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Motivation
Why North Atlantic meridional heat transport?

Why the mesoscale?
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Trenberth and Caron (2001)

Overturning

• Of these three major components of meridional heat
transport
• The mesoscale is most likely to be poorly sampled
in observations and misrepresented in models
(esp. coarse-resolution models)

Motivation
• Observational estimates of meridional heat transport (MHT) tend to approximate the “eddy”
contribution as a spatial covariance of v and T across a basin
deviation from zonal average

Johns et al. (2011)

Distance (km)

• Model estimates of meridional heat transport usually consider the “eddy” contribution as the
temporal covariance of v and T
deviation from time average

Jayne and Marotzke
(2002)
• Neither definition is based on the essential characteristic of what we call an “eddy”:
its spatial scale (mesoscale)

A new spatial-scale decomposition of MHT
• Limitations of existing “eddy” MHT formulations:
• No distinction between fluxes of basin-scale gyres vs. mesoscale eddies (both are deviations
from zonal/temporal average)

• Eddies/mesoscale phenomena can be stationary, but temporal “eddy” flux only includes
transient propagating features

• Hence we develop a new formulation that considers the contributions of large-scale v and T
separately from the mesoscale
• Apply our formulation to an eddy-permitting ocean GCM (~0.1° horizontal resolution) to quantify
the mesoscale contribution to MHT, and compare with earlier eddy formulations

A new spatial-scale decomposition of MHT
• Model used in this study
•
•

POP ocean model, forced with CORE surface fluxes based on NCEP/NCAR reanalysis,
nominal 0.1° resolution (Johnson et al. 2016)
32 years of output used in this analysis (1978-2009)
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A new spatial-scale decomposition of MHT
• Method of separating large-scale and mesoscale
•

First remove the zonal means of v and T (overturning circulation)
Zonal means
Zonal integral
න𝑣𝑇𝑑𝑥 = න 𝑣 𝑇 + 𝑣 ′′𝑇′′ 𝑑𝑥
Overturning
𝑣 ′′ 𝑇′′ = 𝑣𝐿 𝑇𝐿 + 𝑣𝐿 𝑇𝑀 + 𝑣𝑀 𝑇𝐿 + 𝑣𝑀𝑇𝑀
Large scale

Mesoscale

• Apply low-pass and high-pass filters to obtain large-scale and mesoscale components
respectively

10° wavelength is used as the threshold for
separating large-scale and mesoscale
components, based on spectral analysis

A new spatial-scale decomposition of MHT
• How the threshold wavelength for the large-scale/mesoscale transition is selected
• From local maxima in 𝜕 2 ln V /𝜕 ln k 2, where V is the spectral density
• Corresponds to a turning point in the spectral slope in logarithmic space
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A new spatial-scale decomposition of MHT
• Results of the decomposition in the North Atlantic
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Case study at 40°N: large-scale vs. mesoscale
• Large-scale T flux contributions are spread out across basin; shallow ocean is not necessarily
coherent with mid-depth ocean
• Mesoscale T fluxes more concentrated near western boundary, and vertically coherent

Time mean contributions

Large-scale T flux, time mean, MW m-2

Mesoscale T flux, time mean, MW m-2

Case study at 40°N: large-scale vs. mesoscale
• Large-scale variability has a higher standard deviation locally…despite being lower than mesoscale
when basin-integrated (suggests some compensation)
• Mesoscale variability is more concentrated near western boundary

Interannual/decadal standard deviation

Large-scale T flux, standard deviation, MW m-2

Mesoscale T flux, standard deviation, MW m-2

What influences mesoscale T flux variability? (at 40°N)
• Regression of the total mesoscale T flux (at interannual/decadal frequencies) onto the local
mesoscale T flux
• For interannual & decadal variability, the western boundary still dominates mesoscale
contributions, but there are also substantial contributions from an interior region
Western
boundary
contribution
Interior
contribution

Mesoscale T flux regression, smoothed, MW m-2

What influences mesoscale T flux variability? (at 40°N)
According to mixing length theory (e.g. Green 1970)

𝑣𝑀 𝑇𝑀 ∝ 𝐸𝐾𝐸𝐿mix

𝜕𝑇
−
𝜕𝑦

However…
Surface eddy kinetic energy (EKE) is not a reliable indicator of mesoscale T flux variability

Mesoscale T flux (PW)

Many times of high EKE do not have a high mesoscale T flux

Basin-averaged surface EKE and basin-integrated MTF

What influences mesoscale T flux variability? (at 40°N)
According to mixing length theory (e.g. Green 1970)

