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ABSTRACT

The relative importance of the processes responsible for the annual cycle in the upper-ocean heat content
in the Peru Current, in the southeastern tropical Pacific, was diagnosed from an oceanic analysis dataset. It
was found that the annual cycle of heat content is forced mainly by insolation. However, the ocean
dynamical processes play an important role in producing different regional budget characteristics.

In a band 500 km from the coast of Peru, the annual heat content changes in this region are relatively
large and can be approximated as sea surface temperature (SST) changes in a fixed-depth mixed layer. The
annual cycle of the albedo associated with low-level clouds enhances the annual cycle in insolation, which
explains the relatively strong annual cycle of heat content. These clouds, to a large extent, act as a feedback
to SST, but a small additional forcing, which is proposed to be cold air advection in this paper, is needed
to explain the fact that the maximum cloudiness leads the lowest SST by around a month. Ocean dynamics
is important closer to the coast, where upwelling acts partly as damping of the heat content changes and
forces it to peak earlier than farther offshore.

In a band farther to the southwest, locally wind-forced thermocline motions, which become shallower
(deeper) in the warm (cool) season, partially cancel the effect of net surface heat fluxes, whose annual cycle
is comparable to that in the region previously mentioned, producing a relatively small annual cycle of heat
content. The local forcing appears to be associated with the annual meridional displacements of the South
Pacific anticyclone. The annual cycle in SST is also relatively small, which is probably due to the changes
in the temperature of the water entrained into the mixed layer associated with the thermocline motions, but
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also to a mixed layer deeper than that closer to the coast.

1. Introduction

The Peru Current region, in the southeastern Pacific,
is a critical region for global climate because of its re-
lation to the EIl Nifio-Southern Oscillation and the
presence of highly reflective low-level clouds. Most cur-
rent climate models have problems representing the cli-
matology in this region adequately (Mechoso et al.
1995; Latif et al. 2001; Davey et al. 2002). In particular,
warm biases exist off the coast of South America, which
may be linked to problems in the representation of the
low-level clouds (Mechoso et al. 1995; Philander et al.
1996).
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The study of the annual cycle in this region is impor-
tant not only for understanding the seasonal interac-
tions between the ocean and atmosphere, but it might
also be relevant to understanding the mean state (e.g.,
Giese and Carton 1994). Although there have been sev-
eral studies dealing with the oceanographical condi-
tions in this region (see Strub et al. 1998 for a review),
the sparsity of observations in this region has not al-
lowed for an adequate depiction of the processes con-
trolling the climatology. Mitchell and Wallace (1992)
described the seasonal changes in the southeast tropical
Pacific and also proposed many hypotheses to explain
them, but mostly from a meteorological point of view.
Although there has been some modeling work on this
region (e.g., Gordon et al. 2000; Seager et al. 2003),
there is still a lack of observational diagnostic studies of
the oceanic climatology.

In this study we use an oceanic dataset, which was
created by assimilating observations into a numerical
ocean model, as well as satellite and in situ datasets that
represent the ocean—atmosphere interactions, to ad-
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dress the relative importance of different physical pro-
cesses in the annual cycle of the oceanic heat budget in
the Peru Current region and to gain a better under-
standing of the annual cycle in sea surface temperature
(SST).

2. Datasets

The oceanographic dataset used is the Climate Mod-
eling Branch (CMB) monthly Pacific Ocean RA6 hind-
cast dataset (hereafter CMB dataset) described by
Behringer et al. (1998). This is a retrospective monthly
analysis for the period 1980-98 produced by assimilat-
ing observations into the oceanic general circulation
model developed at the Geophysical Fluid Dynamics
Laboratory (GFDL) with a tropical Pacific domain.
The data are provided on a grid with 1° latitudinal and
1.5° longitudinal spacing, and with vertical levels every
10 m in the upper 100 m and increasing spacing at
greater depths. It should be noted that the horizontal
grid is not exactly the same as the actual grid used in the
model. Further details of the model are described by Ji
et al. (1995). The assimilated subsurface data came
from the Tropical Ocean Global Atmosphere—Tropical
Atmosphere Ocean (TOGA-TAO) buoy array (begin-
ning in 1989, but some as early as 1980) and expendable
bathythermographs (XBTs). Surface observations were
indirectly assimilated by using the monthly sea surface
temperature analysis from the Climate Analysis Cen-
ter, which combines satellite, ship, and buoy observa-
tions, as the only surface data source. In our region of
interest, the in situ observations are sparse away from
the coast, which has traditionally precluded the study of
this region. However, the analysis scheme involved in
this product imposes physical constraints in such a way
that the observations influence data-void regions so
that the resulting fields are internally consistent. The
wind stress field was produced by superposing monthly
anomalies from the Florida State University on the cli-
matology by Hellerman and Rosenstein (1983). The net
surface heat flux was the climatological mean of Ober-
huber (1988). However, the temperature corrections
due to the assimilation procedure also contribute to an
effective heat flux, which may be diagnosed from the
difference between the advective temperature changes
and the heat storage tendency.

