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Why does the ocean look like this?



Why ask this question?

1) Because the ocean exists and looks the way it does!
2) Because that green stuff is food



What does it “look like”?
Pretend you know nothing about oceanography…describe what you see 

- There’s green and blue colors!
- The green ‘stuff’ is not uniformly distributed!

- It is closer to the coast and brighter to the north of San Francisco!
- While it is clumped together close to the coast, it is comprised of many wiggles.!
- These wiggles look to sit on the edges of places where the color changes (light to 

dark green or green to blue)



Now we have some basic questions we can ask

- Why are there blue and green colors?!
- To what extent are these colors mixed?!
- Why is the green concentrated near the coast?!
- Why do those wiggles exist?!

- Why do they only appear to exist in places where the colors 
change?



And the deeper questions…

- Does one or a variety of processes in the ocean control this 
distribution of color?  !
- What would this picture look like if only one of these 

processes was active?!
- How do these processes interact with each other to produce 

the picture we are looking at?



If we understand the processes governing the colors in 
previous picture can we similarly understand what’s going 
on here as well?



Variability



TIME OR SPACE

WHAT PROCESSES DRAW THIS CURVE?

Curve is actually sea surface 
temperature at a point in Santa 
Monica Bay from a Regional 
Ocean Modeling (ROMS) 
simulation (60 days of data)



Let’s imagine this curve represents the temperature of the ocean at the end of Santa Monica Pier.!
!
Say you were extremely curious about the water temperature here and so you continued making these 
measurements for 100 years at the same location with the same frequency (e.g., every hour) and thus you 
extended this curve 100 years into the future.  !
!
After 100 years, you may be able to very confidently predict that the water at night is colder than during 
the day and that the water in September will be warmer than in December.

Now say that on the first day you went out to continue your measurements, you noticed that your skin 
got very warm during the day and you were very cold at night…you realized that the sun was heating 
you up during the day and the lack of sun made it colder at night.!
!
You wonder if the sun has an analogous effect on the seawater…!
!
You then decide to abandon your plans for measurements and attempt to obtain a mechanistic 
understanding of the role of sunlight on temperature of seawater.

Which approach is more valuable to understanding the 
temperature of the ocean?



How is obsessing over the types of wiggles in a curve 
applicable to oceanography? 



This is an ocean with no variability….



There’s variability (wiggles) all over the ocean…!
!

and different processes that contribute to each of them

ROMS hindcast of the SouthernCalifornia Bight (Leonel Romero, UCSB)



A list of the different types of ocean variability you saw in that 
realization of the surface of the Southern California Bight 

- Surface heating / cooling (daily flashing)!
!
- Tides (daily onshore/offshore ‘jiggle’ of water mass)!
!
- Geostrophic currents (flow parallel to surface density contours, e.g., large 

scale upcoast flow)!
!
- Locally wind-driven currents (…not exactly visible to the eye in that movie)!
!
- Coastal trapped waves (pulses of along-shore flow, also not obvious to the 

eye)!
!
- Mesoscale eddies (vortexes ~ O(10 km))!
!
- Submesoscale fronts and filaments (small scale (<O(1km)) wiggles of strong 

horizontal gradients in surface density and surface velocity)!
!
- Topographic wakes (vortical structures flowing off tips of headlands and 

islands)!
!
- Freshwater plumes (low salinity water masses originating at rivers and inlets 

at the coastline)



What processes draw this ocean?

- Does one or a variety of processes in the ocean control this 
distribution of color?  !
- What would this picture look like if only one of these 

processes was active?!
- How do these processes interact with each other to give the 

picture we are looking at?



For brevity…let’s give ourselves a shortcut...

- The green color is representative of phytoplankton!
!

- Phytoplankton blooms occur during ‘optimal’ conditions that depend on 
light, nutrient availability, and the temperature of the seawater!

!
- Generally, there’s more nutrients in deeper, colder waters (because when 

plankton die they sink and get converted back to nutrients)



Inventory of (dynamical) ingredients
- Coastline!
!
- Continental slope / shelf!
!
- Rotation of earth!
!
- Atmospheric forcing (wind, heat flux)!
!
- Pressure gradient force

Inventory of ‘truths’
- Things (mass, volume) are conserved!
!
- forces drive movement ( F = ma)!
!
- pressure felt at depth = weight of water above!
!
- Turbulence (seemingly chaotic stuff) is a thing!
!

