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Abstract. Interannual sea surface height (SSH) variability 
as measured by the Topex/Poseidon satellite altimeters is in- 
vestigated for the North Atlantic Ocean between 1992 and 
1998. The SSH variability exhibits a basin-wide coherent 
dipole structure between the subtropical and the subpolar 
North Atlantic. The SSH dipole pattern changed sign be- 
tween 1995 and 1996, coinciding with a change of sign of the 
North Atlantic Oscillation (NAO). The large-scale SSH pat- 
tern is reproduced with an ocean general circulation model, 
and can be traced back to changes in the atmospheric forcing 
related to the NAO. The model reveals that the interannual 

SSH anomalies are mainly caused by changes in the oceanic 
heat transport which are connected with the response of the 
large-scale ocean circulation to changes in the wind stress 
curl. Variations in the local heat flux reinforce these SSH 

anomalies but are of minor importance. 

Introduction 

In the North Atlantic, interannual atmospheric variabil- 
ity is dominated by the simultaneous weakening of the 
Icelandic Low and strenghtening of the Azores High, the 
so-called North Atlantic Oscillation (NAO) [Walker, 1924; 
HuEEel, 1995]. In order to study the accompanying ocean 
heat content variability we are focussing on the relation- 
ship between the NAO and basin-wide, interannual Sea Sur- 
face Height (SSH) changes between 15øN-65øN, assuming 
that SSH and heat content changes are strongly correlated 
[Chambers et al., 1997]. Large-scale, long-term persistent 
SSH anomalies may point toward a possible oceanic forcing 
of the atmosphere on interannual time scales which may lead 
to enhanced predictability of the atmosphere on such time 
scales. SSH has been measured with high temporal and spa- 
tial resolution by satellite altimeters with an accuracy of 2-3 
crn since the beginning of the 1990s [Cheney et al., 1994]. 
In addition to the observations, we use a non-eddy-resolving 
general circulation model of the Atlantic Ocean to investi- 
gate the SSH response to idealized surface forcing related 
to high NAO-phases. This SSH response could either be 
induced by local buoyancy forcing or by dynamical adjust- 
ment of the ocean circulation to the altered forcing. The 
dynamical response of the ocean circulation to changes in 
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the phase of the NAO was already discussed by Eden and 
Willebrand [2001]. 

Altimeter Data 

The SSH data has been measured every ten days since 
October 1992 by the joint US/French satellite altimeter 
Topex/Poseidon (T/P) on repeat-tracks with a maximum 
track separation of 2.8 ø in longitude. The first 6 years of 
the T/P SSH data were provided by the Space Oceanog- 
raphy Division of Collecte Localisation Satellites (CLS) in 
Toulouse, France [AVISO, 1997]. The processing of the data 
by CLS involves the correction of the usual instrumental, 
media, and geophysical effects including tides and atmo- 
spheric loading. 

For every season in the period from winter 1992/93 to 
summer 1998 we have calculated SSH anomalies which were 

referenced to the mean seasonal SSH along the satellite 
tracks. The seasons were averaged for December to Febru- 
ary, March to May, June to July, and September to Novem- 
ber. Finally, the SSH anomalies were spatially interpolated 
to a 1 ø by 1 ø grid using Gaussian weighting functions. The 
accuracy of the monthly gridded SSH measured by T/P is 
estimated to be 2-3 cm [Cheney et al., 1994], and should 
be better than i cm for the investigated temporal means, 
provided that errors are uncorrelated between the individual 
cycles. 

Numerical Model 

The general circulation model is an improved version 
of the GFDL MOM2.1 code [Pacanowski, 1995], which 
was developed as part of FLAME (http://www. ifm. uni- 
kiel. de/to/FLAME•. The model domain is the entire At- 
lantic Ocean and the resolution is 4/3 ø in longitude and 
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Figure 1. 1st Principal Component of the seasonal SSH anoma- 
lies (-) measured by T/P and winter NAO-index (/k) calculated 
from normalized sea level pressure difference between Azores and 
Iceland after HuEEel [1995]. Periods used for the calculation of 
NAO high-low composites are underlaid in gray. 
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Figure 2. SSH composite for December 1994 to May 1995 minus December 1995 to May 1996, a) from T/P data and b) from 
experiment EXP-NCEP in cm. 

4/3 ø cos •b in latitude. The model is forced during a 50-year 
spinup phase with monthly climatological fluxes taken from 
Barnier et al. [1995]. For the following experiments surface 
flux anomalies derived from the NCEP/NCAR reanalysis 
data [Kalnay et al., 1996] were added to the climatological 
fluxes to force the model. More details concerning the model 
and the configuration are given by Eden and Jung [2001] and 
Eden and Willebrand [2001]. Note that a set of experiments 
similar to the one discussed here is also used in Eden and 

Willebrand [2001]. 

