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Abstract We present an analysis of the oceanic heat
advection and its variability in the upper 500 m in the
southeastern tropical Pacific (100W-75W, 25S-10S) as
simulated by the global coupled model HIGEM, which has
one of the highest resolutions currently used in long-term
integrations. The simulated climatology represents a tem-
perature advection field arising from transient small-scale
(<450 km) features, with structures and transport that
appear consistent with estimates based on available
observational data for the mooring at 20S, 85W. The
transient structures are very persistent (>4 months), and in
specific locations they generate an important contribution
to the local upper-ocean heat budget, characterised by
scales of a few hundred kilometres, and periods of over a
year. The contribution from such structures to the local,
long-term oceanic heat budget however can be of either
sign, or vanishing, depending on the location; and,
although there appears some organisation in preferential
areas of activity, the average over the entire region is small.
While several different mechanisms may be responsible for
the temperature advection by transients, we find that a
significant, and possibly dominant, component is associ-
ated with vortices embedded in the large-scale, climato-
logical salinity gradient associated with the fresh intrusion
of mid-latitude intermediate water which penetrates north-
westward beneath the tropical thermocline.
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1 Introduction

The eastern parts of the subtropical Pacific and Atlantic
Oceans are characterised by coastal upwelling and low sea
surface temperatures (SSTs). The equatorward branches of
the subtropical anticyclones flow above those cold oceans,
where extensive and persistent decks of stratocumulus
clouds (Sc) develop. Above the boundary layer and the Sc
deck, the tropospheric flow is characterised by large-scale
subsidence associated with the descending branches of the
tropical Hadley—Walker circulation. The cloud decks
reduce the short-wave radiation received at the ocean sur-
face by about 100 W/m? (Cronin et al. 2006). These oce-
anic areas exert a strong influence on the mean climatology
of the tropical basins (Mitchell and Wallace 1992) and on
the heat budget of the tropical circulation (Hastenrath
1991; Norris and Leovy 1994).

It has been recognised for a long time that the system
described in the previous paragraph depends on coupled
atmosphere—ocean feedbacks (e.g. Ma etal. 1996;
Philander et al. 1996; de Szoeke and Xie 2007; Takahashi
and Battisti 2007). Basically, the cool atmospheric plan-
etary boundary-layer (PBL) maintains the Sc; these
intercept solar radiation and help, in turn, maintaining the
cool SSTs. However, recent studies have stressed a more
complex role of the ocean. Accordingly, offshore Ekman
transport from regions of coastal upwelling contributes
significantly to the cold surface climatology of the coastal
waters. In the south-east Pacific (SEP), Colbo and Weller
(2007) have shown from ship-based, XBT-line, and buoy
data over a period of 4 years, that the net surface heat
budget is positive at the location of the IMET buoy (208,
85W) of the Wood’s Hole Oceanographic Institute—i.e.,
the ocean gains heat in spite of cloud short-wave forcing.
This is consistent with reanalysis data from both ERA40
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and NCEP. Without cold oceanic advection, oceanic
temperatures would increase, and equilibrium would be
re-established either by increased heat export (with
potential implications for the tropical thermocline), or by
warmer SSTs and thus reduced net gain from surface
fluxes (with potential implications for the regional PBL
coupling and cloud-cover).

Colbo and Weller (2007) also showed that at the specific
location of the buoy, mean oceanic advection, i.e. advec-
tion implied by time-mean oceanic temperatures and cur-
rents, is insufficient to balance the surface heat budget.
They suggest that an additional advective cooling of the
order of 20 W/m? over the water column down to 250 m is
provided by transient ocean eddies. This suggestion raises
interesting questions concerning the large-scale controls on
the climatology of the SEP, the mechanisms that determine
it, and its sensitivity to various physical atmospheric and
oceanic processes. There is a strong motivation for
attempting to address such questions . The SEP is known as
a problem area for coupled general-circulation models
(GCMs), with significant implications for the simulation of
the climate of the entire tropical Pacific (Mechoso et al.
1995; Ma et al. 1996; Large et al. 1997) and its variability
(Manganello and Huang 2008; Toniazzo 2009). Without a
better understanding of such sensitivities on tropical and
subtropical Sc forcing it may not be possible to narrow the
main uncertainties that affect global climate projections
(Bony and Dufresne 2005), or to achieve a realistic rep-
resentation of tropical climate variability with GCMs
(Toniazzo 2009).

Motivated by the above, the present paper attempts to
address the specific need to better understand how much of
the upper-ocean variability in the SEP is controlled by
surface fluxes; how much is attributable to ocean dyna-
mics; and how this variability rectifies onto the mean cli-
matology. These issues have remained very uncertain. On
the one hand, the SEP is one of the areas of the world ocean
most lacking in observational data. On the other hand, the
extent to which GCMs, and especially coupled climate
models, can represent advection associated with oceanic
transients is doubtful. The upper-ocean thermal and salinity
structure and the surface forcing simulated by most GCMs
may not be sufficiently realistic, and one does expect some
sensitivity to the model’s resolution. Oceanic inertial-range
oscillations are excited at spatial scales of 500-1,000 km,
but are liable to cascade down to scales comparable to the
baroclinic deformation radius (~60km or 0.5° at 20S,
120 km at 10S) by a variety of mechanisms (Klein 2008).
According to one definition, observed surface vorticity
structures in the SEP have typical scales of 100-150 km
(Chelton et al. 2007). The spectra of sea-surface height in
the SEP area near 20S appear to peak near 500 km (Colbo
and Weller 2007).
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Advection associated with such small-scale structures
cannot be accurately represented in current-generation
standard-resolution coupled GCMs, where typical hori-
zontal resolutions are 1-2° in the ocean. Moreover, virtu-
ally all current GCMs (including forecast models and
reanalysis products; Cronin et al. 2006) tend to underesti-
mate Sc cover and overestimate downwelling solar radia-
tion. In spite of improvements in the last few years, the
regional heat budget in coupled GCMs is still generally
achieved via erroneously high SSTs, with associated errors
in the seasonal cycle and in the large-scale surface winds
(Yu and Mechoso 1999; de Szoeke and Xie 2007).

Recently, however, model simulations of better quality
have become available. In one approach, Capet et al.
(2008, 2009, in preparaion) use high-resolution regional
ocean simulations to study the role of the eddies in the
circulation, and to analyse the contributions to the heat
budget of the upper ocean. Capet al. (2008) find that the
rectifying mean advection from transients (i.e. the average
of ' VT over a period of several years) is significant, with
localised positive and negative contributions at different
depth, and a integrated heat flux over the upper 100 m of
the oceanic column characterised by very small scales.
These solutions are calculated for climatological surface
forcings and boundary conditions derived reanalysis
products, and the question is still open on how strongly
such constraints affect the simulations.

In a second modelling approach, free-running, self-
consistent multidecadal integrations of a coupled GCM
have been carried out with higher resolution then previ-
ously in both the atmosphere (5/4° in latitude by 5/6° in
longitude) and the ocean (1/3° x 1/3°, or about 30 km).
The model, called HIGEM (Shaffrey et al. 2008, and ref-
erences therein), derives from the new coupled GCM of the
UK Met Office’s Hadley Centre, HadGEM.