A toolbox

This is a 
simple, not 
exhaustive list



Seasonal-mean surface wind patterns o↵ the west coast of North America. The westerlies (jet

stream) are strongest in fall-winter, but the equatorward wind over the CCS is strongest in

spring-summer.

Wind is always a good place to start…

Ingredients: solar heating, earth’s rotation, pressure gradient force!
Truths: F =ma



What currents will the wind drive?

southward wind with coastal drop-off

offshore Ekman current U

Ekman upwelling due to U 
divergence & coastal barrier

Sketch of how a southward wind and its weakening (drop-o↵) near the coast drive an o↵shore

Ekman boundary-layer transport current U that increases with o↵shore distance, which in turn

causes cold water to be brought up to the surface (upwelled) to conserve mass by replacing the

o↵shore water.

Artwork by Jim McWilliams
Ingredients: coastline, wind, earth’s rotation!
Truths: conservation of mass, F=ma

Ekman currents

shore



southward wind with coastal drop-off

offshore Ekman current U

Ekman upwelling due to U 
divergence & coastal barrier

Sketch of how a southward wind and its weakening (drop-o↵) near the coast drive an o↵shore

Ekman boundary-layer transport current U that increases with o↵shore distance, which in turn

causes cold water to be brought up to the surface (upwelled) to conserve mass by replacing the

o↵shore water.

Artwork by Jim McWilliams

What currents will this wind drive?

southward wind with coastal drop-off

offshore Ekman current U

Ekman upwelling due to U 
divergence & coastal barrier

Sketch of how a southward wind and its weakening (drop-o↵) near the coast drive an o↵shore

Ekman boundary-layer transport current U that increases with o↵shore distance, which in turn

causes cold water to be brought up to the surface (upwelled) to conserve mass by replacing the

o↵shore water.

Artwork by Jim McWilliams

1) Locally wind-driven Ekman current

Sea surface

Ekman flow

Ingredients: coastline, earth’s rotation, pressure gradient force!
Truths: conservation of mass, hydrostatic balance

Ekman currents set up conditions for geostrophic 
currents

What currents will the wind drive?

shore

Isopycnal

Geostrophic jet



uncertainty in existing datasets. More specifically, there
is no dataset available to evaluate our eddy buoyancy
flux model predictions. Point measurement and times
series do exist but, in section 3b, we will raise some
doubts about their statistical significance. To convince
the reader that our attempt at estimating eddy buoyancy
fluxes is not out of touch with the quality of our nu-
merical solutions, we can only rely on evaluations of the
two main ingredients that determine these fluxes: tracer
distribution and eddy activity distribution. Both sea
surface temperature (SST) and SSS and subsurface
thermohaline structure are generally correctly repro-
duced by ROMS realistic solutions (e.g., Penven et al.
2005, Veitch et al. 2010). A notable exception concerns
the relative lack of thermocline slope in the very

nearshore (from the shore to 50–100 km offshore) do-
main where diapycnal fluxes may be overestimated by
the model (Marchesiello et al. 2009; Lemari!e et al.
2012a). Because of the importance of surface tempera-
ture and salinity in the context of lateral upper-ocean
buoyancy fluxes and because buoyancy mainly reflects
temperature in the PCS and CCS we present SST maps.
The model heat flux formulation includes mild SST re-
storing but the level of model–data agreement demon-
strated by Fig. 2 also implies that at least the upwelling
region is correctly simulated because the restoring acts
on relatively long time scales unless model and data SST
differ by several degrees. A minor difference is a possi-
ble cold model bias nearshore but infrared measure-
ments also disagree with in situ data there (e.g., from the

FIG. 2. Annual mean SST (8C) for the (left) PCS and (right) CCS. (top) ROMS solutions and
(bottom) pathfinder observations interpolated onto the same grid. Black lines delineate regions
of alongshore and area averaging (h!iy and h!ia respectively). Note that h!ia is done excluding the
first 50 km nearshore for the CCS and the first 100 km nearshore for the PCS.
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CA current geostrophic velocity

Alongshore currents in the CCS, either averaged over the year and only over the spring. The broad
southward current at the surface is the California Current, and the narrower northward current
against the continental slope is the California Undercurrent (flowing opposite to the wind).

Again these are simulation model results.

Northward

Southward

Meridional 
velocity (m/s)

CA current

CA 
undercurrent

From a model simulation of!
the CA current

Ingredients: coastline, earth’s rotation, pressure gradient force!
Truths: conservation of mass, hydrostatic balance, F=ma



How does the CA coastal ocean look if only wind-forced (Ekman) and 
pressure-gradient forced (gestrophic) currents existed?

