
1. Introduction
The Meridional Overturning Circulation (MOC) plays a fundamental role in modulating the global and 
regional climate and weather on time scales from seasonal to multi-decadal through global redistribution of 
heat, salt, and carbon (e.g., Buckley & Marshall, 2016; Lozier 2012; Rahmstorf et al., 2015). Recent studies 
have shown that variations in the Atlantic MOC (AMOC) may serve as an important driver of changes in 
the Atlantic sea surface temperature (Duchez et al., 2016; Zhang, 2008), coastal sea level off North Amer-
ica (Little et al., 2017; Volkov et al., 2019), and the strength of the global monsoon circulation and rainfall 
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Plain Language Summary The Atlantic meridional overturning circulation (AMOC) is an 
oceanic conveyor belt that transports large amounts of heat northwards throughout the Atlantic Ocean. 
Variations in the heat carried by the AMOC have pronounced impacts on regional and global extreme 
weather (hurricanes, heat waves, monsoons, etc.), climate, and sea level. Because of its importance, 
several efforts from the international community are underway to monitor the AMOC at a few latitudes 
based on in situ oceanographic instruments. The majority of these estimates, however, only span over 
relatively short and recent time periods. This study presents 28-year long (1993–2020) estimates of the 
AMOC volume and heat transports at multiple latitudes (26.5°N, 20°S, 25°S, 30°S, and 34.5°S) by merging 
in situ oceanographic and satellite observations. These 28-yearlong records indicate that the dominant 
mechanism causing changes in the strength of this conveyor belt varies between wind forcing and internal 
ocean dynamics. Therefore, it is important to monitor both fields to fully capture changes in the AMOC 
system. The methodology presented here provides a means to estimate the AMOC volume and heat 
transports in near real time, and can be used to validate ocean models, to detect climate variability, and to 
investigate their impact on extreme weather events.
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(Lopez et al., 2016). A weakened AMOC has also been physically linked as a likely relevant driver of colder 
North Atlantic and Arctic, extended sea ice cover, higher sea level, and a northward shift of the Intertrop-
ical Convergence Zone (e.g., Lorbacher et al., 2010; Stouffer et al., 2006; Vellinga & Wood, 2002; Zhang & 
Delworth, 2005). The MOC also plays a central role in sequestering carbon from the atmosphere into the 
deep ocean, which can have long-term implications for the global climate (e.g., Drijfhout et al., 2012; Kostov 
et al., 2014; Marshall, Armour, et al., 2014, Marshall, Donohoe, et al., 2014; Meehl et al., 2013). Quantifying 
how the MOC changes over time and understanding the underlying dynamics are, therefore, crucial to ad-
vance our knowledge of the weather and climate systems and how they may change in the future.

Research to date has demonstrated that achieving a complete understanding of the time-mean and tempo-
ral variability of the MOC system may require a comprehensive and sustained observational network that 
spans the entire Atlantic basin (e.g., McCarthy et al., 2020). At present, in situ measurements of the MOC are 
only available at a few latitudes including trans-basin mooring arrays in the subpolar North Atlantic since 
2014, at 26.5°N since 2004, and at 34.5°S since 2009 (see detailed summary in Frajka-Williams et al., 2019). 
MOC estimates from these arrays have revealed energetic variability on timescales from a few days to inter-
annual (e.g., Kersalé et al., 2020; Lozier et al., 2019; Meinen et al., 2018; Srokosz & Bryden, 2015). However, 
the majority of these MOC estimates are over relatively short-time periods, and hence not long enough to 
fully understand the MOC variability and its underlying mechanisms. Furthermore, those in situ measure-
ments are generally sparse spatially, and are often not optimal to derive more complex quantities such as the 
meridional transport of heat and freshwater.

The international community has made several efforts to estimate the AMOC and meridional heat transport 
(MHT) from alternate approaches by combining in situ measurements (Argo floats, XBTs, CTDs, moorings, 
etc.) and satellite observations (sea surface height, sea surface temperature, surface winds; Dong et al., 2015; 
Hobbs & Willis, 2012; Majumder et al., 2016; Mercier et al., 2015; Willis, 2010). These approaches leverage 
on the more detailed vertical and/or temporal information from in situ measurements and the more de-
tailed temporal and spatial coverage from satellite measurements. This combination allows to estimate the 
AMOC and MHT at multiple latitudes from 34.5°S (Dong et al., 2015; Majumder et al., 2016) to 41°N (Hobbs 
& Willis, 2012; Willis, 2010) and over longer time periods than is possible with in situ data alone. Those mul-
ti-latitude estimates can be used to investigate the connectivity of the MOC and MHT across the Atlantic 
Ocean, and to improve our understanding of the driving mechanism and impacts of the MOC variability.

Because Argo floats do not sample regions where ocean floor is shallower than 2,000 m, they miss much 
of the northward transport carried by the Gulf Stream before it separates from the coast near Cape Hatter-
as. Similarly in the South Atlantic, Argo floats cannot fully capture the southward transport by the Brazil 
Current before it separates from the coast at the Brazil-Malvinas Confluence near 36°S. This limits the 
method in using Argo data as the main source to determine the AMOC to the north of 40°N (Willis, 2010). 
At 26.5°N, however, the transport of the Florida Current, the Gulf Stream as it passes through the Straits 
of Florida, has been monitored nearly continuously using submarine telephone cables since 1982. In this 
study we extend the methodology described in Dong et al. (2015) to the North Atlantic to estimate the MOC 
and MHT at 26.5°N by combining the synthetic temperature and salinity profiles from hydrographic and 
altimeter SSH data with the Florida Current transport. In addition, the extended and updated time series of 
MOC and MHT in the South Atlantic Ocean at four latitudes will also be presented.

The remainder of the study is organized as follows. The data and methods used in the study are described 
in Section 2. Section 3 provides the evaluation of the methodology. The main results are presented in Sec-
tion 4, including the MHT variations on seasonal and interannual time scales, and contributions from the 
geostrophic and Ekman components, and from the overturning and gyre circulations, with more focus on 
the North Atlantic at 26.5°N. A discussion and summary are given in Sections 5 and 6, respectively.

2. Data and Methodology
The main data set used in this study is the daily satellite altimetry sea surface height anomaly (SSHA) (Pujol 
et al., 2016) on a 0.25° × 0.25° grid from January 1993 to the October 2020, which is used to derive synthetic 
temperature and salinity (T/S) profiles along zonal trans-basin sections. In order to derive near-real time 
MOC and MHT estimates, we use both the delayed time (January 1993–May 2019) and near-real time (June 
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2019–October 2020) SSHA. The T/S profiles from the Global Temperature and Salinity Profile Program (GT-
SPP) (Sun et al., 2010) are used for building statistical relationships between SSHA and depth of isotherms, 
as described in Goni et al. (1996, 2009). Monthly averages of surface wind stress from the ECMWF Reanal-
ysis 5th Generation (ERA5) on a 0.25° × 0.25° grid are used to derive the Ekman transport.