HiGEM produces a good simulation of the SEP climate
(see also Sect. 2), and of tropical-Pacific variability
(Roberts et al. 2009). In both these aspects there are
remarkable improvements with respect to lower resolution
models (including HadGEM), which crucially depend
on the increased resolution of the ocean component
(J. Donners, personal communication; Roberts et al. 2009).
Although at 1/3° resolution HiGEM cannot resolve the
oceanic dynamics on the scale of the deformation radius for
latitudes higher than ~ 10°, we will show that oceanic heat
advection from transients in the simulation is consistent
with existing estimates based on in-situ oceanographic data
(Colbo and Weller 2007).

In the present paper we examine the spatio-temporal
characteristics of oceanic heat advection in the SEP as
simulated by HIGEM. At this stage, we do not address the
question of how the characteristics of oceanic heat advec-
tion reflect on the SSTs. That would require the study of
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the additional mechanisms by which sub-surface ocean
stratification and dynamics affect the mixed-layer budget.
Arguably, however, no such study can conclusively be
carried out until the heat advection in the ocean column
and its mechanisms are sufficiently understood, and the
quality of model simulations of the regional oceanic cir-
culation is known. Thus, for the time being, the focus is
placed on the column heat budget.

Section 2 presents a short description of HIGEM and
selected results from the integration. Section 3 is dedicated
to the spatio-temporal characteristics of the model’s oce-
anic temperature advection. Section 4 discusses the possi-
ble underlying physical processes for transient advection,
and Sect. 5 presents our conclusions.

2 Model description and simulated SEP climatology

This study uses HIGEM1.2 (Shaffrey et al. 2008), which is
derived from the latest climate configuration of the Met
Office Unified Model, HadGEM1 (Johns et al. 2006;
Martin et al. 2006; Ringer et al. 2006). The atmospheric
component of HIGEM is based on a semi-Lagrangian, non-
hydrostatic dynamical core on an Arakawa C grid (Davies
et al. 2005), with horizontal resolution of 1.25° x 5/6° in
longitude and latitude (N144), and 38 levels in the vertical.
The parametrisations of planetary boundary-layer pro-
cesses follows the non-local scheme of Lock et al. (2000),
and is explicitly coupled with the mass-flux convection
scheme. The latter incorporates a separate diagnosis of
shallow and deep convection and a representation of con-
vective momentum transport.

The ocean component has a horizontal grid-spacing of 1/
3° in both longitude and latitude. In the vertical, there are
40 levels with smoothly increasing spacing from 10 m in
the first few, near the surface, to near 300 m at depth. The
maximum ocean depth is 5,500 m. The Eulerian advection
terms are computed using a pseudo fourth-order scheme
(Pacanowski and Griffies 1998) for tracers, and a second-
order centred difference scheme for momentum. The
external mode is solved with a linear implicit free-surface
scheme (Dukowicz and Smith 1994), and salt and water
fluxes are accounted for separately.

The details of the ocean physics parametrisations are
given in Stevens et al. (2009), and here we only provide a
brief summary. The vertical diffusivity at all depths follows
a Richardson-number parametrisation, with a minimum
background diffusivity which is depth-dependent for trac-
ers and constant for momentum. The mixed layer is treated
following the bulk equilibrium formulation of Kraus ant
Turner (1967). Immediately below the mixed-layer base,
the two formulations are matched by a local enhancement
of the diffusivity. In the horizontal, lateral mixing of tracers

is applied based on the isopycnal formulation of Griffies
et al. (1998), with a constant isopycnal diffusivity. Also, to
represent enhanced mixing at the ocean surface, tracers at
levels 1 and 2 are mixed horizontally using a biharmonic
scheme. In addition, at high latitudes noise in the tracers
fields is reduced via adiabatic biharmonic diffusion (Rob-
erts and Marshall 1998). The Boussinesq approximation for
inertia is used with a reference density 1.035 g/cm®, while
buoyancy is derived from the equation of state of
McDougall et al. (2003). Open-ocean convection is para-
metrised using the full convection algorithm of Rahmstorf
(1993).

Like other low-resolution ocean models, HadGEM uses
a Gent-McWilliams parametrisation (Gent et al. 1995) for
isopycnal thickness diffusion to represent the effects of
unresolved eddies. In HIGEM, the thickness diffusivity is
set to zero, as tests showed that it gave no clear benefits
with higher horizontal resolution, while resulting in
reduced eddy variability and the erosion of fronts.

A seventy-year integrations of HiIGEM1.2 was com-
pleted. The ocean was initialised from World-Ocean Atlas
data for September 2001 (Conkright et al. 2002); the
atmosphere was initialised from September ECMWF ERA-
40 re-analysis (Uppala et al. 2005). For comparison, a
parallel integration with HadGEM (version 1.2) was also
carried out, with identical physics package in the atmo-
spheric component. In this model, the resolution is
1.875° x 1.25° for the atmosphere, while the ocean has a
constant resolution of 1° in longitude but a non-uniform
meridional spacing with refinement equatorward of 30°
from 1° to 1/3°.

In both models the top-of-the-atmosphere (TOA) radi-
ation budgets, the atmospheric circulation, and the upper
oceans reach equilibrium within the first few decades,
although the abyssal ocean keeps adjusting from the initial
conditions.

Figure 1 shows the mean October SSTs from the simu-
lations and the observations. Like many current-generation
models (IPCC 2007), HadGEM SSTs have a marked warm
bias in the SEP. This is compounded by the cold bias in the
central south and equatorial Pacific, related to the excessive
strength of the trade winds, resulting in large errors in SST
gradients. By contrast, South of the Equator there is good
agreement between HiGEM and the observations, with the
largest errors, located near the South-American coast, of the
order of 1°C. West of 80W, SST errors are much smaller.
Low-level cloud cover in HIGEM is higher than in Had-
GEM, and cloud reflectivity compares well with observa-
tions (Shaffrey et al. 2008). Nevertheless, some problems
still persist despite the increased resolution. The simulated
inversion at the top of the planetary boundary-layer (PBL)
is too weak, and the cloud short-wave forcing may be a little
too small, with a downwelling component at the surface of
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210 W/m? at the IMET buoy’s location (20S, 85W), larger
than 194 W/m? (with an error less then 5 W/m?) estimated
by Colbo and Weller (2007). Consistently, long-wave,
sensible and latent heat fluxes are all slightly excessive (in
absolute values) than the measurements at the site of the
IMET buoy. Also, amplitude in the mean seasonal cycle of
net downward heat flux is a little too weak. Even so, its
temporal characteristics are well captured, with net heat
gain by the ocean between September and March, and
smaller heat loss between April and August.

Figure 2 shows the simulated upper-ocean temperature
and salinity profiles at the buoy’s location together with in-
situ data. Below the mixed layer, the simulation agrees
reasonably well with the observations. There are small
systematic differences mainly in the depth of the mixed
layer (too shallow), in the thermocline structure (too dif-
fuse), and in the second salinity maximum below 200m
(too deep and diffuse). The salinity minimum is, however,
present in the simulation, with the correct depth, and values
close to the observed.

Finally, Fig. 3 shows snapshots of the near-surface
ocean vorticity, and statistics for the sea-surface height

Fig. 1 Mean SSTs in the SEP.

