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In the Northern Hemisphere, cyclonic 
is counterclockwise and anticyclonic is 
clockwise. Cyclonic rotation is clockwise 
in the Southern Hemisphere, as the sense 
of Earth’s rotation is opposite to vertical 
south of the equator. The word cyclone 
has been used for over one hundred years 
to describe intense atmospheric storms, 
almost all of which rotate in the cyclonic 
direction in both hemispheres.

A casual glance at a turbulent fluid 
flow will reveal eddies of a range of sizes 
rotating at various rates. Defining vor-
ticity for such a flow requires knowledge 
of the velocity as a function of position. 
Considering a two-dimensional horizon-
tal flow, the vorticity is defined as 

	
	 ζ = ∂v—

∂x
 – ∂u—

∂y
,	 (1)

where eastward and northward position 
are x and y, and eastward and northward 
velocity are u and v. An eddy rotating 
just like a bicycle wheel, in what is called 
solid body rotation, does have the prop-
erty that its vorticity is twice the rotation 
rate ζ = 2ω. So, given observations of hor-
izontal velocity, we now have a measure 

of vorticity, the swirliness of a fluid.
A natural measuring stick for vorticity 

is given by Earth’s rotation. If Earth were 
flat like an old-fashioned record turn-
table, its vorticity would just be twice its 
rotation rate, typically written as capital 
omega (Ω). But Earth is a sphere, and the 
rotation that matters for most ocean flows 
is that in the radial direction at any loca-
tion (vertical for a person standing on 
Earth). The planetary vorticity is then 

	 f = 2Ω sin θ, 	 (2)

where θ is latitude and f is the Coriolis 
parameter, which gives the frequency 
of a parcel of water freely oscillating on 
the surface of the rotating Earth. The 
Coriolis parameter is signed, positive in 
the Northern Hemisphere and negative 
in the Southern Hemisphere.

Now we have two kinds of vorticity, 
the planetary vorticity f and the vortic-
ity of the fluid relative to Earth, the rel-
ative vorticity ζ. The ratio defined by the 
relative vorticity divided by the planetary 
vorticity gives a nondimensional value of 
the strength of an eddy. This nondimen-
sional value is called the Rossby number:

	

	
Ro =  ζ—

f
.
	

(3)

Quantifying vorticity using Ro helps to 
interpret the strength of an eddy. A very 
small Ro, where the relative vorticity is 
much weaker than the planetary vorticity, 
is typical of the general circulation that 
characterizes flow filling ocean basins. 
A very high Ro, where relative vorticity 
is many times as large as planetary vor-
ticity, is typical of strong atmospheric 
cyclones, and can also be seen in the 
most rapidly rotating eddies we observed 
in FLEAT. Flows with absolute values of 
Ro near unity are especially interesting, 
as their dynamics depend on whether 
the eddy is rotating in the same or in the 
opposite direction as Earth. In the follow-
ing, vorticity is always normalized as in 
Equation 3 to be the nondimensional Ro.

How do we get eddies with vorticity? 	
It is a well-known physical principle that 
bodies in motion (in this case rotating) 

INTRODUCTION
If one observes the flow of almost any 
fluid, the most evident features are 
swirls, or as we call them in oceanogra-
phy, eddies. These eddies can range in 
size from the scales of turbulence, mea-
sured in centimeters, to the great rings 
of the Gulf Stream that may be hun-
dreds of kilometers in diameter. One 
of the ways eddies are generated in the 
ocean is by friction when currents flow 
around topography. This process was a 
target of the Flow Encountering Abrupt 
Topography (FLEAT) experiment. A first 
step toward describing this process is to 
measure the strength of these eddies.

Vorticity is the measure of eddies that 
fluid dynamicists have used for over 
100 years. The vorticity of an eddy with 
a rotation rate of ω, measured in radians 
per second, would be twice the rotation 
rate, or 2ω. This rotation rate has a sign, as 
eddies can rotate in either direction. We 
consider eddies that rotate in the same 
direction as Earth to be cyclonic and to 
have a positive rotation rate, and those 
that rotate in the opposite direction to be 
anticyclonic with a negative rotation rate. 

