Chl-a, its relation-
ship to eddy activity, and specific features of the relationship in five basins—the
North/South Pacific (NP/SP), North/South Atlantic (NA/SA), and South In-
dian (SI) oceans—using long-term data for Chl-a surface velocity fields provided
by satellites. In particular, we investigate Chl-a distributions at scales repre-
sentative of the oceans, namely the internal Rossby deformation radius and
Rhines scales (Rhines, 1975; 1977) in relation to the magnitude of eddy kinetic
energy (EKE), as differences from long-term temporal averages. The former sug-
gests an effect of meso-scale eddies and the latter implies the planetary -effect
(i.e., the effect related to meridional variation in the Coriolis parameter) on
Chl-a distributions through two-dimensional turbulence. We also examine the
isotropy/anisotropy of Chl-a distributions in two orthogonal directions (zonal
and meridional) in relation to the role of eddies, including horizontal advection
at the periphery of eddies and localities of sensitivity of Chl-a variations to eddy
activity. Although satellite data products employed in this study do not resolve
sub-meso-scale phenomena (Levy et al., 2012; Gaube et al., 2014), the indicated
relationships improve our understanding of their features.

The paper is organized as follows. In section 2, data provided by satellites
and processing methods are described and proposed indices are depicted. In
section 3, relationships between Chl-a distributions and EKE are considered,
comparing their scales with the internal Rossby deformation radius. Ratios of
zonal to meridional scales of Chl-a distribution are discussed, considering the
effects of intense temporal-mean flows, such as the Gulf Stream and the Kuroshio
Extension. We also focus on the latitudinal distribution of zonal and meridional
scales, comparing them with the Rhines scale to demonstrate the effect of two-
dimensional turbulence on Chl-a distribution, with Chl-a variations converging
to the internal Rossby deformation radius in the western part of each basin
while being closer to the Rhines scale in the eastern and central parts. Finally,
in section 4, we discuss the local effects of the sensitivity of Chl-a distributions
within each basin. Higher sensitivity of Chl-a distribution to eddy activity in
eastern parts of the basins is indicated, although mean EKE in these regions
are smaller than in western parts of the basins.

2 Materials and Methods



2.1. Satellite data

Eddy fields were analyzed using surface-velocity data provided by Ocean Surface
Current Analysis Real-time (OSCAR) third-degree resolution of ocean surface
currents (Ver. 1. PO.DAAC, CA, USA. Dataset accessed on 17 December,
2019 at https://doi.org/10.5067/OSCAR-03D01; Bonjean and Lagerloef, 2002)
for 2001-2018. We calculated EKE from velocity, as follows:

EKE(r,y) = 3 ((u(x,y,t) = U(z,y))" + (vl y.0) = V(e.y)), (1)

where, z, y, and t are zonal, meridional, and time components, respectively; u
and v are zonal and meridional velocities at each grid and time, respectively;
and U and V are temporal averages of zonal and meridional velocities for each
grid, respectively. Large angle brackets denote temporal averages. Based on
this definition, EKE includes the contributions of both meso-scale eddies and
Rossby waves.

Surface Chl-a distributions were analyzed using GlobColour (http://globcolour.info)
data developed, validated, and distributed by ACRI-ST (R&D), France
(d’Andon et al., 2009; Maritorena et al., 2010). Data products of 25-km
resolution and 8-d average were selected, with the level-three GSMO01 (Garver-
Siegel-Maritoren) merged model (Maritorena et al., 2002; Maritorena and
Siegel, 2005). The merged data included data provided by three satellite
sensors:  SeaWiFS (Sea-Viewing Wide Field-of-View Sensor) on GeoEye’s
Orbview-2 mission, MODIS (Moderate resolution Imaging Spectroradiometer)
on NASA’s (National Aeronautics and Space Administration) Aqua mission,
and MERIS (Medium Resolution Imaging Spectrometer) on ESA’s (European
Space Agency) ENVISAT (Environmental Satellite) mission. The period of
study was again 2001-2018.

We considered five basins (NP, SP, NA,| SA, and SI; Figure 1), focusing on mid-
latitudes (15°-60°) because Chl-a concentrations are affected by sea ice at high
latitudes and the accuracy of geophysical currents is poor at low latitudes due
to the weak Coriolis force. The specific range of each basin was as follows: NP,
105°E-100°W, 15°N-60°N; SP, 140°E-70°W, 15°S-60°S; NA, 80°W-0°, 15°N—
60°N; SA, 7T0°W—-25E°, 15°S-60°S; and SI, 20°E-140°, 15°S-60°S.
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Figure 1. Locations of analyzed regions in five basins. Color indicates the
internal Rossby deformation radius (Lp) calculated from World Ocean Atlas
2018 (see Section 2.3).