(a) HiGEM and Reynolds v3

from the simulation. These fields are characterised by
features with small spatial scales and high relative vorticity
typical of oceanic eddies. The power spectrum of sea-
surface elevation follows a power law k™ ¢, with a ~ 2.5,
down to scales of 250 km, and drops off sharply at higher
wavenumbers.

A drop in the spectral energy-density at around 6-8
times the grid spacing is commonly observed in numerical
models (D. B. Chelton, personal communication); it might
be related with the inclusion of biharmonic diffusion in
HiGEM, and it does not necessarily imply that smaller
structures are not important. Nevertheless, the cut-off value
we find compares favourably with the spectral peak around
500 km reported by Colbo and Weller (2007), or around
400 km as simulated in the high-resolution (1/9°) regional
ocean model of Penven et al. (2005). In terms of observed
eddy statistics, Chaigneau et al. (2008) report average eddy
radii of 100 km at 20S, corresponding to a wave-length of
400 km. They also show that most EKE is associated with
the larger, longer-lived eddies.

The westward motion of the sea-surface height struc-
tures (right-most panel in Fig. 3) is ~4.5cm/s, also in line

(b) HadGEM and Reynolds v3
0
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Fig. 2 Temperature (left) and

T,S profiles @20S,85W (October)

salinity (right) profiles at (20S,
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with the observations for this region (S.-P. Xie, personal
communication).

Evidence that some of these structures can be under-
stood as transient eddies is given by the Okubo—Weiss (O—
W) diagnostics as used, for example, in Chelton et al.
(2007) or Penven et al. (2005). The O-W parameter is
defined as the difference between the square of the defor-
mation and the square of the vorticity, i.e.

&= (0 — o)+ (0w + dyu)’— (0w — dyu)’ (1)

and is suited to tracing eddies as they are characterised by
large vorticity in their centre and large deformation at their
edges. Figure 4 gives the statistics associated with negative
local minima of the Okubo—Weiss parameter within the
SEP region (threshold —4e—12 572). For this calculation, a
high-pass Fourier filter with cut-off at 13 grid-points
(470 km) was applied to the sea-surface elevation data in
order to isolate mesoscale structures from sharp features of
the regional circulation. The derived eddy statistics are
generally consistent with the findings of Chelton et al.
(2007) and Chaigneau et al. (2008) from altimeter data.
The O-W diagnostics gives an estimated mean eddy-
diameter of about 130km, and on average the eddies
propagate westwards while conserving their basic struc-
tural properties (size and central vorticity); anticyclonic
({ > 0) and cyclonic ({ < 0) eddies tend to propagate with
positive and negative meridional velocity, respectively. At
approximately 2.7 cm/s, the mean zonal propagation speed
of identified O—W features appears to be lower than that of
surface-height anomalies (Hovmiiller diagram in Fig. 3),
appears to be slightly lower than observed for eddies at
similar latitudes (Chelton et al. 2007). Our statistics are

affected both by weak, short-lived “point-eddies”, for
which the O-W diagnostics may not be suitable (see also
Chaigneau et al. 2008), and by a number of eddies which
are nearly stationary and tend to be have large amplitude.
The number of O-W features that do propagate at the
observed speeds in excess of 3.5 cm/s (cf. Figure 4 in
Chelton et al. 2007) is small. Our values may compare a
little more favourably with the results of Chaigneau et al.
(2008), who give a mean propagation speed of 3 cm/s for
eddies at 20S. In any case, the vorticity and O-W diag-
nostics together imply that some of the relevant range of
observed eddies is active in this model.

3 Mean and transient oceanic heat advection

In the calculations for the present analysis we used
29 years of instantaneous 3-D data fields at intervals of
5 days from the HiGEM integration.

The upper-ocean column-integrated temperature advec-
tion is defined as jdz (—u-VT), where u and V are the
three-dimensional current and gradient operator respec-
tively and the integral is computed between z = 0 and
z = —477 m, corresponding to the top 20 model levels.
Results obtained when including one more level are prac-
tically identical on the time-scales of interest here. In the
following, we express the column-integrated heat advec-
tion tendencies as equivalent surface fluxes in W/m? by
multiplying by the specific heat per unit volume, pc,. For
ease of notation, we shall generally refer to the integrand
only, assuming integration and scaling (except for Fig. 13
where explicit reference needs to be made to the vertical

@ Springer



T. Toniazzo et al.: Upper-ocean heat budget and ocean eddy transport in the south-east Pacific
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Fig. 3 a Snapshots of the relative vorticity fields in the SEP at z =
—56 m from the HiGEM integration, taken from three different model
years (columns) on 16 March (upper row) and on 16 September
(lower row). The units are 107 s. b Average spatial spectral power
density of the ocean surface height field for 30 years of the
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(a) O—-W eddy diameter Cum.DF
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Fig. 4 Statistics derived from the Okubo—Weiss parameter, ¢, for the
properties of eddies in the SEP in the HIGEM model. a Cumulative
distribution of diameters of all features within the SEP (105W-75W,
24S-15S) having a central O-W value ¢ < —4 x 107'%/s% The
diameter D is defined as twice the distance from the minimum at
which the average ¢ = 0. b Average eddy diameter as a function of
age. ¢ Average evolution of eddy central vorticity { as a function of its

structure and the temperature advection tendency is given
in W/m?).

The total mean advective tendency is the long-term
average of —u-VT. This can be decomposed into a part
attributable to the long-term mean circulation, and a part
attributable to anomalies, i.e. departures from the long-
term mean. We thus write:

—u-VT=—@+u)-V(T+T)=-u-VT —u - VT,
(2)

where X indicates the long-term average of x and use is
made of x' = 0. The contribution to the mean advection
from anomalies is, therefore, given by the vertical integral
of —u - VT +u-VT. This quantity is shown for a section
along 20S as the red line in Fig. 5, together with the total
advection —u - VT (dark blue line), the advection implied
by the mean fields, —i - VT (green line), and the mean
downward surface heat flux (black line) from latent and
sensible heat and short-wave and long-wave radiative
components.

As discussed above, in the annual mean the ocean col-
umn gains heat from the incoming solar radiation, which is
only partially reflected by clouds. The other surface-flux
components, foremost evaporation, which are all negative,
do not fully compensate the short-wave heating. In the long-
term average, the local budget must be closed by cold

(b) Di'omet'er ' (c) ¢
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%6 -4 -2 0 2 -50 0 50
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age. d Histogram of zonal propagation speed for cyclonic (blue) and
anticyclonic (red) eddies with origin between 22S and 18S. The
frequency-distribution functions are normalised to 1, and the total
number of tracks in each case is given in the legend. e For the same
eddy populations, histogram of mean propagation angle relative to
due west (positive = poleward)

Surf. flux (down) & oc.advective —dT/dt
o[ T T T T T T T T T ]
100~
[ — Surface fluxes
L — Total advection
80 Mean—field advection
r — Eddy advection
. 605
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—2ol . . o
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Longitude

Fig. 5 Components of the ocean-column heat budget along 20S in
the SEP. The mean downward surface flux (black line) is approxi-
mately balanced by the total mean advection (dark blue line; sign
inverted). The latter is decomposed into a mean advection component
(green line) and an advection component from anomalies (red line)

oceanic advection, exporting heat to other parts of the ocean
(mostly westwards and polewards). Figure 5 shows this
to be approximately the case. The residuals provide an
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estimate for long-term model drifts, and for the accuracy of
our calculation, which neglects horizontal diffusion. In the
region of large gradients near the coast, these errors can
be as large as 6.5 W/mz; elsewhere, they are less than
3 W/m?. Figure 5 also shows that, at this particular location
(20S, 85W), transients dominate the long-term balance,
with smaller contributions from advection of the long-term
mean temperature by the long-term mean currents. In the
model, the heat advection from anomalies at the location of
the IMET buoy is about —20 W/mz, consistent with the
observational estimate of Colbo and Weller (2007), which
varies between —30 + 12 and —20 + 11 W/m?.