Sea Surface Temperature (SST) in the summer: seasonal-mean (left) and instantaneous (right).

Notice the cold temperature near the coast from the upwelling circulation, and the active field of

mesoscale eddies at any give time that active “stir” the SST and all other material properties in the

CCS. These results are from a realistic simulation model of the U.S. West Coast.

Sea surface temperature

Ingredients: coastline, earth’s rotation, pressure gradient force, solar heating!
Truths: conservation of mass, hydrostatic balance, F=ma



But…it really looks like this (why?)

Sea Surface Temperature (SST) in the summer: seasonal-mean (left) and instantaneous (right).

Notice the cold temperature near the coast from the upwelling circulation, and the active field of

mesoscale eddies at any give time that active “stir” the SST and all other material properties in the

CCS. These results are from a realistic simulation model of the U.S. West Coast.

LA

Pt Conception

Monterey Bay

ROMS simulation (1.5 km horizontal resolution)

Sea surface temperatureSurface relative vorticity

Turbulence is a thing



Why is turbulence a thing in this case?

Geostrophic currents can be prone to instabilities that produce eddies

Ingredients: earth’s rotation, pressure gradient force!
Truths: turbulence, F=ma, conservation of volume, hydrostatic balance!

Your HW assignment, coded by Prof. Stewart

ROMS Gulf Stream eddies (simulation and 
figure by Jon Gula)



Defining eddies

a = a+ a0
mean eddy

eddy = anything that is not the mean



Defining eddies
eddy ~ repeatedly arising preferred spatial pattern (“coherent structure”)!
!
mesoscale eddy = coherent vortex O(10-100 km) in spatial scale that lives for 
O(months)!
!
submesoscale eddy = coherent structure O(10 m - 1km) in spatial scale that 
lasts for O(days)
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Figure 4. Vertical vorticity ⇣ normalized by f at the surface in the wintertime Gulf Stream after separation from the western

boundary in a nested-subdomain simulation. Notice the meandering Stream in the center, the northern warm anticyclonic

and southern cold cyclonic mesoscale Rings, and the nearly ubiquitous submesoscale features of many types: North

Wall “comma” instabilities and streamers, Ring interior instabilities, cyclonic coherent vortices, and “submesoscale soup”

in-between. Notice the asymmetry between the red and blue colors: cyclonic vorticity is typically stronger in the surface

layer, due to finite-Ro effects of vortex stretching in (5.4) and ageostrophic instabilities (Sec. 6(a)) and loss of balance

(Sec. 6(d)) that limit the anticyclonic vorticity amplitude to ⇣/f &�1. The colorbar does not fully span the field range;

i.e., there are many places with ⇣/f > 2. [28]

and in computational fluid dynamics more generally, of isolating and idealizing a phenomenon
to simulate it. An example of this is Large Eddy Simulation (LES) as applied to a turbulent
boundary layer, usually with assumptions of homogeneity (expressed as horizontal periodicity)
if not also isotropy and stationarity; LES utilizes turbulent mixing parameterizations only for
the finest spatial scales with h, `. 1 m. This idealized approach can also be practiced for SMCs,
and it has been done usefully in many instances (e.g., the instability of a surface front [26]).
However, the origins of SMCs are mainly from mesoscale inhomogeneities, and an alternative
approach of multiply nesting subdomains with successive refinements of the grid size provides
a powerful depiction of their spontaneous emergence and subsequent evolution in the context
of the mesoscale environment, which in turn is usually dependent on the basin-scale circulation
(Fig. 4). For realistic simulations the technique is to simulate the circulation on at least the scale
of a whole ocean basin with whatever climatological boundary conditions are required, then
choose a subdomain of interest and use open boundary conditions taken from the solution in
the larger domain. This is algorithmically delicate, but satisfactory methods have been developed
[27]. Experience shows that the subdomain should be large enough to develop its own intrinsic
variability on the newly available scales, and that the grid refinement factor should not be much
larger than 3. This nesting step can be repeated any number of times, up to the limits of computer
time, scientific quality checking, and model validity (for most circulation models that solve

Surface relative vorticity200 km

McWilliams (2016)

ROMS simulation of 
the Gulf Stream 
with a horizontal 
resolution of 250m 
(Jon Gula)



Diagnosing eddy activity in the CA current

Surface eddy kinetic energy (fluctuation velocity variance) in the CCS measured from satellite

altimetry (AVISO) and the assumption of geostrophic balance. This indicates the strength of the

mesoscale eddies that arise as fluid-dynamical instabilities of the mean alongshore current.