2.2. Horizontal scales of Chl-a distribution

Climatological time series of Chl-a concentrations at each grid point were cal-
culated as means for 10-d intervals from January 2001 to December 2018, and
anomalies in Chl-a concentrations were estimated. Correlation coefficients for
each time-series of the Chl-a anomalies were plotted against distance for each
grid point (see Figure S1 as an example), and mean correlation coefficients in
each 10-km bin were calculated. The horizontal scale, D, was defined as the
distance over which the mean correlation coefficient trends to e~!. The scale
may be regarded as a typical horizontal scale over which the spatial variation
of Chl-a is synchronized (e.g., Ito et al., 2004).

We similarly calculated horizontal scales in the four directions (east (Dy), west
(Dy ), north (Dy), and south (Dg)) from the central point in each grid cell, as
horizontal scales of Chl-a would be expected to have a dominant direction due to
factors such as solar radiation patterns, Rossby waves, and mean flow through
the Gulf Stream and Kuroshio Current. The Dg—Dy, and Dy—Dg means were
defined as the horizontal scales in the zonal (meridional) direction, D, or D,,
respectively. The ratio of horizontal scales, Ry, was calculated as follows:

Bp = pe = hept- (2

When Ry, > 1, the zonal (east—west) scale of Chl-a variation is thus greater than
that in the meridional (north—south) direction.

2.3. Representative horizontal scales: Deformation radius and Rhines



scale

To estimate the scale of the internal Rossby deformation radius, we used data
for temperature and salinity provided by the World Ocean Atlas 2018 (WOA18)
with  0.25° horizontal resolution (https://accession.nodc.noaa.gov/NCEI-
WOA18. Accessed on 19 February 2021; Boyer et al., 2018) for stratification
calculations. The estimation method for the internal Rossby deformation radius
was the same as that used by Kaneko et al. (2021); i.e., the potential density
was calculated using means of temperature and salinity over each 0.25° grid.
The Brunt—Viisald frequency, N, was then calculated at each grid with the
depth range of N being set to 04000 m. Based on the vertical distribution of
N, we calculated the eigenvalue of the 15* vertical normal mode (e.g., Gill, 1982;
Emery and Thomson, 2001; Figure S2) and the internal Rossby deformation
radius (hereinafter “deformation radius”), Lp:

Lp = 2452 (3)

where ¢, is the eigenvalue of the 15 vertical normal mode, and f is the inertial
frequency at each latitude. The horizontal distribution of Ly is shown in Figure
1.

In addition to the deformation radius, another representative horizontal scale for
geophysical fluids was also used—the Rhines scale (Rhines, 1975; 1977)—which
is closely related to the horizontal scale in the meridional direction relative to
two-dimensional turbulence on a plane, and thus closely related to eddy activity.
There is some ambiguity in the definition of this scale (e.g., Eden, 2007), so we
defined it as follows, based on a parameter related to the vertical structure of
horizontal velocity:

Ly =(%5), (4)
where S, is the representative eddy velocity scale for the estimation of the two-
dimensional turbulence in the present study, defined as follows using the OSCAR

surface velocity:

1

S, = {(ulz,y,t) = Ulz,9)* + (v(z,y,1) — V(z,9)*) . (5)

The parameters and p in Eq. 4 are the planetary beta at each latitude and a
coefficient for correction with the vertical distribution of horizontal representa-
tive velocity (i.e., the correction for two-dimensional turbulence), respectively.
To estimate the representative velocity of two-dimensional turbulence, we used
an exponential model for the vertical distribution of horizontal velocity, u = v,
exp(—z/H) (Figure S3a), assuming an exponentially decreasing velocity in the
vertical scale. The parameter p was then calculated, the product of which with
the surface value (S,) is equivalent to the vertical mean value. Specifically, p
was estimated as follows:

4H
b= 411%“0 fO Udzv (6)
where u is surface velocity. Assuming that the characteristic depth, H, would

be 1000 m, with a mean basin depth of ~4000 m, Eq. 6 yields p = 0.25 (Figure




S3a). The eddy velocity scale for the Rhines scale was estimated using this
parameter, and the surface velocity was obtained from OSCAR (Figure S3b).

To represent the relationships among D, Ly, and Ly in each basin as a hori-
zontal map, an index, v , was defined as the contribution of the deformation
radius and Rhines scale to D, as follows:

D, —Lp)’
R (T (LD >2+<5m> L)Yy (M)
p approaches zero (one) when D
Scale).