The Southhampton Oceanographic Centre (SOC)
surface heat flux climatology was constructed from ma-
rine meteorological reports from the period 1980-93
and is provided in a 1° X 1° grid (Josey et al. 1999). It
includes the net surface heat flux, as well as the short-
wave, longwave, evaporative, and sensible components.
With respect to seasonal changes in this region, the
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most important variables are the shortwave and the
evaporative components. The former is estimated using
observed cloud fractions and an empirical formula,
while the latter is estimated using standard meteoro-
logical observations and a bulk formula (Josey et al.
1999).

The International Satellite Cloud Climatology Proj-
ect (ISCCP) multiyear averaged monthly surface short-
wave fluxes for the period July 1983-June 2001 were
used. This dataset is described by Zhang et al. (1995)
and Rossow and Zhang (1995). The elaboration of this
dataset starts with satellite-derived atmospheric, cloud,
and surface properties, which are then used as input to
the Goddard Institute of Space Studies (GISS) radia-
tive transfer model, from which the fluxes are then ob-
tained. The variables used in this study are the full net
surface shortwave radiation (with clouds) and the clear-
sky net surface shortwave radiation (no clouds).

Monthly wind stress data from the Japanese Ocean
Flux Datasets with Use of Remote Sensing Observa-
tions (J-OFURO) dataset (Kubota et al. 2002) derived
from European Remote Sensing Satellite) scatterom-
eter measurements were used. The data are available
for the period 1992-2000.

For each dataset the calculations were performed
over the entire periods over which the data were pro-
vided, with the exceptions noted in the following sec-
tion.

3. Methodology
a. Heat budget

To address the heat budget of the upper ocean, we
considered the following equation:
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is the heat content, z,, is the depth of the layer, Q is the
net surface heat flux, Q, represents entrainment at the
bottom of the layer, and Q,, represents horizontal mix-
ing. The other symbols have their usual meaning. The
term on the left-hand side of Eq. (1) is the heat content
tendency, the first on the right-hand side is the vertical
advection term, and the second is the horizontal advec-
tion term. The specific heat capacity and density are
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taken as constants with typical values of ¢ = 4000 J kg~
K ! and p, = 1026 kg m ™, respectively.

Vertical turbulent mixing, although it is a very im-
portant process locally, will contribute to the vertical
integral only through its values at the top and bottom
boundaries. At the top, these take the form of the sur-
face heat fluxes. At the bottom, they should be small if
the layer is deeper than the mixed layer. In our domain
the mixed layer depth is less than 200 m (Wyrtki 1964).
We assumed that horizontal mixing is small in this re-
gion, and we neglected it (Q,, = 0), which is reasonable
since, for an eddy mixing coefficient of 250 m* s~ ! (e.g.,
Stammer 1998), the estimated contribution to the an-
nual cycle in heat content tendency by horizontal mix-
ing is on the order of 1 W m ™2

The CMB dataset was used to produce estimates of
the advective terms and the heat content tendency in
Eq. (1) for z,, = 240 m. This depth was chosen because
it is large enough to contain the mixed layer and the
entrainment term can be neglected (Q, =~ 0). The ver-
tical velocity was estimated by integrating the mass con-
tinuity equation downward from the surface:

0
w(z)=f V-udz.
z

Zero vertical motion was assumed at the surface, which
is a reasonable approximation since, on monthly time
scales, typical values of vertical velocity at the surface
are on the order of centimeters per month, while sub-
surface values associated with upwelling are on the or-
der of tens of meters per month. The calculation re-
sulted in fields with short spatial-scale noise that in-
creased with depth, probably related to the fact that the
data were not provided in the original model grid. This
is why we did not consider a deeper layer. All deriva-
tives were estimated using second-order finite differ-
ence schemes. Integrals were calculated under the as-
sumption that the variables were constant throughout
the grid cell volumes, which is consistent with the way
the ocean model is formulated.

After calculating the advective terms and the heat
content tendency, the net surface heat fluxes were es-
timated as a residual. It should be noted that any errors
due to deficiencies in the data assimilation procedure or
in the assumptions made previously would be incorpo-
rated into the estimates of the heat fluxes.

As previously mentioned, small-scale noise was pro-
duced in the calculations, probably related to the fact
that the data are not available in the original model
grid. Therefore, the variables and terms were horizon-
tally smoothed using a 2D filter that was designed
to conserve the total fluxes near the coasts (see appen-
dix A).
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After the monthly values were obtained, composite
climatologies were calculated for the first three terms in
Eq. (1), as well as for some other quantities.