Dong et  al.  (2015) described a methodology in deriving MOC and MHT in the South Atlantic Ocean 
from a combination of satellite altimeter and in situ observations. Here we extend the results from Dong 
et al. (2015) until 2020, and also apply the same methodology to the North Atlantic at 26.5°N. A brief review 
of the methodology is provided here. Analysis of collocated SSHA and historical temperature profiles shows 
significant correlations between SSHA and the depth of given isotherms (DT) (e.g., D5°C and D15°C, Figure 1). 
These correlations allow for training linear relationships between DT and SSHA, DT = α + β × SSHA at each 
1° × 1° grid location for every 1°C of temperature between 3°C and 28°C. Synthetic temperature profiles in 
the upper ocean at each altimetry grid location can then be generated by feeding gridded SSHA data into 
these trained statistical relationships with the depth of isotherms. Salinity profiles were generated using 
the synthetic temperature profiles and historical T/S relationships. The sea surface temperature (SST) for 
each synthetic profile was obtained from the NOAA 1/4° daily Optimally Interpolated SST version 2. The 
resulting T & S profiles were extended down to the ocean floor using the Monthly climatological T/S profiles 
from the World Ocean Atlas 2018 (WOA18). Time series of T/S along five latitudes, 20°S, 25°S, 30°S, 34.5°S, 
and 26.5°N were then constructed starting in 1993. These trans-basin T/S sections are used to compute 
geostrophic transport with the reference velocities at 1,000 m depth from Argo drift data (Katsumata & 
Yoshinari, 2010; Lebedev et al., 2007). These reference velocities are constant in time due to limited avail-
able data. In the shallow regions (bottom depth < 1,000 dbar) where Argo drift data are not available, the 
reference velocities are set to be zero at ocean bottom. The Ekman transport was computed from the ERA5 
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Figure 1. Correlations between SSHA and isothermal depths for (a) 15°C and (b) 5°C. Green lines show the locations 
of the AX07 transect in the North Atlantic and the AX18 transect in the South Atlantic. (c) An example of the 
temperature section from XBT AX07 transect in March 2003. (d) The synthetic temperature section along AX07 in 
March 2003.
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monthly mean surface wind stress. The heat transport by the Ekman flow was computed assuming the 
satellite-derived SST as a good representation for temperature conditions in the Ekman layer. A monthly 
velocity correction, of approximately 0.05 cm/s, was applied uniformly to each monthly section to set the 
zero-mass transport across the section. The time series of the MOC from 1993 to 2011 were presented in 
Dong et al. (2015). Besides extending the time series to the present (October 2020) in this study, four im-
provements are made in the methodology, producing minor differences (±1.0 Sv for MOC, and ±0.05 for 
MHT) in the final time series compared to what was obtained in Dong et al. (2015):

 (1)  The synthetic T/S profiles are extended down to 1,000 m depth instead of 800 m
 (2)  The salinity profiles in the upper 1,000 m are derived using an updated T/S relationship from Goes 

et al. (2018)
 (3)  WOA18 monthly T/S climatology is used instead of WOA13 to extend the profiles down to the ocean 

floor
 (4)  Ekman transport is computed using monthly wind stress from ERA5 instead of NCEP/DOE Reanalysis 

2

The synthetic T/S profiles across 26.5°N are derived with the same methodology as for the South Atlantic. 
Since the synthetic temperature profiles are computed from the surface to the depth of the 3°C isotherm, 
along 26.5°N we are able to construct the synthetic profiles down to 1,500 m depth due to the fact that the 
North Atlantic Ocean is relatively warmer, and the 3°C isotherm is well below the 1,500 m depth. The proce-
dure in deriving the geostrophic transport differs from the South Atlantic in two aspects: (1) transport across 
the Florida Straits is adjusted to the monthly averages of the Florida Current transport derived from a sub-
marine cable between Florida and the Bahamas (Baringer & Larsen, 2001; Meinen et al., 2010) by applying a 
uniform velocity correction across the Straits, and (2) following the MOC calculation for the mooring array 
at 26.5°N (McCarthy et al., 2015), the geostrophic velocity in the interior region (east of the Abaco Island, 
∼77.5°W) is calculated using a reference level of 1,200 dbar.

NOAA and international partners maintain two transbasin high-density XBT (eXpendable BathyThermo-
graphs) transects in the Atlantic Ocean with the main objective of monitoring the MOC and MHT. The 
MOC and MHT estimates from these two XBT transects are used here to evaluate this synthetic method. The 
AX07 transect started in 1995 in the North Atlantic along ∼30°N between Miami, Florida and Straits of Gi-
braltar (Figure 1a). In the South Atlantic the AX18 transect started in 2002 along ∼34.5°S between Buenos 
Aires and Cape Town (Figure 1a). Both transects have been carried out approximately four times per year 
using cargo ships. Along these transects XBTs are deployed with spatial resolution ranging from 10 km near 
the boundaries to 50 km in the interior region to measure water temperature profiles from the sea surface 
to a maximum depth of 850 m.

The MHT estimates from the RAPID-MOCHA-WBTS (hereafter referred as RAPID) mooring array at 
26.5°N (Johns et al., 2011) and as a residual of energy budget (Trenberth et al., 2019) are used to compare 
with the estimates from altimetry. The 12-hourly MHT from RAPID is available from April 2004 to August 
2018, which is averaged to monthly for comparison. The monthly MHT derived from the energy budget 
by Trenberth et  al.  (2019) is available from 33.5°S to 64.5°N on 1° latitude interval for the period June 
2000 to May 2016. In the energy budget, the MHT at each latitude (ϕ) was estimated by integrating the net 
surface heat flux (Fs) and changes in ocean heat content (dOHC/dt) from that latitude to the North Pole  
(       

90MHT dOHC / dt dSF ). The net surface heat flux was derived from the atmospheric heat flux 

divergence and top of the atmosphere radiation. Such estimates are also used for comparison purposes 
against the MHT derived in this study. We note that the MHT estimates from the energy budget at 33.5°S, 
the southernmost latitude available, are used to compare with our MHT estimates at 34.5°S.

Throughout the study we breakdown the MHT into different components (geostrophic, Ekman, Florida 
Current, interior, overturning, and gyre) to assess contributions of different processes to MHT variability 
at seasonal and interannual time scales. Given the fact that the mass flux from some of the components 
(geostrophic, Ekman, Florida Current, and interior) are non-zero, the heat transports by those components 
should not be understood as “true heat transports” but as heat transports to a reference temperature of 0°C, 
as widely applied in literature (e.g., Hall & Bryden, 1982; Johns et al., 2011).
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3. Evaluation of the Methodology
In the South Atlantic, the methodology used in deriving MOC and MHT from synthetic T/S profiles was 
evaluated by comparing with results from the high-density XBT transect AX18 (∼34.5°S; Dong et al., 2015). 
Similarly, we evaluated this methodology in the North Atlantic by comparing results from synthetic T/S 
sections with results from the concurrent XBT transects along the repeated AX07 transect (Miami to Gi-
braltar, ∼30°N). The synthetic temperature sections are constructed along AX07 with the synthetic temper-
ature profiles matching the location and time of XBT measurements for the 80 in situ realizations of this 
transect during the period 1995–2018, which includes over 16,220 individual XBT profiles (Figure 1). The 
synthetic temperature sections are normally smoother than the temperature section observed from XBTs, 
but they capture well the observed structure both vertically and zonally (Figures 1c and 1d). Although the 
synthetic temperature profiles reach below 1,500 m, these profiles are cut off at 800 m and extended down 
to the ocean floor using the monthly climatological T/S profiles from WOA18 for consistency with the XBT 
measurements. Salinity profiles for each temperature profile (both XBTs and synthetic) are derived using 
the historical T/S relationship from Goes et al. (2018). MOC and MHT are then computed from T/S sections 
following the same methodology as described in Section 2 and are shown in Figure 2. For comparison, the 
updated MOC and MHT time series for XBT AX18 transect and the corresponding synthetic sections during 
2002–2018 are also included in Figure 2.

