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Wind-Driven Eddies and Plankton Blooms

Abstract

Recent high-resolution satellite missions have revealed persistent small-scale features in near surface winds
over the global oceans (Liu et al., 2000; Xie et al., 2001; Chelton et al., 2004). Here we report that such fea-
tures — in contrast to previous belief (Chelton et al., 2004) — also show up in numerical weather prediction
models such as the operational high-resolution model of the European Centre for Medium-Range Weather
Forecasts (ECMWF). We exploit this finding by forcing a high-resolution general circulation model of the
North Atlantic ocean over a 4-year period with surface wind stress and heat fluxes taken from the ECMWF
model. Driven by the orographically forced small-scales features in the wind forcing, in our simulation,
meso-scale oceanic eddies develop in the lee of Islands located in areas of prevailing trade winds such as
the Cape Verde Islands. These eddies can provide a substantial, previously overlooked source of oceanic
eddy kinetic energy in subtropical regions. Furthermore, anticlockwise circulating eddies are related to
upwelling of nutrient rich water from below leading to large plankton blooms in the simulations. It is spec-
ulated that similar eddies also show up at comparable other locations in the world oceans, e.g. the Hawaiian
Archipelago, with far-reaching implications for local and basin-wide ecosystem dynamics.

1 Introduction

The stress of the wind over the surface of the ocean causes currents, which can be of the same order of magni-
tude as tidal currents, or sometimes even stronger. While tidal currents are almost neglectible when averaged
over tidal periods, wind-driven currents show a significant non-vanishing mean. In fact, the mean wind forc-
ing is responsible for the most energetic large-scale, near surface current systems such as the Kurushio in the
North Pacific Ocean or the Equatorial Undercurrent in each of the tropical oceans. Seasonal varying winds can
also force seasonal currents, such as in the Indian Ocean, where strong reversing currents of similar amplitude
as the steady ones are generated in response to the seasonally changing Indian summer monsoon circulation
(Schott and McCreary, 2001). On the other hand, much of the energy of the oceanic circulation is contained in
fluctuating kinetic and potential energy signals of turbulent nature (Wunsch and Ferrari, 2004). This is because
the mean or seasonally varying wind forcing generates a large pool of mean kinetic and potential energy, on
which perturbations can grow exponentially due to hydrodynamically unstable mean states, feeding meso-scale
turbulence in the ocean. This turbulent motion represents what is commonly called “eddies” amongst oceanog-
raphers and takes place on space and time scales of the order of 10–100km and 10–100days, respectively
(Stammer and B̈oning, 1996).

It has been speculated in the past that part of the energy contained in the eddy-field of the ocean might be
directly driven by synoptic-scale wind fluctuations associated with the passage of atmospheric low pressure
systems, and not indirectly by the hydrodynamical instabilities (Frankignoul and M̈uller, 1979; Müller and
Frankignoul, 1981). However, it is hard to see how the synoptic-scale atmospheric weather systems on much
larger spatial (>1000km) and shorter temporal scale (2–7days) can generate oceanic eddies. In fact, recent
ocean general circulation model (OGCM) studies (Stammer et al., 2001) suggest that the impact on eddies by
synoptic-scale windstress forcing is rather low and contributes only a few percent to the total energy stored in
oceanic eddies. Here we show, using high-resolution models of both the atmosphere and ocean, how realistic
small-scale, persistent sub-synoptic features of the wind stress forcing in the ECMWF model, which have been
absent from the relatively low-resolution forcing used in previous ocean modeling studies, provide a significant
source of eddy variability in the ocean.

With increasing temporal and spatial resolution achieved by recent satellite missions it is now possible to obtain
a more detailed and realistic estimate of the wind stress forcing of the ocean than ever before. In fact, many
persistent small-scale features have been reported from satellite data which were previously unknown due to
the sparseness of the observations (Liu et al., 2000; Xie et al., 2001; Chelton et al., 2004). However, the
use of satellite-based observations to force OGCMs is still problematic, due to gaps in the time series and
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missing consistent information for complementary forcing products such as surface heat and freshwater fluxes.
Numerical weather prediction (NWP) models, on the other hand, do provide all surface forcing functions in
a dynamically consistent way. This fact has been extensively exploited by the climate research community
through the use of decadal-scale long NWP model-based reanalysis products (Kalnay et al., 1996; Uppala et al.,
2006). These datasets, however, suffer from relatively low spatial resolution compared to NWP models used
operationally to carry out weather forecasts. Here we use one of the most advanced NWP models available, the
ECMWF model, to construct high-resolution, dynamically consistent surface forcing fields for driving a state-
of-the-art high-resolution OGCM. To our knowledge these forcings fields have the highest spatial resolution
and the most realistic small-scale characteristics (Janssen, 2004) used so far to consistently drive OGCMs.