., is similar to the deformation radius (Rhines

2.4. Index for the effects of temporal-mean flow on Chl-a distribution

It was expected that intense background flows such as the Kuroshio Current and
Gulf Stream would affect Chl-a distributions through advection in the down-
stream direction, even in high meso-scale eddy activity, so we used the value of
Ry as an index of the relationship between mean flow and isotropic eddy motion.
Assuming a typical radius of an isotropic eddy, r, the timescale of the long-term
temporal-means of velocity, T, and eddy, T, were calculated as follows:

T, =2r/U or2r/V (8)
T,=2r/S,. (9)

The ratio of timescales was used as an index of the influence of mean flow on
the isotropic eddy effect, as follows:

I.=7T,/T,= U/S,,or V/S,, or S,/S, (10)

where U, V, and S, are as defined above. S|, is the mean surface velocity. If I,

1, the timescale due to isotropic eddy motion is far longer than that caused by
mean flow, and it would be expected that the horizontal distribution of Chl-a
would be stretched in the direction of mean flow. Conversely, Ry, would be
expected to be near 1 when I, 1. The relationship of Ry with EKE under
large-1, conditions is discussed in Section 3.2.

3 Results
3.1. Horizontal distributions of Chl-a

Long-term (18 yr) average Chl-a concentrations display a well-known contrast
in the meridional direction, with lower concentrations in subtropical (lower lat-
itude) regions and higher concentrations in subarctic (higher latitude) regions
(Figure S4). At latitudes of 30°-50°, basin-scale zonal gradients of Chl-a concen-
tration are indicated in the SA and SP, with higher concentrations in western
than eastern regions (Figure 2).
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Figure 2. Maps of the horizontal characteristic scale of chlorophyll a, D (color),

n (a) the North Pacific, (b) the North Atlantic, (c¢) the South Pacific, (d) the
South Atlantic, and (e) the South Indian Ocean. Contours denote the eddy
kinetic energy, EKE.

The horizontal distribution scale of Chl-a, D, shows a similar variation between
zonal directions, especially in latitudes of 30°-50°, with another in the merid-
ional direction (Figure 2). D is relatively large (>500 km) in the subtropical
(below ~30° latitude) and eastern regions of each basin. D is smaller in the
subarctic and western regions of each basin, at a scale of a few hundred km,
and is also small (~100 km) in coastal regions. By comparing D with EKE it
is clear that D is reduced in regions of high EKE, especially in the Kuroshio
Extension (30°N-40°N, 140°E-180°; Figure 2a), Gulf Stream (30°N—40°N, 50°W—
70°W; Figure 2b), East Australian Current (30°S—40°S, 150°E-160°E; Figure 2c),
Brazil-Malvinus Confluence Region (35°S—45°S, 40°W—-60°W; Figure 2d), and
the region from the Agulhas Current to the Agulhas Return Current (30°S—45°S,



25°E-70°E; Figure 2e).
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Figure 3. Maps of the normalized horizontal characteristic scale of chlorophyll
a by the internal Rossby deformation radius, D/ Ly, (color), and eddy kinetic
energy (contour) in each basin. (a)—(e) are same as Figure 2.

The horizontal scale is similar to the deformation radius in regions where EKE
> 0.025 m? s72 and latitude > 25° (D/ Ly, ~1, Figure 3), suggesting a close
relationship between Chl-a distribution and the activity of meso-scale eddies in
these western boundary regions. The dependence of the ratio of horizontal scale
and deformation radius on EKE is illustrated by a plot of D/ Ly, vs. EKE, with
a calculated average D/ Ly, value of 0.02 m? s=2 in each bin for the five basins
(Figure 4). Bin-averaged D/ Ly, ratios generally shows a monotonical decrease
with increasing EKE, converging to ~1 at an EKE of 0.15 m? s~2 in each basin.
Least-squares fitting was applied to the average of each 0.02 m? s~2 bin (Figure
4) with an exponential decay model:



log,, [D/nLp] = A exp(~EKE/k,), (11)

where A is amplitude and £k, is the e-folding scale relative to EKE. The e-folding
scale, k,, varied from 0.04 to 0.11 m? s=2 in each basin (Figure 4). Considering
that the scale of the deformation radius in these western boundary regions was
30-50 km (Figure 1), the scale of D convergence was 90-150 km, consistent
with that of mesoscale eddies (e.g., Chelton et al., 2011b). This suggests that D
could be regarded as the representative of radius of mesoscale eddies in regions
of remarkable eddy activity.
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Figure 4. Frequency distribution of the normalized horizontal characteristic
scale of chlorophyll a by the Rossby’s internal deformation radius, D/ Ly (y-
axis), to the eddy kinetic energy (EKE, z-axis) in each basin. (a)—(e) are same
as Figure 2. Circles are mean D at each 0.02 m? s~2 bin of EKE with 95 %
confidence interval. Magenta line indicates a least square fitting curve defined
by the equation 11.

