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Decadal Strengthening of Interior Flow of North Atlantic
Deep Water Observed by GRACE Satellites

Jannes Koelling1,2 , Uwe Send1, and Matthias Lankhorst1

1Scripps Institution of Oceanography, University of California San Diego, La Jolla, CA, USA, 2Ocean Frontier Institute,
Department of Oceanography, Dalhousie University, Halifax, Nova Scotia, Canada

Abstract The Gravity Recovery and Climate Experiment (GRACE) satellite mission provides
information on changes to the Earth's gravity field, including ocean mass. Long-term trends in GRACE
data are often considered unreliable due to uncertainties in the corrections made to calculate ocean mass
from the raw measurements. Here, we use an independent estimate of ocean mass from satellite altimetry
and in situ density data from five mooring sites and repeat hydrography to validate trends in GRACE over
the North Atlantic, finding substantial agreement between the methods. The root-mean-square difference
between ocean mass changes calculated with this method from the mooring data and those measured by
GRACE is 3.5 mm per decade, much lower than the mean signal of 15.6± 1.8 mm per decade for GRACE
and 17.8± 5.2 mm per decade for the altimetry-mooring estimate. The GRACE ocean mass data are then
used to study the change in the deep circulation of the North Atlantic between the 1 April 2002 to 31 March
2009 and 1 April 2010 to 31 March 2017 periods, revealing a large-scale anticyclonic circulation anomaly
off the North American coast. The change is associated with an increase of 13.9± 3.3 Sv (1 Sv = 106 m3 s−1)
of southward North Atlantic Deep Water flow in the interior between 30◦N and 40◦N, largely balanced by a
northward anomaly of 10.7± 3.3 Sv for the boundary circulation. This implies an increased importance of
interior pathways compared to the Deep Western Boundary Current for the spreading of North Atlantic
Deep Water, which constitutes the lower limb of the Atlantic Meridional Overturning Circulation.

Plain Language Summary The Gravity Recovery and Climate Experiment (GRACE)
satellites measure the Earth's gravity field, which can be used to study ocean currents. In this study, we
validate long-term trends in the data using independent ocean measurements to confirm that they reflect
real changes in the ocean. In the Atlantic Ocean, North Atlantic Deep Water flows southward from its
formation region near Greenland, spreading throughout the ocean basin. The flow of North Atlantic Deep
Water is a crucial part of Earth's climate system, making it an important process to understand. Most
of the water spreads southward in the so-called Deep Western Boundary Current along the continental
shelves of North America, but there is also a significant flow further offshore in the interior of the basin.
We use the GRACE data to measure changes to these two pathways between the 2002–2009 and 2010–2017
periods. The results show that southward flow in the interior has strengthened during this time, with
opposite changes near the continent. This marks a significant change to how this water spreads from the
formation region.

1. Introduction
The Gravity Recovery and Climate Experiment, or GRACE, satellite mission was launched in 2002
(Tapley et al., 2004), and collected an approximately 15-year-long record of variability in the Earth's gravity
field before it was decommissioned in late 2017. The follow-on mission, GRACE-FO, was launched in May
2018 (Landerer et al., 2020). The GRACE setup consists of twin satellites orbiting the Earth in sequence
and measuring the change in distance between one another using radar. Changes in the Earth's gravity
field accelerate or decelerate each of the satellites as they pass above them, and the resulting change in the
distance between the satellites is used to infer gravity anomalies. Gravity changes over the ocean provide
information on ocean mass variability, which is used for studies of the global sea level budget (Chambers
et al., 2017; Leuliette & Miller, 2009) and deep ocean circulation (Landerer et al., 2015; Mazloff &
Boening, 2016). Early GRACE products suffered from spurious “leakage” of the much larger terrestrial sig-
nal into the ocean, particularly near the coasts (Guo et al., 2010). Several gridded products developed since

RESEARCH ARTICLE
10.1029/2020JC016217

Key Points:
• GRACE ocean mass trends are

validated using mooring and
altimetry data

• Changes reveal decadal variability
in the deep circulation of the North
Atlantic ocean

• Flow of North Atlantic Deep
Water in the interior strengthened
compared to the boundary
circulation

Supporting Information:
• Supporting Information S1

Correspondence to:
J. Koelling,
j.koelling@dal.ca

Citation:
Koelling, J., Send, U., & Lankhorst, M.
(2020). Decadal strengthening of
interior flow of North Atlantic Deep
Water observed by GRACE satellites.
Journal of Geophysical Research:
Oceans, 125, e2020JC016217. https://
doi.org/10.1029/2020JC016217

Received 6 MAR 2020
Accepted 17 OCT 2020
Accepted article online 22 OCT 2020

©2020. American Geophysical Union.
All Rights Reserved.

KOELLING ET AL. 1 of 18

http://publications.agu.org/journals/
https://orcid.org/0000-0001-6818-6794
https://orcid.org/0000-0002-4166-4044
https://doi.org/10.1029/2020JC016217
https://doi.org/10.1029/2020JC016217
https://doi.org/10.1029/2020JC016217
https://doi.org/10.1029/2020JC016217
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020JC016217&domain=pdf&date_stamp=2020-10-31


Journal of Geophysical Research: Oceans 10.1029/2020JC016217

Figure 1. Ocean mass change in the GRACE JPL RL05.1 M product, calculated as the mean from 1 April 2010 to 31
March 2017 minus the mean from 1 April 2002 to 31 March 2009. Data are only shown at grid points with depths
exceeding 3500 m, and expressed as liquid water equivalent (LWE). Black symbols denote mooring sites, and other
symbols/lines show repeat hydrography stations and sections used in this study. Shading shows the 3,500-m isobath,
and MAR refers to the Mid-Atlantic Ridge.

then address this issue by separating the global grid into spherical cap mass concentrations, or mascons,
which better differentiate between land and ocean. Nonetheless, uncertainties remain as large signals unre-
lated to oceanic variability, such as glacial isostatic adjustment or the Earth's pole tide, need to be corrected
to obtain the final GRACE solution, and errors in estimating these quantities can propagate into the grid-
ded GRACE data. These geophysical processes occur on time scales far exceeding the length of the GRACE
record, such that they would manifest themselves as trends in the ocean mass data (Watkins et al., 2015).
As a result, linear trends are often removed from GRACE data before using them in transport calculations
(Landerer et al., 2015; Worthington et al., 2019). However, since changes in ocean mass are related to
geostrophic flow through their effect on bottom pressure, the signal on these time scales is of great interest for
studies of the deep circulation. This is true particularly in the Atlantic Ocean, where they are associated with
variability in the lower branch of the Atlantic Meridional Overturning Circulation (AMOC), which plays
an important role in the Earth's climate (Srokosz & Bryden, 2015). Decadal variability and long-term trends
in AMOC strength have been shown to exist in both observations and climate models (Danabasoglu, 2008;
Muir & Fedorov, 2017; Send et al., 2011; Smeed et al., 2014), and the much better spatial coverage of GRACE
compared to traditional measurements in the deep ocean could provide new insights into variability of the
deep circulation. In the North Atlantic ocean, the decadal signal in GRACE appears to exhibit large-scale
patterns of ocean mass increase which are intensified in the interior western basin (Figure 1), resembling
patterns associated with the distribution of North Atlantic Deep Water (NADW) (Rhein et al., 2015). This
study is motivated by the question of whether or not these changes reflect real oceanic variability.