The time-mean and variability (standard deviation, STD) of the altimeter-derived (altimetry plus hydro-
graphic data) MOC and MHT in both the North and South Atlantic are statistically consistent with those 
calculated using data from the XBT transects (Figure 2). In the North Atlantic, the mean MOC from altime-
ter (14.20 ± 3.37 Sv) is slight stronger than that from XBTs along AX07 (12.85 ± 3.50 Sv), whereas the mean 
MHT from altimeter (1.04 ± 0.26 PW) is slight weaker compared to the MHT from AX07 (1.09 ± 0.26 PW). 
Those differences, however, are not statistically significant. The variations of the MOC and MHT estimates 
from altimeter also show good comparison with the changes of the MOC and MHT from the AX07 transects, 
where the correlation coefficients between the XBT- and altimeter-derived MOC and MHT estimates are 
0.74 and 0.84, respectively, well above the 95% significance level of 0.28. No statistically significant trends 
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Figure 2. Comparison of the (a) MOC and (b) MHT along XBT transect AX18 in the South Atlantic (∼34.5°S) estimated from the XBT measurements (black 
line) and from the synthetic T/S profiles derived from altimeter SSHA (red line). Panels (c and d) are similar to (a and b) but for the XBT transect AX07 in the 
North Atlantic (∼30°N).
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are found for MOC and MHT during 1995–2018 from both the XBT AX07 
transect and the altimeter-derived synthetic sections. These results are 
consistent with previously reported results for AX18 (Dong et al., 2015), 
as shown in Figures 2a and 2b. This suggests that the synthetic profiles 
derived here can successfully capture the changes in the MOC and MHT 
as observed by XBTs. In addition, the high correlation between the MOC 
and MHT estimates using XBT and synthetic profiles indicate that the 
synthetic method described in Section 2 provides a means to estimate the 
MOC and MHT in near real time, which can be used to monitor the ocean 
state and to detect climate variability.

4. Results
The time-mean streamfunctions derived from altimetry at all five lati-
tudes during 1993–2020 are shown in Figure 3. At 26.5°N, similar to the 
results from the RAPID array, the maximum of the streamfunction is 
found at about 1,000 m depth. Interestingly, we also found the two depth 
modes of overturning as discussed in McCarthy et al. (2015), a shallower 
overturning at 750 m and a deeper overturning at 1,070 m depth, which 
has been attributed to the appearance of the northward flowing Antarctic 
Intermediate Water. The shallower overturning occurs about 20% of the 
time during the entire 28-year period. The mean MOC strength from the 
altimeter is 16.04 Sv with STD of 2.88 Sv, which is slightly weaker than 
that from the RAPID array (17.66 ± 3.45 Sv), but the difference is not 

statistically significant. In the South Atlantic, the overturning depths are close to 1,000 m at 20°S and 25°S, 
and somewhat deeper at 30°S and 34.5°S around 1,200 m. The MOC shows the strongest variability at 34.5°S 
(±3.48 Sv), nearly double the variability at the other three latitudes from 20°S to 30°S (∼2.0 Sv), due to inten-
sification of the boundary currents at both the eastern and western boundaries and the Agulhas rings shed 
from the Agulhas Current retroflection.

The time series of the MOC and MHT are shown in Figure 4, and the basic statistics for MHT (record-length 
mean and temporal standard deviation, seasonal cycle and standard error, and contributions from geo-
strophic, Ekman, overturning, and gyre components) are listed in Table 1. The MHT shows a positive trend 
at 34.5°S (0.03  ±  0.01 PW/decade), but no significant trends at the other four latitudes during the full 
study period (January 1993–October 2020). Significant negative trends in the MOC are observed at 26.5°N 
(−0.69 ± 0.48 Sv/decade), 20°S (−0.34 ± 0.28 Sv/decade) and 30°S (−0.32 ± 0.21 Sv/decade), while positive 
trends are observed at 25°S (0.44 ± 0.38 PW/decade) and 34.5°S (0.48 ± 0.36 PW/decade). Further investi-
gation will be conducted to understand the latitudinal variations in trends. The changes in MHT are highly 
correlated with changes in the MOC at each of these five latitudes, with correlations of 0.89, 0.90, 0.97, 0.90, 
and 0.93 for 26.5°N, 20°S, 25°S, 30°S, and 34.5°S, respectively. The scatterplot of MOC values against MHT 
estimates also clearly confirms their close correspondence (Figure 5). Linear regression analysis indicates 
that at 26.5°N a 1 Sv increase in the MOC would yield a 0.064 ± 0.012 PW increase in the MHT. The geo-
strophic component of MHT (Qgeo) experiences a slightly weaker response to the geostrophic component 
of the MOC (Vgeo), with a 0.060 ± 0.008 PW increase in Qgeo corresponding to a 1 Sv increase in Vgeo. The 
Ekman component of MHT (Qekm) is much more sensitive to the Ekman volume transport (Vekm) due to 
the warmer water at the surface, where a 1 Sv increase in Vekm would increase Qekm by 0.098 ± 0.006 PW. In 
the South Atlantic, except at 34.5°S, the MHTs between 20°S and 30°S show slightly stronger response to 
the MOC changes compared to 26.5°N, where a 1 Sv increase in the MOC can result in up to 0.074 ± 0.008 
PW increase in the MHT. At all four latitudes the sensitivity of Qekm to Vekm is weaker than that at 26.5°N 
(Figure 5), however, it is still considerably stronger than the geostrophic component and the total transport. 
Given the close correspondence between MOC and MHT, the characteristics of their variability are very 
similar on both seasonal and interannual time scales. Therefore, our analysis focuses on results for the MHT 
thereafter.
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Figure 3. Time-mean MOC streamfunctions at 26.5°N (red), 20°S (green), 
25°S (orange), 30°S (magenta), and 34.5°S (blue). The values shown are 
the mean and variability (standard deviation) of the MOC strength at each 
latitude.
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4.1. North Atlantic (26.5°N)

4.1.1. Time-Mean

The time-mean MHT at 26.5°N from altimeter during 1993 to 2020 is 1.09 ± 0.21 PW (mean ± STD), which 
is slightly smaller than the 1.20 ± 0.28 PW from the RAPID mooring array, but larger than the value of 
1.06 ± 0.30 PW derived from energy budget by Trenberth et al. (2019). However, all three estimates of mean 
MHT are statistically comparable. This difference is not due to the different time periods analyzed, as the 
mean MHT from altimeter during the RAPID period (April 2004–August 2018) is the same as the mean 
from full time series, 1.09 ± 0.22 PW. The time-mean Ekman component of MHT is 0.35 ± 0.20 PW, very 
close to the value from the RAPID estimates (0.37 ± 0.22 PW), which is expected since both estimates are 
based on wind stress from ERA5. Hence, the weaker total MHT from our estimates is mainly associated 
with a weaker geostrophic heat transport in our estimates (0.75 ± 0.17 PW), which is 0.10 PW lower than 
that from the RAPID. Further analysis reveals that about 60% of this difference in the Qgeo comes from the 
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Figure 4. Time series of MOC (blue line, left axis) and MHT (red line, right axis) at (a) 26.5°N, (b) 20°S, (c) 25°S, (d) 
30°S, and (e) 34.5°S. Correlation between MOC and MHT at each latitude is included.
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heat transport through the Florida Straits (QFC). Because the submarine cable only provides the volume 
transport of the Florida Current, the QFC in the RAPID result was derived by multiplying a seasonally 
varying flow weighted temperature derived from the cruise data along 27°N (Johns et al., 2011). This ap-
proach likely underestimates interannual changes in the FC temperature, which can be substantial (e.g., 
Domingues et al., 2018). In this study, we rather directly compute QFC based through synthetic T/S profiles 
along 26.5°N that are calculated based on satellite-altimetry and SST observations.