3.2. Anisotropy in Chl-a distribution
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Characteristics of the horizontal scale, D, in relation to all directions were de-
scribed in Section 3.1, but the distribution of Chl-a would be expected to have
a dominant direction due to factors such as advection with background flows
(Section 2.2). Therefore, using the ratio of the zonal scale of Chl-a (D,) to the
meridional characteristic scale (D,,), Rp, we replotted features of the distribu-
tion of anisotropy (Figure 5). The zonal characteristic scale is generally larger
than the meridional scale (indicating anisotropy), especially in eastern and sub-
tropical regions in each basin. In the SA and SP, zonal directionality is evident
at higher latitudes (>40°S). In these regions where Ry, is » 1, the zonal charac-
teristic scale, D,, sometimes reaches 500 km (Figure S4), while the meridional
characteristic scale, D,,, is 200-300 km (Figure S5). In contrast, Ry, tends to
be near 1 (indicating isotropy) in regions with EKE > 0.025 m? s~2 (Figure
5). This suggests that horizontal distribution of Chl-a tends to be isotropic in
regions with high EKE, such as western boundary regions.
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D,, to that in the meridional direction, D, , in each basin. (a)—(e) are same as
Figure 2. Cyan crosses denote horizontal characteristic scale of chlorophyll a on
each direction (east, west, north, and south). Black (grey) contours denote the
eddy kinetic energy, EKE (absolute velocity).
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Figure 6. Plots of the ratio of the horizontal characteristic scale in the zonal
direction to that in the meridional direction (Rp, y-axis) to the eddy kinetic
energy (EKE, z-axis). Circles denote the mean of Rp in each 0.05 m? s~2 bin
of EKE, and color in the circles represents mean velocity of each bin. Orange
lines show the index of an effect of mean velocity in relation to that of eddy, I,
considering transit time due to the former and time to make one round by the
latter (see section 2.3). Thin lines denote 95 % confidence interval.

The distribution of Ry, generally converges to 1 with increasing EKE (Figure
6). The average Ry, of 0.02 m? s=2 (Figure 6) in the SP and SA also indicates
isotropy. In contrast, however, such convergence is unclear in the NP, NA | and

12



SI, with Rp increasing with EKE. In the latter three basins, a high temporal-
mean velocity (>0.4 m s™!; Figure 6) is evident in higher EKE ranges (>0.15
m? s72; Figure 6), suggesting that high mean flows affect the distribution of Ry,
in these basins. The time-scale ratio index of I, (Section 2.4) between eddy and
mean flows (larger values indicate stronger influence of the mean flow) in these
basins display an increasing trend with EKE (Figure 6). The zonal distribution
of Ry with respect to index values ( U/S,) in the three basins indicates that
Rp frequently exceeds 1 in the range of U/S, > 5, suggesting that strong
zonal velocity distorts the Chl-a distribution in the zonal direction (Figure 7).
Similarly, R tended to be <1 in the range of V/S, > 5 (Figure 7), indicating
that strong meridional velocity distorts the Chl-a distribution in the meridional
direction within the three basins, even in regions of high eddy activity.

(a) North Pacific (zonal) (b) North Pacific (meridional)

5

o
-
w
-
o
o
-

(c) North Atlantic (zonal)

-0.5

-1

(d) North Atlantic (meridional)

(e) South Indian Ocean (zonal)

10

0 1 5 10 0 1 5
=|lUlis |V|/s
e e

Figure 7. Plots concerning the ratio of the horizontal characteristic scale in
the zonal direction to that in the meridional direction, Ry, (y-axis), against the
index of the timescale, I, (2-axis), in (a) and (b) the North Pacific, (¢) and (d)
the North Atlantic, and (e) and (f) the South Indian Ocean. Left (right) column
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denotes in the case of I, = U/S, ( V/S,).

Rp exceeds 1 (indicating domination along the zonal direction) in some western
boundary regions including the south of Japan (~32°N, 130°E-140°E; Figure
5a), the Gulf Stream (~38°N, 70°W-80°W; Figure 5b), and the Alaskan stream
(52°N—-54°N, 170°W-160°W; Figure 5a). In the SI, Ry > 1 in the region from
the Agulhas Current to the Agulhas Return Current (~35°S, 20°E-30°E and
40°S-50°S, 30°E-80°E, respectively; Figure 5e). Ry, values below 1 (domination
along the meridional direction) occur near the Luzon Straits in the NP (20°N-
25°N, ~120°E; Figure 5a). In the NA, this occurs in the Labrador Current
region (50°N-60°N, 60°W—-50°W; Figure 5b). These results are consistent with
occurrence of strong mean currents (Figure 5).