The period for which the dataset was available was
anomalous in that it included two very large El Nifio
events (i.e., 1982/83, 1997/98). To address the issue of
sampling biases, the seasonal compositing was per-
formed after removing the strongest El Nifio years,
which we considered to be those years in which local
coastal SST anomalies (measured at Puerto Chicama,
Peru, at 9°S) exceeded 2°C for three or more consecu-
tive months. The years matching this criterion were
1982, 1983, 1987, 1992, 1997, and 1998. The results pre-
sented were obtained following this procedure. How-
ever, the analysis was also performed without removing
the El Nifio years, and it was found that the results are
qualitatively insensitive to this procedure.

The annual harmonics of the climatologies of the
oceanic terms, as well as of the surface flux climatolo-
gies, were calculated. The semiannual harmonics of
heat content tendency were also calculated for com-
parison with the annual harmonic. In this and all other
calculations, a month is assumed to consist of 30.4 days.

To get further insight into the process of vertical ad-
vection we decomposed the estimation of its climatol-
ogy into two components as follows:

AT\ JaT\ ] a7
(o) =-o(z) - (w5) @
where the angled brackets denote the climatology esti-
mate, the primes denote interannual anomalies, and the
tildes represent the annual harmonic estimates. The
second term on the right-hand side is the “interannual
anomaly covariance,” which represents the effect of in-
terannual variability on the seasonal cycle, while we
will refer to the first term as the “climatological contri-
bution.”

The climatological contribution term can be further
decomposed as

-(Z) o) -(%). e

where the overbar represents the annual mean. The
first term on the right-hand side represents the contri-
bution to the annual harmonic of vertical advection by
the changes in the thermal stratification, while the sec-
ond term represents the contribution of the changes in
vertical velocity. A similar decomposition was per-
formed on the horizontal advection.

b. Mixed layer calculations

If we could model the upper-ocean thermal structure
in this region as consisting in a mixed layer with spa-
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FIG. 1. Annual harmonic of the tendencies (left) in heat content (W m~?) and (right) in SST
(°C month™1!). Amplitude is indicated by shading and phase (given as the time of the maxi-
mum, in months after beginning of the calendar year, e.g., 0 ~ 1 Jan, 1 ~ 1 Feb, etc.) by
numerical values. Phase is indicated in every other grid cell.

tially and temporally uniform depth overlaying a layer
of constant temperature, then the annual amplitudes of
heat content and SST would be proportional to each
other, with the constant of proportionality being essen-
tially the mixed layer depth. However, a more realistic
model for this region consists of a mixed layer with
seasonally and spatially varying depth over a perma-
nent thermocline whose depth may vary with season
(Wyrtki 1964). To relate quantitatively the heat content
tendency to that of SST, a mixed layer of depth & was
defined as that in which temperature departs by less
than 0.5°C from the surface value. With this definition,
the heat content can be decomposed as

0 —h
H=cpj sz-i-cpf T dz
S . (4)

= cpohTn + ¢po(z,, = ) Ty

where the T\, and Ty, represent the average tempera-
tures of the mixed layer and the layer below it, respec-
tively. Almost by definition, T, should be within less
than 0.5°C from the SST. However, T, might depart
significantly from the actual temperature at a particular
depth in the corresponding layer because of the strati-
fication in the permanent thermocline.

Neglecting interannual contributions, we can ap-
proximately calculate the annual amplitudes of Eq.
(4) as

H ___ . o

P hT + (Tve = Tawh + (2, = DT )
The first term on the right-hand side of the equation
can be interpreted as the contribution that we would
expect if SST changes were distributed throughout a
mixed layer with constant depth equal to the time
mean. The second term represents the effect of entrain-
ment, which is related to the exchange of typically
warm water from the mixed layer with cooler water
from below. The third term reflects the effect of having
changes in the mean temperature below the mixed
layer, if those changes were distributed over a fixed
depth. It should be noted that, even if the layer strati-
fication and the temperature at the bottom of this layer
were fixed, the mean temperature might change as the
thickness of the layer changes. So, changes in A are
implicit in this term as well.

4. Results

a. Heat content and sea surface temperature
tendencies

In Fig. 1 we present the annual harmonics of the heat
content tendency (which equals iwH, where o is the
annual angular frequency) of the 0-240-m layer (left
panel) and of SST (strictly speaking, the temperature of
the upper 10-m layer; right panel). There is a striking
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Fi1G. 2. Schematic indicating the four regions of study.

similarity between the spatial distribution of the ampli-
tudes and phases.

High amplitudes of heat content tendencies (Fig. 1,
left) can be found along a band oriented in the north-
west—southeast direction peaking approximately 500
km offshore, with the maximum amplitudes occurring
between 14° and 9°S (hereafter “Peru maximum”; see
Fig. 2). The annual harmonics of both heat content and
SST tendencies closer to the coast lead those farther
offshore by around 1 or 2 months, consistent with the
results of Mitchell and Wallace (1992).

There is also a subtropical region of high annual am-
plitudes of heat content tendency, south of 25°S, sepa-
rated from the Peru maximum by a band of low ampli-
tudes, with a width of approximately 700 km, extending
toward the northwest from the coast of Chile at ap-
proximately 35°S (hereafter “subtropical maximum”
and “Chile minimum,” respectively; see Fig. 2). In both
the subtropical maximum and the Chile minimum
bands, the tendencies peak near the end of the calendar
year.

