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P ERSPECTIVES TALK
The ocean mesoscale: physics, observations,
simulations, and climate impacts
Transport in Unsteady Flows:
Deterministic Structures to Stochastic Models and Back Again
Banff International Research Station (BIRS)
Banff, Canada (part of the Nakoda (Stoney) First Nation)
15-20 Jan 2017
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Space-time diagram of ocean dynamical processes

Broad range of
space-time scales
Absence of a clear
spectral gap except for
scales larger than
1000 km.
Direct implications for
representation and
parameterization of the
ocean’s role in climate
and ecosystems.
Figure 3. The approximate space and time scales of phenomena of interest that could be investigated from
altimetric measurements of ocean topography with adequate spatial and temporal resolution. The dashed lines
indicate the approximate lower bounds of the space and time scales that can be resolved in SSH fields constructed
from measurements by a single altimeter in the T/P 10-day repeat orbit configuration. Processes with spatial scales
to the left of the vertical dashed line and time scales below the horizontal dashed line require higher resolution
measurements of ocean topography from a constellation of nadir-looking altimeters or a wide-swath altimeter.

From Chelton (2001)
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Spatial scales for ocean dynamical processes

Spatial Scales of Ocean Dynamics

~1 km
~20 m

100 km
~10 km

~100 m

1000 km

HYDROSTATIC

NON-HYDROSTATIC
Direct Numerical Simulation of World Ocean climate:
1mm spacing requires roughly10# times Avogadro
number of grid cells time stepped with roughly
1sec for 1000 years. Far from practical!
Huge problem requiring rational parameterizations. Developing
such parameterizations remains a research problem.
7/25/16

Griffies talk to IITM in Pune, India

Courtesy A. Adcroft (NOAA/GFDL)
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in ocean/ice-sheet model development
OceanFrontiers
mesocale

• Role of ocean eddies in
climate/earth system

• Sea-level rise and icesheet/ocean
interaction
Eddy size
∝ first baroclinic
Rossby Radius

23 Dec 2004 Aqua Modis


Getz Ice Shelf
Antarctica

20 km

100 km

cm=1
|f |


,

where the phase
is
m)
200 ft (60 speed
approximated by (Chelton et al.
1998) 1500 ft below
ocean surface
Z 0
(500 m)
1
N dz.
cm ≈
m π −H

𝑳𝒅 = 𝟐𝟕 km

¼°
1

λm=1 =

10°

8 km

Global models are marginal at
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Credit: NASA/Dick Ewers

May 20, 2013

NEW MODELING CAPABILITIES ADVANCING NOAA CLIMATE SCIENCE

MODIS satellite w/ inserts by A. Adcroft (GFDL)
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Regional and process models
reach into the submesoscale.
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Map of 1st baroclinic Rossby radius
A measure of the grid spacing needed for simulations to admit ocean mesoscale

From Hallberg (2013)

Map indicates the necessary Mercator spacing for 2∆ = λ1 .
Finer spacing to accurately represent eddy flux convergences.
Finer spacing for higher baroclinic modes, submesoscale, gravity waves,
Langmuir...
What does it mean (physically and numerically) to “resolve”?
What processes in fact need to be resolved (for climate? ecosystems?...)
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Turbulent
of mechanical
energy
energy e or cascade
enstrophy η.2 Both
models were designed
with constant density cascades
3d turbulence: energy
cascade to small
scales (direct cascade)

2d/QG turbulence:
energy cascade to
ls were designed with constant density cascades
large space and time
scales
Figure 3: (Left) Schematic of forward energy cascade typical
of (inverse
3d turbulence (Kolcascade)
mogorov, 1941) underpinning the Smagorinsky (1963) subgrid model. (Right) Schematic

of inverse energy cascade and forward enstrophy cascade
typical ofcouple
2d turbulence
Cascades
(Kraichnan, 1967)Runderpinning
Plotted is the energy
R 1the Leith (1996) subgrid model.
space-time scales.
spectrum, where E(k )dk = 2 u · u dV, where integrals are over all space. Gridscale
where cascade is truncated in indicated in blue.
Inverse cascade

organizes large-scale

flowthree-dimensional
features (e.g.,energy
of kinetic energy in mind, following Kolmogorov (1941) in the
cascade and Kraichnan (1967) in the direct enstrophy cascade
case. Each
provides a scalcoherent
structures,
ing for a viscosity based on resolved flow and grid parameters:
maxEntropy).
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Observing turbulent ocean fluid dynamics at the planetary scale
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Argo floats + satellite altimetry
Turbulent ocean fluid dynamics at the planetary scale
Argo profiling floats + surface measurements from satellites offer
planetary scale measures of the ocean of use for predictions and
climate change detection. The data also supports a growing suite of
scientific investigations into the turbulent ocean fluid dynamics at the
planetary scale.

