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Atlantic Meridional Overturning Circulation (AMOC)

• Atlantic is unusual as MOC transports heat 
north across equator. Changes affect e.g.:
- SST in the N. Atlantic
- NW European weather+climate
- eastern US seaboard sea level

- rainfall in the Sahel
- hurricanes and monsoons

- CO2 uptake+carbon transport / storage
• possibly through links with the Atlantic 
Multidecadal Variability (AMV/O oscillation)
• AMOC is predicted to slowdown or stop 
under global warming (cf. paleo record)

very simplified
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RAPID 26.5˚N and OSNAP arrays

RAPID 26.5˚N from 2004

OSNAP from 2014
- presently both funded to 2020

ship

1957, 1981, 
1992, 1998,
2004, 2010, 
2015
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How the AMOC is measured at 26.5˚N

• AMOC at 26.5˚N consists of 3 components:

1) Ekman transport – from winds (satellite / re-analysis)
2) Florida Straits transport – from calibrated cable measurements
3) mid-ocean transport - from mooring array via geostrophy (upper ocean re-
circulation + deep return flow) – linked via dynamic height / density to SLA

• in addition a zero net throughflow condition is imposed
• from these measurements an overturning stream function is calculated, which 
has a maximum at ~1100m, above which flow is northward and below southwards

• the 3 components of the northward flow, Ekman, Florida Straits and Upper Mid-
Ocean (UMO), together give the strength of the AMOC

McCarthy, G. D. et al. 2015 Measuring the Atlantic Meridional Overturning Circulation at 26°N. 
Prog. Oceanogr. 130, doi:10.1016/j.pocean.2014.10.006
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RAPID 26.5˚N time series 2004-2017

10-day filtered 
90-day filtered

1 Sv = 106 m3 s-1
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Satellite altimetry + Argo

Willis 2010 Can in situ floats and 
satellite altimeters detect long-
term changes in the Atlantic Ocean 
overturning? Geophys. Res. Lett., 
37, doi:10.1002/2010GL042372. 

for the three‐month averaged geostrophic transport between
2004 and 2007. Furthermore, it has a strong seasonal cycle
with an amplitude of 3 to 4 Sv. At 41°N, the RMS vari-
ability is 1.4 Sv, and the seasonal cycle is smaller and more
irregular than that at 26.5°N.
[17] To estimate the total overturning at 41°N, the Ekman

transport is added to the geostrophic transport in the upper
1130 m (Figure 3). Ekman transports were computed using
wind stress products from the NCEP/NCAR Reanalysis
monthly mean derived datasets [Kalnay et al., 1996]. The
Ekman component has considerably more seasonal to inter-
annual variability, giving the total AMOC an RMS vari-
ability of 2.4 Sv at this latitude. This is still smaller than the
AMOC variability at 26.5°N, which is 3.1 Sv for the 3‐month
average time series including both the geostrophic and
Ekman components. It is also consistent with the range of
values computed by Lumpkin et al. [2008, Table 3] using
inverse methods on 5 transects at 48°N along with mooring
data and surface flux estimates.
[18] The estimate of overturning variability shown in

Figure 3 was computed using altimeter data and regression
coefficients to provide an initial guess for both the density
field and the 1000 m circulation. These initial guess fields,
or altimeter‐based estimates of the geostrophic circulation,
can also be computed for the entire period of the altimeter
record. Adding Ekman transport provides an estimate of the
AMOC from 1993 through 2009 (Figure 4). A small trend is
present in the altimeter‐based estimate, with the overturning
increasing by 2.4 ± 1.6 Sv over the 16‐year period. Here, the
1.6 Sv uncertainty refers to the 95% confidence interval on
the linear fit, suggesting that the trend is significant relative
to the seasonal and interannual fluctuations. This is not a
realistic observational error, however, and should be con-
sidered with some caution as discussed below.
[19] A one‐year low‐pass filter shows interannual varia-

tions of several Sv, particularly in the latter part of the record.
Beginning in early 2002, the overturning began to increase

rapidly by about 4 Sv. It peaked in late 2004 before slowing
again by about 3 Sv during 2005. In the low‐pass filtered
estimate, the Ekman transport remains an important but
smaller component of the AMOC variability, accounting for
about 35% of the interannual variations.

