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[1] We examine evidences of low frequency variability in
the Ekman heat flux due to changes in the global temperature
and wind patterns. The 10-year long time series of high
resolution surface wind vectors was provided by the
European Remote Sensing Satellites 1 and 2. A linear
regression of the zonally averaged Ekman heat flux shows a
latitudinal trend for the period between 1992 and 1997. This
trend indicates a decrease in the poleward Ekman heat flux of
warmer waters from the tropics and a slight decrease in the
equatorward flux in the high latitudes. This intra-decadal
trend ended after the 1998 El Niño event. These variations are
mostly due to changes in the wind stress field. The decrease
in the poleward Ekman heat flux may have far reaching
consequences involving the global heat balance. INDEX
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1. Introduction

[2] The focus of this study is on the wind-driven or
Ekman component of the oceanic circulation. Ekman
dynamics is associated with upper layer temperature
changes and has a significant impact in the total oceanic
heat flux. The wind stress over the surface generates mass
and heat fluxes in the first ten to a hundred meters of the
ocean, the Ekman layer. The mass flux in the Ekman layer is
not significantly large compared to the rest of the water
column. However, depending on the latitude the Ekman
heat flux (EHF) is comparable to the total because of the
high temperatures associated within the Ekman layer. Kraus
and Levitus [1986] analysis of climatological data showed
that about 50% of the heat flux in the tropical Atlantic and
almost all in the tropical Pacific are dominated by the EHF.
According to Sato and Rossby [2000] the phase of the
annual cycle of the total heat flux estimated from 60 years
of historical data at 36�N in the Atlantic is dominated by the

EHF. Results from ocean circulation models also showed
that the inter-annual variability in the total heat transport is
dominated by Ekman fluctuations [Dong and Sutton, 2001].
[3] The estimation of the total global energy budget is an

intrinsically complex problem because it relies on a precise
determination of various heat flux sources. Most of the heat
budget studies use climatological data to estimate the heat
balance in the interface or direct measurements of the
currents to estimate the ocean heat. Currently, except for
the Ekman, none of the other components include temporal
variations because the available data are either climatolog-
ical or sparsely distributed.
[4] The EHF has been estimated in a global scale using

wind stress from in situ climatological data [Kraus and
Levitus, 1986; Levitus, 1987; Adamec et al., 1993] and from
satellite-derived winds [Ghirardelli et al., 1995]. The EHF
is also estimated for specific locations when combined with
direct measurements of the meridional heat flux [Sato and
Rossby, 2000; Hall and Bryden, 1982; Bryden et al., 1991;
Macdonald and Wunsch, 1996]. The European Remote
Sensing Satellites 1 and 2 (ERS) scatterometer provided
an unprecedented 10-year long time series of surface winds
vectors over the globe. Before the advent of such a global
wind-stress time series the estimation of the seasonal cycle
in the EHF had a limited accuracy [Böning and Herrmann,
1994]. This continuous source of data enables us to inves-
tigate inter-annual to intra-decadal variability in the global
EHF.

2. Theory and Methods

[5] The meridional component of the EHF is defined as:

EHF ¼ �cp

Z L

0

tx
f

qe � �q
� �

dx ð1Þ

where cp is the specific heat at constant pressure which is
assumed constant and equal to 4.1�103J kg�1 K�1, tx the
zonal component of the wind stress, f the Coriolis parameter,
qe the potential temperature of the Ekman layer, and �q the
mean potential temperature of the water column. The EHF is
given in PW ( peta Watts, 1 PW = 1015 W).
[6] Heat flux only makes sense when estimated in a

closed system where the mass is conserved [Montgomery,
1974]. Therefore, to properly express the heat flux through
the Ekman layer at each latitude its volume transport should
be balanced by an equal and opposite deeper flow. Results
from a high-resolution model of the Atlantic showed that
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the return flow should extend to at least 3000 m in the extra-
tropical region [Böning and Herrmann, 1994]. In this
scenario, the temperature difference (qe � �q) is a result of
the conservation of mass. We used the World Ocean Atlas
1994 [Levitus and Boyer, 1994] to estimate the temperature
of the compensating flow. The �q is obtained through the use
of the layer thickness as a set of weights to average the
temperatures from 0 to 5000 m and generate one annual
mean map with a 1� � 1� resolution.
[7] Some studies assumed the sea surface temperature