In the next section, the OGCM and the forcing functions will be presented, followed in section 3 by a discus-
sion of the small-scale features in near surface winds showing up both in the ECMWF model and in recent
high-resolution satellite observations. In section 4 the oceanic response to such features is presented, mech-
anism and effects are explored using sensitivity experiments with the OGCM. In section 5 the response of a
biogeochemical model coupled to the OGCM is analyzed and the last section summarizes and discussses the
results.

2 Models

The ECMWF model is a global spectral model (TL511) with horizontal resolution of about 40×40kmand 60
vertical levels. It consists of a dynamical component, a physical component and a coupled ocean wave com-
ponent1. A four-dimensional variational data assimilation scheme is used for producing the analysis (Rabier
et al., 2000; Mahfouf and Rabier, 2000). Daily forcing fields were obtained from 24-hour forecasts started from
operational analyses at 12 Universal Coordinated Time (UTC) of each of the days for the years 2001 to 2004.

The OGCM is a grid-point model with horizontal resolution of about 10kmat the equator increasing to about
5kmat 70oN and 45 vertical levels, ranging from 10mat the surface to 250mnear the maximal depth of 5500m.
The model domain extents from 20oS to 70oN with open boundaries at the northern and southern boundaries
and with a restoring zone in the eastern Mediterranean Sea. The model is based on a rewritten version2 of
MOM2 (Pacanowski, 1995) and is identical to the one used inDengler et al.(2004) except for the surface
forcing. It was integrated for 10 years in a spinup phase with monthly climatological forcing (Barnier et al.,
1995), after which the daily forcing in wind stress, heat fluxes and friction velocity taken from the ECMWF
model was applied for the years 2001 to 2004. Note that the friction velocity parameterizes the wind input of
small-scale oceanic turbulence affecting the mixed layer turbulence closure model (Gaspar et al., 1990) only.
Note also that the monthly mean climatological forcing was derived from an earlier, coarser resolution (about
200km) version of the ECMWF model (operationally used during the years 1986–1990) as a common dataset
in the European “DYNAMO” ocean model intercomparison project (Willebrand et al., 2001) and was used
extensively in many model studies since then (e.g.Eden and Jung, 2001).

The OGCM was integrated, after the 10 year spinup phase, for additional 20 years with the climatological
forcing coupled to a nitrate-based, four compartment ecosystem model. The biogeochemical model is identical
to the one inOschlies and Garçon(1998) andEden and Oschlies(2006). After the 10-year spinup phase the
high resolution forcing of wind stress, heat flux and friction velocity taken from the ECMWF NWP model for
the years 2001 to 2004 was again applied to drive the coupled physical-biogeochemical model.

1Further information is available athttp://www.ecmwf.int
2The numerical code together with all configurations used in this study can be accessed athttp://www.ifm.uni-

kiel.de/fb/fb1/tm/data/pers/ceden/spflame/index.html.
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a) b)

c) d)

Figure 1: Wind stress curl in N/m3×107 averaged from 1 January to 15 May 2001 from the ECMWF model (a), satellite
scatterometer derived windstress from QuikSCAT (b) and climatological wind stress curl, which is used to drive the ocean
model in a spinup phase averaged for the same season (c). Also shown in the lower left corner of figures a–c is a more
detailed view of the wind stress curl in the region around the Cape Verde Islands. d) Wind stress curl in N/m3×106 on 21
April 2001 (shaded) and velocity at 50m depth in the region around the Cape Verde Islands (arrows). Arrows are shown
at every second gridpoint. The maximum arrow length corresponds to about 0.5 m/s.