3.3. Comparisons with the Rhines scale

Above, we focused mainly on regions where eddies are active, such as western
boundary regions. However, distribution scales of Chl-a larger than Ly are
observed in eastern and subtropical regions in each basin (Figure 3), where
the velocity amplitude of mean flow is not large enough to distort the Chl-a
distribution. The propagation of Rossby wave may enlarge the zonal distribution
of Chl-a. We compared the latitudinal distribution with horizontal scales of Chl-
a, D,,, and D,, to the Rhines scale, Ly (Figure 8) and Ly, for cases of weak
and intense EKE. Ly has a decreasing trend with increasing latitude, whereas
the latitudinal distribution of Ly is relatively constant because the increasing
trends with decreasing latitude are balanced for planetary and S, (Figure S3b).
As a result, although Lp > Ly at latitudes above 25°, the magnitudes of Ly
and Ly, are reversed at subtropical latitudes below 25° in the weak EKE region
(Figure 8a).

In the weaker EKE range, D,, (meridional direction) displays two maxima in
the frequency distribution (Figure 8a) at ~100 km and ~200 km at all latitudes,
except for 20°-30°. One maximum centered around ~100 km for the horizontal
scale is somewhat smaller than Ly, whereas the other at ~200 km is similar
to Lg. The mean D, at each latitude (Figure 8a) is also similar to Lg. As
an exception the frequency distribution of D, in the 15°-35° region indicates a
larger scale (>~300 km) than Ly, with an increase in mean D_,. This large D,
is likely affected by the D, at the center of each basin in the latitudinal range,
especially in the Southern Hemisphere (Figure S5); however, the scale of D, is
far smaller than the external deformation radius O (10° km) at mid-latitudes,
assuming the water depth is ~4000 m. In contrast, in the larger EKE range
(Figure 8b), D, generally ranged around Ly, with the mean D, at each latitude
(Figure 8b) generally being < Ly and showing similarity with Lp at latitudes of
30°-40° where high eddy activity associated with the western boundary current
and its extensions occur (Figure 4). An exception is the 20°-30° latitude region
where D, tends to be larger than L.
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Figure 8. Latitudinal distribution (frequency is shown as color) of the hori-
zontal scales in the eddy kinetic energy, EKE, of 0.00-0.05 (0.05-0.40) m? s—2
in the left (right) column. (a) and (b) regarding the horizontal characteristic
scale in the meridional direction (D,,), (c) and (d) regarding the horizontal
characteristic scale in the zonal direction (D,). (e) and (f) the ratio of the
horizontal characteristic scale in the zonal direction to that in the meridional
direction. Magenta line indicates the mean value at each latitude (five-degrees
width). Gray solid lines in (e) and (f) denote histogram at certain latitude as
examples (broken lines, and dashed line show zero level at each latitude, and
D,/D,, = 1, respectively).

In relation to D, (zonal direction), the frequency distribution (Figure 8c, d)
has similar characteristics to those of D, in the case of higher EKE (Figure 8b).
However, at lower EKE (Figure 8¢) it is clear that (1) the larger maximum in the
frequency distribution around Ly is not as pronounced as that for D, ; (2) the
peak of the frequency distribution of D, (Figure 8c) decreases with increasing
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latitude, in contrast to the weak latitudinal dependence of D, ; and (3) the

frequency distribution of D, has a longer tail than that of D, at each latitude.

The contrasting latitudinal distribution between D, and D, at lower EKE (Fig-
ure 8a, ¢) suggests that the enlargement of eddy activity owing to the cascade
of two-dimensional turbulence in the meridional direction may be restricted at
a certain scale (such as the Rhines scale); hence, the meridional characteristic
scale of Chl-a would also be restricted in such regions. In contrast, because the
zonal direction is the main direction of propagation of the long Rossby waves
in a flat basin, D, would be unrestricted by the Rhines scale. Although the
vertical distribution of speed relating to eddy activity was assumed to decrease
exponentially with increasing depth (Figure S3a), and p was used for the Rhines
scale (Section 2.3), the weak latitudinal dependence of D, likely indicates that
the planetary effect on the meridional scale restriction would also affect the
Chl-a distribution. The longer-tail distribution of Ry (= D,/D,,) at each lati-
tude of low EKE leads to an average D,/D,, ratio of >1 (Rp ~1.5) at low EKE
(Figure 8e), suggesting that such phenomena with longer structures in the E—
W direction than in the N=S direction would occur frequently in the low EKE
region. In contrast to the region of lower EKE, such differences concerning lati-
tudinal dependence between D, and D, are not clear at higher EKE (Figure 8b,
d). Moreover, in the high-EKE range, the distribution of Ry, at each latitude
is closer to a symmetrical bell-shaped distribution with R of ~1 (Figure 8d),
which is consistent with the structure of meso-scale eddies.