ABSTRACT. This article presents a pedagogical approach toward understanding vor-
ticity generated in flow past an island. The ubiquity of eddies in the ocean motivates 
the use of vorticity to quantify their rotation, and we define two kinds of vorticity: rel-
ative vorticity, that is, the vorticity of an eddy relative to Earth, and planetary vortic-
ity, Earth’s spin relative to local vertical. The ratio of relative to planetary vorticity is the 
Rossby number, Ro, a useful normalized measure of vorticity. Vorticity may be created 
in flow past an island as the alongshore current at the coast is forced to zero by friction. 
Observations from the Flow Encountering Abrupt Topography (FLEAT) program, 
including those from satellites, underwater gliders, ship surveys, and moorings, are 
used to measure vorticity as forced when the North Equatorial Current collides with 
the northern tip of Palau. The observations include time means over years, with Ro 
about 0.3 at horizontal length scales of tens of kilometers and snapshots of Ro as large 
as 30 from eddies of diameter 1 km. Vorticity can be broad-banded in time, with strong 
westward flow causing vorticity at frequencies as high as semidiurnal. Implications of 
this wide range of scales in vorticity are discussed in the conclusion.

IN PLAIN WORDS. This article starts with a pedagogical introduction to vorticity, the 
technical term for the swirliness of a fluid. Vorticity may be generated by flow past an 
island, as friction slows the current near the coast. Observations from FLEAT, including 
those from satellites, underwater gliders, ship surveys, and moorings, are used to mea-
sure vorticity as forced when the North Equatorial Current encounters the northern 
tip of Palau. Oceanographers study vorticity because it is an essential property of the 
ocean’s turbulent flow, especially important to the distribution of energy in the ocean.
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tend to stay in motion unless forced. The 
inverse is also true: bodies without rota-
tion do not impulsively start rotating. A 
force must be applied to a flow to gener-
ate rotation and give it vorticity. One way 
is through the force of friction. Consider 
a current passing by a wall. Away from 
the wall, the current is moving with a 
uniform velocity, U. Near the wall, fric-
tion forces the current to slow down until 
the velocity becomes zero directly at the 
wall. We call the region over which the 
velocity goes from U to zero the bound-
ary layer. The change in velocity across 
the boundary layer generates vorticity, 
as in Equation 1. Now, imagine there is a 
sharp turn in the boundary. If the current 
has too much momentum to follow the 
turn, the boundary layer will peel away, 

and the vorticity will cause the current to 
form a rotating eddy downstream. This 
process is what occurs as a flow passes 
around an island. 

The FLEAT experiments took place at 
the island of Palau, which has a special 
location in the circulation of the western 
north Pacific Ocean (Figure 1). Typically, 
the North Equatorial Current (NEC) 
heads westward, hitting the northern tip 
of Palau. The NEC is partially blocked, 
and friction may create eddies that we can 
quantify using vorticity through the mea-
sure of Ro. During El  Niño years, espe-
cially as the El Niño is waning, this flow 
may be reversed. We had the unusual for-
tune to have FLEAT take place during 
one of the strongest El Niños of the last 
few decades, so the NEC did not flow 

consistently westward. Tides and internal 
waves also cause the flow to change direc-
tion and may be especially important 
close to the island, where eddies that are 
the smallest in size but the most rapidly 
rotating, are generated. The combination 
of tidal forcing and large-scale currents 
encountering an island cause the eddies 
we observed during FLEAT.

OBSERVATIONS OF VORTICITY
We used a variety of methods to observe 
vorticity, each especially well suited for a 
particular range of time and length scales. 
At the largest scales, satellite observations 
allow measurement of vorticity at the sea 
surface. To measure the flow before and 
after an island encounter, we deployed 
Spray underwater gliders for repeated 
sections on either side of the Palau ridge. 
Ship surveys at different resolutions 
revealed the detailed structure of eddies 
on horizontal length scales of tens of kilo-
meters down to hundreds of meters. An 
array of moorings measuring velocities 
allowed calculation of time series of vor-
ticity. These observations of vorticity are 
each discussed below.

