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Abstract  Mechanical energy input to the oceans 
is one of the most important factors controlling the 
oceanic general circulation. The atmosphere trans-
ports mechanical energy to the oceans primarily 
through wind stress, plus changes of the sea level 
pressure (the so-called atmospheric loading). The 
rate of mechanical energy transfer into the ocean due 
to atmospheric loading is calculated, based on 
TOPEX/POSEIDON data over ten-year period (1993
－2002). The rate of total energy input for the world 
oceans is estimated at 0.04TW (1TW=1012Watt), and 
most of this energy input is concentrated in the 
Southern Oceans and the Storm Tracks in the 
Northern Hemisphere. This energy input varied 
greatly with time, and the amplitude of the interannual 
variability over the past ten years is about 15%. 

Keywords: mechanical energy, atmospheric loading, ocean. 

Mechanical energy input from the atmosphere is one 
of the most important sources of energy driving the 
oceanic general circulation[1,2]. This energy is trans-
ferred to the oceans, mostly through sea surface wind 
stress and atmospheric pressure perturbations, and it 
can be roughly separated into following categories: 
First, wind energy input through the surface waves, 
which is estimated at 60 TW[3]. Second, wind energy 
input through the Ekman layer, which can be further 
separated into the near-inertial frequency range, 0.5－
0.7 TW[4,5], and the sub-inertial frequency range, 2.4 
TW[6]. Third, wind energy input through the surface 
geostrophic current, 1.3 TW[7]. Fourth, the contribution 
due to atmospheric loading and this is the focus of this 
study. 

Sea level atmospheric pressure varies with time and  
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space, mostly due to moving storms and other perturba-
tions. Because of changes in sea level atmospheric 
pressure, water in the ocean moves in response, leading 
to changes in sea level. Such changes are relatively 
small and thus neglected in most oceanic circulation 
models. However, it is a vitally important correction 
term needed in processing satellite altimeter data. The 
oceanic response to atmospheric pressure perturbations 
involves complicated physical processes in the oceans, 
which has been the focus of many studies. For the most 
comprehensive review, the readers are referred to 
Wunsch and Stammer[8].  
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Changes of sea level in the global oceans in response 
to atmospheric pressure perturbations are complicated 
and difficult to calculate. The “inverted barometer re-
sponse” has been widely used in processing altimeter 
data[9,10]. This approach is based on the assumption that 
sea level responses to the local sea level pressure (with 
a global correction) instantaneously. The errors intro-
duced by this approach are small in general, except 
some special locations, such as near the western 
boundaries, as discussed in previous studies[8].  

Our goal here is to estimate the global energy input 
to the oceans through atmospheric pressure perturba-
tions. There are two possible approaches for this prob-
lem, i.e. using a numerical model or using observations. 
In order to avoid the uncertainty associated with nu-
merical modeling our approach here is based on satel-
lite data analysis, plus surface pressure data from 
data-assimilated models. In calculating the work done 
by atmospheric loading on the oceans, sea level pres-
sure and the vertical velocity are needed. There are a 
variety of data of the global sea level pressure available 
(e.g., NCEP and ECMWF), while the vertical velocity 
at the sea surface is small and difficult to measure. In 
this study we use the TOPEX/POSEIDON altimeter 
data, which covers most parts of the world ocean with 
relatively high spatial resolutions and has a 10-year 
long time series with a basic sampling rate of 10 days 
or shorter. In particular, measurements are repeated and 
the sampling rate is doubled at each crossover point of 
the TOPEX/POSEIDON altimeter.  

1  Formulation 
At any given position and time, the rate of mechani-

cal energy input due to atmospheric loading is  
( , , ) ( , , ) ( , , ),w x y t p x y t v x y t= −  

where  is the sea level atmospheric pressure,  ( , , )p x y t

( , , ) d ( , , ) / dv x y t x y t tη=  is the vertical velocity at the 
sea surface, η is the sea level. Averaged over a period 
of T, the rate of energy input at a given position is 

( , ) ,w x y pv= −  

where  indicates the time average over the period 
T. If both the pressure and sea level are separated into 
the mean and perturbations 

0 0,  ,p p p v v v′ ′= + = +  
then 

( ) 0 0 0 0, .w x y p v p v p v p v′ ′ ′= − + − + − + − ′  
The first three terms on the right hand side of above 

equation vanish, so the mean energy input is 

 
0 0

1 1 d( , ) d d ,
d

T T
w x y p v p v t p t

T T t
η′′ ′ ′ ′ ′= − = − = −∫ ∫  (1) 

where η′ is the sea level anomaly. Note that sea level 
anomaly can be induced by many dynamical processes, 
such as the atmospheric loading, wind stress, heating, 
precipitation and evaporation, and other dynamic proc-
esses; thus, pressure work obtained through altimeter 
data includes contributions from all these processes. 