We compared the annual harmonics of heat content
tendency obtained with similar estimates made from
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the following datasets: TOPEX/Poseidon sea surface
height,! Simple Ocean Data Assimilation (SODA; Car-
ton et al. 2000), and the World Ocean Atlas 2001 (WOA
2001; Stephens et al. 2002). With respect to the annual
harmonic, the amplitude structure and propagation
characteristics of the first two compare well with the
CMB estimate, with some differences in location of the
different regions and in timing. The dataset that agrees
the least with the others is WOA 2001, which exhibits a
nearly meridional band of maximum amplitude be-
tween 19°S and the equator and between 84° and 78°W,
with values higher than 120 W m ™2 and with little phase
propagation. In the subtropical maximum, however, it
agrees with the other estimates. It is possible that the
interpolation method used in the WOA dataset was
unable to adequately reconstruct the thermal field
where the observations are sparse. The analysis method
used in the CMB and SODA datasets, on the other
hand, is physically constrained by the equations of mo-
tion and energy conservation, which makes these
datasets more reliable where observations are sparse.

b. Ocean processes

Figure 3 shows the annual mean vertically integrated
advection terms. Vertical advection, associated with
coastal upwelling, is the largest component within 500
km from the coast and produces a net cooling with
magnitudes increasing from around 60 W m™2 off the
coast of Chile to over 140 W m ™~ near the equator (Fig.
3, left). Farther offshore, horizontal advection becomes
more important, with associated cooling of as much as
20 W m™ 2 Near the upwelling region off Peru, the
horizontal advection is mainly associated with the out-
flow of upwelled water and the compensating subsur-
face inflow. In this dataset the source of the water up-
welled north of 15°S is an eastward flow from the equa-
torial region, in agreement with that reported by Zuta
and Guillén (1970). Farther to the southwest, the cool-
ing associated with horizontal advection is due to the
Peru Current carrying cold water equatorward.

The annual component of the vertically integrated
vertical advection term is strongest (>30 W m~?) in two
regions: a band 600 km wide adjacent to the Peruvian
coast that extends to the equator, and within the Chile
minimum region (Fig. 4). In the former the phase is
such that the maximum rate of warming occurs between
October and December, carliest toward the south and

! The TOPEX/Poseidon altimeter data were reprocessed by the
National Aeronautics and Space Administration (NASA) God-
dard Space Flight Center (GSFC) Ocean Pathfinder and gridded
by D. Chelton and M. Schlax (Oregon State University).
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FI1G. 3. Annual mean of the vertically integrated (left) vertical advection and (right)
horizontal advection terms. Contour interval is 20 W m™2.

latest in the north. In the latter, the maximum rate of occur near the end of the calendar year closer to the
warming occurs around June—August. coast and a month or two later farther offshore (Fig. 4).

The annual harmonic of the vertically integrated The annual harmonics of the two advective terms are
horizontal advection term is most important 300 to 700 dominated by the climatological component, whose
km away from the coast of Peru, where the maxima amplitude is an order of magnitude larger than that of
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FiG. 4. Annual harmonic of the vertically integrated (left) vertical advection and (right)
horizontal advection terms. Plotting convention is as in Fig. 1, and contour interval is
20 Wm 2
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F1G. 5. Same as in Fig. 4, but for the associated interannual anomaly covariance. Contour

interval is 2 W m

the anomaly covariance component (Fig. 5). This is true
even when the strong El Nifio years are retained. The
interannual contribution of vertical advection is largest
in the region within 500 km from the coast and north of
8°S, but the amplitudes are at most on the order of 10
W m ™2 The annual harmonic peaks early in the calen-
dar year, which is associated with coherence of the up-
welling and stratification anomalies at this time and
incoherence during the middle of the year. If we include
the strong El Nifio years, the general result does not
change much except that the amplitudes are about
twice as big. The anomaly covariance component of
horizontal advection has the largest amplitudes away
from the shore between 15° and 5°S, although the
phases are not very coherent spatially.

In Fig. 6 we present the annual harmonic of the ver-
tical advection term decomposed into the contributions
by varying stratification (left panel) and varying vertical
velocity (right panel). We can see that the strongest
effect of changes in stratification is found along the
Chilean and Peruvian coasts and extending farther to-
ward the northwest, with amplitudes between 40 and 70
W m ™2 The maximum warming associated with this
component occurs around September, nearly out of
phase with the heat content, which suggests that this
component acts to damp the annual variations of heat
content. The effect of the variations of vertical velocity
is also felt along the coast, with the maximum warming
rate occurring between December and January, and in

-2

the Chile minimum, where the effect of varying strati-
fication is not important and the maximum warming
occurs between July and August. A similar decompo-
sition of the horizontal advection term (not shown) in-
dicates that the two contributions are of similar magni-
tudes and peak in the last quarter of the calendar year.