We mapped the index of [ (Section 2.3) for each basin to confirm where D,
is nearer the deformation radius or the lines scale (Figure 9). In western parts
of the basins with high-eddy-activity regions (EKE > 0.025 m? s~2),  was
generally <0.5, suggesting a larger influence of the deformation radius (Figure
9). In contrast, in the eastern part (except near the coast) and at the subtropical
latitudes of each basin, p was frequently >1, suggesting that the horizontal
distribution of Chl-a was closer to the Rhines scale (Figure 9). Between these
extreme regions, especially at 30°-50° latitude near the center of each basin, p
ranged from 0.5 to 1.0, indicating that D,, is possibly defined by the Rhines
scale in these intermediate regions between the western and eastern parts of
each basin such as the region of 40°N-50°N, 160°E-170°E in the NP (Figure
9a).

16



60°N

50°N

40N

30°N

20°N @

— 2 2 2
T = (O -mL YYD -ml ) + (D -wL )" )
80°N
50°N f
40°N :
aoN

20°N

20°S |- -8

30°S -

40°5 P2
~

50°8

4 Discussion

- T R T« B WL - B

o N
20°8 A IS RN LN R N N N L R A

30°S -

40°8

50°S

60°S

Figure 9. Maps concerning relationships of the meridional characteristic scale
regarding chlorophyll a, D,,, with other representative scales (derived from the
equation 7) in each basin. (a)—(e) are same as Figure 2. Magenta contours
denote the eddy kinetic energy.

4.1. Distribution of Chl-a in regions of high eddy activity

We compared the horizontal distribution of D with the level of EKE (deviations
from long-term means) in the five basins. In all basins D converges to Lp with
increasing EKE (Figure 4). The scale of D is ~100 km at latitudes of 30°-50°,
including high-eddy-activity regions (Figure 2), which is consistent with meso-
scale eddies (e.g., Chelton et al., 2011b), although the deformation radius has
latitudinal dependence. The ratio of the meridional scale to the zonal scale, R,
tends to converge to 1, except for in regions where temporal-mean flow has a
large effect on eddies (Figures 6 and 7). In regions of high eddy activity, the
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horizontal distribution of Chl-a, and hence phytoplankton, are considerably af-
fected by meso-scale eddies, with distributions having near-isotropic structures
(with local anomalies). Previous studies (e.g., McGillcudy, 2016) have indicated
various physical processes related to meso-scale eddies that can make the Chl-
a distribution aggregated and isotropic within/around eddies as mentioned in
the Introduction. It is unclear which effects have the greatest control on the
isotropic distribution; i.e., whether the meso-scale eddies themselves become the
field of isotropic production, such as eddy pumping associated with isopycnal
heaving within eddies, and/or whether the eddies convert the background dis-
tribution of Chl-a to their own scale through disturbing the Chl-a gradient of
the background field via horizontal stirring along eddy peripheries. As the hor-
izontal resolution of Chl-a data (~25 km) is limited, the effects of local blooms
at smaller scales cannot be evaluated. However, the contours of EKE and those
of the long-term mean Chl-a concentration (Figure 2) do not necessarily match,
so it is plausible that horizontal stirring reduces the ambient gradient of Chl-
a. Eddy stirring is the predominant mechanism influencing Chl-a distributions
(Gaube et al., 2014). For western boundary current regions and their exten-
sions, such as the Kuroshio Current, Agulhas Current, and Brazil-Malvinas
Confluence, McGillicuddy (2016) suggested the effects of eddy pumping and
horizontal uptake of high-Chl-a water from the coast due to eddies in addition
to the eastern boundary current systems, including the California, Peru—Chile,
and Benguela currents. The mapping shown here is consistent with the results
of Gaube et al. (2014) and McGillicuddy (2016).