In order to understand the physical meaning and the
climatological consequences of this apparent match, we
proceed to characterise the spatio-temporal properties of
the variability associated with heat advection as repre-
sented in the model.

A significant role for the non-steady part of the circu-
lation may be expected, since both the seasonal cycle and
interannual anomalies associated with the El-Nifio/South-
ern Oscillation (ENSO) have large amplitudes in the SEP.
The question is which of the various sources of variability
generates transient heat advection with a non-vanishing
long-term mean. In general, different mechanisms will be
characterised by different spatial and temporal scale. For
example, the wind-driven Ekman circulation is character-
ised, like the winds themselves, by relatively short tem-
poral scales and relatively large spatial scales. By contrast,
the geostrophic subduction of surface-temperature or sur-
face-salinity anomalies will occur on annual time-scales or
slower, and will be associated with displacements of the
thermocline or with temperature and salinity fronts. We
have also shown that structures of small spatial scale
resembling mesoscale eddies are simulated in HIGEM.

In order to isolate the spatial and temporal scales of the
flow associated with rectifying transient advection, we split
the ocean currents and temperatures into distinct tempo-
rally and spatially filtered components:

—u VT = -y +uh) - V(T] + T) (3)

where subscripts indicate orthogonal components in either
time or space. In the case of time-filtering, the advec-
tive tendency the cross-terms between different com-
ponents vanish in the time-mean, ie. —u'-VT =
—u} - VT; —u, - VT,

A first decomposition is shown in Fig. 6, where u},T|
are taken as monthly departures from the long-term mean
of the mean seasonal cycle, and u’z, Té are the anomalies
with respect to mean seasonal cycle. Two properties of the
advection field immediately stand out. First, the spatially
smooth long-term mean total advection is the sum of two
spatially “noisy” components, one attributable to the mean
circulation, —u - T, and the other to a residual mean from
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the interannual anomalies. Second, among the time-varying
components, the mean seasonal cycle does not rectify onto
a significant advective contribution, except near the coast
and near the Equator. The small-scale spatial pattern
apparent in —% - T is somewhat surprising considering the
smoothness of its factors. To some degree, the advective
tendencies generated from anomalies act to cancel those
small-scale features and bring the column energy budget
back into balance with the spatially smooth surface fluxes.
Also, the simulated advection associated with transients
does not cool the ocean everywhere, but exhibits a broad,
zonally oriented cooling/warming dipolar structure along
178S.

We further split the time-varying component of the
current and temperature fields, # —u and T —T, into
Fourier bands of different frequencies by applying, point
by point, low-, band- and high-pass Fourier filters to the
data time-series. The results (Fig. 7) show that the anom-
alies associated with mean oceanic heat advection are
predominantly characterised by time-scales comparable to
the annual cycle (“inter-seasonal”), although transients
with longer, i.e. inter-annual, periods cannot be neglected.

At the location of the IMET buoy, inter-seasonal and
inter-annual anomalies both contribute to the “eddy” heat
advection (Fig. 8). The contribution of transients with
periods less than 4 months is generally negligible.

The persistence of small-scale structure in the oceanic
heat advection is visually exemplified in Fig. 9 which
shows annual-average advection totals (u - VT, where by
the bar we now intend an average over one year only) and
means (% - VT) for nine consecutive years of the simula-
tion. Even on annual time-scales, the small-scale features
present in the total advection heat tendencies are not
matched by similar ones in surface fluxes, which are spa-
tially much smoother. Annual-mean heat-budget surplus or
deficit of the order of 20 W/m? over small areas are
common.

Applying spatial high-pass Loess filters (Schlax and
Chelton 1992) shows that the small-scales features in the
long-term mean oceanic heat advection are almost entirely
generated by anomalies with characteristic spatial scales of
less than 500 km (Fig. 10). An even higher filter cut-off of
6 grid-point (~200km) yields a noticeably weaker, but still
recognisable contribution, suggesting that there is still
variability associated with the smallest spatial scales
resolved numerically on the model’s grid.

4 Generation of rectifying transient heat advection
Consistently with the properties of atmospheric variability,

variations in the oceanic column heat budget have temporal
characteristics similar to those of surface-flux anomalies in
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Fig. 6 Maps showing (a) the (a) Total [W/mz]
model 20-year mean, total heat

advection in the upper ocean

(0-500 m), and the partial

contributions from (b) heat

advection by the mean fields,

from (c) the anomalies, with 10S
respect to the long-term mean

fields, of the average seasonal

cycle, and from (d) the

remaining anomalies. The box

drawn in each map represents

the location of the IMET buoy R0S
(Colbo and Weller 2007)

108

20S

Fig. 7 Similar to Fig. 6, further (c) P < 4m

decomposition of ocean heat z z

advection from anomalies into

contributions from anomalies sk

low-, band-, and high-pass %

filtered in time, in panels (a), (b) F.f

and (c) respectively. The 20s F O

residual from the cross-terms of

the Fourier components is non-

vanishing due to FFT aliasing of 253§

the finite time-series, but it is

very small L L s
95W  90W  85W  BOW  75W 95W  90W  85W BOW  75W

|| D | D

-16 -8 0 8 18 -16 -8 0 8 18

the high-frequency part of the spectrum over large spatial  more closely that of the advective tendencies. At smaller
domains (Fig. 11c, d). At longer temporal scales, the  spatial scales also the high-frequency association between
temporal spectrum of the heat-budget changes follows  the heat budget and surface fluxes is lost (Fig. 11a, b).
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Ocean advective —dT/dt (eddies)
L e

50 E
40 E
— Total eddy advection E

P>12 months ]

30 12 months > P > 4 months E

P < 4 months

-20 . L P M
90w 85W 8ow 75W
Longitude

Fig. 8 Total mean advection (black line) along 20S in the SEP. This
is decomposed into advection by anomalies with time-scales of less
than 4 months (red line), of between 4 and 12 months (green line),
and of longer than one year (blue line). See text and Fig. 7

Identical considerations apply to the wind-driven Ekman
flow. In general, anomalies in the surface fluxes or in
Ekman advection do not correlate with the ocean heat
budget over the temporal scales (>4 months) and spatial
scales (<500 km) which characterise rectifying advection
transients (not shown).

The Ekman flow was estimated by fitting the surface
currents to an Ekman spiral for the given wind-stress at
each location and for each pentad-mean, giving an Ekman
depth. Although this estimate was found to be consistent
and useful for interpretation, it is not rigorous.