c. Surface heat fluxes

Figure 7 shows the annual mean surface heat flux
from SOC (left panel) and derived from CMB data
(right panel). Generally speaking, they are in good
agreement. Both exhibit strong fluxes into the ocean
within approximately 1000 km from the Peruvian coast
and along a tongue extending to the northwest. Typical
values in this region are 100 to 120 W m 2 Farther
away from the coasts of Peru and Chile, however, the
SOC estimates are larger by approximately 20 W m 2.
The SOC estimate agrees better with the measurements
from the buoy maintained by the Woods Hole Oceano-
graphic Institute (WHOI) at 20°S, 85°W (in the Chile
minimum region) from October 2000 to October 2003,
which exhibit a mean value of 38 W m 2. Considering
the method used in our estimation of the surface heat
fluxes, their weak amplitude may be indicative of an

2 The data were downloaded from the Web site of the Upper
Ocean Processes Group at WHOL
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ting convention is as in Fig. 1, and contour interval is 20 W m™ ~.

underestimation of the amplitude of ocean processes in
the CMB analysis.

Figure 8 shows the annual harmonic of the surface
heat fluxes from both sources. Both estimates have a
similar phase structure, with no phase propagation. The
amplitudes in the SOC dataset (left panel) range from

Mean q (SOC)

2

40 to 100 W m ™2, increasing monotonically poleward.
The amplitude of the CMB estimate is generally
smaller by around 20 W m™?, especially in the Chile
minimum and the subtropical maximum regions. The
amplitude estimated from the WHOI buoy at 20°S,
85°W was 83 W m ™~ and is closer to the SOC estimate
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FIG. 7. Mean net surface heat flux (W m~?) from (left) SOC and (right) derived from the
CMB dataset.
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F1G. 8. Same as in Fig. 7, but for annual harmonic of net surface heat flux. Plotting

convention is as in Fig. 1, and contour interval is 20 W m

than to the CMB estimate. This suggests that in the
Chile minimum the annual amplitude of the oceanic
processes may actually be somewhat larger than what
the data suggest.

d. Partitioning of heat content

The component of heat content tendency associated
with changes in SST assuming a mixed layer with con-
stant depth is shown in the left panel of Fig. 9, and the
combined contribution of mixed layer depth changes
and changes in the temperature below the mixed layer
are shown in the right panel. The banded structure seen
in the total heat content tendency is also suggested in
the SST component, but less clearly. In particular, the
Chile minimum is not sharply defined, and it is clear
that it is the component corresponding to changes in
mixed layer depth and temperature below the mixed
layer that contributes the most to its structure (Fig. 9,
right panel). The SST signature of the Chile minimum,
therefore, must also be partially due to the greater
mean mixed layer depth compared to the Peru maxi-
mum.

5. Analysis

To help with the diagnosis of the relative importance
of different processes in producing the annual compo-
nent of the changes in heat content, we projected the
annual harmonics of the net surface heat flux and the

-2

advective tendencies onto that of the heat content ten-
dency (Fig. 10). That is, we calculated the contribution
of each term in or out of phase with the annual har-
monic of heat content tendency. Note that, by construc-
tion, the component of the annual harmonic of surface
heat fluxes that is in quadrature with the heat content
tendency exactly cancels that of ocean advection.

We have also performed the same procedure using
areal averages over the regions defined in section 4,
including an additional one labeled “Peruvian coast”
(Fig. 2). In the coastal region off northern Chile, the
seasonal variations of the alongshore wind stress in
both the CMB and ERS datasets are deficient, with the
strongest equatorward flow occurring in winter rather
than in summer as observed (Blanco et al. 2001), which
precludes a meaningful analysis of this region.

a. Peru maximum

The surface heat flux is responsible for the bulk of
the annual harmonic in heat content tendency in the
Peru maximum region (Figs. 10 and 11). However, it is
evident that the ocean processes are also actively con-
tributing. In fact, it would appear that the location of
the northern edge of this region coincides with the
northern boundary of the region of relatively large an-
nual amplitudes in surface heat fluxes (Fig. 10, left),
while the southern edge is defined by the gradients in
ocean processes (Fig. 10, center and right).

The earlier peaking of the annual harmonic of heat
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to SST variations in a constant depth mixed layer and (right) that due to changes in mixed
layer depth and temperatures below the mixed layer. Units are W m ™2, and positive values are
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content tendency near the coast appears to be due to
the fact that the vertical advective term is stronger in
that region, rather than to a similar earlier peak in the
surface heat fluxes, as suggested by Mitchell and Wal-

lace (1992). In particular, in Fig. 6 (left) we can see that
the component of the vertical advection term corre-
sponding to mean upwelling and stratification changes
is out of phase with heat content by approximately half
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FiG. 10. Contributions to the annual harmonic of the tendency of heat content by (left) surface heat fluxes,
(center) vertical advection, and (right) horizontal advection. Contour interval is 20 W m ™2, and positive values are

shaded.