The MHT can be also separated into overturning (Qot) and gyre (Qgyre) components, defined by

       ot ,p
z

Q c v z z L z dz 

       gyre , , ,p
x z

Q c v x z x z dxdz 

where overbars and primes denote zonal average across the trans-basin section and the deviations from the 
zonal average.   is seawater density, cp is the specific heat capacity of seawater, v is meridional velocity,   
is potential temperature, and L is the total length of the trans-basin section. Separating the altimeter-de-
rived MHT into overturning and gyre components indicates that about 89% (0.97 ± 0.20 PW) of the MHT 
is due to the overturning component, with the remaining 11% (0.12 ± 0.05 PW) accounted for by the gyre 
component, similar to partition between overturning (1.10 ± 0.27 PW, 92%) and gyre (0.10 ± 0.05 PW, 8%) 
heat transports from the RAPID array during the available period April 2004–August 2018. The Qgyre is 
mainly contained in the top 700 m of the water column (Figure 6a). The accumulated Qgyre from sea surface 
to ocean floor reaches its maximum of 0.20 ± 0.06 PW at about 300 m depth, and decreases to 0.11 ± 0.07 
PW at 700 m depth, then it slowly increases to 0.12 ± 0.07 PW toward the ocean bottom. Both the vertical 
accumulated MHT and the overturning component reach their maximum at 1,000 m depth, with values of 
1.31 ± 0.23 PW for MHT and 1.19 ± 0.24 PW for Qot, and they both decrease slowly toward the ocean bottom.

To look into the regional distributions of Qgyre, we examine the zonal distribution of the velocity and temper-
ature deviations from zonal averages. On average, the velocity deviation from the zonal average is positive 
west of 74°W and negative east of 74°W, whereas the temperature deviation is positive west of 42°W and 
negative to the east. This results in positive (northward) heat transport from the gyre circulation west of 
74°W (0.09 ± 0.06 PW) and east of 42°W (0.09 ± 0.04 PW), and negative (southward) heat transport from 
the gyre circulation between 74°W and 43°W (−0.06 ± 0.04 PW). This spatial structure of the gyre compo-
nent is clearly illustrated by the accumulated Qgyre from west to east, shown in Figure 6b. The contribution 
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MHT (PW) 26.5°N 20°S 25°S 30°S 34.5°S

Mean ± STD Total 1.09 ± 0.21 0.62 ± 0.16 0.66 ± 0.16 0.62 ± 0.15 0.57 ± 0.21

Geostrophic 0.75 ± 0.17 1.19 ± 0.09 0.98 ± 0.12 0.66 ± 0.11 0.40 ± 0.16

Ekman 0.35 ± 0.20 −0.57 ± 0.14 −0.32 ± 0.13 −0.04 ± 0.16 0.17 ± 0.20

Overturning 0.97 ± 0.20 0.68 ± 0.15 0.82 ± 0.16 0.79 ± 0.14 0.73 ± 0.20

Gyre 0.12 ± 0.05 −0.06 ± 0.02 −0.17 ± 0.02 −0.17 ± 0.03 −0.16 ± 0.06

Seasonal cycle peak-to-
peak amplitude ± SE

Total 0.35 ± 0.05 0.29 ± 0.03 0.30 ± 0.03 0.37 ± 0.02 0.45 ± 0.04

Geostrophic 0.33 ± 0.03 0.20 ± 0.02 0.21 ± 0.02 0.26 ± 0.02 0.38 ± 0.03

Ekman 0.28 ± 0.05 0.19 ± 0.03 0.19 ± 0.03 0.38 ± 0.03 0.48 ± 0.03

Overturning 0.31 ± 0.05 0.28 ± 0.03 0.30 ± 0.03 0.37 ± 0.02 0.46 ± 0.03

Gyre 0.09 ± 0.01 0.02 ± 0.01 0.03 ± 0.01 0.02 ± 0.01 0.10 ± 0.01

Table 1 
Time-Mean (±Standard Deviation, STD) and Peak-To-Peak Amplitude of the Annual Cycle (±Standard Error, SE) of 
the Altimeter-Derived MHT at 26.5°N, 20°S, 25°S, 30°S, and 34.5°S, and the Corresponding Values for Its Contributions 
From the Geostrophic and Ekman Components, and From Overturning and Gyre Components
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from the Florida Current is rather small (0.03 ± 0.04 PW) due to negative 
temperature deviations from zonal averages below 300 m depth.

4.1.2. Seasonal Cycle

The monthly climatological averages of the altimeter-based MHT show 
the peak-to-peak amplitude of its seasonal signal of 0.35 PW with stand-
ard error of 0.05 PW. The maximum in MHT occurs in July and minimum 
in October (Figure 7). This amplitude is weaker than that from the RAP-
ID array (0.48 ± 0.10 PW), but not statistically different. However, there 
are large differences in the phase of their seasonal evolution. Although 
the MHT from the RAPID also peaks around July, RAPID estimates show 
negative anomalies (i.e., mean subtracted) from January to May and 
positive anomalies from June to December, whereas our estimates show 
positive anomalies from April to August and negative anomalies from 
September to December. The phase of the altimeter-based MHT seasonal 
variation shows better agreement with that from Trenberth et al. (2019) 
which has positive anomalies from March to August and negative anom-
alies from September to February, but the amplitude is about half of their 
estimate of 0.69 ± 0.07 PW. These differences in terms of seasonality can-
not be explained by the different temporal coverage, as the seasonal cycle 
of the altimeter-based MHT is essentially unchanged when we confine 
the altimeter results to the same time period as the mooring array. Since 
the wind stress and Florida Current are in close match, the difference 
comes from the interior geostrophic heat transport. As discussed in Sec-
tion 5, this discrepancy in the interior geostrophic transport is linked to 
the differences in dynamic height products between the RAPID moorings 
and satellite altimeter at both the eastern and western boundaries. The 
RAPID moorings do not sample the upper 100 m water column where 
the seasonal variations are primarily contained, and the T/S profiles were 
extrapolated to the surface (McCarthy et al., 2015). The extent to which 
this extrapolation contributes to the discrepancy of the seasonal cycle in 
the interior transports is still unclear and requires further investigation.

Both geostrophic (Qgeo) and Ekman (Qekm) contributions to MHT experi-
ence seasonal variations (Figure 8a), but they are out of phase. The am-
plitude (peak-to-peak) of the seasonal cycle in Qgeo is 0.33 ± 0.03 PW, with 
positive anomalies from February to July and negative anomalies from 
August to January. Qgeo reaches its maximum in April and minimum in 
November. The seasonal cycle of Qekm has an amplitude of 0.28 ± 0.05 
PW, it is nearly 180° out of phase with Qgeo. Because of the relatively larg-
er anomalies in Qgeo, the phase of the seasonal variation of MHT follows 
primarily the seasonal evolution of Qgeo, except for the maximum in July, 
which is dominated by Qekm. The seasonal variation accounts for a signif-
icant amount (41%) of the total variance in Qgeo. For total MHT and Qekm, 
the seasonal signal only explains 18% and 19% of their total variance, re-

spectively. Despite the phase difference in the seasonal variations of the MHT from the RAPID array, the 
altimeter estimates draw the same conclusion as pointed out by Johns et al. (2011) that, unlike results from 
numerical models which suggested that the seasonal variations in the MHT at 26.5°N are dominated by 
the Ekman heat transport (Boning et al., 2001; Jayne & Marotzke, 2001), both the geostrophic and Ekman 
components contribute significantly to the seasonal evolution of the MHT, with the Qgeo playing a slightly 
larger role.

Examination of the overturning and gyre contributions to the MHT indicates that the seasonal variations in 
the overturning heat transport largely control the amplitude and phase of the total MHT seasonal evolution, 
with peak-to-peak amplitude of 0.31 ± 0.05 PW (Figure 8b). The overturning heat transport shows positive 
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Figure 5. Scatterplots of MHT anomalies against MOC anomalies (blue 
circles) at (a) 26.5°N, (b) 20°S, (c) 25°S, (d) 30°S, and (e) 34.5°S. The 
red and green circles are for the geostrophic and Ekman components, 
respectively.
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anomalies from January to August and negative anomalies from September to December, which is due to 
the seasonal changes in the strength of the MOC. The seasonal cycle in the gyre heat transport is weak, 
peak-to-peak amplitude of 0.09 ± 0.01 PW, with positive anomalies during April to October and negative 
anomalies from November to March. More than 90% of the seasonal variation in the Qgyre can be explained 
by the seasonal changes in temperature deviation from the zonal average, which mainly comes from the 
Florida Straits region. Although the QFC has minimal contribution to the time-mean Qgyre, it accounts for 
78% of the seasonal changes in the Qgyre. The amplitude of the gyre contribution is close to the value of 
0.12 ± 0.02 PW from the RAPID array, and their phases are also consistent. However, similar to the total 
MHT, the amplitude of the overturning contribution is weaker than that from the RAPID array (0.43 ± 0.10 
PW), and their phases are different due to difference in the interior geostrophic heat transport.