3 Small-scale wind stress features

The mean wintertime wind stress curl (curlt = k×∇ht, wheret denotes the wind stress vector) averaged from
1 January to 15 May 2001 over the North Atlantic is shown in Fig.1 for the ECMWF model (Fig.1 a) and
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satellite observations (Fig.1 b) taken from QuikSCAT3. Also shown in the lower left corner of the figures is a
more detailed view of the wind stress curl in the region around the Cape Verde Islands. Note that we show the
wind stress curl because the wind stress divergence plays a negligible role in generating ocean currents, since
ageostrophic motion, that is, the dynamically important part of the flow deviating from the dominating balance
between the pressure and the Coriolis forces, is given by conservation of angular momentum and, therefore,
driven by curlt (Gill , 1982). Note also that no QuikSCAT data were assimilated at ECMWF in 2001 allowing
to use QuikSCAT data for model evaluation.

As expected the large scale pattern of curlt in the ECMWF model is very similar to the observational estimates.
On the other hand, many small-scale structures evident in the high resolution satellite data are also present in
the ECMWF model. In fact, it appears that there are more (and finer) small-scale structures showing up in
the ECMWF model than in the observations, maybe due to strong spatial smoothing during processing of
the satellite data. The realism of the ECMWF model in simulating such small-scale surface wind features is
particular striking in the vicinity of the Cape Verde Islands, a group of islands in the North Atlantic west of
Senegal. A band of banners of alternating curlt shows up in lee of the archipelago both in the ECMWF model
and the satellite observations; two positive and two negative banners extending about 400kmsouth-westward
into the North Atlantic. This band is generated by the disturbance of the trade winds by the Islands (Schaer and
Durran, 1997), which penerate more than 2km into the troposphere. The obstacles induce upstream blocking
which forces the flow to split leading to weaker winds behind them and stronger winds at the flanks of the
quieter wind zone. Similar persistent small-scale patterns of curlt show up at the Canary Islands and Madeira
and at similar subtropical Islands around the globe.

In contrast, the small-scale features described above are completely missing in typical wind stress products used
previously to force high-resolution OGCMs. This can be seen from Fig.1 c), which shows the climatological
wintertime curlt driving the OGCM in the standard setup of the model and also in the spinup phase preceeding
the integration discussed above. Note that the climatological wind stress forcing was derived from an earlier,
coarse resolution (about 150km) ECMWF model version. Thus, the small-scale wind stress features are missing
in Fig. 1 c) most likely due to the coarse resolution used in older version of the ECMWF model. Furthermore,
is is likely that most of the small-scale features such as the elongated bands of curlt along the continental
margins are artifacts due to the spectral truncation of surface topography in the low-resolution spectral NWP
model from which the forcing was derived (Chelton et al., 2004).

4 Oceanic response

In the OGCM the ocean currents rapidly adjust to the small-scale atmospheric forcing. For instance, inside the
four curl t banners in the wind wake of the Cape Verde Islands, two cyclonic eddies related to positive curl
t and two anticyclonic eddies related to the negative banners of curlt are frequently developing. Fig.1 d)
shows a typical situation in April 2001 while Fig.2 shows a sequence of figures similar to Fig.1 d) starting
in 15. January of the following year 2002 and ending at 4. April 2002. The wind stress evidently generates
coherent eddies with swirl velocities of up to 1m/s. Such strong geostrophic eddies represent a very energetic
flow for open ocean conditions; instantaneous velocities in the Gulf Stream and the Equatorial Undercurrents,
for instance, rarely exceed 1m/s and swirl velocities for open-ocean, whereas coherent eddies generated by
hydrodynamic instabilities amount typically to no more than 10cm/s.

Similar coherent oceanic eddies develop in the lee of the Canary Islands and Madeira, although they tend to

3 The QuikSCAT satellite carries a specialized radar that measures near-surface wind speed and direction at 25kmresolution twice
per day. The gridded vector wind stresst from QuikSCAT has been obtained at Centre ERS d’Archivage et de Traitement (CERSAT),
at IFREMER, Plouzane, France.
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Figure 2: Sequence of velocity (arrows) in 50m depth near the Cape Verde Islands and wind stress curl (shaded in
N/m3×107, color coding is the same as in Fig.1) starting in the upper left panel on 15 January 2002 and ending in the
lower right panel in 12 days steps.

be weaker and more infrequent during wintertime. In boreal summer, however, when the trade winds migrate
northwards, Madeira and the Canary Islands represent much larger sources of oceanic eddies (not shown).
In general, the anticyclonic eddies tend to be stronger than the cyclonic eddies, most likely since cyclones are
related to upwelling, that is. colder surface water, which is rapidly heated by the atmosphere, while anticyclonic
eddies show up as warmer surface water with, however, much weaker magnitudes. An interesting feature is
also that the eddies leave the vicinity of the Cape Verde Islands and begin to propagate westwards once the
forcing weakens as seen for instance in Fig.2.