4.2. Regional differences in convergence sensitivity of Chl-a distribu-
tion vs. EKE

We found large horizontal scales of Chl-a distribution in the eastern parts and
subtropical latitudes of each basin where eddy activity is low. However, this
does not mean that the effects of meso-scale eddies on Chl-a variability in these
regions are small. We also need to consider that the sensitivity of the Chl-a
variations to EKE may vary depending on local features; in the NP, for example,
more rapid convergence of D/ Ly relative to EKE than in the other basins is
indicated in Figure 4. This means that the horizontal distribution of Chl-a in
the NP may be more sensitive to eddy activity than in the other basins. Such
characteristics may also occur in smaller areas within each basin. Therefore, we
examined more individual differences in e-folding magnitude relative to EKE,
k,, for sub-areas within each basin (Figure 10). We defined sub-areas that
had one-tenth the length of parental areas analyzed (Figure 1) by latitude or
longitude. Each sub-area was half-overlapped (for example, sub-area 1 in the NP
is 105°E-120.5°E, 15°N-19.5°N; sub-area 2 is 112.75°N-128.25°N, 15°N-19.5°N),
and calculated the e-folding value for each sub-area. Here, k, was calculated
using the least-squares fitting of the exponential-decline model (Eq. 11).

We found that k, tends to be higher in western boundary regions where eddy
activity is high, and lower in eastern basin areas (Figure 10). To confirm this, we
replotted %, as a function of normalized longitude within each basin (normalized

18



longitude of 0 indicates the western boundary and 1 the eastern boundary;
Figure 11a). The mean k, value was higher in the western part of the basin
(0-0.2, Figure 11a) than that in the eastern part where EKE was relatively low,
except for very near the eastern boundary (0.6-0.8, Figure 11a). This means
that in the eastern part of each basin, sensitivity to EKE was high despite the
horizontal scale of Chl-a (D) being larger than the deformation radius (Figures 3
and 9), and the weak mean EKE level (Figure 11b). This suggests that existence
of meso-scale eddies may also have a large impact on local Chl-a activity in the
eastern part of the basin, as observed in the western boundary region.

An example of the importance of such meso-scale eddies on primary production
is provided by the eastern NP, which is characterized by high nutrient and low
Chl-a concentrations (e.g., Martin et al. 1989) with distinctive eddies (Craw-
ford 2002; 2005, Ueno et al., 2009; 2010). Previous observations indicate that
meso-scale eddies may affect primary production through transport of iron from
coastal regions into the Alaska gyre (e.g., Johnson et al., 2005; Whitney et al.,
2005). The high sensitivity of Chl-a distributions to eddy activity in the eastern
part of the NP is consistent with this. Other areas with high sensitivities (small
k.), including subtropical latitudes of the eastern NA boundary, subtropical lat-
itudes of the western boundary and mid-latitude central region of the SA, and
the southwestern region of the Australia region (Figure 10), also seem to coincide
with the areas of iron limitation (Browning et al., 2017). The high sensitivity of
D in the lower EKE range in these regions may be related to such micro-nutrient
limitation and its supply through transport by the nonlinear meso-scale eddies,
although further studies are needed.
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4.3. The larger horizontal scale of Chl-a in subtropical regions

Here we consider the larger horizontal scale of Chl-a distribution than the de-
formation radius in low-EKE regions, focusing on subtropical regions (Figures 3
and 9). Specific areas with large D, were estimated for each basin (Figure 12a),
partly overlapping areas investigated by Chelton et al. (2011a), who recorded a
mean radius of meso-scale eddies in the southeastern Pacific (SEP; 22°S, 130°W—
80°W) of 110 km. This radius is comparable with Lp at this latitude (Figure
8a, and ¢), but far smaller than mean D, over the box region in the SP (~1070
km). Therefore, in addition to the nonlinear meso-scale eddies (likely having
large impact on Chl-a distributions; Section 4.2), larger spatial phenomena such
as Rossby waves may affect the horizontal distribution of Chl-a (Cipollini et al.,
2001; Uz et al., 2001; Seagel, 2001; Killworth et al., 2004). Chelton et al. (2011a)
indicated that nonlinear meso-scale eddies with a similar westward propagation
to that of long linear Rossby waves in these areas may cause the Chl-a anomalies
to lag the passage of meso-scale centers. However, Chelton et al. (2011a) also
noted some difficulty concerning the determination of features of Chl-a variabil-
ity based on their zonal-wavenumber—frequency spectrum, compared with that
of sea-surface height (e.g., Figure 5 in Chelton et al., 2011a). We therefore
considered Rossby waves further.
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Figure 12. Distribution of (a) horizontal characteristic scale of chlorophyll a in
the zonal direction, (b) propagation speed of long Rossby wave (15° baroclinic
mode), (c) long-term mean of longwave radiation, and (d) standard deviation
of monthly mean longwave radiation. The yellow lines denote the zonal sections
for the investigation of the zonal wavenumber-frequency spectra of filtered sea
surface height in Chelton et al. (2011a).