Although continuous time series of in situ ocean bottom pressure (OBP) for comparison to GRACE do exist,
bottom pressure recorders suffer from a drift that is difficult to separate from real variability on time scales
longer than a few years (Watts & Kontoyiannis, 1990), rendering them unsuitable for validating trends in
GRACE. An alternative method of inferring variability in ocean mass is to calculate it as the difference
between sea level anomalies and changes in steric height, the latter being caused by the expansion or con-
traction of the water column due to density changes. An analysis of hydrographic data by Purkey et al. (2014)
showed that global ocean mass trends calculated with this method agreed well with an earlier release of
GRACE data, and regional trends averaged over entire ocean basins were generally consistent with GRACE,
too. To date, this method has not been employed on smaller spatial scales due to the temporal and spatial
sparsity of full water column ocean density data, which results in small-scale noise being aliased into the
larger-scale signal of interest. However, a model simulation by Williams et al. (2015) showed that, using thor-
ough calibration procedures for mooring data, sufficient accuracy can be achieved to detect decadal trends
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Table 1
Access Information for Data Used in This Study

Site Website Data version or access date
RAPID WB3, MARwest http://rapid.ac.uk 05/2019
RAPID EB1 http://bodc.ac.uk 10/2018
MOVE 3, MOVE 1 ftp://data.ndbc.noaa.gov/data/oceansites/DATA/ 04/2018
A05, A20, A16N http://cchdo.ucsd.edu 02/2017
BATS http://cchdo.ucsd.edu 11/2018
Line W http://scienceweb.whoi.edu/linew 05/2017
GRACE http://grace.jpl.nasa.gov JPL RL05.1M
Altimetry http://aviso.altimetry.fr (now available at marine.copernicus.eu) dt_global_twosat_madt

from moorings and satellite altimetry. Carefully calibrated mooring arrays have been deployed as part of the
MOVE project at 16◦N since 2000 (Send et al., 2011), and the RAPID project at 26.5◦N since 2004 (McCarthy
et al., 2015). Here, we use data from these moorings, along with hydrographic time series and transects, to
validate decadal trends in GRACE (Figure 1), and subsequently use these GRACE data to investigate the
corresponding changes to the deep circulation of the Atlantic Ocean.

2. Methods and Data
2.1. Data

Both MOVE and RAPID moored conductivity-temperature-depth (CTD) data are calibrated before and after
each deployment by attaching each sensor to a ship-based rosette with CTD sensor and comparing measure-
ments during a number of subsurface stops to data from the rosette CTD, which in turn is calibrated against
bottle samples. The resulting accuracy of the practical salinity, temperature, and pressure measurements
is 0.002, 0.001◦C, and 2 dbar relative to the rosette CTD (Kanzow et al., 2006). For the MOVE moorings,
anomalies of temperature (T) and salinity (S) from climatology are interpolated vertically between sensors to
produce a data set on a consistent vertical grid. MOVE 1 was deployed in a different configuration between
2007 and 2011, with no instruments in the upper 1,000 m of the water column, resulting in a data gap of
approximately 4 years in the steric height data used here. Data from the RAPID EB1 mooring are processed
the same way, with data from each instrument obtained from https://www.bodc.ac.uk/ website. For the
RAPID WB3 and MARwest moorings, temperature and salinity data are taken from the pressure-gridded
fields available on the project website, http://www.rapid.ac.uk/ (Smeed et al., 2019). These extend from the
seafloor to about 150 m below the sea surface throughout the deployments. The procedure for interpola-
tion between instruments is similar to that used at MOVE and is described in more detail by McCarthy
et al. (2015).

For all mooring data, the steric height measurements used in this study are extrapolated above the shal-
lowest measurement by a linear fit to steric height anomalies based on the method described by McCarthy
et al. (2015). The data used for the linear fit are taken from the 75 m below the uppermost mooring instru-
ment at each site. Shipboard data from the Bermuda Atlantic Time Series (BATS), Line W, and hydrographic
transects A05, A20, and 16N are also used. The sources for all data used in this study are listed in Table 1,
and the times and locations of measurements used are given in Table 2.

For altimetry data, the daily gridded two-satellite product is used, which uses one satellite as a reference in
order to obtain a stable signal on climate-relevant time scales. The altimetry data are linearly interpolated to
the location of the respective density measurements, and averaged over 10 days when used with shipboard
data. GRACE data come from the JPL RL05.1 M product, the development of which was motivated in part
by a desire to improve the representation of gravity anomalies over the ocean (Watkins et al., 2015). The
method involves separating the Earth into 4,551 equal-area mass concentration cells, called mascons, with
an area equivalent to 3◦ × 3◦ at the equator, and integrating the gravitational potential over the surface of
each mascon. Thus, while the grid spacing of the data product is 0.5◦ × 0.5◦, the effective resolution is about
3◦ × 3◦. The usage of the mascons eliminates much of the spurious north-south “stripe” signal found in
earlier spherical harmonic solutions (Save et al., 2016; Watkins et al., 2015), and improves the separation
between gravity signals in the ocean and on land. For details on the mascon method, and its advantages over
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Table 2
Components of the Sea Level Budget (in Millimeters per Decade)

Mooring site Time period ΔSLalt ΔSLsteric ΔSLmass(A&S) ΔSLmass(G)
RAPID WB3 1 April 2004 to 31 March 2017 98.0 ± 6.6 65.7 ± 7.4 32.3 ± 10.0 28.9 ± 2.2
RAPID MARwest 1 April 2004 to 31 March 2017 37.5 ± 9.5 24.9 ± 7.4 12.6 ± 12.0 12.2 ± 1.6
RAPID EB1 1 April 2005 to 31 March 2017 41.0 ± 9.6 25.8 ± 8.1 15.2 ± 12.6 8.4 ± 1.9
MOVE 3 1 April 2002 to 31 December 2014 0.2 ± 7.8 −13.0 ± 8.7 13.2 ± 11.7 13.9 ± 2.2
MOVE 1 1 April 2002 to 31 March 2015a 24.6 ± 8.3 8.9 ± 9.1 15.7 ± 12.4 14.7 ± 1.2
Mean 17.8 ± 5.2 15.6 ± 1.8 RMSD:3.5
Transect/station Time period Lat/lon range or station ΔSLmass(A&S) ΔSLmass(G)
A05 April 2004, January 2015 65–55◦W, 24.5◦N 21.6 ± 17.1 21.8 ± 5.9
A05 April 2004, January 2015 35–25◦W, 24.5◦N 22.9 ± 19.2 14.7 ± 5.9
A20 October 2003, May 2012 52◦W, 25–35◦N 10.9 ± 18.7 9.2 ± 5.9
A16N July 2003, August 2013 26.2–20.6◦W, 25–35◦N 9.2 ± 15.7 7.9 ± 5.9
Line W September 2003 to June 2013 68.7◦W, 38.1◦N to 67.5◦W, 36.2◦N 48.9 ± 11.6 57.4 ± 10.3
BATS 1 January 2002 to 31 December 2016 64.4–63.9◦W, 31.4–31.9◦N 22.6 ± 6.9 31.5 ± 1.6
Mean 22.7 ± 5.8 23.8 ± 2.4 RMSD:6.1