Simulated time series of wind stress amplitude, curlt and relative vorticity (z ) at 50m depth south-west of the
Cape Verdes inside the four curlt banners of the mean forcing (see Fig.1) are shown in Fig.3. z = k×∇huh
is the curl of the horizontal flowuh in the ocean and is directly forced by curlt. Negative (positive)z denotes
anticyclonic (cyclonic) flow (anticyclonic flow circulates clockwise in the Northern Hemisphere). Clearly, there
is a positive correlation between the wind stress amplitude (i.e., the strength of the trade winds) and curlt. The
correlation is most prominent for the annual cycle; the strenghtening of the north-easterly trade winds in winter,
for example, is accompanied by a corresponding increase in curlt. Since negative (positive) curlt is forcing
negative (positive)z , i.e. anticyclonic (cyclonic) eddies, curlt andz tend to covary. Note that curlt andz
covary not only at seasonal but also on subseasonal time scales.

It is worth pointing out that these eddies do not show up in simulations with the same OGCM when low-
resolution forcing wind stress forcing is used. To demonstrate this, two additional experiments are performed
with the OGCM in addition to the experiment in which the model was driven by the realistic, high-resolution
forcing taken from the ECMWF model (HIGH hereafter): The first experiment (HIGH-WIND) in which the
model was forced with high-resolution forcing in wind stress only for the years 2001 - 2004 following the
10-year spinup period while heat flux and friction velocity and all other forcing functions stay climatological as
in the spinup. The second auxilliary experiment (LOW-WIND) is identical to HIGH-WIND but the daily wind
stress was taken from the National Centers for Environmental Prediction/National Center For Atmospheric
Research (NCEP/NCAR) reanalysis (Kalnay et al., 1996). Note that the horizontal resolution of the NCEP
model corresponds to about 200km, which is even coarser than the forcing used during the spinup phase.
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c)

a) b)

d)

Figure 3: Time series of relative vorticity in the ocean model at 50m depth (red, in s−1×106), wind stress curl (black,
in N/m3×107) and wind stress amplitude (green, in N/m2×100) in lee of the Cape Verde Island at17oN, 26oW (a),
16oN,25.3oW (b),14.8oN, 25oW (c) and14.2oN, 24.2oW (d). The blue line denotes relative vorticity in a simulation in
which the model was forced with the coarse resolution forcing.

In experiment LOW-WIND, coherent eddies (as seen in Fig.1 d) and Fig.2) are absent, while they are present
in experiment HIGH-WIND. The blue line in Fig.3 shows relative vorticityz in lee of the Cape Verde Islands
inside the four banners of wind stress curl anomalies in experiment LOW-WIND. Clearly, only weak eddy-
signals are present in LOW-WIND at this location, compared to the strong relative vorticity which is generated
in experiment HIGH (and HIGH-WIND, not shown). To further quantify the effect of the high-resolution
forcing, Fig.4 shows the results of the experiments in terms of near surface eddy kinetic energy (EKE) hori-
zontally averaged over the south-eastern subtropical gyre. South of 30oN EKE is increased by 20% to 60% in
experiment HIGH and HIGH-WIND using the high-resolution wind forcing compared to the simulation with
low-resolution forcing (LOW). Furthermore, it turns out that it is the daily wind stress forcing and not the
daily heat flux forcing or friction velocity, which is responsible for the increased EKE in the simulation with
the high-resolution forcing, since both experiments, HIGH and HIGH-WIND, show similar elevated levels of
EKE.