(SST) as a first approximation of the temperature of the
Ekman layer [Kraus and Levitus, 1986; Levitus, 1987;
Adamec et al., 1993; Ghirardelli et al., 1995]. Other studies
used a weighted average temperature in the mixed layer
[Bryden and Hall, 1980; Rago and Rossby, 1987]. In this
study the temperature profiles in the Ekman layer incorpo-
rate contributions from high resolution maps of SST and
climatological temperature profiles. The mean temperature
(qe) was obtained by weight-averaging the constructed
temperature profiles within the Ekman layer. This average
uses the meridional component of a canonical Ekman spiral
velocity profile as weights [Sato and Rossby, 2000]. Maps
of SST came from the Reynolds data set from 1991 to 2001
[Reynolds and Smith, 1994] and were interpolated to a
1� � 1� � 10 days grid. The subsurface temperature profiles
were built from monthly mean climatological temperatures
within 10 and 100 m from the World Ocean Atlas 1998.
[8] The zonal component of the wind stress (tx) is

derived from bulk parameterization and flux equations
based on the similarity theory [Liu et al., 1979]. The wind
stress estimates are calculated using the magnitude of the
scatterometer wind, SST, and integrated water vapor. The
water vapor data are obtained from the Special Sensor
Microwave Imager (SSMI) satellite distributed in a daily
basis since 1988. For the estimation of tx, all the data are
sub-sampled (vapor) or interpolated (SST and wind) to
maps of 1� � 1 � � 10 days.
[9] To investigate the inter-annual variability in the EHF

we first need to examine the seasonal and basin-scale

signals of tx. The wind stress is decomposed by a series
of 2D finite impulse response filters [Polito et al., 2000] as:

tx ¼ �tþ tl þ tr: ð2Þ

�t is the long-term mean component. tl is the basin-wide and
other large-scale non-propagating variability, mostly due to
seasonal changes. tr is composed of propagating signals
related to planetary waves, a variety of meso-scale eddy
variability, and small-scale non-propagating signals. We are
interested in examining only the mean ð�tÞ and the non-
propagating (tl) components as the propagating signals are
related to higher frequencies.

3. Results and Analysis

[10] The annual mean meridional EHF estimated using
scatterometer data as a function of latitude is poleward in
the tropical Atlantic, Pacific, and South Indian oceans,
Figure 1. The EHF is estimated outside the equatorial band
from 5�S to 5�N. The magnitude of the annual mean of the
zonally averaged EHF is lower than values obtained by
climatological data [Levitus, 1987]. The mean is also
slightly lower than values from SSMI derived winds [Ghir-
ardelli et al., 1995]. Mainly, the differences depend on
the choice for the temperature of the Ekman layer and the
source and method used to estimate the wind stress. The
adoption of a velocity-weighted average instead of SST to
represent the temperature of the Ekman layer decreases the
EHF estimates. Tests (not shown) indicate that this decrease
can reach up to 1 PW in the total EHF at tropical regions.
[11] The effect of the wind in the determination of the

annual mean EHF is not as conspicuous. There are charac-
teristics of the wind measurement that are inherent to the
instruments. ERS winds tend to have a low bias when
compared to buoy measurements [Quilfen et al., 2001]. This
bias varies seasonally and geographically. ERS winds also
tend to be lower than those measured by SSMI [Boutin et
al., 1999]. They compared SSMI winds with ERS and
NSCAT winds and found that the spatial variability of the
difference between ERS and NSCAT is substantially less
than that between SSMI and NSCAT.
[12] The estimation of the wind stress from the wind