5. Discussion and Conclusions

[20] These observations suggest that the time‐averaged
overturning at 41°N is 2 to 3 Sv smaller than in the mid‐
latitudes [Cunningham et al., 2007]. Seasonal to interannual
variations in the overturning also appear to be significantly
smaller than at lower latitudes, which may prove advanta-
geous for detecting decadal changes in the strength of the
AMOC.
[21] No significant trend was detected in AMOC transport

between 2002 and 2009. The altimeter record, however,
suggests a slight strengthening since 1992. Although
agreement with Argo‐based observations during the latter
years is encouraging, some care is required for interpreting
the altimeter‐based estimate over the entire 16‐year period.
Regression coefficients between altimeter observations and
individual profiles are 0.5 to 0.6, while regression coeffi-
cients with subsurface displacement data are closer to 0.3
[Willis and Fu, 2008]. Nevertheless, on long enough time
scales, temperature and salinity anomalies advected into the
domain could introduce significant error into these coeffi-
cients. This underscores the need for ongoing hydrographic
observations such as those obtained by the Argo floats as
well as the more traditional ship‐based surveys.
[22] Based on coupled climate model runs, Knight et al.

[2005] suggested a connection between surface tempera-
ture of the North Atlantic and AMOC strength. Despite
uncertainty in the early part of the 16‐year record, the
increase in AMOC strength during the 1990s is consistent
with decadal warming in the North Atlantic relative to the
South Atlantic during the 1980s and 1990s. The decadal
variations in AMOC strength may also be consistent with
decadal changes in the temperature and salinity of the sub-
polar gyre [Sarafanov et al. 2008; Boyer et al., 2007; Curry
and Mauritzen, 2005] but further work is needed to deter-
mine the dynamical link between these property changes
and their relation to changes in the AMOC [Biastoch et al.,
2008].
[23] The estimate presented here is the longest direct

observation of overturning variability to date, and the only
one at high latitude. Given its potential consequences for
both regional and global climate change, monitoring the
AMOC remains an important observational priority. The
technique presented here provides estimates of AMOC
strength with errors of roughly 2 Sv in 3‐month average
estimates. Whether driven by global warming or part of its
natural variability, decadal changes in the AMOC that are
larger than 1 to 2 Sv should be readily apparent in the Argo
and altimeter observations. Global observing systems such
as these provide an important, high‐latitude complement to
the moorings and ship‐based hydrographic sections that
are currently being used to monitor the AMOC at lower
latitudes.

[24] Acknowledgments. The author would like to thankD.Menemenlis
for use of the ECCO2 model and D. Volkov for help understanding the
cube sphere output, and I. Fukumori and W. Patzert for a number of help-

Figure 4. Variability in the AMOC at 41°N computed as
the sum of the Ekman transport and the geostrophic trans-
port between the surface and 1130 m using a combination
of Argo and altimeter data (blue line). Shading indicates
error bounds. The thin red line shows an estimate of the
AMOC where the geostrophic transport is computed using
only the altimeter data and regression coefficients. The
dashed red line shows a one‐year running mean of the
SSH‐based estimate.

WILLIS: ARGO AND JASON SHOW AMOC VARIABILITY L06602L06602

4 of 5

• Argo used to estimate dynamic 
height at 1000m + T&S profiles 
for geostrophic shear to give 3-D 
absolute dynamic height from 
surface to 2000m
• Argo results regressed against 
altimeter SLA and upper 1000m 
transport calculated, Ekman added

@ 41˚N
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Satellite altimetry

Frajka-Williams 2015 Estimating the 
Atlantic overturning at 26˚N using 
satellite altimetry and cable 
measurements, Geophys. Res. Lett., 
42, doi:10.1002/2015GL063220. 