Results 

The first Empirical Orthogonal Function (EOF) of the 
observed seasonal SSH anomalies explains 34% of the vari- 
ance. It reveals a basin scale dipol in the subtropical and the 
subpolar North Atlantic in good agreement with the results 
of Reverdin et al. [1999]. The corresponding principal com- 
ponent (PC) is shown in Figure i together with the winter 
NAO-index. The most prominent signal in the leading PC 

Figure 3. a) SSH anomaly for the first year of experiment 
EXP-NAO (relative to the last year of the spinup phase) in cm 
(0.5 intervals). b) Meridional heat transport change in the first 
year of EXP-NAO in 10-2pw. 

is its change between 1995 and 1996 which coincides with a 
pronounced drop in the NAO-index. This suggests that the 
basin-wide changes in the observed SSH may be related to 
the NAO. However, the relation remains quite speculative 
at this point due to the restricted length of the observed 
time-series. 

To highlight the spatial characteristics of the SSH changes 
accompanying the shift in the NAO we have calculated the 
difference in SSH for the two periods marked in Figure 1. 
The SSH difference for December 1994 to May 1995 mi- 
nus December 1995 to May 1996, representing a high-low 
NAO composite, is shown in Figure 2a). For this compos- 
ite the SSH is increased by 3-8 cm in midlatitudes and 
decreased by 2-7 cm in the subpolar gyre. A very sim- 
ilar large scale pattern of SSH variability is also revealed 
by the leading EOF of the SSH as well as by a composite 
analysis of the seasonal SSH changes and the NAO index 
for 1993-1998 (not shown). The basin-scale SSH, which is 
corrected for tidal and atmospheric loading effects, is dom- 
inated by temperature-induced expansion and contraction 
of the oceanic upper layer with only minor contributions 
by changes in salinity and bottom pressure [Gill and Niiler, 
1973]. Therefore, we can derive changes of oceanic heat con- 
tent from the changes in SSH [Chambers et al., 1997]. Using 
climatological thermal expansion coefficients for the upper 
layer we have estimated a mean heat loss of 1.1 G Jim 2 in 
the subpolar region between 50øN- 65øN and a heat gain 
of 0.4 G Jim 2 in midlatitudes between 30øN- 45øN for the 
high-low NAO composite. 

For further investigation we have performed experiments 
with the numerical model. In order to check the perfor- 
mance of the model it was forced with surface fluxes for the 

period 1958-1997 in experiment EXP-NCEP. There is a fair 
agreement between model results and observations for the 
basin-scale SSH changes. An example is given in Figure 2b) 
which shows the difference for December 1994 to May 1995 
minus December 1995 to May 1996 for the diagnosed SSH in 
EXP-NCEP. The structure as well as the amplitude of the 
simulated SSH pattern is very similar to the observations. 
The corresponding heat content change in the model is an 
mean heat loss of 1.0 G Jim 2 in the subpolar region and a 
heat gain of about 0.6 G Jim 2 in midlatitudes, which agrees 



ESSELBORN AND EDEN: NORTH ATLANTIC SSH AND NAO 3475 

?0øW 50øW 30øW 10øW ?0øW 50øW 30øW 10øW 

o) 

65øN / ..... 
55øN 

45øN 

35øN 

25 øN I 

15øN ..... [ ..... 
-8.0-4.0 0.0 4.0 8.0 

Figure 4. SSH anomaly for the first year of experiment a) EXP-NAO-HEAT and b) EXP-NAO-WIND in cm. c) Meridional heat 
transport change in the first year of EXP-NAO-WlND in 10-2pw. 

also quite well with the observational estimates. There are 
some locations where the model results deviate from the ob- 

servations pointing towards deficiencies of the model. For 
example, the differences in the Gulf Stream area may be at- 
tributable to the fact that the model is not eddy-resolving 
and that the modelled Gulf Stream is hence unrealistic broad 

and sluggish. However, this should not influence the main 
conclusions drawn from the model results. 

To further check whether the SSH changes between 1995 
and 1996 are related to the NAO in the model and to un- 

derstand the mechanisms driving these rapid SSH changes, 
we performed idealized response experiments to a persis- 
tent high NAO-phase. Idealized forcing patterns of the sur- 
face fluxes were constructed by regressing time-series (1958- 
1997) of wind stress and heat flux anomalies taken from 
NCEP data onto the NAO-index for each month of the year 
and adding the regressed values to the monthly climatolog- 
ical values. Similar to the experiments by Eden and Wille- 
brand [2001] in experiment EXP-NAO the spun-up model 
was driven for one year (starting in January) with surface 
fluxes representative of a change in the NAO-index of 3. The 
changes in SSH for EXP-NAO are shown in Figure 3a). The 
results of EXP-NAO are indeed in good agreement with the 
SSH composites derived from the observations and EXP- 
NCEP; there is a decrease of 3-4 cm in SSH in the subpolar 
North Atlantic in the first year of experiment EXP-NAO and 
an increase with similar amplitude in midlatitudes. The cor- 
responding heat content change is a heat loss of about 0.5 
G Jim 2 in the subpolar region and a heat gain of about 0.3 
G Jim 2 in midlatitudes. 