A large-scale view of surface cur-
rents is provided by the satellite prod-
uct Ocean Surface Current Analysis 
(OSCAR; Figure 1). OSCAR uses satel-
lite observations of sea surface height, 
wind, and temperature to estimate sur-
face currents obeying geostrophic and 
wind-driven dynamics. The NEC flows 
westward north of Palau (Schönau and 
Rudnick, 2015), and the eastward North 
Equatorial Countercurrent (NECC) is 
south of Palau. The strongest vorticity is 
on either side of the powerful NECC jet 
as it emerges from the western bound-
ary. Ro is high due to large velocity gradi-
ents on either side of the jet, and because 
the planetary vorticity approaches zero 
toward the equator. FLEAT was focused 
on the vorticity caused by the NEC and 
the NECC passing the island on its north 
and south ends. This paper addresses the 
north end of Palau where a tongue of high 
vorticity (Ro ~ 0.1 in OSCAR) appears in 
the wake of the island on the southern 
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FIGURE 1. Current speed (a) and vorticity (b) at the ocean surface near Palau averaged over the 
period 2015–2018 according to the satellite product Ocean Surface Current Analysis (OSCAR). 
The current velocity is indicated by black arrows. The black contour outlines the 1,000 m isobath 
around Palau, and the filled black contour is the Palau island chain above sea level. The west-
ward North Equatorial Current (NEC) lies to the north of Palau, while the eastward North Equatorial 
Countercurrent (NECC) lies to the south. A region of reduced current speed and negative vorticity 
can be seen to the west of Palau, indicative of an island-scale wake.
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flank of the NEC, and where we had the 
most observations. A feature of note is 
the mean northward flow east of Palau, 
which was influenced by the break-
down of the El  Niño in spring 2016. At 
that time, warm water sloshed westward 
as trade winds reestablished themselves, 
causing the NECC to head anomalously 
northward, and bringing rapid warm-
ing to Palau (Schönau et  al., 2019, and 
Andres et al., 2019, both in this issue).

Spray underwater gliders (Sherman 
et  al., 2001; Rudnick, 2016) were 
deployed on either side of the Palau ridge 
to measure incident flow and the vor-
ticity wake as the flow passes the island 
(Zeiden et  al., 2019; Figure 2). A series 
of glider missions were sustained during 
October 2015–January 2018, while the 
gliders profiled from the surface to 
1,000 m, completing a cycle in 6 hr and 
covering 5 km over ground in that time. 
Nearly 200 sections were completed on 
the two meridional lines at 134.25°E 
and 135°E between 7.75° N and 9.0°N 
through repeated missions that typically 
lasted 100 days. Each glider was equipped 
with a conductivity, temperature, depth 

instrument (CTD) to measure pressure, 
temperature and depth, and an acoustic 
Doppler current profiler (ADCP) to mea-
sure velocity as a function of depth.

A central goal was to measure the time 
mean velocity and vorticity before and 
after the NEC’s encounter with the island. 
To accomplish this goal, the periods of 
incident westward current on the eastern 
section were selected to create an aver-
age on both sections (Zeiden et al., 2019). 
Westward flow occurred during about 
60% of the glider sections, with 30% east-
ward flow, and 10% neither eastward nor 
westward. The effect of the island block-
ing the flow is apparent in the 1,000 m 
depth-average current (Figure 2e). The 
incident westward flow on the east side 
of the island has relatively weak primar-
ily positive vorticity in the upper 100 m, 
consistent with the NEC being stronger 
to the north (Figure 2b,d). After passing 
the island, the mean vorticity in the wake, 
on the west side, peaks at over 0.3 in the 
upper 100 m (Figure 2a). On the western 
line (Figure 2c), a weak eastward return 
flow is seen near 8.4°N, then another 
region of westward flow near 8.6°N. This 

southern region of westward flow, which 
may be influenced by a gap in the ridge, 
causes a region of persistent negative vor-
ticity. Below 100 m, the incident vortic-
ity is weak at less than 0.1 and generally 
positive, with regions of negative vor-
ticity. In the wake, on the west side, the 
deep vorticity is a weaker extension of the 
near-surface velocity, with a slight ten-
dency for the bands of vorticity to slope 
downward to the south. In summary, a 
persistent wake is apparent in the mean, 
making clear that the island is imparting 
vorticity to the flow through friction. An 
open question, addressed below, is the 
structure and forcing of the many eddies 
that are averaged to create the mean mea-
sured by gliders.