FRAJKA-WILLIAMS: TRANSPORT FROM ALTIMETRY X - 7
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Figure 4. MOC transports from RAPID 26◦N (red) and estimated, MOC∗, from the SLA proxy for UMO (black). Gray
shading indicates the uncertainty associated with the slope of the regression between SLA and UMO. The dashed grey
lines mark the means for the two decades, 1993–2003 and 2004–2014. While MOC and MOC∗ are not independent (both
contain the Florida Current and Ekman transport), the correlation coefficient between them is r = 0.96.

• developed a SLA proxy for 
the 26.5˚N UMO transport 
(over period of RAPID 
observations)
• combined with Florida 
Straits transport and Ekman 
transport from winds
• observations back to 1993
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AMOC and bottom pressure

• Alternative formulation of AMOC: transport T(y) at latitude y over depth range 
(z1, z2) depends on the East-West pressure p(y, z)  difference over that range (r0

mean density, f Coriolis parameter)

• making sufficiently accurate in situ measurements of ocean bottom pressure 
(OBP) to directly apply the above equation is problematic

• GRACE gravimetry – measuring time-varying gravity – provides measurements 
of OBP anomalies (mm H2O) from mascon gravity fields

simulations [e.g., Bingham and Hughes, 2008], deriving AMOC changes from GRACE OBP observations is chal-
lenging due to its relatively coarse spatial resolution (~300 km) as well as overall signal-to-noise (S/N) levels [e.
g., Kanzow et al., 2005]. However, recent advances in GRACE monthly gravity field estimation [Watkins et al.,
2015] (see section 2 for details) yield OBP fields with significantly improved S/N ratios and mitigate signal
attenuation that is typically the result of empirical postprocessing filters.

2. Methods and Data

The AMOC consists of a northward flow in the upper layer of the ocean (mostly between the surface and
1000m depth, e.g., Wunsch and Heimbach [2013]), and a return flow of North Atlantic Deep Water (NADW)
to the south in the deeper layers between 1000 and 5000m. Large-scale flows are generally in geostrophic
balance, and the meridional transport T(y, z) at a particular latitude y and depth z can be derived from the
zonal bottom pressure differences pE and pW at the eastern and western basin boundaries

T y; zð Þ ¼ pE y; zð Þ $ pW y; zð Þ
ρ0f

; (1)

where f is the Coriolis parameter and ρ0 the mean sea water density [e.g., Bingham and Hughes, 2008, 2009].
Integrating equation (1) between depth levels z1 and z2 yields the layer geostrophic AMOC volume transport
from ocean bottom pressure data across the ocean basin [e.g., Kanzow et al., 2007; Bingham and Hughes, 2008]:

T yð Þ ¼ 1
ρ0f ∫

z2

z1
pE y; zð Þ $ pW y; zð Þdz: (2)

Here we focus on OBP anomalies in the layer z1 = 3000m to z2 = 5000m. The focus is on this layer because (1)
it has a sufficiently large horizontal extent that can be resolved by GRACE, (2) it is relatively far away from land
to avoid hydrological signal leakage, and (3) it corresponds to the so-called Lower North Atlantic Deep Water
(LNADW) layer that is observed with the RAPID-MOCHA array. As detailed in Hughes et al. [2013], the step-like
bathymetry from 3000 to 5000m along the western boundary implies that the bottom pressure gradients
here will contribute most to the zonally averaged transport. More gently sloping topography would require
additional information.