Unfortunately, direct oceanographic observations, which could be used to compare the small-scale features
found in the OGCM, are sparse4. An alternative source of observation we might rely upon are satellite altimeter
datasets, which measure the sea surface elevation and, thus, geostrophic velocities. Fig.5 shows EKE estimated
from satellite altimeter observations5 and from the experiments HIGH and LOW-WIND in the south-eastern

4 For instance, only two surface drifters have been found in the World OCean Experiment (WOCE) database located in the vicinity of
the Cape Verde Islands, one, in July apparently caught in a cyclonic eddy and one showing much weaker eddying motion in December
(not shown).

5The altimeter products have been produced by SSALTO/DUACS and are distributed by AVISO.
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Figure 4: Eddy kinetic energy in cm2/s2 averaged between50oW and15oW in the model integration with high-resolution
ECMWF forcing (exp. HIGH, red line) and high-resolution forcing in wind stress only (exp. HIGH-WIND, blue line)
and an integration with daily wind stress forcing taken from the NCEP reanalysis (Kalnay et al., 1996) for the same time
period (exp. LOW-WIND, black line).

subtropical gyre. It is evident from the figure, that the EKE calculated from altimeter data shows a local
maximum in the vicinity of the Cape Verde Islands, consistent with our model results with high-resolution
forcing (HIGH); this maximum, however, is absent if the low-resolution forcing is used (LOW-WIND). Note
that the EKE in HIGH-WIND is almost identical to HIGH. Note also that the EKE estimated from the altimeter
data appears to be significantly lower compared to the model results with high-resolution forcing in the vicinity
of the Cape Verde. Such a bias does not only show up at this special location but also basin-wide in the model
and is known to be a common bias for EKE derived from satellite altimeter data (Fratantoni, 2001). It should
also be mentioned that altimeter observation can be obscured by incomplete removal of tidal currents near
coastlines and shelf regions (Le Traon et al., 1995) as seen in the figure near the coast of Africa.

5 Ecosystem response

There is also a significant influence of the eddies generated by small-scale features of the wind stress on local
ecosystem dynamics. Fig.6 shows the biomass (vertically integrated in the upper water column) near the Cape
Verde Island in spring 2001 in a simulation in which the OGCM (exp. HIGH) was coupled to a simple pelagic
ecosystem model. As expected, there is high productivity and thus large biomass along the coastline of the
African continent due to continuous wind-driven upwelling of nutrient-rich water. More surprisingly, however,
another patch of high biomass is evident in lee of the Cape Verde Islands inbetween two anticyclonic eddies.
The amplitude of the biomass patch in lee of the Cape Verde Islands is comparable to those found in the coastal
upwelling region. Clearly, this patch is a result of the existence of the persistent small-scale cyclonic wind stress
banners (see Fig.1 a), which are related to upwelling of nutrient-rich water. Similar effects of the small-scale
features in the wind stress curl show up near Madeira and the Canary Islands (not shown).

No such plankton blooms are found in simulations with low-resolution forcing: Fig.7 shows a time series of
near surface chlorophyll at a section along 15.5oN in experiment HIGH (Fig.7 a) and in the preceeding spinup
integration with the lower-resolution atmospheric forcing (Fig.7 b). We have used a factor of 1.59mg/mmol
to convert the nitrate content of phytoplankton to an equivalent chlorophyll concentration. It is evident that
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b)a)

c)

Figure 5: Eddy kinetic energy (EKE) derived from satellite altimeter observations of sea surface elevation data from
AVISO in cm2/s2 (a) and from the OGCM with high-resolution forcing (exp. HIGH, b) and low-resolution forcing in wind
stress (exp. LOW-WIND, c) in 20m depth calculated as velocity deviations from the average over 2001 to 2004 in cm2/s2.

by using the low resolution forcing during the spinup integration, the biomass- and chlorophyll-rich patch in
lee of the Cape Verde Islands is not present anymore, but can be clearly identified in experiment HIGH. It can
also be seen from Fig.7 that near the Cape Verde Islands, chlorophyll is high in wintertime (January to April)
consistent with strong wind speeds and high eddy activity in the same region in experiment HIGH as seen in
Fig. 3.