Mesoscale current patterns were 
observed over a wide area during a 
four-day survey on R/V Roger Revelle in 
October 2015. Currents were measured 
with the ship’s Hydrographic Doppler 
Sonar System (Pinkel, 2012), while den-
sity was measured using SeaSoar, a towed 
vehicle equipped with a CTD. During this 
period of eastward flow, the upstream Ro 
is about 0.5, but in the wake, Ro increases 
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FIGURE 2. Eastward velocity (a, b, top left and right panels) and vorticity (c, d, bottom left and right panels) as a function of latitude and depth on the 
west (a, c) and east (b, d) side of the ridge, and 1,000 m depth-mean velocity (e) measured by Spray underwater gliders, averaged over periods of west-
ward incident flow. Potential density contours are gray (a, b, c, d). The orange contour line in panel e is the 1,000 m isobath around Palau, and the filled 
orange contour is the Palau island chain above sea level. The incident westward flow on the eastern line (d) has relatively weak vorticity (b) but is gen-
erally positive in the upper 100 m. Vorticity is markedly stronger on the western, lee side (a), and a mean vorticity of greater than 0.3 is established in 
the wake of the island. Adapted from Zeiden et al. (2019)
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eddies of different vorticity signs, and 
strengths, on either side of the point. 

The data shown in Figure 4 were col-
lected in 2016 with R/V Revelle. The 
ship carried out repeat occupations of a 
radiator-​style survey pattern, measuring 
ocean currents with the Doppler sonar. 
Ocean currents (vector arrows) and Ro 
(color) at three different depths high-
light the complexity of small-scale vor-
ticity production. At the time of this sur-
vey (conducted from east to west), the 
tidal currents are switching from east-
ward to westward. In Figure 4c, a nega-
tive vorticity, anticyclonic (purple color) 
eddy is visible to the east of the point, cre-
ated during the previous period of east-
ward currents. As the currents switch to 
flow westward, we observe the creation 
of a strong cyclonic eddy (orange colors) 
to the west of the point. Ro is 20–30 for 
these ~1 km features. 

A sloping ridge at the northern point 
of the island affects vorticity at different 
depths (Figure 4b–d). The two eddies 
discussed in the previous paragraph are 
strongest at 90 m (Figure 4c), as currents 
at this depth accelerate around and over 
the ridge extending northward from the 
island. Shallower, at 30 m (Figure 4b), 
vorticities of the same signs are visible 
(cyclonic to the west, anticyclonic to the 
east) but with muted amplitude. Deeper, 
at 225 m (Figure 4d), the westward flow 
on the west side of the ridge does not 
cause strong vorticity near the island, 
while the anticyclonic eddy to the east 
visibly tilts with depth. Similar phenom-
enology is also visible at Peleliu Island 
at the southern tip of Palau (Johnston 
et al., 2019, in this issue), where a com-
bination of steady flow and tidal currents 
produce 1 km scale anticyclonic eddies 
with Ro ~ –50. 

The observations detailed above show 
that the strength and structure of vor-
ticity can be different depending on the 
spatial scales being measured. To fully 
understand vorticity, we must also con-
sider that geophysical flows have a vari-
ety of behaviors across different time
scales. Velocity measurements from fixed 
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FIGURE 3. Ship-based velocity measurements at 294 m depth in October 2015 
show eastward flow produces a wake of Ro ~ –1 near the north point and two 
counter-rotating eddies in the gap with the magnitude of Ro reaching 3. Upstream 
magnitudes of Ro are about 0.5. The ship track is shown in gray. The bathymetry 
at 100 m is contoured in brown, and land is yellow outlined in black at the bottom 
of the panel. The scale vector shows 0.25 m s–1 eastward velocity. 