Note. Uncertainties represent the instrumental error (section 2.4). ΔSLalt: Sea surface height change from satellite altimetry. ΔSLsteric: Steric height change from
in situ density data; ΔSLmass(A&S): ocean mass change calculated as the difference between ΔSLalt and ΔSLsteric; ΔSLmass(G): ocean mass change from GRACE
over the same time period.
aNo data for MOVE 1 between August 2006 and December 2010.

previous GRACE products, the reader is referred to Watkins et al. (2015) and Wiese et al. (2016). The GRACE
data are corrected for errors in the pole tide model following Wahr et al. (2015). Changes in atmospheric
mass over the ocean are not corrected for in this study, but the effect of this correction on the trends would be
less than 1 mm per decade, much smaller than the signal seen in Figure 1. Data used for each site are taken
from the nearest grid point. BATS lies on the boundary between two GRACE mascons, one encompassing
much of the shallow ocean around Bermuda, and one situated largely in the deep ocean, with the latter
chosen for the analysis here.

2.2. Sea Level Budget

Sea level anomaly relative to a reference time measured by satellite altimetry, SL′
alt, can be expressed as the

sum of two components, one due to expansion or contraction of the water column as a result of density
changes, SL′

steric, and one due to addition or subtraction of mass, SL′
mass. In this study, we use mooring-

and hydrography-based measurements of T and S profiles to calculate SL′
steric for the full water column and

combine them with SL′
alt to obtain an estimate of SL′

mass:

SL′
mass(t) = SL′

alt(t) − SL′
steric(t) (1)

where t is time. Steric height is computed as

SLsteric = g−1 ∫
0

pref

𝛿dp (2)

where g is the gravitational constant, 𝛿 is the specific volume anomaly relative to seawater at a salinity of 35
and temperature of 0◦C (Talley et al., 2012), and the integration limits are the sea surface and a reference
pressure pref. Studies of global sea level rise have compared total sea level anomalies, SL′

alt, calculated from
SL′

steric from Argo floats, and SL′
mass from GRACE, to sea level records from tide gauges or altimetry in an

attempt to close the global sea level budget (e.g., Chambers et al., 2017; Leuliette & Miller, 2009). However,
Argo floats only sample the upper 2,000 m of the ocean, so that variability below cannot be resolved from
these measurements alone. Here, SL′

steric is computed by integrating over most of the water column, with
the deepest measurement available throughout the record, typically between 4,000 and 5,000 m, chosen as
the reference depth at each site.

We calculate the ocean mass trend in millimeters per decade as the difference between the average of SL′
mass

(in mm) over two multiyear periods, T1 and T2, scaled by the time difference between the central time in
each period, ΔT, in years:
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ΔSLmass =
(

SL′
mass

T2 − SL′
mass

T1
) 10
ΔT

(3)

where overbars denote the time average. Using the above equation, a trend is calculated from the GRACE
ocean mass data,ΔSLmass(G). Ocean mass is also calculated from altimetry (A) and steric height from density
data (S) using Equation 1 and used in Equation 3 to obtain a second estimate of the trend. We refer to this
as the altimetry-steric height estimate of ocean mass, ΔSLmass(A&S). The two are compared in section 3.1
to evaluate the veracity of trends in the GRACE data.

For moorings and the regularly sampled BATS hydrography data, the averages are taken over the first and
second half of the record, calculated for an integer number of years. For example, for the 13-year RAPID
record, changes are calculated as the difference between the 1 April 2004 to 31 March 2010 and 1 April 2011
to 31 March 2017 periods. Line W was only occupied once or twice per year over a 10-year period. To achieve
a robust estimate here, the trends between the first and second half of the record are averaged over eight
stations, and the mean of these stations is used in section 3.1. The station numbers used are # 9014-9021, and
their longitude/latitude range is given in Table 2. For other hydrographic transects, data come from only two
occupations, and therefore short-term and small-scale variability can alias the long-term difference sought
here. To mitigate this, the hydrography data are averaged over a relatively broad longitude or latitude range
to reduce noise associated with variability on small spatial scales. The averaging for each transect includes
about 10 to 20 stations, and the ranges are given in Table 2. For consistency, trends from GRACE are averaged
over the same regions. In addition, SL′

mass
Tn is calculated as

SL′
mass

Tn (A&S) = SL′
mass(A&S)(tn) −

(
SLmass(G)(tn) − SL′

mass
Tn (G)

)
(4)

where tn denotes the time of the CTD occupation (see Table 2), and Tn is a multiyear period as in Equation 3.
SLmass(G)(tn) is averaged over 3 months centered on tn, and SL′

mass
Tn (G) is calculated for 1 April 2002 to

31 March 2009 and 1 April 2010 to 31 March 2017, for T1 and T2, respectively. This removes some of the
higher-frequency variability associated with seasonal or interannual variability in SL′

mass(A&S)(tn) based on
GRACE data, so that the resulting estimate ΔSLmass(A&S) is more representative of the long-term trend.
The method to calculate trends from single occupations of hydrography lines from Equation 4 is shown
schematically in Figure S1 in the supporting information.

2.3. Geostrophic Transport

The change in horizontally averaged geostrophic flow between any two points at the same depth, z1 as a
function of pressure p, is given by

u′(z1) = − 1
𝑓𝜌0

Δp′(z1)
Δ𝑦

, v′(z1) =
1

𝑓𝜌0

Δp′(z1)
Δx

(5)

with 𝜌0 and f being a typical seawater density and the Coriolis parameter, respectively, and primes denoting
fluctuations relative to the time mean. Ocean bottom pressure can be inferred from GRACE ocean mass,
which can thus be used to calculate the geostrophic flow at this depth. In this study, the change in the
OBP gradient between two adjacent points with different bottom depths is taken to represent the change in
the flow at the shallower of the two depths. To verify that this is a valid assumption, we analyzed decadal
changes in velocity shear from the World Ocean Atlas product (Levitus et al., 2013). The decadal change in
the sheared component of the deep ocean circulation between neighboring grid points in the study domain
is typically on the order of 100 m2 s−1, much smaller than the change from the GRACE data seen in Figure 5.

A vertically resolved profile of velocity changes can be obtained by using the deepest common level between
two points as the reference level, and calculating velocity shear relative to this level from the horizontal
density gradient. Integrating this profile in depth yields the change in transport, which can be separated
into a barotropic component T′

BT calculated from OBP changes, and a baroclinic component, T′
BC, calculated

from the velocity shear.