We checked that these box areas (Figure 12) correspond to the regions where
Rossby waves (with a first mode of vertical structure and far longer zonal wave-
length than the deformation radius) could propagate westward (Figure 12b; see
text S1 for the calculation of propagation speed). These areas correspond to
those with high average outgoing longwave radiation (Hai-Tien Lee, and Na-
tional Oceanic and Atmospheric Administration (NOAA) Climate Data Record
(CDR) Program, 2011; doi:10.7289/V5SJ1HH2; Figure 12¢) with small seasonal
variations (Figure 12d). Because high out-going long-wave radiation indicates
weak atmospheric convection, high and stable long-wave radiation in these re-
gions of large D, would imply that the effect of short-term atmospheric distur-
bances on the characteristics of the Chl-a distribution (e.g., Lin et al., 2003;
Babin et al., 2004), such as tropical cyclones with horizontal scales of hundreds
to 1000 km, would be small in these areas. We also mapped a longitude—time
plot of the deviation of Chl-a concentration from the zonal mean at each time
for each box of Figure 12a (Figure 13). Figure 13 indicates that in addition to a
“pockmarked” distribution, larger E-W anomalies of similar scale with average
D, also seem to propagate westward with the propagation speed of long Rossby
waves (Text S1) in each basin. This is consistent with an effect of Rossby waves
on Chl-a variations (e.g., Cipollini et al., 2001). Although the contributions of
these phenomena to the horizontal scale of Chl-a distributions are unclear, the
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diversity of factors defining the spatial scale of Chl-a may affect the broader dis-
tribution of D, and D, at subtropical latitudes (20°-30°) with low EKE more
than at other latitudes (Figure 8a, c).
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Figure 13. Longitude-time of chlorophyll a anomaly. Zonal average at each
time is subtracted. Yellow lines denote the scale of the regional average of D,.
Broken lines indicate propagation speed of the long Rossby wave (see Text S1).

5. Concluding remarks

Wider regions in each ocean basin were investigated than those covered by
Gaube et al. (2014), and a Eurlerian perspective was adopted. The geophysical
contrast of the horizontal distribution of Chl-a, especially in the zonal direction,
was emphasized; with a smaller scale of ~100 km in western boundary regions
of high eddy activity and a larger scale of several hundreds to a million km
in eastern and subtropical parts of each basin. The latitudinal distribution of
Chl-a in the meridional (N-S) direction (D,,) in regions of low EKE (0-0.025
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m? s72) does not have a clear latitudinal dependence (as exhibited by the de-

formation radius), and its mean value is near Ly. The zonal scale (D,) tends
to be larger than the meridional scale (D,,) in these regions. This suggests
that the distribution of Chl-a in regions of weak EKE, such as the eastern and
central subtropical region of the basins, is affected by phenomena of planetary
scales (including Rossby waves) and is larger than the deformation radius. It
should be also noted that in the eastern and subtropical parts of each basin,
the sensitivity of the horizontal distribution of Chl-a to eddy activity tends to
be higher than that in western boundary regions, indicating the importance of
meso-scale eddies in these areas.

The geographical distribution of Chl-a associated with temporally changing
eddy activity, including both meso-scale eddies and Rossby waves, aids our
understanding of the contributions of eddies to basin-scale Chl-a variations.
Long-term eddy variations related to western boundary currents (e.g., Qiu and
Chen, 2011) may also impact Chl-a distributions in western boundary regions
(e.g., Kouketsu et al., 2016), so investigation of decadal variations of D would
be helpful. The present results also indicate the importance of examining the
impact of eddy activity on the Chl-a distribution from multiple perspectives,
especially in the intermediate region between the eastern and western boundary
regions. A variety of eddy activities may affect the distribution and long-term
variability of Chl-a in the eastern and central parts of basins, such as the Tran-
sition Domain (between the subarctic and subtropical region) in the NP, which
is a major foraging area for pelagic fish. Such diverse activities of various eddies
thus also affect ecosystems in each basin. To fully understand the relation-
ships among eddy activity, Chl-a distribution, and long-term variation, many
challenges remain including the evaluation of sub-meso-scale influences. Further
investigation based on higher-resolution data including satellite data, shipboard
observations, and numerical models are necessary. Tracking of temporal changes
in the internal structures of eddies with profiling floats (e.g., Kaneko et al., 2015)
should be continued. Overall, this study contributes to an understanding of the
effects of eddies on Chl-a patterns in the global ocean.
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