1 DECEMBER 2005 TAKAHASHI 4947
150 W dH/dt
1 O Heat flux

100 + A Vert. Adv.
o O Hor. Adv.
£ 50
=

0 -
-50 - . .
Peru Chile Subtropical Peru coast
maximum minimum maximum

FiG. 11. Amplitude of the annual harmonic of the tendency of heat content (filled) and the
contributions of surface heat fluxes (unfilled), vertical advection (diagonal hatching), and

horizontal advection (vertical hatching) averaged over different regions. Units are W m™~.

of a cycle (Fig. 1; note that the annual harmonic of heat
content peaks 3 months after that of its tendency), sug-
gesting that it is acting as a damping term. Its effect on
heat content changes, therefore, would be to reduce
their amplitude and make the peak occur more in phase
with that of the atmospheric forcing.

The annual amplitude of surface heat fluxes is domi-
nated by the forcing from shortwave radiation fluxes
(Fig. 12).* Although the mean cloudiness tends to re-
duce the amplitude of the annual cycle in insolation, the
seasonal cycle in cloudiness produces a net enhance-
ment of around 10 to 20 W m 2 (Fig. 13). Klein and
Hartmann (1993) noted that low-level cloud cover
tends to be positively correlated with lower-atmo-
spheric stability, which in this region is mainly con-
trolled by changes in SST on seasonal time scales. It has
been suggested that an SST-cloud feedback might be
relevant to the seasonal cycle (Mitchell and Wallace
1992). In appendix B we present a detailed study of the
phase relationship between the annual harmonics of
low-cloud albedo and SST, which verifies the correla-
tion with stability, but also shows that increases in al-
bedo consistently lead the reduction of SST. This rela-
tionship suggests that other factors, like cold air advec-
tion, might also be driving the formation of low clouds
near the middle of the calendar year. Combined with
the cloudiness associated with the SST-low-cloud feed-
back, the annual harmonic of cloudiness would then
occur earlier than the lowest SST. It should be noted
that although the direct effect of cold air advection on
the annual amplitude of the surface heat fluxes is small
(Fig. 12), its indirect effect through cloud formation is
appreciable although small (see appendix B).

3 Note that independent datasets were used to produce Figs. 11,
12, and 13 so differences may appear between estimates of similar
terms.

2

With respect to the oceanic processes in this region
(Fig. 4), we see that the main contribution to the heat
content changes is the component of the vertical advec-
tion term due to changes in vertical velocities (Fig. 6,
right). The component associated with changing strati-
fication has a comparable amplitude (Fig. 6, left), but,
as mentioned previously, it is approximately a quarter
of a cycle out of phase with the heat content tendency
(Fig. 1, left). Horizontal advection contributes mainly
farther offshore (Fig. 4, right).

The changes in vertical velocity near the coast are
related to vertical displacements of the permanent ther-
mocline, which is shallow in that region (depth less than
40 m) and lies just below the base of the mixed layer.
The thermocline tends to be deepest near the time
when the mixed layer is warmest, so the water en-
trained into the mixed layer is also warmest at this time.

To assess the importance of local forcing in produc-
ing the changes in vertical motion, we calculated Ek-
man pumping (w,) from surface wind stress (7) data
from CMB and ERS from the relation,

-V x <l> ©)
We ™ pof/)’

using centered finite differences, and considering zero
wind stress on land (i.e., no Ekman transport across the
coastline). The results are shown in Fig. 14 (bottom left
and right), as well as vertical velocity near the depth of
the thermocline (top-left panel). The good agreement
between the two along the Peruvian coast south of 5°S
indicates that, at least in this dataset, the remote forcing
from the equatorial waveguide is not important for the
annual cycle of heat content. The amplitudes of vertical
velocity are higher farther to the south than those of
Ekman pumping, probably due to coastal Kelvin waves
excited by the wind to the north (e.g., Philander and
Yoon 1982).
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F1G. 12. Same as in Fig. 11, but for contributions to the annual harmonic of the net surface
heat fluxes (filled) from shortwave radiation (unfilled), latent heat flux (diagonal hatching),
longwave radiation (vertical hatching), and sensible heat flux (dotted). Data from Southamp-

ton Oceanographic Centre.

North of 5°S, the assumptions implicit in the calcu-
lation of Ekman pumping are not well satisfied, al-
though we believe that it can give an idea of the rel-
evance of local forcing. However, the fact that the Ek-
man pumping consistently lags the vertical motion
suggests that the vertical motion is not due just to Ek-
man pumping. Another possibility is that the vertical
motion is forced by the meridional wind stress (Philan-
der and Pacanowski 1981), but again the phase of the
annual harmonic of the meridional wind stress lags that
of the vertical motion by 1 or 2 months. The existence
of a phase difference indicates that local forcing does
not totally explain the annual variability in vertical mo-
tion and suggests that remote forcing by equatorially
trapped waves may play a role (e.g., Lukas 1986). On
the other hand, the amplitudes of vertical velocity
found are too large to be attributable to the vertical
motion of the thermocline (Wang et al. 2000) so a large
component of the vertical velocity must correspond to
flow along slanted isopycnal surfaces.