2.4. Error Sources
2.4.1. Instrumental Error
The accuracy of individual altimetry measurements of sea surface height is about 2.5 cm for modern altime-
ters (Chelton et al., 2001), so the error for SSH averaged over a certain time period or region is given by

𝜎SSH = 2.5cm√
DOFSSH

(6)
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Figure 2. ΔSLmass(G) from GRACE compared to ΔSLmass(A&S) calculated as the difference between ΔSLalt from
altimetry and ΔSLsteric from moorings (black symbols) or hydrography data (other colors). Error bars show
instrumental error (section 2.4). Symbols and colors correspond to those in Figure 1. The black dashed line shows a
1:1 slope.

with DOFSSH representing the degrees of freedom of the average. To derive the degrees of freedom, an auto-
correlation time scale 𝜏 is calculated following Leith (1973), and the degrees of freedom are calculated as
DOFSSH = L∕𝜏, where L is the length of the time series for each averaging period. For CTD data from hydro-
graphic transects used in Figure 2, we assume that SSH data at each station are independent, such that
DOFSSH is equal to the number of stations used in the averaging.

For mooring-based steric height estimates, the error comes principally from two sources: the calibration
error of each instrument relative to the reference CTD in the calibration procedures described in Kanzow
et al. (2006), 𝜎inst, and the accuracy of the reference CTD itself in measuring temperature, salinity, and
pressure, 𝜎CTD. For 𝜎inst, we use a value of 4 mm, which was determined by Williams et al. (2015) to be
the uncertainty in steric height due to uncorrelated calibration errors for individual instruments. The CTD
error is calculated by considering separately the contributions of the measurement accuracy of 0.002◦C and
0.002◦C on salinity and temperature (IOCCP-ICPO, 2010), and an error of 0.0015% of full scale, or about
1.02 dbar, for a typical pressure sensor (Houston & Paros, 1998). The combined error 𝜎CTD amounts to about
8.2 mm for a typical depth of 5,000 m, and scales approximately linearly with depth. The error for the steric
height in each of the two time periods T is then given by

𝜎steric(T) =

√
𝜎2

inst + 𝜎2
CTD

DOFsteric(T)
(7)

Measurements from the same mooring deployment cruise cannot be considered independent as they are
calibrated against the same CTD data, such that the degrees of freedom DOFsteric(T) for each time period T
are equal to the number of mooring deployments during this time. For estimates from single CTD sections,
𝜎inst = 0, but the overall error is larger because they come from only one cruise, so that DOFsteric(T) = 1.
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For moorings, there is also an error associated with the discrete sampling in the vertical (Kanzow et al., 2006).
This is typically about 1 cm for instantaneous steric height measurements (Williams et al., 2015), but unlike
𝜎inst and 𝜎CTD, the error is not constant for each deployment. The degrees of freedom are therefore given by
the autocorrelation time scale of the measurement (Leith, 1973), with resulting errors in the trend on the
order of 1 mm per decade, which is negligible compared to 𝜎inst and 𝜎CTD.

Assuming errors are uncorrelated, the total error for the altimetry-steric height estimate of ocean mass
change, ΔSLmass(A&S), is then

𝜎ΔSLmass(A&S) =
√

𝜎2
steric(T1) + 𝜎2

steric(T2) + 𝜎2
SSH(T1) + 𝜎2

SSH(T2) (8)

The uncertainty in GRACE is calculated from a measurement error of 1 cm (Landerer et al., 2015; Watkins
et al., 2015), and the degrees of freedom calculated from the length of the time series and the autocorrelation
time scale. Error bars in Figure 2 and uncertainties in Table 2 reflect the instrumental error discussed in this
section.
2.4.2. Other Errors
In addition to the measurement error, biases in regional trends from satellite altimetry can be on the order
of 2–3 mm year−1 due mostly to orbit errors (Ablain et al., 2015), which is of comparable magnitude to
the ocean mass trends shown in Figure 1. For GRACE, uncertainties in the removal of low-frequency sig-
nals that are not related to oceanic variability are also of the same order as the signal of interest (Landerer
et al., 2015), and the large averaging area of the GRACE mascons smooths out some of the signal compared
to the point measurements from moorings and higher-resolution data from altimetry. The magnitude of all
of these errors will depend on the location, making them difficult to quantify, so they are not shown as part
of the uncertainty in Figure 2 and Table 2. We note that the bias from corrections to altimetry or GRACE
alone could feasibly be responsible for the entire trend at most sites. However, the good agreement between
the two methods of calculating SLmass and the spatial patterns in the trend (see below) suggests that this is
not the case.

3. Ocean Mass Changes
Spatially variable decadal ocean mass changes are evident in the GRACE data in Figure 1, but previous
studies have typically assumed the trends to be caused by uncertainties in the GRACE correction (Landerer
et al., 2015). In this section, we evaluate whether observed trends reflect real ocean mass changes, or whether
they are spurious trends introduced by errors in the data processing. We also compare spatial patterns of
the trend to water mass properties and investigate the contribution of different parts of the water column to
steric height changes.

3.1. Validating Decadal Trends in GRACE

To validate the decadal ocean mass change seen in Figure 1, ΔSLmass(A&S) is calculated as the difference
between ΔSLalt from altimetry and ΔSLsteric from moorings (Equations 1 and 3). This estimate of the ocean
mass trend is plotted against the trend over the same time period from the GRACE JPL RL05.1 M product,
ΔSLmass(G), with black symbols in Figure 2. Both estimates are listed for all moorings in Table 2. SL′

mass(A&S)
increased at all sites, with values ranging from 12.6± 12.0 to 32.3± 10.0 mm per decade. The range of
GRACE ocean mass changes calculated over the same periods is 8.4± 1.9 to 28.9± 2.2 mm per decade. The
mean increase in ocean mass at all mooring sites is comparable for the altimetry-mooring and GRACE esti-
mates at 17.8± 5.2 mm per decade for ΔSLmass(A&S) and 15.6± 1.8 mm per decade for ΔSLmass(G). The
root-mean-square difference, or RMSD, between ocean mass changes for the five moorings calculated from
Equation 1 and those measured by GRACE at the respective sites is 3.5 mm per decade. The RMSD is less
than a quarter of the mean trend, and lower than the smallest observed change of 8.4± 1.9 mm per decade,
demonstrating that the two methods yield consistent results. The agreement is also much better than the
accuracies typically given for trends in both the altimetry and GRACE ocean mass measurements. The mis-
match is only about 18% of the 2- to 3-mm year−1 regional error for altimetry (Ablain et al., 2015), and 35%
of the 1-mm year−1 uncertainty for GRACE (Quinn & Ponte, 2010), suggesting that errors in the trend may
be smaller than previously thought.

Repeating the same analysis with different data products of GRACE yields larger RMS differences with
ΔSLmass(A&S) of about 14 mm per decade for the earlier JPL RL05.1 (nonmascon) solution and the CSR
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Figure 3. Maximum layer thickness, or vertical distance between 𝜎4 isopycnals of water with silicate below
40 μmol L−1, from World Ocean Atlas 2013 data (Levitus et al., 2013). This highlights the Denmark Strait Overflow
Water (DSOW), the lowest layer of NADW.

RL05.1 mascons (Save et al., 2016). Their mean differences are over 10 mm per decade, compared to 2.2 mm
per decade for JPL RL05.1M, suggesting possible biases. The recently released JPL RL06 M solution is com-
parable to the RL05.1 M version, with an RMSD to the mooringΔSLmass(A&S) estimate of 3.6 mm per decade.
A detailed analysis of the advantages and disadvantages of the different GRACE products is beyond the
scope of this study, but decadal ocean mass variability in the North Atlantic seems to be represented best in
the JPL mascons compared to other gridded data. The JPL RL05.1 M data are used for the remainder of this
study, but the results presented here would not qualitatively change if RL06 M data were used instead.