Float snapshot from Argo at UCSD
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Climatological sea level change from AVISO
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Patterns of sea level and derived surface geostrophic
vorticity
50

C.W. Hughes et al. / Ocean Modelling 32 (2010) 44–57

Fig. 6. Skewness and kurtosis of relative vorticity time series.

SSH daily anomaly from AVISO and Un

capture the main features surrounding jets in Fig. 6: low kurtosis
and zero skewness at the centre (mean position) of the jet, with
kurtosis growing to large positive values on either side, as skewness grows to large positive values on one side and large negative
values on the other side of the jet.

The observed values of K are, inevitably, never as low as this extreme model would predict. This prompts a slightly more sophisticated model: instead of constant sea level to either side of the jet,
add Gaussian noise to the sea level on either side. Thus, we consider
the situation in which there is a sharp step in sea level across the jet,

Hamburg. Eddy features typically associated with

Skewness and kurtosis in geostrophic vorticity

mesoscale fluctuations: the ocean’s weather.

(Hughes et al 2010). Hypothesized to be of use
to identify jets and mixing barriers.
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Trajectories of sea level eddies: (Chelton)
174

D.B. Chelton et al. / Progress in Oceanography 91 (2011) 167–216

Fig. 4a and b. The trajectories of cyclonic (blue lines) and anticyclonic (red lines) eddies over the 16-year period October 1992–December 2008 for (a) lifetimes P16 weeks
and (b) lifetimes P16 weeks for only those eddies for which the net displacement was eastward. The numbers of eddies of each polarity are labeled at the top of each panel.

3.4. Eddy origins and terminations

The large number of eddies formed along the various seamount
chains northwest of Hawaii is notable. This may be an indication of
interaction between bottom topography and the flow field, which
could include Rossby waves incident from the eastern basin. Or it
may be attributable to abrupt amplification of westward propagating eddies that are too small to detect in the eastern basin and only
become trackable when their amplitudes increase as they encounter these bathymetric features.
It should be kept in mind that some of the apparent eddy
formations in the upper panel of Fig. 6 may actually be the reappearance of eddies that are temporarily lost to the tracking procedure because of a variety of factors (e.g., noise in the SSH fields or because the
shapes of the eddies become temporarily too distorted from interactions with other nearby mesoscale features). Based on animations of
the tracked eddies, we do not feel that this is a major problem, but we
are not able to quantify how frequently this occurs.

Cyclonic (blue) and anticyclonic SSH 16-week SSH-defined eddies from Chelton, Schlax,
A census of eddy origins is shown in the upper panel of Fig. 6.
The most clearly defined regions of frequent eddy formation are
along the eastern boundaries of the ocean basins. These eddies
most likely form as meanders that pinch off of the eastern boundary currents and undercurrents or from other manifestations of
baroclinic instability in these regions of vertically sheared currents.
Outside of these eastern boundary regions, eddies apparently form
throughout most of the open-ocean regions where propagating eddies are observed (Figs. 4a and 5). This is consistent with the conclusions of Gill et al. (1974), Robinson and McWilliams (1974),
Stammer (1998) and Smith (2007b) and others that nearly all of
the World Ocean is baroclinically unstable, particularly in regions
where the flow is non-zonal (Spall, 2000; Arbic and Flierl, 2004;
Smith,
2007a).
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Samelson (2011). Inferences of associated mass/tracer transport suggests large role for nonlinear
(coherent) eddy structures. But conclusions are not without controversy.
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Loopers identified from drifting surface floats: (Lumpkin)
Journal of Geophysical Research: Oceans

10.1002/2015JC011435
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Figure 4. Trajectories of cyclonic (blue) and anticyclonic (red) loopers identified in the drifter data.

Looper climatology from surface drifters (Lumpkin 2016). Results largely support Chelton.
LUMPKIN ET AL.

GLOBAL CHARACTERISTICS OF VORTICES
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Surface Water and Ocean Topography (SWOT)

Fingers crossed that NASA and CNES can make it happen (planned for 2021)!
Potential for 1km resolution of ocean dynamics, and 10m for land hydrology!

Mission Applications Support at NASA:

National Aeronautics and
Space Administration

Surface Water and Ocean
Topography Mission*
Margaret Srinivasan
margaret.srinivasan@jpl.nasa.gov
Jet Propulsion Laboratory,
California Institute of Technology

Craig Peterson
craig.a.peterson@nasa.gov
Stennis Space Center

Abstract
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Science Goals
Hydrology: First global inventory of fresh
water storage and discharge on land.
Oceanography: First global determination
of the ocean circulation, kinetic energy
and dissipation at mesoscales and
submesoscale processes.