Geostrophic velocities, by contrast, could be calculated
at each time from the temperature and salinity fields via the
equation of state, the sea-surface elevation and hydrostatic
balance. Geostrophic temperature advection was then
computed from these currents, assuming V - u = 0, and
split into components in different frequency bands. Fig-
ure 12 shows the result of this decomposition and can be
directly compared with Fig. 7. The results confirm that
rectifying temperature advection from transients is mostly
attributable to geostrophic flow anomalies. Furthermore,
we have verified that anomalies in the vertical component
of the flow give a negligible contribution almost
everywhere.

This has immediate implications which we discuss in the
following. Our aim is to understand the origin of the cor-
relations between the local geostrophic currents and the
local gradients in temperature that give raise to the recti-
fying advection from transients, i.e. to the non-zero mean
for u’gVT’. Such correlations are not obvious; at the same
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time the pattern of W is localised in a preferential area,
in two broad bands between 20S and 15S.

First let us inspect the temperature and salinity structure
of the ocean near the IMET buoy’s location at 20S, 85W
(Fig. 13). The region is characterised by an intrusion at
depth, just below the thermocline, of fresh water from
higher southern latitudes. This large-scale feature in the
SEP is well-documented (see e.g. the World Ocean Atlas;
Conkright et al. 2002). Within the thermocline, the density
gradient associated with the salinity field has a positive
vertical component in this region, but a possible instability
to mixing by salt fingering is not represented in the model.

The distribution of heat advection (indicated by the
colour-coding in Fig. 13, see caption) suggests that tran-
sients are particularly important at the edge of the intru-
sion, where VS and VT turn out of alignment with each
other. Considering the sharpness of the thermocline and of
the halocline (which is very pronounced in actual, instan-
taneous fields, compared with the time-averages shown
here), and the negligible contribution to transients from
vertical advection, we interpret this in the following way.

The geostrophic current is given by u, = 1/(pf)Z x
Vip, where p is the density (assumed constant in the
inertial terms), f is the Coriolis parameter, Z is the upward-
pointing unit vector, p is the pressure, and V, is the hori-
zontal gradient operator. From hydrostatic balance,

Vi =gV / pdz =g /(ﬁVhS —aV,T)dz (4)

o:=—0p/0T and p:=0p/0S(x > 0,5 > 0). Note that,
here and in the following, we neglect anomalies in the sea-
surface heights, since we are only interested in local
current anomalies that correlate with local temperature and
salinity anomalies. The horizontal temperature advection
from geostrophic currents is then written as:

ug.thpﬂ / ﬁV;,Sdz} X VT — { / thsz] X V,T.
(5)

The terms on the right-hand side of Eq. 5 give a non-
zero contribution if the isohalines intersect the isotherms
(there is “spiciness”), or the isotherms turn with depth.
Both conditions are verified in the SEP. Figure 13a
shows that both the thermocline and the halocline are
sharp and sloping. Moreover, Fig. 13b shows that the
turning of the isohalines towards the vertical in
coincidence with the termination front of the fresh
intrusion also provides a configuration where the
horizontal density gradient increases just below the
thermocline at z ~ —200. We can idealise the situation
depicted in Fig. 13 by assuming that there is an upper
ocean layer above the thermocline where VS, ||V,T
(where the subscript indicates upper-layer quantities),
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Fig. 10 Total mean advective
heat tendencies from anomalies
(first panel from the left), and
from anomalies with spatial
scales of less than 13 model
grid-points (~450 km, middle
panel) and of less than 6 grid-
points (~ 200 km, right-most

All anomalies

L < 450 km L < 200 km

panel) 20S 20S
25S 25S
100w 9ow 80w 100W 90w 80w 100w 0w 80w
T 2 TTeaa T 2 Team HET 2 ThEaa
—-26-18-10-22 10 18 26 -26-18-10-22 10 18 26 —26-18-10-22 10 18 26
Fig. 11 Power spectra of heat 85.5W—-84.5W 20.55-19.5S 100W—-90W 255—-15S
budget, surface fluxes, and total N I T T T
and Ekman advection averaged
over two areas in the SEP, a
1° x 1° box in panels a and b, 100.0F E 100.0F <
and a 10° x 10° box in panels ¢ 3
and d, as indicated. The upper . .
panels (a, ¢) show the spectra hS hS
for the totals, the lower panels ~ 100F 7 X '00¢ 3
(b, d) for the anomalies =z, =
1.0F E 1.0F 4
0.1 . R 0.1 . R
0.01 0.10 0.01 0.10
months™! months™!
Anomalies Anomalies
T T L | E T T L |
(b) (d) — Column heat budget
Surface Heat Flux
100.0 k 4 100.0F — Column advection
3 — Ekman component
P , N
< 100k SN vN_ 4 & 100k 4
o~ / ~N £
= ¢ = i
— /’
1.0F E 1.0F 4
0.1 . R 0.1 . R
0.01 0.10 0.01 0.10
months™! months™!

and a lower ocean layer, beneath the thermocline, where
V,T turns out of alignment with both. At a depth z in
the deeper layer the two terms on the right-hand side of
Eq. 5 can be thus approximated as:

Bg og
u -VhT%—AZ VhS X V/,T ——AZ‘Y VhTs X VhT s 6
s of ( ) of ( ), (6)
where Az and Az, represent the thicknesses of the deep and

upper layer, S and T are deep-layer salinity and
temperatures, and 7, is the upper-layer temperature.
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(Note that there should also be a term in S analogous to
the that in T,; but assuming V,Ss||V,T; this can be
effectively incorporated in the T term). In order to study
rectifying transients in geostrophic ocean temperature
advection, Eq. 6 can be applied to the anomalies, i.e.

—u; . th/NCl(vhS/ X th/) — b(thé X VhT/), (7)

where a and b are positive constants (f < 0). We note that
for the anomalous geostrophic advection of salinity there is
a term identical to the first in Eq. 7, with a different
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Fig. 12 Similar to Fig. 7, for
advection from geostrophic
currents only

(b) 4m < P < 1lyr

—400[_I =£4.9

9BW 94W 90OW 86W 82W 78W 74W 288

Fig. 13 Sections showing heat-advection tendencies, in W/m>, from
(total) transients, in filled colours. Contour interval is 0.04 Wim?,
with deep red indicating values in excess of 2 W/m® and deep blue
indicating values less than —2 W/m>. Line contours represent the
temperature field, in white (contour interval 1°C); the salinity, in

positive constant as f§ is replaced by o in the first term on
the right-hand side of Eq. 6.