For additional validation of GRACE ocean mass trends, ΔSLmass(A&S) is also calculated using ship-based
hydrography data at six locations in the Atlantic (see section 2.1). The resulting estimate of ocean mass
changes is again compared to ΔSLmass(G) from the GRACE JPL RL05.1 M product, shown in Figure 2 and
Table 2 along with the mooring-based estimates. The hydrography data have a larger sampling error, and
although they were corrected for short-term variability (Equation 4), some of the associated noise will
remain in the data. Nonetheless, ΔSLmass calculated from altimetry and hydrography data still agrees well
with GRACE, with an RMS difference of 6.1 mm per decade. The combined RMSD between moorings and
hydrography and GRACE is 5.1 mm per decade, with a correlation between ΔSLmass(A&S) and ΔSLmass(G)
of 0.95. The mean difference is 0.4 mm per decade, suggesting that the mismatch is largely due to random
variability, rather than a bias in one method relative to the other.

Thus, despite the potential additional error sources discussed in section 2.4, we find good agreement between
ocean mass changes from the altimetry-steric height estimates and GRACE in the North Atlantic, supporting
the veracity of GRACE trends in this region. Due to the smaller sampling error in the method, the RMSD of
3.5 mm per decade between GRACE and ocean mass calculated from mooring data is likely more indicative
of the real mismatch than the RMSD between GRACE and hydrography-based ocean mass. We use this
value as an estimate of the error in the GRACE trend for the remainder of this study.

3.2. Spatial Pattern of the Trend

Although ocean mass increased throughout the North Atlantic ocean, the magnitude of the trend differs
between the sites studied here. A distinct spatial pattern of the trend is evident in Figure 1, with the most pro-
nounced feature being a ridge of strong ocean mass increases extending southwestward in the interior south
of the Grand Banks. The pattern resembles maps of modeled float trajectory distributions and tracers associ-
ated with Denmark Strait Overflow Water (DSOW), which comprises the lower part of NADW (Lozier, 2010;
Xu et al., 2015), as well as observed distributions of hydrographic properties in this water mass. Figure 3
shows the climatological maximum layer thickness for waters with a silicate content below 40 μmol L−1,
which is associated with the core of DSOW. The strongest signal is found west of the Mid-Atlantic Ridge
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Figure 4. Ocean mass trend calculated using steric height data between the
surface and each depth. The bottommost data points correspond to the
full-depth estimate of ocean mass trends used in Figure 2. The thick black
line shows the average of a,ll five mooring sites. The red line shows the
profile that would be expected based on the global mean bias for each
integration depth from Purkey et al. (2014).

(MAR) in the same interior regions where the largest trends in GRACE
ocean mass occur. The resemblance between the spatial pattern of ocean
mass trends and maps of NADW properties is another indication that
the trend in GRACE is a real signal, as errors resulting from corrections
such as those for Glacial Isostatic Adjustment (Peltier, 2009) and the pole
tide (Wahr et al., 2015) have larger spatial footprints and would not be
expected to align with oceanographic features. Moreover, it indicates that
the decadal signal measured by GRACE is related to changes in NADW.
Property distributions of NADW are a signature of its large-scale circula-
tion (Lozier, 1997), suggesting that the changes in ocean mass observed
by GRACE reflect a shift in the circulation of this water mass, which is
discussed in more detail in section 4.2.

Both the comparison with an independent estimate of ocean mass
changes (Figure 2 and section 3.1) and the spatial pattern of the trends
(Figure 1) suggest that decadal GRACE ocean mass trends in the North
Atlantic reflect real variability in the ocean. To our knowledge, this marks
the first validation of decadal GRACE trends on subbasin scales. At
present, the tropical/subtropical North Atlantic is the only region with a
sufficient number of long-term, well-calibrated, full-depth density moor-
ings to carry out this comparison. As a result, we cannot validate ocean
mass trends in different ocean basins, but similar analyses may become
possible on a global scale in the future as instrument coverage in the
ocean continues to improve.

3.3. Deep Ocean Contribution to Steric Height

Many studies of the global sea level budget have used steric changes only
in the upper 1,000 or 2,000 m (Cazenave et al., 2008; Ivchenko et al., 2007;
Leuliette & Miller, 2009), ignoring changes below, mostly because of
the better data availability in the upper ocean. Purkey et al. (2014)
showed that this leads to a bias when calculating ocean mass trends as in
Equation 1 of 38%, 13%, 8%, and 4% when only using data above 1,000,

2,000, 3,000, or 4,000 m for the global ocean. Figure 4 shows the ocean mass trends calculated with steric
height integrated from the surface to each depth, compared to the profile using Purkey et al.'s 2014 global
estimate of the bias relative to the full-depth measurement. With the exception of EB1, where the ocean
below 1000 dbar barely contributes to the budget, the positive bias introduced by ignoring the deep ocean is
larger at all sites compared to Purkey et al. (2014). This is particularly true for the two moorings adjacent to
the western boundary, WB3 and MOVE 3, where the density of NADW has been decreasing (Frajka-Williams
et al., 2018), leading to a bias of 48% and 117% in the ocean mass trend when using only steric height from
0–2,000 dbar. At the MARwest and MOVE 1 moorings, the change below 2,000 dbar is still larger than the
global average, but neglecting it only leads to a bias of 25% and 33%, respectively, compared to the global aver-
age of 13%. The average trend from the five mooring sites increases by 46% (94%) when using only 0-2,000
dbar (0–1,000 dbar) steric height, much larger than the 13% (38%) in Purkey et al. (2014). This analysis shows
that while measuring the deep ocean is vital for resolving the global sea level budget, its importance is also
spatially variable, and these differences need to be considered in studies on more regional scales. Our data
thus underline the importance of a network of sustained deep ocean density measurements from moor-
ings, CTD transects, and the Deep Argo program (Johnson et al., 2015) for accurately monitoring long-term
changes to the sea level and ocean mass budgets, particularly in the Atlantic Ocean.