In Fig. 15 we see that, to first order, the annual cycle
of heat content in the Peru maximum region can be
explained as that of SST in a mixed layer of fixed depth.
This finding supports the notion that a study of the
annual cycle of heat content in this region would also
yield useful insights into the annual cycle of SST.

b. Chile minimum

The annual amplitude of surface heat fluxes in the
Chile minimum, although reduced with respect to other
regions at the same latitudes because of the presence of
permanent stratus cloud decks, is large enough to drive
an annual amplitude of heat content tendency similar to
that in the Peru maximum (Fig. 10, left). What distin-
guishes the Chile minimum is the ocean processes,
which act to decrease the heat content tendency (Fig.
10, central and right).

We saw previously that the dominant oceanic process
in this region is the annual variation of vertical advec-
tion through changes in vertical velocity. The latter, in

150 - ESW net
OSw cir

100 - BASW, mean cld
N Osw, seas cld
E 50 - -
s

0 4
%. Z
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F1G. 13. Same as in Fig. 11 but for contributions to the annual harmonic of the net surface
shortwave radiation (filled) by the clear-sky (unfilled) component, the reduction due to the
presence of the annual mean cloudiness (diagonal hatching), and the contribution of the
annual cycle in cloud albedo (vertical hatching). Data are from ISCCP.
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FiG. 14. Annual harmonics of vertical velocity at (top left) 55 and (top right) 136 m from
CMB, and of Ekman pumping estimated from wind stress data from (bottom left) CMB and
(bottom right) ERS (J-OFURO). Plotting convention is the same as in Fig. 1, and contour
interval is 0.5 and 1 m month™~" below and above 3 m month™!, respectively.

turn, are forced locally by the wind. The dominance of
the wind forcing can be verified by noting the good
correspondence between the annual harmonics of ver-
tical velocity at 136 m (Fig. 14, top right), which is near
the depth at which the mean 97/0z is largest, and Ek-
man pumping velocity (Fig. 14, bottom left). The an-
nual cycle in Ekman pumping is apparently associated
with the seasonal meridional displacement of the South
Pacific anticyclone, whose northeastern edge enters the
Chile minimum region during the middle of the year,
producing downwelling.

In Figs. 9 and 15 we can see that the thermocline
motion below the mixed layer accounts for the exis-

tence of the local minimum in the annual amplitude of
heat content tendency. However, the contribution to
the cycle in heat content by the SST is also somewhat
lower compared to that in surrounding regions (Fig. 9).
The SST signature of the Chile minimum is probably
due to the modulation of the temperature of water en-
trained into the mixed layer by the displacements of the
thermocline, and to the larger depth of the mixed layer
relative to that in the Peru maximum.

c. Subtropical maximum

The subtropical maximum appears to be what we
would expect from a passive ocean heated seasonally by
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the sun. The heat content tendency is due almost en-
tirely to surface heat fluxes (Fig. 11), mainly through
changes in clear-sky insolation (Figs. 12 and 13), re-
duced by the presence of mean cloudiness. This regime
is not restricted to our domain but appears to extend all
the way to the western Pacific at these latitudes. Figure
15 suggests that the changes in heat content in this re-
gion can be approximated by those occurring within a
mixed layer of fixed depth.

d. Peruvian coast

Although the grid of the CMB dataset does not rep-
resent adequately the coastal processes, an estimation
of the budget in this region is meaningful because of the
dynamical and energetic constraints associated with the
numerical ocean model used in the analysis procedure.

As might have been expected, the vertical advection
term becomes important for the annual harmonic of
heat content in this region; it is comparable in ampli-
tude to the surface heat fluxes (Fig. 11). The annual
harmonic of the heat fluxes, in turn, is mainly due to
changes in net insolation (Fig. 12). It should be noted,
however, that the annual amplitude of the surface heat
fluxes from the CMB dataset is smaller than that of the
SOC data (Fig. 8), which suggests that the advective
contribution may be somewhat overestimated in the
CMB data. In any case, the damping effect of the mean
upwelling will generally interfere destructively with the
annual harmonic of surface heat fluxes, thus reducing
their effective contribution to the annual harmonic of
heat content tendency.

The coarse spatial resolution of the ISCCP data pre-
cludes further partitioning of the annual harmonic in
insolation. However, the similarity of the annual am-
plitude of net insolation to that of the Peru maximum

(Fig. 12) suggests a similar cancellation between the
enhancement due to the seasonality in cloudiness and
the reduction due to mean cloudiness.