The southward LNADW return flow is itself well correlated with northward AMOC interannual variations (e.g.,
Figure 2 in McCarthy et al. [2012]) and can thus serve as a proxy of upper/northward AMOC variability. If a
basin-mean or depth-averaged boundary pressure is removed from pW in equation (2), it is also possible to
use only bottom pressure on the Western boundary, at least on interannual time scales (BH09). Here, how-
ever, we use the outermost points on both eastern (OBPE) and western (OBPW) boundaries to avoid issues
arising from basin-mean bottom pressure variability, and land-hydrology signal leakage that can adversely
affect GRACE OBP signals [e.g., Bentel et al., 2015]. Land hydrology signals can be an order of magnitude stron-
ger than OBP variations, and due to GRACE’s limited resolution, coastal ocean signals can be contaminated
with strong land signals [Chambers and Bonin, 2012; Bentel et al., 2015]. The effect of intervening topography
from the Mid-Atlantic Ridge (MAR) is discussed below.

For our analysis, we use monthly OBP anomalies derived from the new JPL-RL05Mmascon gravity fields. This
GRACE solution is described in detail inWatkins et al. [2015], and we limit the data description here to a few
points pertinent to the subsequent analysis. The JPL-RL05M uses a priori constraints in space and time to
estimate global, monthly gravity fields in terms of equal area 3° spherical cap mass concentration functions
(mascons). Compared to OBP anomalies derived from conventional GRACE spherical harmonic solutions [e.g.,
Chambers and Bonin, 2012], the mascon basis function coupled with the Bayesian constraints in the
JPL-RL05M solution allows for improved spatial localization and S/N ratios, as well as better signal separation
between land and ocean regions (see Watkins et al., 2015 for further details). As is standard practice, we
remove solid Earth GIA trends [A et al., 2013], and restore the monthly dealiasing fields [Dobslaw et al.,
2013] to obtain the full oceanographic OBP signal. Recently, an additional long-period correction for the pole
tide (main components are at 12 and 14month periods but with significant energy also at interannual to
decadal periods) has been identified [Wahr et al., 2015], which we have included here as well. We use a mod-
est Gaussian averaging filter of 50 km half width to smooth transitions across the mascon boundaries. OBP
variations over steep bathymetry gradients cannot fully be resolved as a function of bottom depth since

Geophysical Research Letters 10.1002/2015GL065730
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AMOC from Ocean Bottom Pressure (OBP)

anticorrelation between deeper and
shallow regions along the western
basin boundary is consistent with
compensating flow anomalies (e.g.,
BH08). The observed large-scale
spatial and temporal coherence is
closely connected to the North
Atlantic and Arctic Oscillation and
can be attributed to a barotropic
Sverdrup response to surface wind
stress forcing [Piecuch and Ponte,
2014]. However, while the basin-
interior signals between 30 and
60N can be related to the strength
of the (subpolar) gyre circulation
and in this way indirectly to the
AMOC [e.g., Hakkinen and Rhines,
2004; Piecuch and Ponte, 2014], the
cross-basin boundary bottom pres-

sures shown in Figure 1a can be directly integrated over depth (equation (2)) to yield the mean geostrophic
meridional volume transport anomalies.