4.1.3. Interannual Variations

The monthly anomalies of the MHT at 26.5°N from altimeter-derived synthetic T/S sections and RAP-
ID mooring after removing the seasonal signal are shown in Figure 9, which are significantly correlated 
(r = 0.82). Also shown in Figure 9 is the interannual variations after low-pass filtering to remove signals 
with periods less than a year. Different from seasonal variations, on interannual time scales the altimeter-de-
rived MHT estimates show good agreement with the MHT changes derived from both the RAPID array and 
the energy budget method (Figure 9), with correlations of 0.78 and 0.65, respectively. The largest difference 

in MHT between the altimeter-based and the RAPID estimates is seen 
at the beginning of the RAPID period around 2005–2006, during which 
the MHT anomalies from RAPID show large positive values, whereas the 
anomalies derived from satellite altimetry are rather small. As previously 
suggested by Trenberth et al. (2019), the large positive anomalies in RAP-
ID estimates may be related to mooring issues during the early period. 
In addition, all three MHT estimates show subtle decreasing trends dur-
ing the overlapping time period (April 2004–May 2016) of: −0.08 ± 0.09 
PW/decade for altimeter-based; −0.18 ± 0.16 PW/decade for RAPID; and 
−0.07 ± 0.12 PW/decade from energy budget calculations. However, only 
the trend from RAPID estimates is statistically significant considering a 
95% confidence level, while the trends from altimeter and energy budget 
are not statistically different from zero. The trend in the RAPID estimates 
is mainly due to the large positive anomalies in 2005–2006.

Both the geostrophic and Ekman components of the MHT contribute to 
its interannual variations (Figure 10a), but they dominate MHT anoma-
lies during different time periods. For example, the Qgeo plays a dominant 
role in MHT variations during 1998–2003, 2014–2015 and 2019, and the 
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Figure 6. (a) Cumulative meridional heat transport (blue) at 26.5°N and its contributions from the overturning 
(magenta) and gyre circulation (cyan) from sea surface to the ocean floor. (b) Cumulative heat transport from gyre 
circulation from west to east. Shading around each curve indicates two standard deviations.

Figure 7. Seasonal variations of the MHT at 26.5°N estimated from 
altimeter synthetic T/S profiles (blue), the RAPID array (dark green), and 
the energy budgets (orange). The time-mean values for the MHT have been 
removed. Shading around each curve indicates two standard errors.
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Qekm dominates during 2009–2013. Figure 10b suggests that this changing dominance is induced to some 
extent by the strength of the Florida Current transport anomalies. As a result, we see a stronger relation-
ship between MHT and Qgeo during 1993–2004 with a correlation of 0.75, but their correlation (r = 0.18) is 
lower during the following 10 years between 2005 and 2014. On the contrary, the correlation between MHT 
and Qekm is low during 1993–2004 (r = 0.12), but quite high during 2005–2014 (r = 0.75). This changing 
relationship suggests the importance of continuously monitoring the MHT in order to fully understand its 
variability and contributions from different processes over a longer time period. For the entire study period 
(1993–2020), the MHT shows a significant correlation with its geostrophic contribution (r = 0.60) but not 
with the Ekman contribution (r = 0.35) on the 95% significance level (0.37), suggesting that the Qgeo plays a 
somewhat larger role in the interannual variations of the total MHT. Figure 7a also shows that the Qgeo and 
Qekm are negatively correlated (r = −0.54), and they act to damp each other during the majority of the time.

The Qgeo shows a marginal decreasing trend of −0.04 ± 0.03 PW/decade during 1993–2020, which is due to 
the decrease in the volume transport by the geostrophic flow (−0.74 ± 0.58 Sv/decade). Whereas the Qekm 
shows an increasing trend (0.02 ± 0.03 PW/decade), but not statistically different from zero. Separating 
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Figure 8. (a) Seasonal variations of the MHT (blue) and contributions from the geostrophic (red) and Ekman (green) 
components estimated from synthetic T/S profiles at 26.5°N. The time-mean values for the total MHT and each 
component have been removed. (b) Similar to (a), but for contributions from the overturning (magenta) and gyre (cyan) 
components. Shading around each curve indicates two standard errors.

Figure 9. Monthly anomalies of the MHT at 26.5°N from altimeter synthetic T/S profiles (thin blue) and the RAPID 
array (thin dark green), with the 1-year lowpass filtered time series showing the interannual variations of the MHT 
from altimeter (thick blue), the RAPID array (thick dark green), and the energy budget (thick orange).
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the Qgeo into heat transport across the Florida Straits and the interior region (Figure 10b) indicates that the 
decreasing trend in the Qgeo comes from the interior region, and that there is no trend in the heat transport 
by the Florida Current. Before 2004, large variability in the Florida Current transport dominates the total 
geostrophic heat transport, while from 2004 through 2015 the interior geostrophic transport plays a more 
important role. This changing dominance can be explained by the reduced anomalies in the QFC since 2004, 
dominated by the anomalous volume transport. Florida Current transport has been the subject of numer-
ous studies (Hirschi et al., 2019 and references therein) and its variability has been attributed to changes 
in the surface wind stress curl and in the Loop Current. Our preliminary analysis also suggests a strong 
link between local meridional winds and the strength of the Florida Current transport. Detailed analysis of 
various forcing is the subject of our ongoing study. It is also interesting to note that the heat transports by 
the Florida Current and interior region compensate each other, that is, they are negatively correlated with a 
correlation coefficient of −0.65. This is not surprising as the Florida Current is the main return flow of the 
wind-driven interior gyre circulation.

Both the Ekman and geostrophic heat transports are correlated with North Atlantic Oscillation (NAO). The 
Ekman heat transport is positively correlated with NAO (r = 0.62), whereas the geostrophic heat transport 
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Figure 10. Interannual variations of the altimetry-derived (a) MHT (blue) and contributions from the geostrophic (red) 
and Ekman (green) components at 26.5°N, (b) the total geostrophic heat transport (red), the geostrophic heat transports 
from the Florida Current (light blue) and the interior region (gray), and (c) the MHT (blue) and contributions from the 
overturning (magenta) and gyre (cyan) components.
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is negatively correlated with NAO (r = −0.45), both exceeding the 95% significance level of 0.37. However, 
because of the compensation between the Ekman and geostrophic heat transports, there is no significant 
correlation between the total MHT and NAO. Due to the relatively stronger role of the Ekman heat trans-
port during the RAPID period, the total MHT shows a moderate correlation (r = 0.50) with NAO.

Similar to the seasonal changes, separating the MHT into overturning and gyre contributions indicates 
that the overturning component dominates the interannual variations in the MHT (Figure 10c), explaining 
about 91% of the total interannual variability in MHT. Variations in the volume transport accounts for 90% 
of the overturning component. In contrast, the interannual variations of the gyre component is mainly due 
to changes in the temperature deviations from the zonal average, which explains 84% of the total variance in 
Qgyre. In terms of regional contributions, the QFC accounts for about 80% of the total interannual variance in 
Qgyre, with the remaining 20% coming from the interior region. The gyre component is negatively correlated 
with the overturning component, though the correlation is somewhat low (r = −0.43), suggesting that Qgyre 
acts to partly compensate for the interannual variations in the Qot.