wake eddies are observed. Figure 4 shows 
an example from the northern end of 
Palau (MacKinnon et al., 2019), during a 
period of relatively weak low-​frequency 
flow. Within a few kilometers of the 
point, the ocean floor rises steeply, and 
tidal currents become strong in the shal-
low water. At the 400 m isobath, the tidal 
excursion (the distance traveled by a par-
cel advecting back and forth with the 
tide) is 4–8 km, which is large compared 
to the width of this point (Figure 4a). 
The tidal currents are of similar strength 
to the mean flow in the NEC. Hence, the 
total current sloshes back and forth past 
the island tip with the direction depend-
ing on how the tidal and mean flow cur-
rents align at any given time, producing 

as eddies are generated by the flow past 
topography. Northeastward flow past the 
north point produced an anticyclonic 
wake eddy with Ro ~ –1 and a 20 km 
diameter at 8.6°N, which is about half the 
size of the submerged shallow reef within 
the 100 m isobath (Figure 3). Meanwhile, 
eastward flow through the gap produced 
two counter-rotating eddies at 8.2°N with 
Ro magnitudes reaching 3 and diame-
ters of about 20 km. The observed Ro in 
this snapshot is up to a factor of 10 larger 
than the two-year mean measured by the 
gliders, but about a factor of 10 smaller 
than obtained with the finer surveys 
presented below. 

Very close to the northern and south-
ern tips of Palau, small-scale (~1 km) 
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moorings around the northern tip of 
Palau show how the strength of vortic-
ity depends on the frequency being mea-
sured (Figure 5). The moorings were 
deployed from May 2016 to April 2017. 
Velocity was measured as a function of 
depth using an array of ADCPs, and here 
we focus on the upper 60 m where flow 
is most energetic (Figure 2). The ADCPs 
sampled at a minimum rate of once per 
16 minutes, so the resolved timescales 
range from hours to months. The moor-
ings were deployed in a triangle configu-
ration roughly 6 km in scale (Figure 5a), 
and vorticity was calculated from hor-
izontal gradients determined by fitting 
a plane to the velocity measurements at 
each time step.

The full time series of velocity and vor-
ticity show how low-frequency swift cur-

rents (at periods of weeks to months) 
are accompanied by strong vorticity due 
to the topographic drag imposed by the 
island (Figure 5b,c). This is most clearly 
evident in a three-month period from 
November 2016 to January 2017, when 
the flow was westward at about 0.5 m s–1 
and Ro was nearly 5. Similar periods of 
westward flow (i.e., September 2016 and 
March 2017) were weaker and had lower 
average values of Ro. This relationship 
can be explained by a simple model of 
vorticity generated by friction. The source 
of vorticity in the wake is the gradient in 
velocity over the boundary layer (Roshko 
1954). Because the value of velocity right 
at the boundary is zero, this gradient is 
directly proportional to the velocity just 
outside the boundary layer. Therefore, 
when the current increases, the vorticity 

increases as well.
Another important observation is 

less well understood: the vorticity mag-
nitude of high-frequency motions 
increases when the low-frequency cur-
rents are strongest. While this relation-
ship is apparent by eye in the full vortic-
ity time series, a scalogram of vorticity at 
different frequencies and as a function 
of time shows the relationship explicitly 
(Figure 5d). Most notably, the period of 
westward flow highlighted above coin-
cides with increases in vorticity vari-
ability across a wide range of frequen-
cies. This suggests that the vorticity 
generated is broad-band, but there are 
clear peaks at the semidiurnal and diur-
nal tidal frequencies, as well as the iner-
tial frequency. The velocity at the edge of 
the boundary layer comprises a super-
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position of the low-frequency flow and 
tidal currents. If the period of eddy shed-
ding induced by the total current speed is 
much longer than a tidal period, eddies 
will instead be released when the flow 
wanes with the tide. In other words, when 
the low-frequency flow increases in mag-
nitude, the vorticity generated across the 
boundary increases but eddies are shed 
at higher frequencies that exist in the 
flow. This process is explored more fully 
by MacKinnon et. al. (2019), from which 
Figure 4 is reproduced, and in Johnston 
et al. (2019, in this issue).