The SSH and consequently heat content anomalies can 
be induced by local fluctuations of air-sea heat flux or by 
changes in lateral heat advection. Heat advection can in 
turn be modified by advection of heat anomalies generated 
by local air-sea heat flux changes or by changes in the cir- 
culation. On intraseasonal to interannual time scales, basin 
scale circulation changes should be induced by wind stress 
changes, while heat flux forcing should play a minor role on 
that time scale in driving circulation changes. To explore the 

relative importance of the heat flux and wind stress forcing 
for the induced SSH changes in the model, two additional ex- 
periments were performed. In experiment EXP-NAO-HEAT 
the model was driven solely by heat flux patterns related to a 
high NAO-phase (taken from the regression with the NAO- 
index) while the wind stress remained climatologically as 
in the spinup phase. In experiment EXP-NAO-WIND the 
model was driven by NAO related wind stress patterns while 
the heat flux patterns remained unchanged. 

The SSH changes in experiment EXP-NAO-HEAT are 
shown in Figure 4a). The SSH pattern resembles the pat- 
tern of the heat flux anomalies due to a high NAO-phase 
(not shown, compare e.g. [Ca,an, 1992]). Note, that there 
is no indication of SSH changes induced by advection of lo- 
cally generated heat content anomalies. Even though the 
resulting SSH pattern is similar to the one from EXP-NAO, 
amplitudes in EXP-NAO-HEAT are considerably lower than 
those in EXP-NAO. 

The SSH changes from experiment EXP-NAO-WIND are 
shown in Figure 4b). There is a positive SSH anomaly cen- 
tered at about 45øN, 45øW and a negative SSH anomaly 
centered in the Irminger Sea. The SSH changes in EXP- 
NAO-WIND are similar to EXP-NAO suggesting that most 
of the interannual changes in SSH are triggered by changes 
in wind stress. The corresponding meridional heat transport 
changes for those experiments are shown in Figures 3b) and 
4c). The convergences and divergences of the anomalous 
meridional heat transport are clearly located at the same 
latitudes as positive and negative SSH anomalies and are 
caused by changes in wind stress. This suggests that on in- 
terannual time scales in the North Atlantic north of 20øN, 
changes in the oceanic heat content are primarily induced by 
anomalous meridional heat transports and only secondarily 
by changes of the local air-sea heat flux. 

A more detailed discussion of the heat transport changes 
in similar model runs as investigated here by [Eden and 
Willebrand, 2001] reveals that in the subtropical gyre the 
anomalous heat transports are related to changes in the 
Ekman transport. In contrast, however, near the subpo- 
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lar front and north of it, the contribution of a Sverdup-like 
response to the NAO-related changes in the wind stress curl 
and the related horizontal circulation changes dominate the 
heat transport anomalies. 

Concluding discussion 

SSH as measured by satellite altimetry increased by 
several centimeters in the subpolar gyre for the winter 
1995/1996, corresponding to a heat gain of about 1.0 G Jim 2 
on average. The relevant aspects of this variability are well 
reproduced by a coarse resolution model. Recent hydro- 
graphic observations from the subpolar region show a sim- 
ilar gain of heat during this period. In addition, there are 
indications for the contribution of anomalous oceanic heat 

transport to the oceanic heat gain. Reverdin et al. [1999] 
have reported changes in upper ocean heat content between 
Iceland and Newfoundland in the winter 1995/1996 which 
correspond to an increase in steric height by about 4 cm. 
Since only half of these changes can be explained by local 
air-sea heat fluxes they conclude that anomalous advection 
of heat must be an important contribution. Between Ireland 
and southern Greenland the heat content of the upper layer 
has increased between 1995 and 1996 by 3.5 G Jim 2 [Bersch 
et al., 1999]. Note, that along this section the model shows 
enhanced heat gain with amplitudes close to the observed 
value. Since the salinity was increased as well they assume 
that advective processes might in part be responsible for the 
observed changes. 

There is a close correspondence between the observed 
patterns of interannual SSH variability and the patterns de- 
rived as the fast reaction from the idealized NAO response 
experiments. This confirms our hypothesis that the ob- 
served changes in SSH in winter 1995/96 are the reaction 
to the simultaneous drop in the NAO-index. However, in a 
statistical point of view this conclusion must remain specu- 
lative with respect to the restricted length of the observed 
SSH-time series. The fast response in the modeled SSH is 
primarily induced by N AO related changes in wind stress 
curl, which generate oceanic circulation anomalies and fi- 
nally cause anomalous heat transport convergences and di- 
vergences. Thus, we conclude here under the above men- 
tioned premise, that wind induced circulation changes rep- 
resent the major factor for basin scale, interannual heat con- 
tent changes in the North Atlantic. 

Thermohaline Circulation Variability". T/P SLA products were 
supplied by the CLS Space Oceanography Division, Toulouse, 
l•rance. 
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