We have evaluated the two terms on the right-hand side
in Equation 7 from HiGEM data at the IMET buoy’s
location. In Fig. 14, they are plotted together with the
vertically integrated, horizontal temperature advection
from geostrophic current anomalies, calculated directly as
O, = [ —u,'V,T'dz. Tt is confirmed that they provide
useful estimates of anomalous advection at that location.
They both rectify to negative values (cold advection), as
®, does, and their correlation with ®, are equal to 0.43
and 0.49, respectively, which are highly significant values
for the 1,440 time-points considered. For each, we chose
the level with the best correlation with ©,, and it is
interesting to note their slightly different depths; but

228 188 148

98W 94W 90W 8BW B82W 7BW 74W

black (units of (PSU-35)*10, contour interval of 0.075 PSU); and the
density, in purple (units of kg/m>—1,000, contour interval of 0.4 kg/
m?). a Depth-longitude section along 20S. b Depth-latitude section
along 85W. ¢ Planar section at constant depth, z = —188 m

correlations are equally significant for all levels between
200 and 300 m, where both the misalignments in the gra-
dients and the currents are large. Among all estimators that
can be based on Eq. 5, these are the best, in accord with the
above interpretation. Fluctuation in the upper-ocean sali-
nity Sy are not well correlated with 7}/, but they are smaller
and have a small effect on the density and pressure. The
salinity perturbation at depth, by contrast, are large, and
well-correlated with temperature. In fact, the biggest con-
tributions to 7, do not arise at the surface with, but rather
at the level of the mean thermocline. In particular, the
“shallow” layer characterised by T, is in fact the thermo-
cline between 120 and 200 m of depth, adjacent to the
“deep” layer. All this phenomenology appears to be
determined by the presence of the fresh intrusion. Shown in
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Fig. 14 Time-series of the
anomalous, rectifying,

Advection and estimators @20S:85W

horizontal geostrophic
temperature and salinity
advection (red and green lines,
respectively) and the two
estimators of Eq. 7 (black solid

and dash-dotted lines,
respectively). Note that the
times-series continues across
the three panels. The curves,
which are based on pentad-
frequency data, have been
smoothed for easier reading

Standard deviations

before plotting. See text for
discussion
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Fig. 14 is also the vertically integrated anomalous salinity
advection, X, = f —u; -V,S'dz. It also correlates posi-
tively with both ©®, and (V,5'xV,T")(c~0.3), as
expected. The magnitude of the two estimators is also
realistic. Inserting the coefficient of Eq. 6, with a typical
values for o~ 10kg/m®/ PSU, f ~ 30kg/m®/K, and
Az ~ 100 m, the averages and standard deviations of the
two estimators ~ 107> K/s for the depths considered,
within a factor of 2-3 of the values for ®,.

In the following, we discuss the possible mechanisms
generating advection anomalies of the form (7) which
rectify in the mean. We focus on the V,8'xV,T’ term,
keeping in mind that all considerations apply equally to the
ViT!xV,T" term, as long as it is allowed that the
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perturbations considered affect the deep and the thermo-
cline layer with perturbations of the same sign. Our task
therefore reduces to considering mechanisms which gene-
rate correlations between VS and V,T’. We hypothesise
that such correlations arise from perturbations of the frontal
structure associated with the fresh intrusion, which cause
changes in either the position and intensity of the front, or
perturbation in the front structure itself. Let us consider
each case in turn.

From the 7, S fields depicted in Fig. 13c, a displacement
of the water-mass associated with the fresh intrusion near
the salinity front at 20S, 85W tends to generate a negative
correlation between S’ and T'. If we assume the fronts
dividing the water-masses in the horizontal plane to be very



T. Toniazzo et al.: Upper-ocean heat budget and ocean eddy transport in the south-east Pacific

sharp, as in the cartoon of Fig. 15a, with f < 0, a negative
angle between V,T and V,, S generates a cold advection
anomaly at the front intersection during the displacement.
Note that a displacement opposite to that shown in Fig. 15a
will simply change the signs of all anomaly gradients,
resulting in advective anomalies of the same sign. Con-
versely, a change in sign of the temperature gradient across
the front will be associated with advective anomalies of the
opposite sign. (An example of such a configuration can be
seen near 225, 77W in Fig. 13c).

We hypothesise temporary displacements of existing
oceanic fronts by “exogenous” advection not associated
with local (i.e. localised in depth) perturbations in tem-
perature and salinity. The conceptual mechanism we
propose thus involves a two-step process with first-order,
non-rectifying advective perturbations which generate the
correlated 7', §' anomalies that finally rectify in the mean.
The perturbations can originate in the column above the
relevant depth; for example in association with baroclinic
eddies.

An alternative, slightly more elaborate, and probably
more realistic form of this conceptual mechanism is sket-
ched in Fig. 15b. In this case the displacement of water
masses does not need to be large compared to the width of
the front, and the correlations between VS’ and V,T are
assumed to originate from the advection field of an eddy-
like kinematic feature. One can formalise this case by
assuming background temperature and salinity fields of the
form T = G0, y) and S = Gs(x, 0), where VT = Gry

and VS = Ggx are assumed constant. By Eq. 6, the tem-
perature advection from the mean geostrophic flow is
proportional to G7Gg/f. (As discussed before, we can make
the special case that the second term is zero). The eddy-like
feature is represented by a height field of the form
E = ¢H(s) where s = s(x,y,1) = [(x — ct)* +y*]/(2R?), ¢
is the zonal propagation speed of the eddy, R its radius, and
¢ its central height (which can be negative). The non-
dimensional function H(s) is assumed to be positive, inte-
grable, and monotonically decreasing with respect to its
argument s. The eddy currents are then given by
v, = (ge/fR?)[—yH', (x — ct)H'], where the single quote
indicates the derivative, i.e. H'(s) = dH/ds. These generate
anomalous temperature and salinity advection resulting in

the following anomalies:
t

t
/ € /
§'=- / v, - VSdi = st%y / H'(s')dt (8)

1 1

T — — / v, - VTdl = —GTf% / (x — Ct/)H/(S/)dl/
- GTj;—jms) 9)

—00

Here, s’ = s(x, y, ), and in the last equality use has been
made of OH(s)/dx = (x — ct)/R*> H = —1/c 0H'/dt and
H(s)—0 (s - o0). We can now compute the second-order
term of the eddy geostrophic temperature advection as
proportional to

$=8:<8S:
T=T1>T> /
Displacement

(a)

Fig. 15 Schematics of anomalies in the horizontal, geostrophic temperature advection field associated with a displacement of the salinity front
near 20S, 85W. The blue and pink areas indicate localised cold and warm advection anomalies, respectively. See text for discussion
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1 / n _ GrGs( ge 2 )’2 "2 X
s <o) = SR () e (1)
t t
2
« |H / H’(s’)dt’—i—%H’ / H'(s')dr (10)

In the time mean, as expected, this term does not average to
zero. For x = 0 we obtain

/ v T~ 970 (8¢ ’
f

9 7 0s)dr —2 ]O 0, (1)

where the function Q: = —(H*/2) and s = r*/2 + y*/2R*.
Since H* is monotonically decreasing, Q > 0, and the
induced temperature advection anomaly along the path of
the eddy centre rectifies with the same sign as the back-
ground mean advection. For most smooth eddy profiles
E(x, y), such as Gaussian or Lorentzian, H' >0 and
Q' <0, so that the second integrand is also positive defi-
nite. In the case of a Gaussian eddy, for example, we have
H(s) = e, Q(s) = e >, so that the first integral is equal
to /7/2exp(—y*/R?), and the second to twice that value.
In general, however, for any choice of H, integration over y
of Eq. 11 shows that all contributions exactly compensate,
i.e. in the time-mean the advection from these transients
vanishes when averaged over the whole domain. Equation
11 thus shows that the passage of an eddy rectifies onto an
alternating spatial pattern of temperature advection with
typical length-scale given by the eddy radius R.