4.2. South Atlantic

4.2.1. Time-Mean

The time-mean MHT at all four latitudes are comparable, varying between 0.57 ± 0.21 PW to 0.66 ± 0.16 PW 
(mean ± STD), with a slight increase from 34.5°S to 25°S (Table 1). These altimeter-derived mean values are 
about 0.1–0.2 PW higher than the mean MHT values from the energy budget by Trenberth et al. (2019). The 
geostrophic heat transport shows a large increase toward north from 0.40 ± 0.16 PW at 34.5°S to 1.19 ± 0.09 
PW at 20°S, whereas the Ekman heat transport decreases significantly northward from 0.17 ± 0.20 at 34.5°S 
to −0.57 ± 0.14 PW at 20°S, compensating the increase in the geostrophic heat transport. Same as in the 
North Atlantic, the overturning component dominates the total MHT at all four latitudes. However, unlike 
at 26.5°N where the gyre component contributes positively to the net northward heat transport, the gyre 
components at all four latitudes are negative, partly compensating the northward MHT from the over-
turning circulation. The negative gyre component is attributed to the southward flowing Brazil Current at 
the western boundary, which transports warm water poleward. The Qgyre is roughly the same from 25°S to 
34.5°S, around −0.17 ± 0.03 PW, but much smaller at 20°S, about −0.06 ± 0.02 PW, due to weak, eddy-dom-
inated Brazil Current at this location (e.g., Goes et al., 2019; Soutelino et al., 2011). The weak northward 
return flow linked to the weak gyre circulation at 20°S also contributes to the smaller Qgyre at this location. 
Different from the North Atlantic at 26.5°N where the Qgyre in the interior region switches sign between 
the western and eastern half of the basin from southward to northward, in the South Atlantic the Qgyre are 
southward throughout the basin. This perhaps explains the relatively stronger Qgyre in the South Atlantic.

4.2.2. Seasonal Cycle

The phase of the MHT seasonal variations (monthly averages) at the four latitudes from 20°S to 34.5°S are 
coherent, with their maxima in April–May and minima in August–November (Figure 11), but the ampli-
tude decreases northward from 0.45 ± 0.04 PW at 34.5°S to 0.29 ± 0.03 PW at 20°S. The error bar here is 
one standard error. The seasonal variation accounts for more than half of the total variance in MHT at 30°S 
(54%) and 34.5°S (53%), and accounts for 31% of the total variance in MHT at 20°S and 25°S. The seasonal 
variations of the MHT from the energy budget also experience high values around April to June and low val-
ues around October to December, but their amplitudes are nearly equal at different latitudes and are much 
stronger (roughly twice) than these from altimeter estimates, particularly at 20°S and 25°S.

The contributions from both the geostrophic and Ekman transports also show a northward decrease in 
the amplitude of seasonal variation (Table 1). At 20°S and 25°S, the amplitudes of seasonal variation from 
the geostrophic and Ekman transports are comparable, around 0.20 ± 0.02 PW, and they work together to 
strengthen the seasonal cycle in the total MHT. The amplitude of the seasonal variation in Qekm increases 
to 0.38 ± 0.03 PW at 30°S and 0.48 ± 0.03 PW at 34.5°S, and the amplitude in Qgeo is about 0.10 PW weaker 
than that in Qekm. The maximum Qgeo occurs one month before the peak in the total heat transport, whereas 
the maximum Qekm occurs one month after the peak in the total MHT.
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Examination of the overturning and gyre contributions shows that the overturning component dominates 
the seasonal cycle in MHT at all four latitudes, which is mainly due to seasonal changes in volume transport. 
Although the gyre component contributes moderately to the mean MHT except at 20°S, its contribution to 
the seasonal variations in MHT is negligible except at 34.5°S, where its peak-to-peak amplitude (0.10 ± 0.01 
PW) is comparable to that at 26.5°N. Similar to 26.5°N, the temperature deviations from the zonal average 
dominate the seasonal signal in Qgyre, accounting for 87% of its seasonal variance, the reminder 13% is con-
tributed by the changes in the velocity deviations from the zonal average.

4.2.3. Interannual Variations

Unlike the southward strengthening of the seasonal variations in the MHT from 20°S to 34.5°S, the interan-
nual variations in the MHT at 20°S and 25°S are stronger than the variations at 30°S and 34.5°S (Figure 12). 
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Figure 11. Seasonal variations of the altimeter-based MHT (blue) and contributions from the geostrophic (red) and Ekman (green) components at (a) 20°S, 
(b) 25°S, (c) 30°S, and (d) 34.5°S. Also shown is the seasonal variation of the MHT from the energy budget (orange, right axis). Panels (e–h) are similar to (a–d), 
but for contributions of the overturning (magenta) and gyre (cyan) components to the total MHT seasonal variations. Shading around each curve indicates two 
standard errors.
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The weak variability at 30°S is mainly due to weak variations in the geostrophic component. The variabil-
ities in Qgeo and Qekm at 34.5°S are comparable to those at 20°S and 25°S, however, given that during 65% 
of the record these two components have opposite signs, they act to partly compensate one another. This 
suggests that the geostrophic and Ekman heat transports at this latitude work against each other, which 
consequently weakens the variability in the total MHT. In contrast, at 20°S and 25°S more than half the time 
(55%) Qgeo and Qekm are compounded and work together to strengthen the MHT variability. Similar to the 
North Atlantic, the dominance of the geostrophic and Ekman transports on the total MHT varies with time. 
For example, at 34.5°S, the geostrophic transport dominates during 1995–1997, 2004–2005, and 2014–2018, 
and the Ekman transport plays a dominant role during 2002–2003 and 2009–2011.

In terms of the contributions from the overturning and gyre components (Figure 13), at all four latitudes 
the interannual variations in the MHT are dominated by the overturning component, which accounts for 
97% of the total interannual variance in the MHT at 20°S and 25°S, and more than 80% at 30°S and 34.5°S. 
The interannual variations in Qot are largely controlled by changes in the volume transport, which explains 
more than 90% of the total variance in Qot at all four latitudes. The interannual variations in the Qgyre are 
very weak and negligible at 20°S and 25°S. Although the gyre contribution to the total MHT interannual 
variability at 30°S and 34.5°S is still small compared to the overturning component, it is not negligible and 
sometimes the anomalies in Qgyre can be as large as anomalies in Qot. Figure 13 shows that Qgyre tends to 
work against Qot in terms of contributing to the total variability of the MHT. The increased Qgyre toward 
south is induced by the intensification of the southward-flowing Brazil Current at the western boundary 
and the northward-flowing Benguela Current at the eastern boundary (e.g., Peterson & Stramma, 1991). 
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Figure 12. Interannual variations of the altimeter-based MHT (blue) and contributions from the geostrophic (red) and 
Ekman (green) components at (a) 20°S, (b) 25°S, (c) 30°S, and (d) 34.5°S.
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Another potential contributor to the stronger Qgyre to the south, particularly at 34.5°S, is the Agulhas rings 
shed from the Agulhas Current retroflection (e.g., Richardson, 2007).