speed is generally done through the use of a bulk aerody-
namical formulation. However, when the boundary layer
stability is taken into account, as in Liu et al. [1979], the
results gain accuracy, particularly in regions where the air-
sea temperature difference is significant.
[13] The ERS wind data set has its limitations as do other

data sources. The reasons that explain the discrepancies
between ERS and other wind sources remain mostly
unsolved. Although a comprehensive discussion of these
differences would improve our conclusions, it is clearly out
of scope of this study. Nevertheless, the long duration and
the continuity of the mission in addition to the consistency
with the NSCAT winds outweigh the problems due to the
bias since we are looking for inter-annual trends.
[14] The intra-decadal variability in the EHF is obtained

by the subtraction of a sinusoidal annual cycle from the time
series. To show the robustness of the intra-decadal signal,
the EHF residuals (EHF0) are averaged for several latitudi-

Figure 1. Annual mean of the Ekman heat flux (PW) for
all ocean basins.
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nal bands, Figure 2. These bands show the long-term trend
variations in the three basins and how its intensity changes
with latitude. There is a clear decrease in the magnitude of
the annual mean of the EHF0 between the 1992–1994 and
1995–1997 periods in the tropical regions of the Atlantic
and Pacific. There is also a slight decrease in the equator-
ward EHF0 at higher latitudes. In the Pacific, the El Niño of
1998 seems to stop the inter-annual changes restoring the
EHF0 annual mean back to the levels observed in 1992.
These pentadal changes are significant and depending on
the latitude they surpass the amplitude of the annual cycle.
[15] A linear regression was performed for the period

between May, 1992 and May, 1997 to estimate the long-
term change in EHF0. Prior to this period the ERS1 was still
in the adjustment phase. The linear model is: Qfit = a.t + b,
where a is the slope of the fit, t is the time in years, and b is
the bias. The coefficient a measures the trend of the EHF

0

for the 5-year period in question. Figure 3 shows the
changes in the EHF0 for the 5-year period as the end points
difference of the estimates obtained by the linear fit.
[16] In general, the poleward flux of warmer waters in the

Ekman layer decreases in the tropical Pacific and Atlantic
oceans. In the tropical northern hemisphere the annual mean
of the northward EHF0 decreases along the pentad. Similarly,

in the southern hemisphere the poleward flux, which is
southward, also decreases in magnitude during the same
period. Moreover, the EHF0 is approximately anti-symmetric
with respect to the Equator in the Atlantic. However, the
trends in the Pacific are not similar in both hemispheres: there
is an abrupt change in the slope of the pentadal trend around
13.5�S. In the North Pacific, the pentadal changes reach�1.5
PW in the northern hemisphere while in the South Pacific the
changes are at most 0.9 PW at 13.5�S. In the South Indian
Ocean the southward flow also has a decreasing trend with a
maximum of 1.0 PW at 9.5�S. In the North Indian ocean the
changes are not significant. This is probably because the
basin is relatively small and closed to the north. Overall, the
sum of all contributions show that the global poleward flow
decreased in the tropics between 1992 and 1997.
[17] Changes in the EHF0 are caused by changes in the

wind stress or in the temperature field. To test which of these
factors is predominant we compared the EHF estimated by
either suppressing the variability in the Ekman temperature
field (E1

0 = �cp
R
0
L txðqe � �qÞ/f dx) or in the wind stress (E2

0 =
�cp

R
0
Ltx(qe � �qÞ/f dx). The over bar quantities represent

temporal averages. These Ekman heat fluxes are estimated as
a function of latitude, the annual cycle is removed, and the 5-
year linear trend is estimated as before. The changes in the
total global EHF0 as a function of temperature (E0

2) are
significantly smaller compared to when we allow for wind
stress fluctuations (E0