NASA Earth Science
Directorate, Applied
Sciences Program
NASA supports applications activities
for early phase missions based on the
2007 NRC Decadal Survey objectives
to “enhance economic competitiveness,
protect life and property, and assist in
the stewardship of the planet for this
and future generations.”

Surface waters in the Arctic.
Image; L. Smith, UCLA

SWOT* Mission
Applications
Concentrations

• SWOT – Tier 2 Decadal Survey
proposed mission

• Water management: reservoirs, floods,
ecology

• ESD Applied Science Deputy Program
Applications Leads identified for
SWOT (JPL, Stennis)

• Insurance: hydrodynamics and flood risks

Ocean mesoscale

• International rivers: flood and drought
management
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An emergent role for the ocean mesoscale in earth climate
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Sea
level
models
vs. satellites
Sea
leveltemporal
temporalstd:
standard
deviation
climate
model
hierarchy
on, ocean
resolution changes (1◦ &1/4◦ &1/10◦ )
climate
model
hierarchybased
(1 , 1/4
1/10 ocean)

1.0deg

0.1deg

0.25deg

AVISO

From Griffies et al (2015)
20 years of daily output from
models; 18 years from satellites.

satellite fluctuations are due to mesoscale eddies.
20 Most
yearsofofthe
daily
output from models; 18 years from satellites.

Arguably 1/10 is sufficient to “resolve” large bulk of the ocean mesoscale.

Most of the satellite fluctuations are due to mesoscale eddies.
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Ocean mesoscale

1/10◦ resolves bulk of the ocean mesoscale SSH variance measured by AVISO.
S TEPHEN .G RIFFIES @ NOAA . GOV

Ocean mesoscale

Space-time scales for ocean dynamics Features of the ocean mesoscale Observing turbulent ocean fluid dynamics at the planetary scale An emer

Space-time scales for ocean dynamics Features of the ocean mesoscale Observing ocean fluid dynamics at the planetary scale An emergent

Impacts of grid resolution on model heat drift

Impacts on evolution of ocean heat

1 degree

¼ degree

1/10 degree

From Griffies et al (2015)

Generally find surface ocean cooling and intermediate depth
Surface
ocean cooling and intermediate depth ocean warming.
ocean
warming.
Movement
of heata from
surfaceof
into
thefrom
interior.
Pattern
suggests
movement
heat
surface into the
◦
interior.
0.1 model shows least drift, about 50% that of 0.25◦ . Differences
are solely
dueleast
to resolution
of ocean.
CM2.6
shows
drift; about
1/2 that of CM2.5.

The CM2.5 and CM2.6 differences are solely due to ocean
resolution. S
.G
@
.
Ocean mesoscale
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Vertical heat
heat transport:
transport
criticalis critical
Vertical
transport: eddy
mesoscale
eddy is
transport

1 degree

¼ degree

1/10 degree

From Griffies et al (2015)

Mean heat transport is downward into ocean (mechanical forcing)
Eddy transport
heat transport
upward:
50% into
larger
than (mechanical
0.25 at
Heat
from is
time
mean0.1
flowisisroughly
downward
ocean
intermediate depths.
forcing).
◦ from perfect.
Eddy transport
parameterization
in 1 acts
like eddies,
but it0.1
is far
Heat
from transient
eddies
is upward:
is roughly 50%
◦
Compensation
complete for
0.1 (interior is more adiabatic).
larger
than 0.25is more
at intermediate
depths.

Compensation between mean and eddy transport is more complete for
0.1◦ (interior is more adiabatic).
S TEPHEN .G RIFFIES @ NOAA . GOV

S TEPHEN .G RIFFIES @ NOAA . GOV

Ocean mesoscale

Ocean mesoscale

Space-time scales for ocean dynamics Features of the ocean mesoscale Observing turbulent ocean fluid dynamics at the planetary scale An emer
Model / Heat Budget

Wind

Warming

Conclusions

Mechanisms of deep ocean heat uptake:
Insights from eddying climate models
Introduction

Model / Heat Budget

Wind

Warming

Conclusions

Equilibrium vertical heat balance
trend (T ) + mean (M) + eddy (E) + ‘mixing’ (P) = 0
z

vertical
diffusion

mean

eddies

Global

dele Morrison, Oleg Saenko, Andy Hogg, Steve Griffies
Adele Morrison (Princeton University)

Mechanisms for vertical heat transport

Mechanisms of deep ocean heat uptake

Gent and McWilliams (1990) and Gent et al. (1995). The associated vertical component of the eddy skew flux gives rise to a down
vertically upward eddy heat transport.