4. Circulation Changes
The increase in ocean mass measured by GRACE provides information on deep ocean current changes
with unprecedented spatial coverage, revealing variability along the pathways of the deep circulation. The
ocean mass difference between the 2002–2009 and 2010–2017 periods in the GRACE data (Figure 1) can
be used to infer horizontal gradients of OBP. These gradients are indicative of near-bottom circulation
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Figure 5. (left) Circulation anomalies resulting from ocean bottom pressure changes, expressed as volume transport per unit depth. Current vectors are
calculated from GRACE data interpolated from the centers of the mascons to a regular grid spaced 1.5◦ × 1.5◦. Background contours show bathymetry from
Smith and Sandwell (1997). Red and blue shading highlights the boundary circulation branch and interior circulation branch, respectively, as defined in
section 4.2. (right) Schematic of major features of North Atlantic Deep Water (NADW) spreading in the North Atlantic. Pathways of NADW, based on Gary
et al. (2011), are shown in blue, with solid lines showing the Deep Western Boundary Current (DWBC) and interior circulation branch (ICB), and dashed lines
showing the anticyclonic recirculation gyres (RG). Geographic features mentioned in the text are also marked: Grand Banks (GB), Cape Hatteras (CH), and the
Mid-Atlantic Ridge (MAR).

changes (Equation 5), shown as vectors in Figure 5a. In this study, the term circulation is used to refer to
the near-bottom velocity multiplied by the horizontal distance Δx. The decadal circulation change is domi-
nated by a large-scale anticyclonic pattern, with northeastward flow near the coast and southwestward flow
in the interior. The pattern extends from 30◦N to the subpolar-subtropical gyre transition zone at about
45◦N (Buckley & Marshall, 2016) and is most pronounced near the two main southward spreading paths
of NADW, which are described in the following and shown schematically in Figure 5b. The most promi-
nent pathway is the Deep Western Boundary Current (DWBC), which flows southward from the source
region in the subpolar North Atlantic, following the continental slope, with a mean transport of about 20 Sv
(1 Sv = 106 m3 s−1) (Toole et al., 2017). South of 45◦N, southward flow of NADW also occurs in an inte-
rior circulation branch (ICB), which rejoins the boundary current near 30◦N. Between the two branches,
NADW recirculates in a clockwise, or anticyclonic, fashion in a series of eddy-driven recirculation gyres
(Gary et al., 2011; Lozier, 1997). Model studies in both idealized and realistic settings (Gary et al., 2011;
Lozier et al., 2013; Spall, 1996a) have suggested that the interior circulation is fed by these recirculation gyres,
containing water swept away from the DWBC by eddies, which form at points where the DWBC crosses
under the Gulf Stream as a result of interaction between the two currents (Spall, 1996a). The existence of
an interior circulation of NADW is well established, with evidence of southward interior flow observed in
hydrography (Lozier, 1997), Lagrangian float trajectories (Bower et al., 2009) and tracer distributions (Rhein
et al., 2015; Smith, Smethie, et al., 2016). However, relatively little is known about either the mean transport
in this branch or its variability. An overview of the North Atlantic circulation compiled from different hydro-
graphic studies (Schmitz & McCartney, 1993) lists the interior transport as 5 Sv but relies on an assumed
level of no motion for the estimate. More recent studies have largely focused on a Lagrangian assessment
of particles entering the interior pathway, rather than quantitative transport estimates (Bower et al., 2009;
Gary et al., 2011; Lozier, 2010; Lozier et al., 2013).

The GRACE data can help fill part of this gap in our understanding, providing information on changes in the
NADW circulation, although they cannot be used to study the mean flow. In the remainder of this section,
we first determine whether GRACE data can be used to study not only circulation, that is, bottom current,
changes, but also changes in overall transport of NADW. This is followed by a quantitative analysis of the
changes seen in Figure 5a, a discussion of the possible causes for the observed change, and an analysis of
the net circulation change.
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Figure 6. Barotropic transport change from GRACE compared to baroclinic transport change from density
measurements, integrated between 1,000 and 4,000 dbar for each site. Periods used for the averaging are the same as in
Figure 2 but are scaled to represent the change over an 8-year period, rather than a decade, to be consistent with
transport changes discussed in the following section. Error bars are calculated from the steric height error in
section 2.4 for the baroclinic component, and from the 3.5 mm per decade RMSD between ocean mass estimates for the
barotropic component. Larger symbols highlight sites in the 30–40◦N latitude range.

4.1. GRACE as a Measure of NADW Transport Change

The bottom pressure change inferred from the GRACE data can only provide information on the velocity
change near the ocean bottom, and consequently the barotropic component of the transport (section 2.3).
If the baroclinic (sheared) transport in the NADW layer were small, the NADW transport anomaly could
then be inferred from GRACE alone by multiplying the circulation anomaly with the layer thickness which
is assumed to be 3,000 m. However, this need not be the case, as the baroclinic component, which can be
inferred from density gradients, can often dominate the transport variability (Send et al., 2011). Although
density data are available at the sites used in this study (Figure 1), their distribution is insufficient to inves-
tigate the change in transport for the different branches of the circulation shown in Figure 5. In this section,
we evaluate to what extent transport changes derived from GRACE alone are representative of the change
in NADW transport and can thus be used to study the transport change without the use of colocated density
measurements.

We calculate the contribution of the bottom pressure from GRACE and of density variations in the water
column to the 1,000–4,000 dbar transport change of the single mooring and hydrography locations used in
this study (Figure 6). This is equivalent to the barotropic and baroclinic transport change between the site
in question and a point with constant OBP and density. The uncertainty for the ocean mass gradient from
GRACE is estimated as 3.5 mm per decade ×

√
2 = 4.9 mm per decade, based on the RMS difference from

section 3.1. The resulting uncertainty of the change in circulation or barotropic transport is dependent on the
inverse of the Coriolis parameter f , which changes with latitude. The error bars for the baroclinic change are
calculated from the steric height errors discussed in section 2.4. Although the barotropic transport change
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is the larger component at all sites, the baroclinic change is of similar magnitude for some locations, such
as the MOVE 3 mooring and the western part of the A05 hydrography line. This suggests that using only
GRACE data to infer the transport change may not be appropriate everywhere in the domain studied here.
However, measurements within the latitude band from 30◦N to 40◦N, which features the largest circulation
change observed by GRACE (Figure 5a), show a baroclinic change between −1.9 and −0.4 Sv, which is only
a small part of the total transport change.

In the following section, we will investigate circulation changes throughout the domain shown in Figure 5
but discuss transport changes only for the 30–40◦N range, where the change derived from GRACE alone
seems to be a good approximation of the total transport. Where transport changes are discussed, we use
an estimate of the error incurred by ignoring the baroclinic component of 2.9 Sv, which is calculated from
World Ocean Atlas data (see Figure S2 in the supporting information).

4.2. Changes in Strength of NADW Pathways

After verifying that the decadal trends in GRACE are representative of real variability in the ocean
(section 3), we now use the data to quantitatively investigate changes in NADW circulation. We focus on the
region west of the MAR, where the bulk of the mean flow of NADW occurs (Lozier, 2010), and the ocean
mass trends observed by GRACE are strongest (Figure 1). As discussed above, the decadal change observed
by GRACE is most pronounced close to the main pathways of NADW. To quantify the circulation change
between the 2002–2009 and 2010–2017 periods, we calculate at each latitude the zonally integrated change
for two regions: Between the western boundary and the location of the maximum ocean mass trend from
Figure 1, which marks the center of the anticyclonic circulation anomaly, and between the maximum and
the MAR. We refer to the two regions as the boundary circulation branch (BCB), and interior circulation
branch, ICB. The area covered for each of the regions is highlighted by the shading in Figure 5a. By con-
struction, the sign of the change for these segments is opposite at each latitude. Due to the coarse resolution
of GRACE, the Deep Western Boundary Current cannot be separated from the part of the recirculation gyre
with northward mean flow (Figure 5b). As a result, changes in the BCB reflect the sum of changes to the
recirculation and the DWBC. The circulation change for the two regions is shown in Figure 7 as a function
of latitude.