1). This result is not shown here, but
EHF0 is very similar to E1

0 mostly everywhere while E2
0 is

almost zero. Therefore, these tests show that changes in the
EHF are dominated by changes in the wind field.
[18] It is important to notice that the pentadal changes in

the EHF are significant when compared to other relevant
variability components. For instance, several direct esti-
mates using hydrographic sections in all basins associate
an error of about 0.3 PW to the determination of the total
meridional heat flux [Macdonald and Wunsch, 1996]. From
Figure 3 it is evident that the intra-decadal changes can be
larger than that, specially for low latitudes.
[19] The question that still remains is the consistency of

the EHF trends using different wind products. We have

Figure 2. EHF0 time series averaged at various latitudinal
bands (in parentheses) in the Atlantic, Pacific, and Indian
ocean basins. The straight lines represent the linear fit for
the period between May, 1992 and May, 1997.

Figure 3. Change in the EHF0 for the Atlantic, Pacific,
Indian, and the total for the period between 1992 and 1997.
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compared our results with the EHF obtained from the
directional SSMI winds [Atlas et al., 1996]. The results
based on SSMI (not presented) show a somewhat similar
trend in the North Atlantic. Near the Equator the long-term
trend in the EHF0 is about �0.4 PW, as observed for the
ERS data. The EHF

0
as a function of latitude is similar

between the two data sets in the South Indian Ocean. For
the other basins the trend as a function of latitude does not
agree between ERS and SSMI. The cause for the discrep-
ancies in the results drawn from these two satellite wind
products are not further pursued. A detailed inter-compar-
ison of these wind products is beyond the scope of this
study.
[20] The SSMI wind data do not corroborate the long-

term trend in a global scale. However, our results from
ERS1/2 data come to complement a recent study done by
McPhaden and Zhang [2002]. They showed inter-decadal
trends in the Ekman heat transport in the Pacific Ocean
related to a relaxation of the trade winds between the 1970s
and 1990s. They have used four wind data products for their
analysis, none of them from satellite sources. Therefore, our
results based on satellite observations are not only consis-
tent with theirs but extend the picture of the slowing down
of the meridional circulation to a global scale.

4. Conclusions

[21] The intra-decadal changes in the EHF could have a
profound impact in climate variability. The present study
shows evidence that the wind-driven circulation promoted
in the Ekman layer was sending less warm waters to the
poles from 1992 to 1997 and that this trend was only
restored by the start of a very strong El Niño event. Because
of the time series limitations we could not make more
inferences about other El Niño events, yet the presented
evidences show the global reach of the EHF changes tied to
the El Niño mechanism.
[22] Although the agreement between the EHF estimates

from SSMI and ERS is not verified for all basins, the ERS-
based estimates corroborate the results from McPhaden and
Zhang [2002]. They have averaged four different sources of
wind, none of which was satellite derived. Thus, our study
can be considered an independent validation. The effect of
the ERS low-biased winds is an overall decrease of the
EHF. Because the many validation studies presented no
evidence until now that this bias has any form of long-term
variability, it seems reasonable to assume that the intra-
decadal changes are of geophysical origin.
[23] We stressed here the importance of the ocean heat

flux in the climate system and examined the temporal
variability observed in the EHF component. The accurate
determination and monitoring of the EHF trend was possi-
ble because of the long and continuous ERS scatterometer
missions. We showed that the evidences for inter-annual
changes in a scale of five years in the EHF are striking in a
global scale. However, the EHF is only one piece of the
puzzle. To determine if the trends really affect the total
oceanic heat flux we still have to know the geostrophic
component, that is, the contributions from the vertical
overturning and the gyre circulation. If these pentadal
changes in the EHF are not compensated by their geo-

strophic counterparts they could have an impact in the deep
water formation. Due to the long time scale of this oceanic
response it could cause measurable changes in the global
climate on a decadal time scale.
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