Eddy Kinetic Energy (EKE)

EKE =
1

2

�
u02 + v02

�



Do the eddies affect the CA current in a systematic way?



Isolating eddy effects

a = a+ a0Method  1

Method 2
Numerical modeling approach: Turn off 
term in equations of fluid motion that 
cause turbulence (eddies)

Theoretical approach: 
plug this relation into 
equations of fluid motion 
and isolate eddy terms!
!
Observational approach: 
subtract mean  from 
observations to get 
eddies



to leading order in te/T, where te is an eddy correlation
time, based on a null hypothesis of no correlation be-
tween u0 and b0 (Flierl and McWilliams 1977). This is
slowly decreasing in T. If te ’ 1 month for offshore

eddies, then T must be 10 years for 100 independent
eddy realizations, which would make the right-most
factor in (3) be 0.1; 1000 yr would be required for it to be
0.01. The eddy flux estimation accuracy is further made

FIG. 4. Annual alongshore averages of (left) across-shore and (right) vertical eddy buoyancy
flux (m2 s23) for the (top) NHS, (middle) SHS, and (bottom) CCS. White contours are the
mean buoyancy field, and the gray-dashed line is the mixed layer depth diagnosed by KPP.
Black contours are vertical flux w0b0 5 0.

JUNE 2013 COLAS ET AL . 1079

Colas et al. 2013

Eddy fluxes of buoyancy (m2/s3)

Cross-shore flux Vertical flux

CA current eddies will flux heat upwards 
and towards the shore (opposing the 
mean upwelling circulation)

red = shoreward red = upward

Do the eddies affect the CA current in a systematic way?
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Table 1 | Primary production and organic carbon export for different offshore regions of the CalCS (34� N–42� N).*

Simulation 0–100 km 100–500 km 500–1,000 km 0–1,000 km

Net primary production (mol C m�2 yr�1)

5 km eddy (standard) 23.0 8.1 1.7 6.0
5 km non-eddy 31.7 14.6 1.0 8.9
Difference (eddy—non-eddy) �8.7 (�38%) �6.6 (�81%) 0.6 (38%) �2.9 (�49%)
60 km 27.4 14.0 4.5 10.0
Difference (eddy—60 km) �4.5 (�19%) �5.9 (�73%) �2.9 (�173%) �4.0 (�68%)

Organic carbon export (mol C m�2 yr�1)

5 km eddy (standard) 6.1 2.9 0.8 2.1
5 km non-eddy 8.4 4.7 0.4 2.8
Difference (eddy—non-eddy) �2.3 (�38%) �1.8 (�60%) 0.3 (43%) �0.7 (�34%)
60 km 6.1 4.2 1.8 3.1
Difference (eddy—60 km) 0.0 (0%) �1.3 (�45%) �1.0 (�134%) �1.0 (�48%)

*See Fig. 2 for boundaries. The areas are as follows: 0–100 km: 96,656 km2; 100–500 km: 420,602 km2; 500–1,000 km: 588,201 km2.
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Figure 2 |Modelled impact of eddies on the distribution of primary and export production in the CalCS. Maps of model-simulated depth integrated
primary production (a–c) and of organic carbon export (across 100 m) (d–f), in units of mol C m�2 yr�1. a,d, Results from the non-eddy simulation (see
text for details) colour scales as for b and e, respectively. b,e, Results from the eddy simulation. c,f, Difference between the eddy and the non-eddy cases.
Also shown in c and f are the 100 km, 500 km, and 1,000 km offshore regions over which budgets were analysed.

a resolution of 5 and 15 km, but with the topography of the
60 km set-up, have NPP and exports in between the eddy and
non-eddy cases, consistent with their EKE also lying in between
the two endmembers (Supplementary Information). In fact, NPP
and export production scale nearly linearly with EKE across all
of our CalCS simulations (Supplementary Fig. S.8), giving us
confidence that we are capturing the net effect of eddies with our
two modelling approaches in a similar fashion. Simulation results
from an analogous set of set-ups of the CanCS (ref. 26) demonstrate
that the same negative trend with EKE occurs in that EBUS as well
(Supplementary Fig. S.8), despite it having substantially lower EKE,
on average (Fig. 1).