The rate of total energy input into the world oceans 
is 

0

1 dd d d d d .
d

T
W w x y p t x

T t
yη′′= = −∫∫ ∫∫ ∫  

A major technical difficulty is the following: spatial 
and temporal resolution of sea level data from satellite 
altimeter is rather low. Sea level data at a given station 
are available roughly for every 10 days only, so this is 
the same order as the synoptical time scale for pressure. 
Consequently, two data samples of sea level η′ at a 
given station may belong to different synoptical events. 
If dη′/dt calculated as the mean rate of sea level change 
over such a period is substituted in eq. (1) to calculate 
the energy input, the results are unreliable. To over-
come such a problem, eq. (1) is rewritten by integration 
by part, as 
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⎝ ⎠

∫

∫
 

(2)
 

Since sea level pressure is based on daily mean data,  
its time rate of change can be calculated accurately  
from the NCEP data; meanwhile η′ at each crossover  
point is based on the satellite altimeter data, without in- 
troducing any additional errors. Therefore, using eq. (2)  
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can produce more accurate energy input averaged over 
one day. If T is large enough, the contribution of 

( 0
1 Tp
T

η′ ′−

correction. Furthermore, η′ used in the calculation is 
the deviation from the long-term mean sea level, so 
errors in Geoids should not affect the results of the cal-
culation. )  in eq. (2) approaches zero, thus eq. (2) is 

reduced to The dataset used in this study is from October 3, 
1992 to June 2, 2002 (cycle 1－360), which covers 
66°S－66°N with a sample matrix of 127×116. The 
zonal resolution is 2.8°, and the meridional resolution is 
0.02° at the northern and southern boundaries, and it is 
3° near the equator. 

 ( )
0

1 d,
d

T pw x y t
T t

η
′

′= ∫ d .  (3) 

2  Results and discussion 
Our calculation is based on TOPEX/POSEIDON al-

timeter data provided by AVISO. Although data col-
lected through all orbit cycles can be used in the calcu-
lation, there is a mismatch between the sampling fre-
quency (about 10 days) and the frequency of the sea 
level atmospheric pressure perturbations (on the order 
of days). Although NCEP data provide daily mean 
pressure, sea level at a given station observed from sat-
ellite comes in every 10 days. This mismatch in sam-
pling frequency turns out to be one of the major diffi-
culties in calculating the work done by atmospheric 
loading. Therefore, in order to obtain more reliable re-
sults, our calculation is based on the cross-over points 
of the orbits. 

The sea level atmospheric pressure data are taken 
from the NCEP Reanalysis. This is a daily-mean pres-
sure dataset covering the globe with a spatial resolution 
of 2.5°×2.5°. From this dataset the time series of dp′/dt 
was calculated and interpolated onto each crossover 
point in the altimeter dataset. 

Using eq. (3), mechanical energy input can be calcu-
lated accordingly. The horizontal distribution of me-
chanical energy due to atmospheric loading averaged 
over the past ten years is shown in Fig. 1, and the 
global mean rate of energy input is 0.12 mW/m2, with 
the global sum of 0.04TW. Note that the trajectories of 
the satellite altimeter do not cover latitudes higher than 
66°, thus, our value may underestimate the total energy 
flux. Previous estimate was 0.01 TW by Ponte, as cited 
in Wunsch and Ferrari[2]; however, no detail of his es-
timate was provided. In comparison with other me-
chanical energy sources, this seems to be a relatively 
small contribution; however, the dynamic role of this 
energy input may be related to the sea level’s response 
to the atmospheric loading, which needs to be studied 
more carefully. 

The TOPEX/POSEIDON orbit repeat cycle is about 
10 days. Since ascending and descending orbits cross in 
each cycle, there are two samplings at the crossover 
points during each 10-day period. Therefore, the sam-
pling frequency at the crossover points is doubled. The 
increase of sampling gives rise to more accurate results 
obtained from eq. (3). 

Note that η′ in eq. (3) is the actual sea level anomaly 
obtained from the altimeter data, with no barometer  

 

 
Fig. 1.  Global distribution of mechanical energy input due to atmospheric loading (mW/m2), averaged over the period of 1993－2002 (right panel) and 
the zonally integrated mechanical energy (in GW per degree) input due to atmospheric loading (left panel). 
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This energy input is far from being uniformly dis-
tributed in space. In fact, it is mostly concentrated 
around the Southern Ocean and the Storm Tracks in the 
Northern Hemisphere (Fig. 1). Note that other forms of 
mechanical energy input from atmosphere to the ocean 
have a similar pattern, including wind energy input 
through the geostrophic current, the ageostrophic cur-
rent (Ekman layer), and the surface waves[3－7]. 

Mechanical energy input due to atmospheric loading 
varies greatly with time because of changes in the at-
mospheric circulation. Thus, it is no surprise that en-
ergy input due to atmospheric loading to the world 
oceans varies slightly from year to year, with an ampli-
tude of about 15% of the mean value over the past 
decade (Fig. 2). Note that this is of about the same or-
der of the accuracy of the calculation. 

 
Fig. 2.  Interannual variability of the mechanical energy input due to 
atmospheric loading. 

3  Conclusions 
Mechanical energy input due to atmospheric loading 

is calculated for the world oceans, based on the sea 
level from the TOPEX/POSEIDON altimeter data on 
crossover points of the orbits and daily mean sea level 
pressure from the NCEP reanalysis dataset in the past 
ten-year period (1993－2002). The rate of total energy 
input is estimated at 0.04TW, and most energy input is 
concentrated in the Southern Ocean and the Storm 
Tracks in the Northern Hemisphere. The present ap-
proach may underestimate the energy input through 
atmospheric loading because many high frequency 
events are omitted due to the under-sampling of the sea 
level signals. Our calculations indicate that energy  

input from atmospheric loading is a small positive 
source for the oceanic general circulation. It seems that 
such a contribution is much smaller than other major 
sources, such as wind stress and tides, and it may not 
play important role in the oceanic general circulation; 
however, further study is needed for the potential role 
of this energy input to the dynamics of oceanic circula-
tion, especially the global response of sea surface ele-
vation to atmospheric pressure perturbations. 
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