Between 20◦N and 45◦N, changes for both the BCB and interior circulation are larger than the error derived
in section 4.1. At every latitude in this range, the southward interior circulation branch strengthened, with
opposite changes found in the boundary circulation branch. North of 30◦N, the observed change is asso-
ciated with the large-scale anticyclonic pattern seen in Figure 5. Changes are largest in the latitude range
of 30–40◦N, where the recirculation gyre and interior flow are most pronounced (Lozier, 1997, 2010). In
this region, the error incurred by not having density data to resolve baroclinic changes is relatively small
(section 4.1 and Figure 6), allowing us to analyze transport changes from the GRACE data alone as the cir-
culation change multiplied by a 3,000-m layer thickness. Between 30◦N and 40◦N, the mean change for the
interior circulation is −4,638 ± 473 m2 s−1, and the associated transport change is −13.9 ± 3.3 Sv, indicative
of strengthened southward advection of NADW. For the BCB, the circulation change is 3,561 ± 473 m2 s−1,
corresponding to a change in the transport of 10.7± 3.3 Sv.

The 10.7 Sv change for the boundary circulation is comparable to the DWBC trend observed by current meter
moorings near Line W, where transport decreased from −26.4 to −19.1 Sv between 2004 and 2014 (Toole
et al., 2017). The concurrent increase in southward flow in the interior of −13.9 Sv in the present study
suggests that the weaker DWBC reported by Toole et al. (2017) is not necessarily associated with an overall
weakening of southward NADW transport, but rather represents an increased importance of the interior
pathway relative to the DWBC. The net change from GRACE even suggests an overall strengthening of
NADW circulation (black line), although the transport change is not statistically significant at −3.2 ± 3.3 Sv,
and may miss some of the signal in the DWBC due to the coarse resolution of the data. In a Lagrangian
model study of NADW pathways, Bower et al. (2009) showed that most NADW water parcels are found in
the interior as opposed to the DWBC between 42◦N and 30◦N and suggested that the interior branch may be
the main pathway for NADW in this latitude range. The strengthening of the interior circulation branch by
−13.9 Sv shown here, more than half the mean strength of the DWBC, suggests that pathways in the interior
have become even more important since Bower et al.'s (2009) study.

The NADW transport and circulation changes discussed above and shown in Figures 5 and 7 add to the
growing evidence that interior pathways play a significant role in the spreading of NADW from its formation
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Figure 7. The 1 April 2010 to 31 March 2017 minus 1 April 2002 to 31 March 2009 circulation change from GRACE,
calculated for two regions (see text and Figure 5a for definitions). Red: boundary circulation branch. Blue: interior
circulation branch. Black: Sum of the two. Shading represents uncertainty in the circulation change, which increases
toward the equator as f becomes smaller.

region (Bower et al., 2009, 2019; Getzlaff et al., 2006; Lozier, 2010). While those previous studies focused
mostly on the mean state, our results show that the importance of these different branches can also change
substantially over time, highlighting the need for an improved understanding of the underlying dynamics.

4.3. Possible Causes of Variability

The changes discussed above may represent either a longer-term shift toward increased NADW flow in the
interior, or part of a cycle of natural variability on multidecadal time scales. In this section, we summarize
several modes of multidecadal variability in the Atlantic ocean, and discuss how the strengthened interior
circulation observed by GRACE could be related to each of them. The Deep Western Boundary Current, Gulf
Stream, and interior pathways are linked dynamically through their interactions at the crossover points such
as the Grand Banks near 42◦N (Bower et al., 2009; Gary et al., 2011) and Cape Hatteras near 35◦N, where deep
eddies entrain water from the DWBC into the recirculation gyres (Spall, 1996a). Due to this interaction with
the surface circulation, Lozier (2010) proposed that the strength of the ICB could be affected by atmospheric
forcing. The major mode of interannual to multidecadal atmospheric variability over the Atlantic Ocean
is the North Atlantic Oscillation, or NAO. The positive phase of the NAO is associated with an increase in
atmospherically driven variability in the ocean, such as a stronger Gulf Stream and North Atlantic Current
(Curry & McCartney, 2001). During the 2010–2017 period, the NAO was predominantly in its positive phase.
Increased surface circulation in the subtropical gyre (Thompson et al., 2018) and reduced renewal of Eigh-
teen Degree Water in the surface layer of the recirculation gyre (Billheimer & Talley, 2013, 2016) have both
been linked to this persistent positive phase of the NAO. The increase in interior flow reported here could
likewise be related to the prolonged period of positive NAO, with changes in surface forcing communicated
to the deep ocean at the crossover points as proposed by Lozier (2010). In addition to the decadal change dis-
cussed throughout this study, the strength of the ICB measured by GRACE also varies over an annual cycle,
with a peak-to-peak amplitude of 7 Sv from April to October (Figure 8), and an opposing seasonal cycle for
the BCB. This seasonal dependence of the transport supports a connection to surface processes, although
the forcing controlling seasonal and decadal variability may not necessarily be the same.
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Figure 8. Annual cycle of barotropic transport in the interior circulation branch from GRACE data. Thin line shows
monthly means; thick line is a five-point running mean.

The circulation of NADW has been linked to the highly variable formation of Labrador Sea Water (LSW),
one of the main water masses making up NADW, in the source region (Yashayaev & Loder, 2016). Although
recent results have called into question the effect of LSW formation rate on net transport (Lozier et al., 2019),
other aspects of the circulation could still be affected. The increase in interior transport shown here coincides
with deeper convection starting in 2012, and extending to depths close to the record values of the mid-1990s
in 2016 (Yashayaev & Loder, 2017), after relatively weak LSW formation in the previous decade. Yashayaev
and Loder (2016) showed that the export of LSW from the Labrador Sea is larger in years with deeper convec-
tion, and such an increase in LSW export after 2012 could be related to the strengthened interior circulation
observed in the present study. However, LSW formation is also strongly affected by the NAO, so the simulta-
neous increase in interior flow of NADW and convection depth in the Labrador Sea may simply be a result
of the effect of atmospheric forcing on both.

Another possible explanation is internal variability of the recirculation gyre leading to stronger interior
transport, as found in an idealized model by Spall (1996b). In the model, the feedback between Gulf Stream
instabilities, eddies carrying water from the DWBC into the recirculation gyre, and recirculation strength
causes oscillations in the system on multidecadal time scales. Andres (2016) reported a decrease in Gulf
Stream stability after 2008 and an associated increase in deep eddy activity and proposed that these changes
could be related to such internal variability. A subsequent increase in interior NADW transport would be
consistent with variability in this internal mode, representing a shift from the low energy to the high energy
state. In the model, increasing transport in the interior circulation branch is entirely fed by a larger fraction
of NADW diverted away from the DWBC with no net transport change, which would lead to a weakened
DWBC as observed by Toole et al. (2017). While the observed changes are similar to those proposed for
this mode of variability, the oscillations in the simple three-layer model by Spall (1996b) affect mostly the
upper core of the DWBC. In contrast, the interior transport change reported here is largely barotropic within
the NADW layer, affecting both upper and lower North Atlantic Deep Water. More realistic models will be
needed to determine whether variability associated with these internal oscillations can also extend to the
lower part of NADW.