Mechanisms of eddy-induced reduction in production
The mechanisms responsible for the reduction in production and
export can be deduced by inspecting vertical sections extending
from the US west coast in the offshore direction (Fig. 3). It becomes
evident that this reduction is a direct consequence of a strong
eddy-induced decrease in the nitrate content of the entire nearshore
⇠500 km of the CalCS, extending deep into the pycnocline (Fig. 3f).
In contrast, the eddies increase the nitrate content of the upper
pycnocline beyond about ⇠500 km. Consistent with the decrease
in nearshore productivity, the organic carbon concentration is also
lower in response to the eddies, whereas the offshore concentrations
are elevated (Fig. 3i).

NATURE GEOSCIENCE | VOL 4 | NOVEMBER 2011 | www.nature.com/naturegeoscience 789

Do the eddies affect the CA current in a systematic way?

Eddy impact on net primary production (NPP)

No eddies eddies eddy minus no eddy 

NPP reduced in an CA current system with eddies

Gruber et al. 2011



Do the eddies affect the CA current in a systematic way?
Eddy impact on nitrate

No eddies eddies eddy minus no eddy 

Gruber et al. 2011
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Figure 3 |Vertical distribution of modelled density, nitrate, and total organic matter along offshore sections. Sections of a–c potential density (kg m�3),
d–f, nitrate (mmol m�3), g–i, total organic carbon (mmol m�3) with the left column showing the non-eddy case, the middle column the eddy case, and the
right column the difference between the eddy and non-eddy cases. The sections represent average conditions over a 100 km swath starting in Monterey
Bay (37� N, 121.8� W) and extending to about 33.7� N, 132� W, nearly 1,000 km into the open ocean. Colour scales for a,d and g are as for b,e
and h, respectively.

These changes can be understood best by the lateral circulation
and mixing that eddies cause in upwelling systems28,30,31. In such
systems, eddies tend to induce a shoreward advective and diffusive
heat transport in the near-surface layer, bringing heat and buoyancy
towards the shore, leading to a flattening of the isopycnal surfaces
(Fig. 3a–c), similar to what occurs on the flanks of subtropical
gyres32. A second consequence of the eddies is the sharpening of
the upwelling front, which we find at about 100–300 km from the
shore in ourmodel, causing convergence and associated subduction
there33,34 (T. Nagai et al. manuscript in preparation). The impact
of these eddy-induced physical changes on the nitrogen transport
can be revealed by a Reynolds decomposition, where the transport
is decomposed into one part that is driven by the mean flow
and another part that is driven by the time-varying, eddy-induced
transport (see Supplementary Information).

An offshore section of the eddy-induced horizontal flux of total
fixed nitrogen reveals the expected high level of eddy-induced
transport in the near-surface ocean within the nearshore 100 km
associated with ephemeral mesoscale processes such as filaments
(Fig. 4). Between about 100 and 300 km from shore, the near-
surface offshore transport by eddies weakens, but a substantial
amount of subduction occurs, removing total fixed nitrogen from
the near-surface ocean (Fig. 4a). The subducted total nitrogen is
transported further offshore by eddies, (T. Nagai et al. manuscript
in preparation), with the maximum eddy-induced offshore flux
occurring at a distance between 150 and 400 km from the shore
and at depths of around 100m (Fig. 4b). Most of this offshore
flux occurs in the form of nitrate, although all fixed nitrogen
components contribute to it. The joint effect of the eddy-induced
subduction and the subsequent eddy-induced offshore transport
is to remove inorganic and organic nutrients from the nearshore
and to enrich the offshore region of the CalCS (Fig. 3f,i), enhancing
productivity there35,36. This loss results in less nutrients being
upwelled, which then supports less primary production, leading

to less export of organic nutrients. The diminished export leads
to a smaller amount of organic nutrients being remineralized in
the water column and sediments and consequently less inorganic
nutrients being added to the waters that are the source of
the upwelling, generating a further drop in production and
export (Fig. 4c). Support of this interpretation comes from the
observation that the CalCS has, on average, substantially lower
nitrate concentrations in the upper thermocline in the nearshore
environment comparedwith the other EBUS (refs 24,37), consistent
with the CalCS having the highest EKE.