Integration of the boundary OBPs yields the first satellite gravimetry-only estimate of the 3000–5000m AMOC
anomalies at 26.5N (Figure 3). Note that due to GRACE’s large footprint (Figure 1b), the 3000–5000m pressure
integration with equation (2) is effectively an average along the depth profile. Nonetheless, this gravimetric
ocean transport estimate agrees very well with the in situ observations from the RAPID array. After monthly
averaging of the RAPID-LNADW estimate and applying consistent low-pass filters (see section 2), we find a cor-
relation of R=0.70 and an RMS difference of 1.2 Sv between the two estimates for the time period of overlap
May 2004 to March 2014 (Figure 3). Partitioning the integration (equation (2)) into the eastern and western part
of the basin (i.e., east and west of the MAR; Figure 1b) slightly reduces the correlation (RMAR=0.69) and
increases the RMSD (1.3 Sv), but the differences are not significant. The prominent 2009/2010 AMOC anomaly
is effectively mirrored in the southward LNADW return flow (note that positive values correspond to a north-
ward LNADW anomaly and hence a reduction in compensating southward return flow). Propagating the
GRACE OBP errors mentioned above through the transport calculation (equation (2)), we estimate a 1 sigma
error for a monthly LNADW value of approximately ±1.1 Sv. As such, differences between our GRACE and the
RAPID LNADW estimate shown in Figure 3 comfortably fit within the uncertainties of each method. We also
note that the RAPID-MOCHA AMOC algorithm imposes the constraint of zero net AMOC transport across lati-
tudes [e.g., McCarthy et al., 2012], essentially implying that the cross-basin upper ocean northward transport
(0–1000m) must return in the southward return flow between 1000 and 5000m depth. Interannual northward
AMOC variations from RAPID have been found to be mainly mirrored in LNADW (3000–5000m) [e.g., Kanzow
et al., 2007; McCarthy et al., 2012; Smeed et al., 2014], and the LNADW estimate is thus highly correlated with
the total northward AMOC transport. This so-called compensation of external transport had previously been
evaluated and verified from bottom pressure recorders but due to drift was limited to subannual time scales
[Kanzow et al., 2007; Frajka-Williams, personal communication, 2015]. Our direct bottom pressure integration
from GRACE here can be interpreted to support (within the errors) the no-net-transport assumption even on
interannual time scales. Possible net zonal mass transport variations arising from sources such as Bering
Strait inflow and net freshwater input north of about 70N are likely of similar magnitude as the uncertainties
and differences discussed above [e.g., Wunsch and Heimbach, 2013].

It is worth mentioning that the monthly mean of the GRACE dealiasing model (OMCT) that is restored during
postprocessing [e.g., Chambers and Bonin, 2012] also shows similar correlations to the RAPID LNADW estimates
as GRACE at 26.5N. To assess whether GRACE is providing skill at capturing the LNADW transport versus the
background model OMCT, we processed a customized GRACE gravity solution for 1 year (2009) for which the
monthly mean of OMCT is set equal to zero. The estimated monthly gravity anomalies are then completely
independent of any monthly mean estimate of OBP in the background model. Over the study region, the

Figure 3. Meridional transport estimates from GRACE OBP anomalies on the
eastern and western margin integrated over the 3000–5000m depth layer at
26.5N, compared to the RAPID-MOCHA estimate of LNADW. The RMS differ-
ence between these two estimates is 1.2 Sv and the correlation is R = 0.69. The
1 sigma error of the GRACE-LNADW estimate is ±1.1 Sv.

Geophysical Research Letters 10.1002/2015GL065730
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the native resolution of the gravity solution is 3° but can nonetheless be detected if the signal is large enough.
Comparisons with individual in situ bottom pressure recorders in the tropical North Atlantic have shown that
JPL-RL05M resolves monthly to intraannual variations well, with RMS differences of 11–14mm-H2O [Watkins
et al., 2015]; 1mm-H2O height corresponds to approximately 10Pa. Note that this RMSD also contains noise
and errors of the BPRs, and since the BPRs are point measurements, the RMSD is thus likely a conservative upper
limit for the uncertainty of GRACE OBPs in this region.

We compare and evaluate our GRACE-derived AMOC component against data from the RAPID-MOCHA array
[Smeed et al., 2014]. As GRACE’s gravity field variations are measured relative to a time-mean field, we can
only infer OBP anomalies relative to the time-mean geostrophic transports. Thus, the following transport var-
iations relative to the 2005–2012 mean circulation provide insight into the monthly to interannual variability
of the mean transports. In all subsequent analysis, we have (1) subtracted a global mean ocean mass signal
and monthly climatologies, (2) subtracted a linear least squares trend from all data points, and (3) applied a
Lowess smoothing filter with a window width of 9 data points to focus on interannual OBP and AMOC
variations. Note that as we detrend the OBP fields, Glacial Isostatic Adjustment (GIA) [eg., A et al., 2013] effects
and related uncertainties are effectively removed from OBPs here. After low-pass filtering, the monthly
GRACE OBP values have an uncertainty of approximately 5mm-H2O.