Θcold

up

warm water

warm water
Fz

F

z

z

F

Fz
F(h)

(h)

R ✓
t dV , trend
R
M = ⇢o cp w ✓ dA, mean advection
R
E = ⇢o cp w 0 ✓0 dA, eddy advection
T = ⇢o c p

ρlight

Fz

FzF

F(h)

Θwarm

ρheavy

P, parameterised ‘mixing’
(vertical
di↵usion, convection)
F
(neutral)

cold water

F(h)

(h)
F IG . 15. Schematic
of(h)the horizontal and vertical components of a skew heat flux given by equations (4) and (5),
meant to approximate the net effects of transient mesoscale
eddies in regions where the isolines of density are aligned with
temperature. The horizontal skew flux component is downgradient, moving warm water into regions of cold water. The
vertical flux component is upgradient, imparting an upward
heat transport. The net effect is an adiabatic flattening of
the temperature isolines, which renders a reduction in available potential energy. This schematic is based on Figure 1 in
Griffies (1998).

F

F

south

cold water

F IG . 16. Schematic of the downgradient neutral diffusive flux
in a high latitude Southern Ocean region where density is
strongly affected by salinity. Temperature isolines are steeper
Adele Morrison (Princeton University)
Mechanisms of deep ocean heat uptake
than neutral directions, with cold temperatures south (to the
left) of warm temperatures. The neutral diffusive flux transports heat upward and towards the pole. This schematic is
motivated by Figure 11 of Gregory (2000) and Figure 8 of
Hieronymus and Nycander (2013).

Neutral directions in low & mid latitudes are dominated by temperature.
Upward mesoscale eddy heat flux decreases available potential energy.
Process is reflected in parameterizations of Gent and McWilliams (1990),
Greatbatch and Lamb (1990), Gent et al. (1995), Griffies (1998).
c. Density stratification impacted by salinity

Neutral directions are generally misaligned with conservative/potential temperature isolines. There is hence a component
of the eddy heat flux leading to downgradient neutral diffusion.
In a study based on observational data, Osborn (1998) noted
the generally upward heat flux associated with neutral diffusion.
Earlier, Davis (1994) (see his Section 3c) pointed to the general
cooling effects from neutral diffusive fluxes over broad regions
of the ocean interior.
Our particular region of interest concerns the high latitude
Southern Ocean, where isotherms are typically sloped more steeply
than neutral directions in the upper 1000 m. An example of this
orientation is shown in Figure 16, in which case downgradient
neutral diffusion of temperature fluxes heat poleward and upwards. This property of high latitude Southern Ocean eddy heat
fluxes was emphasized by Gregory (2000) and Hieronymus and
Nycander (2013) in coarse-resolution climate models, whereas
Morrison et al. (2013) discussed it in an eddy permitting process
study. Each of these studies highlighted the primary role played
by the Southern Ocean in effecting the global ocean heat budget,
with neutral diffusive fluxes a key contributor.

mesoscale without over-damping the resolved mesoscale (e.g.,
Hallberg (2013), Jansen and Held (2014)). As the methods are
improved, so too must the characterization of how the ocean
mesoscale impacts the climate system. It is towards the latter
goal that the present paper focused. Here, we identified two key
roles for the mesoscale in establishing the distribution of heat
within the ocean, and by implication within the climate system.
These roles involve both the time mean fine scale currents and
the transient mesoscale eddies.

Neutral directions in high latitudes are strongly impacted by salinity, so
that eddy-induced diffusion greatly impacts on heat transport.
a. The importance of vertical heat transport by transient mesoscale
eddies

Eddy diffusion along neutral directions (as per Solomon (1971) and Redi
(1982)) generally moves heat upward (cold above warm on isopycnals),
especially in Southern Ocean. Gregory (2000), Morrison et al (2013),
Hieronymus and Nycander (2013), Griffies et al (2015).
The predominant impact from vertical circulation acting on
the time mean fields is to transport warm water from the upper ocean into the interior, and cool water from the interior to
the upper ocean, thus rendering a net downward heat flux when
averaging over a horizontal region. Wunsch and Ferrari (2004)
and Gnanadesikan et al. (2005) emphasized the role of winds
in imparting the necessary mechanical energy needed to support
this heat transport. Correspondingly, as noted by Delworth et al.
(2006), biases in the wind patterns can lead to significant biases
in ocean heating.
6. Discussion and concluding remarks
Mechanical forcing from winds enhances ocean baroclinGlobal climate models are transitioning towards refined ocean
icity which increases available potential energy (APE). Trangrid resolutions sufficient to admit time mean and transient ocean
sient mesoscale eddies, particularly in the western boundaries
mesoscale features. During this transition, the community must
and Southern Ocean, feed off the APE. As identified by Osdevelop robust
accurate
numerical methodsOcean
(e.g., vertical
S TEPHEN .G RIFFIES
@and
NOAA
. GOV
mesoscale
born (1998), Gregory (2000), Wolfe et al. (2008), Delworth
coordinates (Adcroft and Hallberg 2006) and accurate transport
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Surface ocean geostrophic KE spectra
temporal inverse cascade
a) North-Western nwpacific
PacificKE energy spectra