The reduction of the nutrient inventory in the nearshore
regions is overall well co-localized with the regions of high EKE
(Supplementary Fig. S.10), but the reduction extends beyond the
regions ofmost intense eddy activity, leading to lower than expected
primary production also in neighbouring regions with low EKE.
This could flatten the relationship between primary production and
EKE in our statistical analyses, because it would smooth meridional
gradients in NPP, whilst leaving EKE unaffected. However, the
magnitude of this effect would be highly dependent on the regional
characteristics. Nevertheless, this may explain, in part, why the
slope of the relationship between primary production and EKE is
flatter within most of the EBUS when compared with the trendline
computed from the data from all EBUS (Fig. 1b).

Overall, the satellite data analyses and the modelling studies
together provide strong evidence for a reducing effect of eddies
on primary and export production in EBUS. We also identified
an eddy-driven lateral nutrient leakage from the nearshore
environment as the main mechanism, which is supported by
theoretical arguments and limited observations. However, it is
clear from the substantial amount of still unexplained variance in
NPP in EBUS that several further factors could be important as
well, possibly including shelf width26,38, mixed-layer depth, iron
limitation39 and other possible factors associated with the transient
and variable nature of mesocale and submesoscale processes and
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Figure 4 |Offshore sections illustrating the role of eddies in inducing a
lateral loss of total nitrogen (TN) from the CalCS. a, Eddy-induced vertical
fluxes (w0 ·TN0 in nmol m�2 s�1 with w0 and TN0 being the time-varying
components of the vertical velocity and total nitrogen, respectively).
b, Eddy-induced horizontal fluxes (v0 ·TN0 in µmol m�2 s�1, with v0 being the
time-varying component of the zonal velocity). White lines in a and b show
potential density; black dashed lines indicate negative fluxes. c, Conceptual
diagram of the impact of mesoscale eddies on coastal circulation, nitrogen
transport, and organic matter production and export. The thick lines
indicate total nitrogen transports and the thin lines depict circulation
pattern. Shown in blue are the Ekman-driven transports and circulations.
The red arrows show the eddy-driven transports and (bolus) velocities.
Contour lines denote potential density and green arrows the vertical export
of organic matter. The eddy-induced fluxes in a and b were determined by a
Reynolds decomposition (see Supplementary Information).

the nonlinear interactions between the physical environment and
ocean ecosystems14,40.

Eddies and other mesoscale phenomena are ubiquitous in the
ocean and tend to dominate the variance spectrum. Yet, their
impact and role for ocean circulation, oceanic primary production,
and ocean biogeochemistry is still being uncovered41. We have
added here another impact of eddies on ocean biogeochemistry,
primarily active in EBUS. Our findings also raise the question
of whether mesoscale eddies have a similarly reducing effect on
production in the Southern Ocean, the ocean’s largest upwelling
system and also a region of intense eddy activity42. Our findings
may also help to better predict how productivity in EBUS and
other upwelling systems will react to future climate change,
particularly in response to a potential increase in upwelling due
to strengthened alongshore winds43 (Z. Lachkar and N. Gruber,
manuscript in preparation).

Methods
Data analyses. We used satellite-derived observations of: (1) daily wind
speed and direction from QuikSCAT from 1999–2004, (2) 8-day averaged
chlorophyll-a concentration from SeaWiFS from 1997–2004, (3) 8-day averaged
photosynthetically available radiation (PAR), also from SeaWiFS, (4) SST from
AVHRR from 1985 to 2003, and (5) EKE from 1995 to 2003 estimated from the
geostrophic velocity anomalies calculated using the mapped sea level anomaly
(SLA) data obtained from merged Topex/Poseidon/ERS/Jason-1/ENVISAT maps.
Net primary production was computed from chlorophyll-a, SST, and PAR using
the Vertically Generalized Production Model (VGPM; ref. 44). For each satellite
product, first a monthly climatology at the original resolution of the product was
produced, from which an annual climatology was then computed. Ekman-driven
upwelling along the coasts (a mass flux per metre of coastline) was calculated
from the QuikSCAT winds, that is, we computed the offshore transport in a
perpendicular direction to the coast, Mx , from Mx = ⌧y/f , where ⌧y is the wind
stress parallel to the local coastline, and f is the Coriolis parameter45. For the wind
stress, we assumed a dependence of the drag coefficient on wind speed following
the formulation of Yelland and Taylor46.

Data were analysed for each of the four EBUS, extending from the coastline
to 500 km offshore and from 24� N to 48� N for the CalCS, from 12� N to 34� N
for the CanCS, from 10� S to 34� S for the Humboldt Current System, and from
10� S to 30� S for the Benguela Current System. These boundaries were chosen to
include as much of these current systems as possible, but to exclude other major
oceanographically important features that are unrelated to coastal upwelling, such
as the Agulhas retroflection area in the Benguela Current System. For EKE the
values in the nearshore 150 km were not included, as their errors are considered
too large47. Data were then averaged over 2� and then 4� bins in the meridional
direction and over the 500 km coastal strip.