In Figs. 9 and 15 we can see that the changes in SST
alone are not enough to explain the changes in heat
content along the coast. The shoaling (deepening) of
the permanent thermocline during the cool (warm) sea-
son and also makes a significant contribution to the
annual amplitude of heat content tendency. The
changes in mixed layer depth, on the other hand, gen-
erally act in the opposite direction because the mixed
layer tends to be shallower (deeper) in the warm (cool)
season, but this effect must be smaller than the ther-
mocline displacement, so the net effect is a positive
contribution to the amplitude of the annual cycle in
heat content tendency.

6. Conclusions

In this work we examined the processes responsible
for the annual cycle of the upper-ocean heat content in
the Peru Current region, in the southeastern tropical
Pacific. We have identified four regions characterized
by different combinations of zero-order processes. We
characterized the annual cycle by the amplitudes and
phases of the annual harmonic of the different elements
of the heat budget. We found that the annual cycle in
heat content in this region can be explained mostly by
the annual cycle of net insolation. Ocean processes,
however, are crucial for explaining the different re-
gimes observed in the identified subregions.

In the “Peru maximum” region, the heat content
changes can be explained to first order by the changes
in SST assuming a constant mixed layer depth. The
annual cycle of heat content is mainly driven by the
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annual cycle in net insolation, which is strongly affected
by the presence of low-level clouds. These clouds play
a dual role: damping the amplitude of the incident in-
solation, but also enhancing it via their own annual
cycle, which produces larger (smaller) shading of the
ocean surface when the incident insolation is weakest
(strongest). This latter effect is strongest, so the annual
cycle of net insolation is larger than that of clear-sky
insolation. Cloudiness acts to a large extent as a positive
feedback on SST variations. However, the cloud albedo
is highest around a month before the SST reaches its
minimum, so an additional forcing needs to be invoked.
We propose that cold air advection is the best candidate
for this, and we showed that the phase of its annual
cycle is consistent with this interpretation. The earlier
peak of the annual harmonic of heat content tendency
closer to the coast is due to the persistent coastal up-
welling, which acts as a damping term and, therefore,
causes the heat content tendency to be more in phase
with the atmospheric forcing.

The annual cycle of the heat budget in the “Chile
minimum” region is also dominated by insolation. Al-
though this region is at a higher latitude than the Peru
maximum region, the annual amplitude of insolation is
similar because of the higher mean cloudiness. How-
ever, the annual amplitudes of both heat content and
SST tendencies are smaller. This appears to be due to
thermocline depth variations driven by local changes in
wind stress curl, presumably associated with the meridi-
onal displacement of the South Pacific anticyclone.
These stress curl changes force upwelling, making the
thermocline shoal (deepen), during the warming (cool-
ing) period. The changes in thermocline depth by them-
selves produce a significant reduction in the variations
of heat content. We believe that they also reduce the
amplitude of the associated SST changes by allowing
colder (warmer) water to be entrained during the
warming (cooling) period. Additionally, the larger
depth of the mixed layer in this region compared to that
in the Peru maximum means that even if the amplitude
of the heat content changes in the mixed layer were the
same in both regions, the associated SST changes would
be smaller in the Chile minimum.

The “subtropical maximum” region to a good ap-
proximation acts as slab mixed layer of fixed depth
forced by the annual variations in solar zenith angle. It
appears that this regime is not restricted to our domain
of study, but that it extends westward in that latitude
band to the western Pacific.

Along the coast of Peru, the main causes of the an-
nual cycle of heat content appear to be the annual cycle
in the net surface heat fluxes and the changes in the
intensity of the wind-driven upwelling, which brings
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the thermocline closer to the surface during the cold
season.

We found that the effect of interannual variability
on the annual cycle produced by the advective
“anomaly covariance” terms is an order of magnitude
smaller than the advection of the climatological thermal
field by the climatological motion field, even when con-
sidering the very large El Nifio events of 1982/83 and
1997/98.
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APPENDIX A

Spatial Filtering

To reduce noise with small spatial scales, a spatial
filter was applied to the fields before presentation. We
used a commonly used nonrecursive 2D filter with a
nine-point symmetrical stencil with weights 1, 0.5, and
0.25.

A problem arises, however, because of the presence
of boundaries (i.e., coasts). There appears to be no gen-
eral agreement in the literature as to what procedure
should be followed in this respect. Since we are dealing
with budgets, it is important that the spatial integrals of
the fields be conserved in the filtering procedure. To
ensure that this conservation requirement was satisfied,
we first considered that, after the filtering procedure,
the value of any particular grid point should be
“spread” conservatively among the nine closest points
in such a way that the sum of the contributions of the
initial value to the filtered values of its neighbors is
equal to the initial value. Near the boundaries, how-
ever, there are fewer grid cells to which to spread. So,
if the weight that these values are given when calculat-
ing the filtered values of the neighbors are unchanged,
then the total contribution of this value to the spatial
sum will be less. The fraction by which this total con-
tribution is underestimated can be calculated from the
domain configuration. If we then divide the field values
by these fractions before applying the filter, then we
ensure the conservation property. Since the effective