sas KE energy
spectra
b) Atlantic-Southern
Ocean
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Figure 3. Frequency spectra of surface geostrophic kinetic energy for a) North-Western Pacific (Fig. 1d), b)

Surface oceanAtlantic-Southern
kinetic energy
spectra
from O’Rourke,
Arbic,
Griffies
(2017)
Ocean (Fig.
1e), and c) South-Eastern
Pacific (Fig. 1f)
in the CM2-1d
(red), CM2.5
(blue), submitted
701

702

and CM2.6 (black) models. Periods of 5 years, 1 year, and 3 months are indicated by vertical gray bands.

Temporal inverse cascade: Arbic et al (2012) and Arbic et al (2014)
Low frequency power is enhanced by high frequency mesoscale eddy
fluctuations: Speich, Dijkstra, Ghill (1995), Berloff and McWilliams (1999), Hogg,
Killworth, Blundell, Dewar (2005) Penduff et al (2011) Grégorio et al (2016).
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Intrinsic ocean variability from mesoscale eddies
274

T. Penduff et al.: Sensitivity of sea-surface height features to resolution
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Fig. 4. SLA standard deviation maps (cm) in AVISO observations (⇤ A , top) and the 4 model simulations (⇤ m , other rows). In this and the
following figures, results are shown from left to right in the mesoscale, quasi-annual , interannual, and large-scale interannual bands. See
text for details.

Variability
in sea level decomposed into time
scales from Penduff et al (2011).
– The same procedure is applied to (significant) tempomaps in this latitude band, is then computed as follows:
ral correlation maps C m (i,j ). This provides C m (⇥),

t
t
l
Power ati.e.low
frequency
is enhanced
the average
of temporal correlations
between ob- with eddying models.
l
m
ml
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served and simulated local timeseries in each latitude
band, for each simulation and frequency band (second
row in Fig. 6).SThese
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Southern Ocean density structure and wind stress
JULY 2010

1547

FARNETI ET AL.

FIG. 7. Zonally averaged isopycnal surfaces of potential density referenced to the surface [s0 5 r (kg m23–1000)] in
the upper Southern Ocean: s0 was chosen to better represent the upper ocean structure, although only minor differences were found when compared with s2. Gray lines are for the CTL integrations and black lines are for the perturbation experiments shown at the top of each panel. Data were temporally averaged between model years 176 and 180.
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Questions and concluding comments
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Sampling of research questions that brought me here
How much of the turbulent ocean consists of coherent material
regions, and how much is chaotic whirling flotsam and jetsom?
The answer is important for biology, parameterizations, climate.
More work is needed to understand the 3D nature of this question. Argo
facilitates these investigations. Yet far more data intensive Lagrangian
analyses, and more difficult theory (3d versus 2d).

Are we optimally transferring a better kinematic understanding of
oceanic flow into a deeper dynamical understanding?
Will stochastic parameterizations be ubiquitous in ocean models,
as they seem to be trending for atmospheric models? How
important are details of the noise?
Are there optimal numerical frameworks to
represent/parameterize ocean motions across the range of
turbulent planetary fluid dynamical scales.
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A few personal reflections on the science
We have entered an era of where observations, models, and
theory (and lab experiments) can coalesce to explore and to
rationalize the mechanics of a planetary scale turbulent ocean
fluid.
We need smart, efficient, and rigorous methods for analysis,
visualization, manipulation of the massive observational-based
and model-based datasets for this exploration.
Motivation comes from suggestions of emergent impacts on
climate and ecosystem variability from turbulent fluctuations.
This motivation generally funds proposals.
Motivation also comes from curiosity. Developing a mechanistic
understanding of how the ocean (and climate) works is
interesting, compelling, and deeply challenging. This motivation
generally attracts smart students!
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Many thanks for your time

King George VI and Queen Elizabeth greet Stoney chiefs in 1939. They brought a photo of Queen
Victoria (1837-1901). From Wikipedia
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