In the presence of an ensemble of eddies following
different trajectories, any associated mean advection
depends on inhomogeneities in the magnitude of the large-
scale gradients Gy and Gg, and thus on the presence of
large-scale fronts. Preferred eddy trajectories or spatial
variations in the number of eddies represent other possi-
bilities. We observe that the expressions obtained do not
depend on whether the eddies are cyclonic or anticyclonic
(the sign of €). A mixture of the two does ensure that the
perturbation salinity and temperature fields, §' and T,
vanish in the time mean. Perturbations to the mean field
then arise through the second-order advective tendencies
alone.

It is interesting to note from Eq. 9 that the temperature
perturbation 7" has the same distribution as the eddy height
field E, and also the same sign if G¢/fc > 0. With ¢ <0,
this suggests that eddies are more likely to maintain
coherence against dissipation where the background tem-
perature gradient is equatorward. Note however that the
roles of T and S are symmetric in the present discussion,
and we can consider eddies which propagate along
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isohalines by simply substituting S and §" with T and T,
and vice versa, everywhere. The sign of both background
and perturbation advection tendencies is then reversed.

The problem can in fact be generalised for an arbitrary
eddy path and shape. The perturbation salinity and tem-
perature fields are written

(ViS' x V,T') = Viu(U, - V,,8) x Vi(U, -V, T),  (12)
where U, = (1/f)2 x VD and D(x,y) := [*__E(x,y,t)dt.

If we assume, as before, that on the spatial scales of interest
VS and V, T may be considered constant, then we obtain

(VhS/ X VhT/) =

(VS X Z,) x (VT X Z,) D
+ (ViS - VU, x (VT x Z,)

— (VT - V)U, x (VS % Z,) (10
+ (VS - V)U, x (V,T - V)U, (IIT)

where we have defined Z,: = V x U,, the time-integrated
vorticity. Terms (I) and (I) are proportional to Z2, but they
cancel each other out:

() = —(I1) = (VS x V, T)Z2.

Term (III) is equal to

(VS x v, T") = (III)
= —#(V},S x ViT)-
[4(2.8,D)" — 4(2;D)(8;D))- (13)

The expression in square brackets is formally identical with
that for the Okubo—Weiss parameter = of an eddy with a
surface elevation field given by D(x, y). For a stationary
eddy, H and D are exactly proportional to each other, and
the anomalous temperature advection generated by the
eddy has the same pattern as (—¢), the O-W parameter of
the eddy itself. We thus obtain a contribution to the mean
advection of the same sign in the eddy core, and with the
opposite sign at the edges. This is independent of the type
of eddy considered. For a moving eddy whose amplitude
does not change in time, the time-integrated height pattern
D decays in the direction perpendicular to the eddy path but
is constant along the path, except at the location of the eddy
itself, where its shape is not yet averaged out. If the cur-
vature of the path is small compared to the eddy’s radius, =
is close to zero everywhere except at the location of the
eddy. The crucial point is that along the path of the eddy
core the localised contributions are all proportional to the
negative of the O-W parameter and therefore they tend to
have the same sign as the mean advection.

The main assumption we make is that the eddy main-
tains a coherent structure throughout and remains unaf-
fected by the perturbation fields §' and T'. According to
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Fig. 16 Composites of the
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surface O—W parameter, ¢
(upper panels), and vorticity,
(lower panels), for negative
anomalies in the vertically-
integrated temperature
tendencies generated by
geostrophic advection, from
four pentads (20 days) before to
20 days after the peak. The
apparent velocity of the eddy-
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Eq. 9, in the case where the background salinity is homo-
geneous, or is aligned with the isotherms, this appears to be
a justified assumption. The approximation will still hold if
the eddy pressure field is determined by the thermal
structure of the overlying water and is therefore largely
unaffected by changes in 7 and S at the depth considered.
Note that we do not consider here the temperature and
salinity anomalies associated with the structure of the eddy
itself, nor how they interact either with the mean flow or
with the eddy advection field. This is a wider problem that
exceeds the scopes of this paper, and that probably cannot
be fully addressed with HIGEM.

Figure 16 supports the view that the cold advection
events at 20S, 85W are associated with eddy-like structures
as diagnosed by their vorticity ({) and the O—W parameter
(&). In Fig. 16 the structure appears to move with a zonal
speed consistent with that shown in Fig. 4; the ratio I{I/I¢] is
also similar. Indeed, the spatial association between the
total “census” of O-W eddies, as defined in Sect. 2
(Fig. 4), with that of anomalous geostrophic advection,
shown in Fig. 17, lends further support to the existence of a
mechanistic link.

To summarise, we posit that the small-scale structure in
the simulated advection field in the SEP is produced by
some form of baroclinic eddy activity, controlled by large-
scale fronts. Our tentative conceptual model helps in the
interpretation of the main characteristics of transient
advection: small spatial scale, “noisy” pattern organised
along wider structures seemingly persisting in time, and
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Fig. 17 Map of the vertically-integrated heat advection (in W/m?)
generated by geostrophic, horizontal advection (colour coding) and
the number-density of O-W eddies, as defined in Sect. 2 (black
contours) for 30 years of the HIGEM integration

apparent association with the strong salinity front related
with the freshwater intrusion.

We note that residual advection patterns like those
shown in Fig. 15 rely on either a very sharp frontal struc-
ture compared to its displacements, or spatial inhomo-
geneities in the occurrence of eddies, for example either
because of generation sites or because of preferred propa-
gation paths. In this latter case, the observed spatial scales
for the rectifying pattern of advection is expected be
bounded from below by the dominant eddy sizes, and from
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above by the spatial scale characterising the eddy-number
distribution. This is qualitatively consistent with Fig. 17.

Our conceptual model ignores the role of the vertical
structure in the stratification, which is also affected by
changes in the mixed layer, and ultimately by the surface
forcing. Moreover, by the mechanisms discussed it is pos-
sible to generate a persistent pattern of cold and warm
advection associated with transients, but with a vanishing or
near-vanishing area average. Although this matches the
model results to a first approximation, it is not rigorously
satisfied from our data. Cold advection anomalies are
preferentially associated with warm, fresh anomalies in
the thermocline at 20S,85W. This points to further
non-linearities of the system, possibly related with the
subduction of surface anomalies. The surface SEP is char-
acterised by a strong large-scale NW-ward surface salinity
and temperature gradients. Anomalies in freshwater forc-
ing, in this area can quickly generate anomalous V;,SxV; T
at the base of the mixed layer, thus potentially affecting the
way in which the freshwater input is subducted.

In view of the climatological prevalence of evaporative
fluxes in both heat and salinity surface budgets, precipita-
tion anomalies may be particularly effective in locally
altering the ocean’s “spiciness” (water salinity at a con-
stant-density surface). In this context, it is interesting to
observe that the largest positive contribution to the heat
advection tendencies from transients North of 17S is
associated with the longer (interannual) time-scales
(Fig. 12). These are more likely to be associated with
cumulative surface forcing and the slow subduction of
temperature and salinity anomalies in the seasonal cycle. In
the sub-seasonal band, the residual long-term mean
advection is also mostly positive and North of 17S, and in
this case a connection with ENSO, specifically El-Nifio
events, is evident, with warming over the the NINO3.4
region followed by a warm pulse in the SEP, as may be
expected from the excitation of fast, downwelling coastal
Kelvin waves. (No equivalent relationship is apparent for
La-Nifia events). For both these components, advection
variability is probably less strongly associated with free
baroclinic eddies than for the inter-seasonal component,
which shows no relationship with ENSO.