Figure 1. (a) Time series of eastern andwestern boundary bottom pressures (offset for clarity), averaged over 3000–5000m at
26.5N. The variability on the western boundary is significantly larger (RMS: 6.1mm) than on the eastern boundary (RMS:
3.5mm), and the variance of the east-west difference (red line) is mostly explained by OBP variations at the western boundary
(67%). Annual cycle and linear trend are subtracted, and 9 point “Lowess” filter has been applied (see section 2 for details);
(b) zonal bathymetry profile, highlighting the western (solid black) and eastern (solid blue) basin boundaries between 3000
and 5000m. The Mid-Atlantic Ridge eastern (dashed blue) and western (dashed black) flanks rise up to 3000m, but OBP
variations (dash lines in inset) along these flanks are nearly identical and thus effectively cancel out in the cross-basin
gradients. The grey bar extends over 3° longitude, corresponding to the GRACE JPL-mascon horizontal resolution (see text for
details). One mm-H2O OBP corresponds to approximately 10 Pa.

Geophysical Research Letters 10.1002/2015GL065730
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Landerer et al. 2015 North Atlantic 
meridional overturning circulation 
variations from GRACE ocean bottom 
pressure anomalies, Geophys. Res. Lett., 
42, doi:10.1002/ 2015GL065730. 

MAR
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Some other studies

• Mercier et al. (2015, Prog. Oceanogr.) – altimetry, Argo, hydrography to 
reconstruct AMOC (in density space) along Greenland-Portugal OVIDE section

• Dong et al. (2015, GRL) – synthetic T & S profile from altimetry SLA (based on 
correlations) to give variability of SAMOC between 20˚S and 35˚S
• Majumder et al. (2016, JGR) – Argo and altimeter sea surface height to construct 
3-D velocity field and hence estimate AMOC at 20˚, 25˚, 30˚ and 35˚S.
• Worthington et al (2019, JGR) – GRACE OBP and in situ BP for deep overturning 
variability at 26.5˚N

• at this meeting, see poster by Frajka-Williams et al. on AMOC from altimetry and 
gravimetry – how best to combine altimetry and gravimetry to estimate the AMOC
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Limitations

• altimetry + Argo – only feasible where major flows are in water of depth 2000m 
or more => restricted latitudinally ~39˚- 45˚N in N. Atlantic

• altimetry – relationships between sea level anomalies and dynamic height and T 
& S may change on longer timescales as water mass properties vary
• gravimetry – uncertainties at longer timescales due need to correct for glacial 
isostatic adjustment (removal of trend), effect of land hydrology on measurements 
near coasts, plus coarse spatial resolution (3˚)

• satellite AMOC estimates provided typically at monthly time resolution
• problem affecting all satellite AMOC measurements is that of validation and 
verification over decadal times scales

• can only be sure of satellite determined AMOC measurements by comparison 
with in situ direct observations 
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Observing AMOC – future requirements

• key question: AMOC meridional coherence
• new in situ observing systems being deployed 
(RAPID 26.5˚N time series from 2004)
• altimetry (sea surface height / level) and 
gravimetry (OBP) can help ”join the dots”
• challenge: how best to combine observations?
•scatterometry and passive microwave 
contribute to wind information (=> Ekman)
• infrared SST and passive microwave SST & 
SSS for links to AMV and air-sea interactions
• altimetry for coastal sea level
• challenge – to characterise AMOC impacts
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Observing the AMOC from Space - conclusions

• Observing the AMOC, determining its 
meridional coherence, how it is 
changing over long times scales 
(decades), and the consequent impacts 
(weather, climate, sea level),              
is a challenging problem.
• Satellite observations of winds, sea 
level / sea surface height, ocean bottom 
pressure, SSS & SST can all contribute.
• The overarching challenge is to build a 
sustained observing system.