Different from the results at 26.5°N where the MHT interannual variations from our estimates and from 
the energy budget show good agreement (r = 0.65), in the South Atlantic Ocean we only found statistically 
significant correlation between the two estimates at 20°S with a correlation r = 0.60 (95% significance 0.48). 
The correlations at other three latitudes are quite low (Figure 13). This southward decrease in correlation 
is probably due in part to the accumulation of errors in the energy budget as it moves farther away from 
the North Pole, since the MHT at each latitude was estimated by integrating the net surface heat flux and 
changes in ocean heat content from that latitude to the North Pole, particularly considering the large uncer-
tainties in the ocean heat content changes in the South Atlantic Ocean (Dong et al., 2020). Interestingly, the 
heat transport convergence (MHT34.5S–MHT20S) from the two estimates agree well with correlation r = 0.71 
(Figure 14), suggesting that our estimates capture the changes in heat content and air-sea heat fluxes in this 
region. We note that the heat transport convergence for the energy budget is taken as the difference between 
33.5°S (the southern most estimates available) and 20°S. Further studies are needed to investigate the pos-
sible causes for the differences in MHT estimates.
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Figure 13. Interannual variations of the altimeter-derived MHT (blue) and contributions from the overturning 
(magenta) and gyre (cyan) components at (a) 20°S, (b) 25°S, (c) 30°S, and (d) 34.5°S. Also shown is the interannual 
variations of the MHT derived from the energy budget (Orange curves).
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5. Discussion
We have shown that the MHT estimates in the North Atlantic at 26.5°N from all three methods (RAPID 
array, energy budget by Trenberth et al., 2019, and our altimeter-based estimates) agree well on interannu-
al time series. However, their seasonal variations differ considerably. A breakdown of the transports into 
various contributions indicates that the difference in the seasonality between the results from the RAPID 
array and our altimeter-based estimates arises from the geostrophic volume transport in the interior region 
between the Bahamas to Africa integrated from the surface down to the overturning depth (Vint). As shown 
in Figure 15a, the seasonal variations relative to the annual mean in the Vint from RAPID are dominated by 
the strong positive anomalies in October and November close to 3.9 Sv, with weaker positive anomalies dur-
ing September and December about 0.5 Sv and negative anomalies from January to August about −1.0 Sv. 
Our estimates from altimeter show positive anomalies from December to May and negative anomalies from 
June to November, with the maximum of 2.4 Sv in March and minimum of −2.9 Sv in August. Interestingly, 
the seasonal variations of the interior transport from RAPID moorings match their dynamic height differ-
ences between the eastern and western boundary, whereas the seasonal variations in our interior transport 
estimates match the SSH difference between the two boundaries (Figure 15a). The dynamic heights for the 
RAPID are calculated from the temperature and salinity profiles at each boundary. However, because most 
of the RAPID profiles do not have measurements shallower than 100 m depth due to the design of moor-
ings to prevent high loss rates associated with the surface expression (McCarthy et al., 2015), the difference 
shown in Figure 15a is taken at 100 m depth, the shallowest depth where there are at least three years of 
data available at each boundary to construct seasonal cycle.

A number of studies (Chidichimo et  al.,  2010; Kanzow et  al.,  2010; Velez-Belchi et  al.,  2017; Zhao & 
Johns, 2014) have investigated the seasonal cycle in the AMOC at 26.5°N from the RAPID array and found 
that it is largely controlled by the density changes at the eastern boundary. Indeed, examination of the 
dynamic height (at 100  m depth) at each boundary (Figure  15b) demonstrates that the dynamic height 
changes at the eastern boundary dominate the east-west difference on seasonal time scale, particularly the 
strong positive anomalies during October to December. However, the altimeter SSH at both the eastern and 
western boundary show large variations, with somewhat stronger variations at the western boundary (Fig-
ure 5c). In fact, satellite-altimetry observations reveal that SSH variability at seasonal timescales account 
for the majority of total SSH variance west of 60°W (Domingues et al., 2016). As a result, the SSH at the 
western boundary plays a larger role in the SSH difference between the two boundaries, except in Novem-
ber and December when the large SSH anomalies at the eastern boundary dominates. This is consistent 
with Longworth et al. (2011) who found that the contributions from the western boundary to the transport 
anomalies at 26.5°N are stronger than those from the eastern boundary on both seasonal and interannual 
time scales. We also computed the dynamic heights at both boundaries from the WOA18 temperature and 
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Figure 14. Interannual variations of the oceanic heat convergence in the subtropical South Atlantic (MHT34.5°S-
MHT20°S) from altimeter-derived estimates (blue) and the energy budget (orange).
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salinity monthly climatology (not shown), and their seasonal changes are 
very similar to the variations shown in the SSH.

As mentioned earlier, the RAPID moorings do not sample the upper 
100  m water column where the seasonal variations are primarily con-
tained. Although extrapolating the profiles to the surface with cubic 
terms has greatly reduced the errors in transport estimates compared to 
the linear extrapolation (McCarthy et al., 2015), how much this extrap-
olation contributes to the discrepancy of the seasonal cycle in the interi-
or transports is still unclear and requires further investigation. Kanzow 
et al. (2010) and Zhao and Johns (2014) attributed the seasonal variations 
in the interior transport from RAPID to the local wind forcing near the 
eastern boundary. However, Velez-Belchi et al. (2017) argued that the lin-
ear Rossby wave model used in those studies cannot explain the AMOC 
seasonal variation because the results are very sensitive to the choice of 
the zonal range of the wind stress curl. A better understanding of the 
forcing mechanisms for the seasonal variations in the interior transport 
can also help to diagnose the discrepancy from different estimates. This 
is another area that needs further investigation.

Previous studies suggested coherent interannual changes in MHT in the 
Atlantic Ocean between the equator and 45°N from energy budget (Tren-
berth et  al.,  2019) and between 35°S and 40°N from an inverse model 
(Kelly et al., 2014). Lead-lag correlation analysis of the altimeter-derived 
MHT during 1993–2020, however, does not show a significant corre-
lation of MHT at 26.5°N with these in the subtropical South Atlantic 
(20°S–34.5°S), although a maximum correlation around 0.3 was found 
when MHT at 26.5°N leads by about a year. These observations therefore 
indicate that MHT coherence between South and North Atlantic is not 
evident at interannual timescales, which are likely dominated by local 
variability inherent to each basin. Longer records will enable assessing 
meridional coherency in decadal and longer timescales.

While interannual MHT variability appears decoupled between the 
South and North Atlantic, within the South Atlantic, the MHT estimates 
at 20°S, 25°S, and 30°S are correlated with each other near zero lag with 
correlations ranging from 0.51 to 0.79 (95% significance 0.37; Figure 16). 
However, their correlations with the MHT at 34.5°S are somewhat low-
er, and this correlation increases with decreasing distance, from 0.30 be-
tween 20°S and 34.5°S to 0.41 between 30°S and 34.5°S. Interestingly, the 
analysis during the overlapping time period (2000–2016) of altimeter and 
energy budget shows higher cross-correlation among the four latitudes 
for the altimeter-derived estimates, ranging from 0.61 to 0.82 (95% sig-
nificance 0.48), with MHT at 34.5°S leading by 3 to 9 months. High cor-
relations between different latitudes are also seen for the MHT estimates 

from energy budget but at zero lag (Figure 16). The higher correlations in the altimeter-derived MHT during 
2000–2016 is likely driven by the coherent negative anomalies advected from the south during 2009–2012. 
However, the reason for the short-time northward propagation is unclear and requires further investigation.