A step-wise multiple linear regression analysis was then performed on
bin-averaged NPP, upwelling strength, and EKE.

Model simulations. The employed model is based on the Regional Oceanic
Modelling System (ROMS; ref. 27) and configured for the CalCS as described by
Gruber et al.25, with the exception that the resolution is a uniform 5 km and the
vertical resolution was increased to 32 layers. On average, about 12 levels are within
the euphotic zone, defined here as the 1% light level. At the surface, the model is
forced with monthly mean climatologies of wind stress (QuikSCAT) and fluxes of
heat and freshwater (COADS).

The ecological-biogeochemical model is a nitrogen-based nutrient–
phytoplankton–zooplankton–detritus (NPZD)model. The parameters of themodel
have been chosen to represent typical upwelling conditions, resulting in a good
agreement of modelled properties in the highly productive nearshore region, but a
systematic underestimation in the unproductive offshore regions25. Two parameters
of the model, the initial slope of the light-response curve for phytoplankton growth
(↵P ) and the mortality rate of phytoplankton (⌘mort

P ), were doubled relative to the
previous study25 to enhance themodel’s simulated NPP and improve the agreement
with observationally based estimates ofNPP (see Supplementary Information).

The non-eddy simulation was constructed by manipulating the momentum
equations in the code of the model, that is, by setting all nonlinear momentum
terms to zero. No explicit viscosity was added to compensate for the lack of eddies,
resulting in some enhanced numerical grid-level noise for the velocities. However,
the tracers are not affected.

Two further resolutions of the standard model were considered, one at 60 km,
with a level of EKE that is more than four times lower than the standard 5 km set-up
(see Supplementary Table S.1), and one at 15 km, with a level of EKE that is about
40% lower. We also consider cases for the 5 km and 15 km set-ups that employ the
bathymetry and coastline of the 60 km model. However, these latter modifications
lead to only minor changes in EKE. A summary of the model set-ups considered is
given in Supplementary Table S.2.

All models were run for 12 years from the same initial conditions, with the
average of years 10 through 12 being used for all our analyses.

Received 18 April 2011; accepted 25 August 2011; published online
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Reason eddies reduce 
NPP: the eddies remove 
a nutrient needed for 
photosynthesis 
(nitrogen) from the place 
where photosynthesis 
happens (euphotic zone)



WHAT PROCESSES DRAW THIS OCEAN?

- Does one or a variety of processes in the ocean control this 
distribution of color?  !
- What would this picture look like if only one of these 

processes was active?!
- How do these processes interact with each other to give the 

picture we are looking at?



Have we talked about all the variability?



What happens when you have a finer-scale view of things?

FIG. 4. Instantaneous T (x, y) and !(x, y) fields 30 days after ICC initialization: (a) T at 10-m depth in ICC12; (b)
T at 10 m in ICC6; (c) T at 10 m in ICC1; (d) T at 10 m in ICC0; (e) T at 70 m in ICC0; (f) ! at 70 m in ICC0.
Temperature ranges are 10°–20°C at 10 m and 7.5°–16.5°C at 70 m, and the ! range is 1024–1026.2 kg m"3.
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Fig 4 live 4/C

12 km 6 km

1.5 km 0.75 km

Capet et al. 2008a

Sea surface temperature in an idealized eastern boundary 
current upwelling system (analogous to the CA current system) 
at different horizontal resolutions



What happens when you have a finer-scale view of things?
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rspa.royalsocietypublishing.org
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...................................................
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ship

airplane
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Figure 6. Landsat 8 false colour image of a large bloom of cyanobacteria in the Baltic Sea on 11 August 2015. Panel (b) is a zoom
of the indicated box region in (a). The reference length bars are 1 km and 10 km, respectively. The concentration patterning is
by surface convergence lines in the soup of submesoscale fronts and filaments, plus perhaps some SBL Langmuir circulations in
the upper-left corner of the zoom. See http://landsat.visibleearth.nasa.gov/view.php?id=86449.

singularity [46]; however, rather than a prize-winning proof of a singularity in fluid dynamics,5

this is better interpreted as an evolution that will force a breakdown of momentum-balance, either
as spontaneous emission or spontaneous imbalance. Nevertheless, frontogenesis is an extremely
efficient way to transfer variance and energy density to smaller scales. In the atmosphere, fronts
are relatively rare at a given time because only a few parent synoptic circulations can fit within
Earth’s surface area, whereas in the ocean their scale is much smaller and they are much more
abundant (figure 6).