5 Discussion and conclusions

Oceanic heat advection in the south-eastern tropical Pacific
simulated by the high-resolution global coupled general-
circulation model HiGEM (1/3° x 1/3° in the ocean)
locally gives significant long-term mean contributions to
the heat budget of the water column.

At one particular location (20S, 85W) for which an
observational estimate could be provided from the analysis
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of long time-series of in-situ oceanographic data (Colbo
and Weller 2007), the simulated magnitude and sign of this
effect matches that estimate. However, at nearby locations
the model simulates contributions that are different both in
magnitude and in sign.

To shed some light on the climate processes involved,
we investigated the spatial and temporal characteristics of
the structures associated with these rectifying advective
anomalies and attempted a physical interpretation for their
generation. Either spatially or temporally, both advection
by the mean field and mean advection from transients are
highly variable. The latter item, in particular, is dominated
by small length scales (200450 km) and long time-scales
(>4 months). The relevant activity appears to be prefer-
entially located at the depth of the oceanic thermocline.
Qualitatively, these results are in good agreement with the
high-resolution regional simulations of Capet et al. (2008,
2009, in preparaion).

The evidence we find suggests that at least part of such
transient advection is dependent on the existence of a fresh
intrusion from higher latitudes along the east-Pacific sea-
board. The currents associated with large, non-linear
baroclinic eddies can cause local deformations of the front
and thus generate rectifying anomalous temperature and
salinity advection. Such interpretation implies that a
thickness-diffusion parametrisation of the Gent—-McWil-
liams type (Gent et al. 1995) may not capture—in models
with lower resolution—advection transients like those
described here. In addition to the limited ability to rep-
resent steep slopes of the thermocline on a grid spacing
with Az/Ax~ 1073, due to the strong salinity-temperature
compensation in the SEP, the thickness-gradient anomalies
are generally much smaller. Moreover, they tend to be
aligned with isotherms (Fig. 13), resulting in vanishing
temperature  advection by the Gent—-McWilliams
velocities.

The “noisy” spatial pattern in particular supports the
view that the ability of the model to resolve the dynamical
features associated with advection transients (i.e., accord-
ing to our interpretation, sharp fronts and baroclinic waves
in the pycnocline) critically depends on its resolution. The
characteristics of mesoscale features and their relation with
the mean flow may depend on the smallest resolved scale,
and affect the mean effect of such structures up to scale
comparable to the synoptic scales of the atmosphere, with
impacts on the atmosphere—ocean coupling. With regard to
this, a comparison with the lower-resolution version of the
model, HadGEM, is shown in Fig. 18, when the advection
fields of both represented on the coarser grid-size. This
highlights the large-scale dipolar structure of the rectifying
transient in the high-resolution integration which is not
present in HadGEM. Thus, even if when averaged over
regional scales the power spectrum of the column
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Fig. 18 Maps of oceanic heat-
advection tendency, in W/mz,
from transients: a for the lower-
resolution model, HadGEM;

b for the higher-resolution
model, HIGEM, averaged over
HadGEM grid-boxes.
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integrated advection are very similar in the two integrations
(not shown), the rectifying components, and therefore those
responsible for the maintenance of the oceanic heat budget,
differ considerably. We also show in Fig. 18 that the
contribution from the Gent-McWilliams parametrisation
(Gent et al. 1995) in the HadGEM integration. This con-
tribution to the advection can be written as —u*VT with
u* = —x0,(Vyp/d.p), and x = 150 m*/s in HadGEM. It
generally tends to correct the low-resolution ocean model
towards a better agreement with the high-resolution simu-
lation. However, its magnitude is too small, with values
less than 2 W/m? against differences (and HIGEM eddy-
advection tendencies) of ~20 W/m?. Compared to either
the difference pattern in panel (c) of Fig. 18 or with the
HiGEM eddy patterns seen in Figs. 6, 7, and 10, advection
generated by Gent-McWilliams fluxes tends to be too
strongly confined near the coastal area.

-3 =22 -14 -06 0.2 1 1.8 2.6
The peculiar spatial pattern of the transient ocean heat
advection found in our analysis implies that eddy advection
tendencies can be both positive and negative, and change
sign between geographically close locations. Over the
larger SEP area (100W-75W, 255-10S), the average mean
eddy advection from HiGEM is small and positive (2.4 W/
m?), thus contributing, on the larger area and in the long-
term mean, to warm the ocean rather than to cool it.
Most of this residual is associated with interannual
anomalies, with a significant “fast” contribution from
El-Nifio events. The advection mean associated with
anomalies on the inter-seasonal time-scales (4—12 months),
which are those most likely associated with eddies and the
mechanisms described in this paper, remains negative
(—0.5 W/mz). Be that as it may, Figs. 7 and 12 indicate
that this component alone, even when limited to geo-

strophic advection, is positive in certain areas, mainly
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North of 17S. This is partly determined by the mean
advection field which is spatially “noisy” itself and does
not compensate the smooth spatial distribution of surface
heat fluxes. Moreover, as demonstrated in Fig. 9, eddy
advection tendencies in the same location can change
markedly from one year to the other, with no short-term
(i.e. annual) closure of the heat budget.

To conclude, in the light of our findings the agreement
between the model-simulated advection at 20S, 85W and
the estimate of Colbo and Weller (2007) appears somewhat
fortuitous. First, a slight change in location of the buoy
would have led to a different assessment of the model’s
simulation. Second, at the two grid-points next to 20S,
85W, transient temperature advection in the model leaves
typical unbalanced heat tendencies of the order of 10 W/m?
over periods of four years, thus adding a further uncertainty
to the estimate of Colbo and Weller (2007) which is based
on a closed heat budget. It might be the case that the
fluctuating property of the mean oceanic advection field is
not realistic, implying smaller uncertainties for Colbo and
Weller’s (2007) estimate, but also invalidating the model
anyway. On the other hand, it might be that Colbo and
Weller’s (2007) estimation method for Ekman and geo-
strophic advection, which in part makes use of World
Ocean Atlas’ data, implicitly accounts for slow variability.
These are hypotheses that need to be observationally tested,
since it might well be that the heat budget on a particular
location is not, in general, representative for the larger area.
Such a conclusion would have far-reaching implications
for the observational strategies that need to be adopted for
such estimates.

From a modelling viewpoint, even if the limitations of
the observational framework make it difficult to quantify
possible errors, our results indicate that at 1/3° resolution
coupled climate models are, in principle, capable of pro-
ducing a level of small-scale heat-budget variability com-
parable to observational estimates. This important result,
combined with the contrast between HiGEM and the
lower-resolution (~1° x 1°) HadGEM model, highlights
the importance of carrying out a comparison with truly
eddy-resolving integrations, such as those of Capet et al.
(2009, in preparaion), in order both to understand if, or how
closely, numerical convergence is achieved, and to assess
the robustness of the oceanic mechanisms for variability
described here.
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