Regardless of the underlying causes, the observed change in the partitioning between the different pathways
has important implications for measuring the AMOC: In tracer studies, for a given amount of net NADW
transport, a weakened DWBC with a compensating increase in transport in the interior would increase the
mean transit time, and could be erroneously attributed to a weakened overall southward flow of NADW
(Lozier, 2010). In addition, a major motivation for studying the deep circulation is the spreading of dissolved
gases such as carbon dioxide (Sabine et al., 2004), which will be affected by variability in the relative impor-
tance of boundary and interior routes (Rhein et al., 2015). If the changes seen here represent a shift toward
a strengthened interior circulation, the properties of deep water throughout the Atlantic will be profoundly
affected. If the changes are related to natural variability on decadal or multidecadal time scales, such as that
associated with the mechanisms discussed above, a decrease in the strength of the ICB would be expected
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to follow in the near future. Additional measurements over the next decades, such as from the GRACE
Follow-On mission, as well as dedicated model studies, will be necessary to better understand the causes for
the observed change in the strength of the different NADW pathways.

4.4. Net Circulation Change West of the MAR

Although most of the variability described above is associated with compensating northward and southward
flow, there is also a net change in bottom circulation in the western North Atlantic. Unlike the net transport
change discussed in section 4.2, the net circulation change in much of the basin is different from 0 within
the uncertainty as defined in section 4.1. Everywhere between 18◦N and 40◦N, the net circulation change
is negative, with a mean change in this latitude range of −1,000 ± 593 m2 s−1 (Figure 7, black line). This
means that zonally integrated deep velocities in the western subtropical Atlantic have generally become
more southward from the 2002–2009 to the 2010–2017 period.

At 15◦N, the net circulation change is close to zero at 48 ± 1,011 m2 s−1, supporting the assumption made in
the nearby MOVE array that the flow at the reference level is negligible on long time scales at this latitude
(Send et al., 2011). At 27◦N, the 8-year bottom circulation change is −1,633 ± 591 m2 s−1, opposite to the
trend reported for the RAPID array at 26.5◦N, where the constraint of mass conservation yields a northward
trend in the reference level flow of about 10−4 Sv m−1 year−1, or 1,000 m2 s−1 per decade, from 2004 to 2014
(Frajka-Williams et al., 2016). The deep changes inferred from GRACE remain southward if the analysis is
extended across the entire width of the Atlantic to mimic the coverage of the RAPID array. The disagree-
ment between GRACE and RAPID trends has been noted previously and attributed to possible errors in the
decadal variability in GRACE data (Worthington et al., 2019). To account for the difference between trends
in RAPID and the GRACE JPL RL05.1 M product, the error in the decadal trends of the zonal ocean mass
gradient would have to be 23.3 mm per decade. In the present study, the GRACE-derived gradient between
WB3 and MARwest differs from independent (altimetry and mooring) ocean mass measurements by only
3 mm per decade (Table 2). It therefore seems unlikely that GRACE errors alone can be responsible for the
disagreement between the deep RAPID and GRACE trends. Some of the difference may be explained by
the RAPID compensation term, Text (McCarthy et al., 2015), not strictly corresponding to a reference level
velocity. For example, a change occurring in regions not sampled by the array, such as the “bottom triangles”
between moorings near the boundaries and MAR, would also be included in the compensation term. The
discrepancy between GRACE and the external transport in RAPID will be explored further in a future study,
which uses GRACE along with mooring density data from MOVE and RAPID to resolve the variability of
both the barotropic and baroclinic component of NADW transport at 16◦N and 26.5◦N.

5. Summary
In this study, trends in the GRACE JPL RL05.1 M product (Watkins et al., 2015) were validated against
ocean mass calculated from altimetry and moorings at five sites, showing consistent increases in ocean
mass in the subtropical and tropical North Atlantic ocean (Figure 2). The mean trends are 17.8± 5.2 mm per
decade for the altimetry-mooring estimate, and 15.6± 1.8 mm per decade from GRACE. The RMS difference
between the methods is 3.5 mm per decade, suggesting that the long-term changes seen in GRACE data
reflect real changes in the ocean. GRACE trends are also compared against a more uncertain estimate using
hydrography instead of mooring data, again showing consistent trends, with an RMSD of 6.1 mm per decade.
The GRACE ocean mass trends are further supported by a close resemblance of their spatial pattern to
property distributions in the NADW layer. Changes in the deep ocean below 2,000 dbar play an important
part in the ocean mass budget, especially near the western boundary, showing the importance of resolving
the full water column in studies of global sea level. The present study focuses on the North Atlantic, which is
the region with the highest number of sustained long-term ocean monitoring efforts that can be used to verify
trends in GRACE ocean mass. Deploying thoroughly calibrated moorings in other parts of the world ocean
would be beneficial for validating ocean mass and altimetry measurements from future satellite missions
on a global scale.

Ocean mass changes between the 2002–2009 and 2010–2017 periods indicate changes in the circulation of
North Atlantic Deep Water in the western North Atlantic (Figure 5): For the boundary circulation branch,
the transport changes by 10.7± 3.3 Sv between 30◦N and 40◦. The change represents a weakening of the
time-mean southward transport, and is comparable to trends observed by Toole et al. (2017) for the Deep
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Western Boundary Current. This is balanced by a strengthened interior circulation branch of NADW, with
southward transport increasing by −13.9± 3.3 Sv. The net bottom circulation change between 18◦N and
40◦N west of the MAR is −1, 000± 593 m2 s−1, reflecting an overall increase of southward flow at depth,
but net transport changes are not significant. At 15◦N, the net circulation change is only 48± 1,011 m2 s−1,
consistent with the assumption made in Send et al. (2011) that long-term changes in the near-bottom flow
are negligible at this latitude. At 27◦N, the circulation change is −1,633 ± 591 m2 s−1, which is of opposing
sign compared to the external transport from the nearby RAPID array (McCarthy et al., 2015). A number of
earlier studies had attributed this discrepancy to errors in the geophysical corrections of GRACE, but our
results suggest that these errors are smaller than previously thought.

Possible causes for the observed changes in the deep circulation of the Atlantic ocean include variability in
surface atmospheric forcing as part of the NAO, variable rates of deep water formation, or internal variabil-
ity. The decadal changes measured by GRACE imply a major increase in the relative importance of interior
flow compared to advection in the DWBC for the southward spreading of NADW between the 2000s and the
2010s. This supports the view that interior pathways play a fundamental role in the equatorward transport
of NADW (Lozier, 2010), as opposed to the classical picture of a deep circulation dominated by the DWBC
(Stommel & Arons, 1959). Our results show that the interior circulation is not only important for the distri-
bution of NADW in the mean state, but also varies in strength on decadal time scales, highlighting the need
for sustained observations of both the boundary and interior regions for fully resolving the variability of the
deep circulation.

Data Availability Statement
MOVE data are freely available through OceanSITES. GRACE ocean data are available online (http://grace.
jpl.nasa.gov), supported by the NASA MEaSUREs Program. Data sources for all data used in this study are
listed in Table 1.
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