5Regularity of the Navier–Stokes equations is one of the Clay Millennial unsolved problems in mathematics;
http://www.claymath.org/millennium-problems.
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Bloom of cyanobacteria in Baltic Sea

McWilliams (2016)



Submesoscale Currents 

Sea surface temperature in Santa Monica Bay 
(ROMS simulation, 75 m horizontal resolution)

Ingredients: earth’s rotation, pressure gradient force ,vertical mixing, straining flows!
Truths: turbulence, F=ma, conservation of volume, hydrostatic balance(?)!



Submesoscale currents are seemingly everywhere at 
the ocean surface

5

rspa.royalsocietypublishing.org
Proc.R.Soc.A472:20160117

...................................................Figure 2. Sun-glint showing ‘spirals on the sea’ not far off the Mediterranean coast of Africa photographed from space [19,20].
The vortex radii are≈5 km and the high surfactant concentration c occurs in convergence lines that are hundreds of metres
wide, probably due to dense filament arms in a spiral configuration inside the vortices. The pattern suggests a vortex-street
roll-up has occurred from a lateral shear instability of some parent front, filament or topographic wake.
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Figure 3. Acoustic image of a temperature cross-section in a Meddy SCV (i.e. SMC eddy of Mediterranean origin) after
detachment from the Iberian abyssal boundary current [21]. The SCV is approximately axisymmetric around a central vertical
axis. The warm temperature anomaly is accompanied by a positive salinity anomaly such that the vortex centre is neutrally
buoyant with a local minimum in |∂zρ|. The T/S anomaly implicates an SCV origin in the subsurface outflow of dense
Mediterranean water into the Atlantic, where it descends as an entraining gravity current to a level of neutral buoyancy and
flows poleward along isobaths. The encircling anticyclonic circulation is in gradient-wind, hydrostaticmomentum-balancewith
the buoyancy field. Themaximumazimuthal velocity is at z≈−1100m.Meddies are agents in the lateral spreading of the T/S
water mass throughout the subtropical Atlantic [22].
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Small-scale Eddies in Southern California Bight!

• SAR detects submesoscale eddies primarily via alignment of surfactants by 
circulation flow field /fine structure 
 
• Rapid repeat imaging can be used to derive rotational velocity 
 
• Differences in SAR eddies and SST likely related to energy, time of generation 

© CSA 
From Holt, 2004 Holt (2004)

Deepwater Horizon oil trapped in surface convergence lines 
in the Gulf of Mexico (see boat for scale)

Tuesday, October 1, 13

Sun-glint off the 
Mediterranean coast of Africa 

Munk et al (2000)

Deepwater horizon oil 
spill, Gulf of Mexico

Synthetic Aperture Radar (30 m 
resolution), San Pedro Bay



Divergence

Surface fields in San Pedro Bay (ROMS 
simulation, 75m horizontal resolution)

Submesoscale coherent structures are small-scale (<1km), short-
lived (days) , and relatively ubiquitous at the ocean surface!
!
These currents are a mixture of geostrophic (rotation = pgf) and 
ageostrophic (not geostrophic) dynamics and exhibit very strong 
surface convergence (i.e., they trap stuff) and localized 
downwelling

Dauhajre et al. 2017 (In Rev.)

Relative vorticity Buoyancy

Horizontal buoyancy gradient (squared)



Now…let’s throw some green stuff into Santa Monica 
and San Pedro Bays

Green dots are simulated ‘Lagrangian’ particles that are moved around by 
the surface currents. Blue/red colors indicate surface divergence

ROMS simulation, 75m 
horizontal resolution



After seeing that…what questions do you think we 
would need to answer to “properly” design a Marine 

Protected Area (MPA) in the coastal ocean?



Summary



Some movies of ocean models doing their thing

https://www.youtube.com/watch?v=BM0In7MZ4Ig
Montery Bay (UCLA ROMS)

https://www.youtube.com/watch?v=STJ4PMKUj5g
San Pedro Bay (UCLA ROMS)

https://www.youtube.com/watch?v=UhVCtJfLMB4&t=19s
Southern Ocean (ANU) 

https://www.youtube.com/watch?v=wq12nIQ5SuE
Entire world (GFDL)