In the South Atlantic, daily MOC has been estimated using in situ observations from pressure-equipped 
inverted echo sounder (PIES) moorings at 34.5°S (Kersalé et al., 2020; Meinen et al, 2013, 2018), though 
MHT estimates from these PIES are not yet available at this time. The altimeter-derived MOC at this latitude 
(18.32 Sv) is somewhat stronger than those estimated from PIES moorings (14.7 Sv from the two shallowest 
moorings by Meinen et al. [2018] and 17.3 Sv from nine moorings by Kersalé et al. [2020]), but the differ-
ences are within the error estimates of 5.0 Sv (Kersalé et al., 2020). However, the MOC variability from PIES 
moorings, 5.40 Sv from Meinen et al. (2018) and 11.25 Sv from Kersalé et al. (2020), are much stronger even 
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Figure 15. Monthly climatology of the geostrophic volume transport in 
the interior ocean from the Bahamas to Africa, integrated from the sea 
surface down to the depth of overturning (Vint ∼ 1,000 m) from the RAPID 
array (red) and the altimeter-based estimates (blue). The dashed lines are 
east-west dynamic height difference from RAPID moorings (red, at 100 m 
depth) and SSH difference from altimeter (blue). (b) Dynamic height at the 
eastern (green) and western (red) boundaries and their difference (blue) 
from RAPID data at 100 m depth. (c) SSH from altimeter at the eastern 
(green) and western (red) boundaries and their difference (blue). The 
shading around each curve indicates two standard errors.
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with the monthly averages compared to the 3.19 Sv from altimeter-based estimates during their overlapping 
time period (September 2013 to April 2017). Because of its large variability and short time period, MOC 
seasonal variations from PIES estimates are not yet as robust as those estimated from longer time series 
(Kersalé et al., 2020). Nevertheless, the semi-annual signal in MOC estimates from altimeter is not as strong 
as suggested by PIES estimates. The less than 4-years overlapping time period is also too short for a mean-
ingful comparison of MOC interannual variations between PIES and altimeter-derived estimates, given the 
95% significance of 0.98. Longer overlapping time series are necessary to understand the difference between 
those estimates and for potential improvements in MOC and MHT estimates in the South Atlantic.

6. Summary
By merging conventional oceanographic observations with those obtained from satellites, we are able to 
estimate the MOC and MHT at multiple latitudes in the Atlantic Ocean since 1993. The overturning depth 
varies from 1,000 m at 26.5°N to 1,200 m at 34.5°S, and that the MHT is highly correlated with the MOC at 
each latitude from 26.5°N to 34.5°S, with correlations varying from r = 0.89 to r = 0.96. Linear transfer co-
efficients further indicate that the response of MHT to MOC is similar at the different latitudes, with a 1 Sv 
increase in MOC resulting in an increase in MHT of 0.064 ± 0.012 PW, 0.069 ± 0.012 PW, 0.074 ± 0.008 PW, 
0.067 ± 0.012 PW, and 0.056 ± 0.008 PW at 26.5°N, 20°S, 25°S, 30°S, and 34.5°S, respectively. In addition, 
the geostrophic heat transport shows a slightly weaker response to the volume transport compared to the 
total MHT, whereas the Ekman heat transport is much more sensitive to the volume transport due to the 
warmer water at the surface layer.

At 26.5°N, the mean MHT from our estimates is 1.09 ± 0.21 PW, slightly lower than that from the RAPID 
array (1.20 ± 0.28 PW) due to a weaker geostrophic transport. The total MHT is largely dominated by the 
overturning component, which accounts for 89% of the total MHT, with the remainder 11% coming from 
the gyre component. Although there are differences between our estimates and the RAPID results in terms 
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Figure 16. Lead-lag correlations of MHT estimates between (a) 20°S and 25°S, (b) 20°S and 30°S, (c) 20°S and 34.5°S, 
(d) 25°S and 30°S, (e) 25°S and 34.5°S, and (f) 30°S and 34.5°S. Negative lags correspond to MHT to the north leading 
MHT to the south, and vice versa. Blue and green curves are for the altimeter-derived MHT during 1993–2020 and 
2000–2016, respectively, and orange curves are for the energy budget estimates from Trenberth et al. (2019) during 
2000–2016.
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of seasonal variations, good agreement is observed on interannual timescales. Both the geostrophic and 
Ekman components contribute significantly to the MHT changes on seasonal and interannual time scales, 
and their dominance changes with time. The geostrophic component plays a dominant role in the MHT 
interannual variations during 1993–2004 due to large variability in the Florida Current transport, whereas 
the Ekman component dominates MHT changes during 2005–2014. This suggests the importance of moni-
toring both wind and density fields to capture the MHT changes. Our results also suggest a negative corre-
lation between the geostrophic and Ekman heat transports, suggesting they partly compensate each other 
to weaken the total MHT variability. Over the past 28 years, the MHT shows strong positive anomalies (>1 
STD) during 1998, 2001/2002, 2007, 2009, and 2011/2012, and negative anomalies (<−1 STD) during 1995, 
1999/2000, 2003, 2009/2010, 2012, 2014, and 2019. These large anomalies could have an impact on regional 
sea level and rainfall patterns, which are subjects of future studies.

In the South Atlantic, the MHT shows the strongest variability at 34.5°S, but more than half of its total 
variability is accounted for by the seasonal variations. The amplitude of the MHT seasonal cycle increases 
southward from 0.29 ± 0.03 PW at 20°S to 0.45 ± 0.04 PW at 34.5°S. On interannual time scale, the MHT at 
20°S and 25°S experiences larger variations than that at 30°S and 34.5°S, in part due to the fact that the ge-
ostrophic and Ekman components work together to strengthen the MHT variability, but they tend to work 
against each other to weaken the MHT variability at 30°S and 34.5°S. Similar to the North Atlantic, both 
the geostrophic and Ekman transports contribute significantly to the total MHT on both the seasonal and 
interannual time scales. On interannual time scale, the geostrophic and Ekman heat transports dominate 
the total MHT during different time periods. Although the large anomalies in MHT do not always occur 
at the same time between 20°S and 34.5°S, positive anomalies (>1 STD) can be seen during 2002/2003 
and 2006, and negative anomalies (<−1 STD) during 2009–2012. These anomalies propagate northward 
from 34.5°S and are similarly observed at 20°S after 9 months. Interestingly, the MHT estimates show large 
positive anomalies during 2018–2019 at 20°S and 25°S, but not at 30°S and 34.5°S, suggesting a large heat 
divergence in the subtropical South Atlantic. A preliminary examination of ocean heat content from the 
World Ocean Database indicates that the decrease in heat content in the region cannot fully account for the 
heat divergence, implying anomalous heat input from the atmosphere. Detailed analysis will be explored 
in the future.

Although further investigations are required to address the discrepancies in the seasonal variations of the 
geostrophic transport, a longer time series will help to better understand the variability of the MOC and 
MHT on interannual to decadal time scales and their forcing mechanisms. With continuing effort in the 
science community to develop different methods to estimate the MOC and MHT, it is expected that the 
comparison of those results will help to optimize the observing system and to derive more accurate esti-
mates. The methodology presented here to compute the MOC and MHT using synthetic T/S profiles derived 
from altimeter and in situ measurements demonstrated the importance of integrating observations from 
different observing platforms to extract information which are not readily available from a single observing 
component. The methodology also provides a means to estimate the MOC and MHT in near real time, and 
can be used to validate ocean models, to detect climate variability, and to investigate its impact on extreme 
weather events. Finally, observations analyzed and presented here may be leveraged to verify/validate mod-
el simulations.

Data Availability Statement
This research was carried out in part under the auspices of the Cooperative Institute for Marine and At-
mospheric Studies, a Cooperative Institute of the University of Miami and the National Oceanic and 
Atmospheric Administration, cooperative agreement #NA20OAR4320472. Satellite altimetry products 
were produced by the Copernicus Marine and Environment Monitoring Service (CMEMS) and can be 
found at https://marine.copernicus.eu/about/producers/sl-tac. NOAA's High Resolution OISST is avail-
able at: https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html. The Florida Current trans-
port from the submarine cable is available at http://www.aoml.noaa.gov/phod/floridacurrent/. Data 
from the RAPID AMOC monitoring project is funded by the Natural Environment Research Council and 
are freely available from www.rapid.ac.uk/rapidmoc. XBT data along AX07 and AX18 can be found at 
https://www.aoml.noaa.gov/phod/hdenxbt/index.php. The MHT from the RAPID array can be found at 
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https://mocha.rsmas.miami.edu/results/index.html, and the MHT estimates from Trenberth et al. (2019) 
energy budget were downloaded from https://dashrepo.ucar.edu/dataset/Ocean_MHT_Values.html. The 
monthly North Atlantic Oscillation index from NOAA's National Weather Service is available at https://
www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml.
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