Fig. 7 c) shows estimates of near surface chlorophyll from ocean color satellite observations taken from Sea-
Wifs. The observations show a similar secondary maximum in the wake of the Cape Verde Islands as in the
OGCM. Furthermore, this maximum shows up during wintertime both in experiment HIGH and in the obser-
vations. However, it is also clear that chlorophyll concentrations in SeaWifs are considerably higher compared
to the model. One reason for this well-known discrepancy of the model with observations are certainly given
by biases in the biogeochemical model. Among these biases are a wrong factor for conversion between nitrate
content of phytoplankton and chlorophyll (which is not a prognostic variable of the model by itself), too fast
phytoplankton depletion and too low recycling of nutrients in the mixed layer in the ecosystem model. On
the other hand, it is also known that ocean color observations are especially in this region contaminated by
sediment and Gelbstoff transport off the coastal upwelling regions and, in addition, by Sahara dust. However,
it is evident in the figures that a secondary maximum in chlorophyll shows up near the Cape Verdes in both
the model with high-resolution forcing and Seawifs, while this maximum is missing in the model with low-
resolution forcing. Note that this result is further confirmed by direct observations of eddy-induced chlorophyll
maxima near similar subtropical islands like the Canary Islands (Aristegui et al., 1997) or Hawaii (Seki et al.,
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Figure 6: Biomass near Cape Verde on 20 February 2001 in the model integrated over the uppermost 100 m in mmol N/m2.
Also shown are the near surface velocities (arrows).

2001).

6 Summary and discussion

Using surface forcing from 2001 to 2004 taken from the operational high-resolution weather forecast model
of the ECMWF to drive a high-resolution OGCM, we are able to demonstrate the impact of persistent small-
scale features in near surface winds on cyclogenesis in the ocean. We have shown that such orographically
forced small-scale features are present both in the latest ECMWF model version and in observational estimates
of recent high-resolution satellite missions (Liu et al., 2000; Xie et al., 2001; Chelton et al., 2004). In our
simulation, meso-scale oceanic eddies develop in the lee of Islands located in areas of prevailing trade winds
such as the Cape Verde Islands. We are able to show that the high-resolution wind stress forcing is responsible
for this cylogenesis, since such eddies are missing in simulations driven by low-resolution wind forcing and
since they are still present driving the model with high-resolution wind stress forcing only. We note that these
eddies can provide a substantial, previously overlooked source of oceanic eddy kinetic energy in subtropical
regions. Furthermore, anticlockwise circulating eddies are related to upwelling of nutrient rich water from
below leading to large plankton blooms in the simulations. EKE and near surface chlorophyll is in better
agreement with observational estimates using the high-resolution forcing.

Note that similar eddies and related plankton blooms might also show up at comparable other locations in
the world oceans, e.g. the Hawaiian Archipelago, with far-reaching implications for local and basin-wide
ecosystem dynamics. Our results suggest that making full use of the potential of high-resolution coupled
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b)

a) c)

Figure 7: Near surface chlorophyll in mgChl/m3 at a section along15.5oN in the model with high-resolution forcing
(a), with climatological low-resolution forcing (b) and satellite observations (SeaWifs). We have used a factor of 1.59
mg/mmol to convert the nitrate content of phytoplankton averaged over the top 40 m in mmol N/m3 to an equivalent
chlorophyll concentration in mgChl/m3.

ocean-ecosystem models by using high-resolution forcing fields from state-of-the-art NWP models might sub-
stantially improve our knowledge of the basin-wide effects of meso-scale variability on the ocean circulation
and ecosystem.

Finally, we speculate that such eddy-enhanced plankton growth due to small-scale wind stress features in the
subtropical oceans may contribute to explain the following, well-known inconsistency: Indirect geochemical
estimates of nutrient supply to (Jenkins, 1988) and export of photosynthetically fixed material from the surface
ocean (Jenkins, 1982) in the subtropical ocean are significantly higher than direct physical and biological ob-
servational estimates and model results suggest (Lewis et al., 1986; Oschlies and Garçon, 1998). A possible
explanation are eddy-induced nutrient injections into the surface layer which might have been underestimated
in observations and coarse resolution model studies (Jenkins, 1988; McGillicuddy and Robinson, 1997). Re-
cent eddy-resolving model studies (Oschlies and Garçon, 1998; McGillicuddy and Robinson, 1997), however,
suggest that open-ocean eddies are not sufficient to explain the gap. We speculate that atmospherically driven
eddies in the lee of subtropical islands, which are missing in the previous model studies, might help to resolve
this inconsistency.
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