𝑣𝑀 𝑇𝑀 ∝ 𝐸𝐾𝐸𝐿mix

𝜕𝑇
−
𝜕𝑦

Meridional temperature gradient is a somewhat better indicator of mesoscale T flux

Times of high
mesoscale T flux

Basinintegrated
mesoscale
T flux, PW

Mesoscale T flux anomaly, smoothed, PW m-1

Merid. temp. grad. anom., 10-5 °C m-1

What influences mesoscale T flux variability? (at 40°N)
Another way to decompose the mesoscale temperature flux (by definition):
𝑣𝑀 𝑇𝑀 = σ𝑣𝑀 σ𝑇𝑀 𝑅
Correlation of vM and TM
Standard deviations of vM and TM
Standard deviations & correlations are computed in moving windows spanning 10° longitude and 1 year

vM standard deviation, cm s-1

T M standard deviation, °C

R correlation coefficient

Note low
magnitudes of
correlation…the
mesoscale is not
particularly
efficient at
fluxing heat

What influences mesoscale T flux variability? (at 40°N)
Another way to decompose the mesoscale temperature flux (by definition):
𝑣𝑀 𝑇𝑀 = σ𝑣𝑀 σ𝑇𝑀 𝑅
Correlation of vM and TM
Standard deviations of vM and TM
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T M std. dev. anomaly, °C

R correlation anomaly

What influences mesoscale T flux variability? (at 40°N)

Amores et al. (2017)

Colors indicate tracer anomaly (in this case
temperature). Vectors indicate velocity.
Correlation of v and T
anomalies = 0

Correlation of v and T
anomalies ≠ 0

• If the structure of mesoscale features is nearly all “monopole”, it won’t matter how strong the local
EKE/velocity variance is; it will be very difficult to increase the net temperature transport
• The monopole is associated with “rotational” temperature fluxes

What influences mesoscale T flux variability? (at 40°N)
Is the correlation of v and T at mesoscales influenced by the (magnitude of the) meridional
temperature gradient?
• Seems to be in 1980, but less clear in other events
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The mesoscale T flux vs. other “eddy” T fluxes
• In the vicinity of 40 N, the mesoscale T flux has a similar time mean to the “time-varying” T flux 𝑣 ′ 𝑇′
• However, the mesoscale v and T have a clearer physical basis at each time step, rather than
defined based on a time mean over an arbitrary time range
• South of the Gulf Stream separation, there is a substantial mesoscale contribution despite a 𝑣 ′ 𝑇′
contribution near zero
GS separation

The mesoscale T flux vs. other “eddy” T fluxes
• In the vicinity of 40 N, the mesoscale T flux has a similar time mean to the “time-varying” T flux 𝑣 ′ 𝑇′
• However, the mesoscale v and T have a clearer physical basis at each time step, rather than
defined based on a time mean over an arbitrary time range
• South of the Gulf Stream separation, there is a substantial mesoscale contribution despite a 𝑣 ′ 𝑇′
contribution near zero → stationary mesoscale structure
GS separation
GS separation

Conclusions
• A spatial-scale decomposition of v and T allows for a quantification of
larger-scale (gyre-scale, often wind-driven) vs. mesoscale (instabilitydriven) contributions to meridional heat transport.
• In the North Atlantic, mesoscale fluxes make important contributions,
particularly in the region between the subtropical gyre (overturningdominated) and the subpolar gyre (horizontal large scale-dominated).
• In the mid-latitude band where the mesoscale is a main contributor, EKE
is not a good proxy for the mesoscale contribution to MHT
• The meridional temperature gradient and mesoscale vMTM correlation
are better indicators
• The mesoscale temperature flux contains a stationary component that is
not accounted for in the traditional (time-varying) 𝑣 ′ 𝑇′ eddy flux
• The stationary component is largest south of the Gulf Stream
separation.

Time mean

Some last comments
More details forthcoming in: Delman, A., Lee, T., A new method to assess mesoscale contributions to
heat transport in the North Atlantic Ocean, Ocean Science, in prep.
Upcoming work
• Apply these methods to other eddy-permitting models
• Coupled CESM, also nominal 0.1° ocean resolution (Small et al. 2014)
• ECCO MITgcm (LLC540, 1/6° resolution; also LLC2160, 1/24° resolution?) by Hong Zhang and
Dimitris Menemenlis

• Compare diffusivities implied by mesoscale MHT contributions in models with estimated diffusivities
in a coarse-resolution state estimate (ECCOv4 r3)
• Extend the scope of this work globally – southern Atlantic, Indo-Pacific, and Southern oceans
• Use spectral analysis to identify large-scale/mesoscale transition wavelengths at different
latitudes
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