CONCLUSION
The observations of vorticity off Palau 
presented here span temporal scales from 
those of tides to those lasting several 
years, and spatial scales from hundreds 
of meters to hundreds of kilometers. To 
our knowledge, the FLEAT observations 
of vorticity caused by flow past an island 
are the most extensive ever collected. 
Averaged over two years as measured 
by underwater gliders, the flow in the 

wake of westward flow past Palau exhib-
its Ro = 0.3 about 40 km downstream of 
the northern point (Figure 2). This mean 
vorticity is the result of averaging over 
many eddies that are generated near the 
point. In snapshots from ship surveys, 
Ro approaches 4 in eddies with radii of 
kilometers (Figure 3), and even smaller 
eddies with radii of 500 m can show Ro 
as large as 20–30 (Figure 4). Results from 
moorings suggest that the highest vortic-
ities occur during periods of strong west-
ward flow, when vorticity at frequencies at 
least up to the semidiurnal tide is elevated 
(Figure 5). This wide range of resolved 
scales is what makes the FLEAT data set 
unique for understanding vorticity.

The large vorticities observed off Palau 
can be contrasted to what is typically 
observed in the open ocean away from 
topography. At length scales of order 
1–10 km, the distribution of vorticity in 
the open ocean is observed to be posi-
tively skewed, with the largest Ro values 
near an absolute value of one (Rudnick, 
2001; Shcherbina et al., 2013). This prev-

alence of positive vorticity is a result 
of the instability of flows with Ro more 
negative than –1. The eddies observed 
off Palau are fundamentally different in 
that they are directly forced by friction as 
flow passes the island. This strong, direct 
forcing causes rapidly rotating eddies 
with observed vorticities of both signs 
and Ro magnitudes as large as about 30. 
These most rapidly rotating eddies were 
observed upon generation, before evolv-
ing toward lower Ro as they were advected 
downstream. FLEAT achieved its goal of 
observing especially strong eddies caused 
by friction as flow passed an island.

Oceanographers care about vortic-
ity because it is an essential property of 
turbulent flow. Turbulence is notoriously 
difficult to define, so it is often described 
as having a list of properties, with vor-
ticity always in the list (Tennekes and 
Lumley, 1972). A central idea is that 
there is a cascade of energy, with forcing 
at large scales causing energy to move to 
ever smaller scales until the flow is dissi-
pated at a length scale of about one mil-

FIGURE 5. Velocity and vorticity from a triangular array of moorings at the northernmost end of Palau (a). The dashed black contour indicates the 
100 m isobath. Average meridional (red) and zonal (blue) velocity (b) and vorticity (c) are determined by fitting a plane to velocity at each timestep. Low-
frequency events are highlighted by a 10-day moving average (thick line overlays). A scalogram of vorticity (d) is calculated as the standard deviation as 
a function of frequency and time, and is normalized by the standard deviation of the entire record. Strong low-frequency events are accompanied by 
elevated vorticity at higher frequencies, predominantly the semidiurnal (M2) and diurnal tidal frequencies (S1) and the inertial frequency (f).
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limeter. This is the cascade that occurs 
for three-​dimensional flows, when eddies 
exist in all possible orientations in three-​
dimensional space. The result is that large 
eddies spawn ever smaller eddies until 
the eddies are so small that they dissipate. 
If currents exist only in the horizontal 
plane, the turbulence is two-​​dimensional, 
and the cascade is very different. For 
two-dimensional turbulence, theory 
suggests that the variances of vortic-
ity and energy are both conserved, and 
energy cascades to larger scale (Salmon, 
1998). To the extent that the flows we 
observed are two-​dimensional, the 
small-scale eddies observed near the 
point could coalesce into larger eddies 
downstream. This is a process by which 
the large vorticities in small eddies can 
be consistent with weaker yet larger- 
scale vorticity in the mean.

The interaction between eddies of 
different temporal and spatial scales is 
an issue of ongoing analysis in FLEAT. 
Addressing this issue would connect 
large-scale forcing by the general cir-
culation and tides to the high vortic-
ity eddies observed near the point, and 
to the wake downstream of the island. 
The processes acting at the island ridge 
to extract energy and momentum from 
the large-scale flow would be clarified. 
An improved quantitative description 
of these processes could result in better 
modeling of flow past abrupt topography. 
Recent examples of modeling vorticity in 
such flows include work in the California 
Undercurrent (Molemaker et  al., 2015) 
and in the Gulf Stream (Gula et al., 2016). 
Continued work to understand vorticity 
caused by flow past an island, with the 
FLEAT observations and in future exper-
iments, is essential to forecasting the 
global, turbulent ocean. 
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