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Abstract Meridional freshwater transport (MFT) in the Atlantic Ocean (Atlantic meridional freshwater
transport (AMFT)) plays a vital role in the Atlantic Ocean circulations, but an accurate estimate of AMFT time
series remains challenging. This study uses an indirect approach that combines ocean salinity, surface
evaporation and precipitation observations to derive AMFT and its uncertainty by solving the ocean freshwater
budget equation. Climatologically, AMFT is southward between 18.5°S and 34.5°S, but northward from 18.5°S
to 66.5°N. AMFT also shows substantial inter-annual variability with a clear separation at ~40°N and is more
coincident with the Atlantic Meridional Overturning Circulation (AMOC) at 26°N than 47°N across latitudes.
The derived time series indicates that throughout the Atlantic Ocean, there is a positive trend in the AMFT from
2004 to 2020, resulting in an AMFT convergence in the tropical Atlantic and an AMFT divergence in the
subtropical North Atlantic.

Plain Language Summary Oceanic freshwater movement plays a crucial role in Earth's climate
system. Our study focuses on understanding freshwater flows within the Atlantic Ocean, that is, meridional
freshwater transport (AMFT), which is highly relevant to the stability of the Atlantic Meridional Overturning
Circulation (AMOC). An indirect and observation-based approach is proposed that allows estimation of the
AMFT time series and quantification of the mean state, inter-annual variability, and the trend of the AMFT. The
climatological freshwater transport shows that the Atlantic Ocean moves freshwater northward south of 18.5°S,
and moves freshwater southward from 18.5°S to 66.5°N. Atlantic meridional freshwater transport in the
subtropical North Atlantic is closely related to the AMOC at 26°N, while the link is much weaker in the subpolar
North Atlantic. Although the time series is short, it shows a positive trend of the AMFT from 2004 to 2020.

1. Introduction

The Atlantic Ocean circulation is characterized by a northward flow in the upper limb (above about 1,000 m) and
a southward flow in the lower limb, known as the Atlantic Meridional Overturning Circulation (AMOC) (Loz-
ier, 2012; Srokosz et al., 2012). This overturning circulation and the salinity distribution largely influence the
Atlantic meridional freshwater transport (AMFT) (Haines et al., 2022; Mignac et al., 2019). Here, freshwater
transport refers to the freshwater portion of ocean volume transport, as seawater is a mixture of 96.5% freshwater
and 3.5% salt. The ocean exchanges freshwater with the atmosphere via evaporation and precipitation at the air-
sea interface and also with its adjacent ocean volumes via oceanic processes such as advection, mixing, etc. These
exchanges lead to changes in the salinity.

The AMFT is a crucial factor influencing the strength and stability of the AMOC (Hawkins et al., 2011). A
weakening of the AMOC leads to a weaker AMFT due to reduced flow. The weaker AMFT will reduce the
density difference between the subpolar and subtropical North Atlantic, further intensifying the weakening of
AMEFT in return. This hypothetical positive feedback associated with AMFT is called the “salt advection feed-
back” (Stommel, 1961), which is yet to be proven for the real ocean. Additionally, prior studies have indicated
that the stability of the AMOC is influenced by the overturning part of the AMFT at the southern boundary of the
Atlantic Ocean. If the overturning part of the AMFT is northward, AMOC is monostable; if it is southward,
AMOC becomes bistable (de Vries & Weber, 2005; Rahmstorf, 1996; Weijer et al., 2019). This feedback in-
dicates a potentially important role of the AMFT in the stability of the AMOC.

Given the crucial role of AMFT in the AMOC and global climate, it is vital to monitor AMFT and its changes. The
most widely used approach relies on direct observations, including data from observing arrays and hydrographic
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cruises (Frajka-Williams et al., 2019). Observing arrays, such as the RAPID-MOCHA-WBTS (RAPID—
Meridional Overturning Circulation and Heat flux Array—Western Boundary Time Series) array (hereafter
referred to as the RAPID array), the Overturning in the Subpolar North Atlantic Program (OSNAP) and the North
Atlantic Changes (NOAC) array, consisting of full-depth moorings and gliders deployed across the Atlantic
Ocean (F. Li et al., 2021; Lozier et al., 2019; McDonagh et al., 2015; Wett et al., 2023a). These arrays contin-
uously monitor changes in the full-depth ocean temperature, salinity, and velocity to estimate AMFT. The RAPID
array observed AMFT at 26.5°N as a mean transport of —0.37 + 0.20 Sv, with its changes closely correlated with
the AMOC (McDonagh et al., 2015). OSNAP observed an average AMFT of —0.33 + 0.01 Sv (Lozier
et al., 2019). Fu et al. (2023) examined the seasonal cycle of AMFT based on OSNAP observations, revealing a
maximum strength in winter and a lowest strength in spring and summer.

Hydrographic cruises are conducted as part of large-scale oceanographic programs, such as the World Ocean
Circulation Experiment (WOCE) (Ganachaud & Wunsch, 2003) and the Global Ocean Ship-Based Hydrographic
Investigations Program (GO-SHIP) (Talley et al., 2016). During these cruises, water properties are sampled at
various depths throughout the water column in major ocean basins and regions with distinct water characteristics.
Cainzos et al. (2022) analyzed hydrographic data for the past 30 years to estimate AMFT at specific latitudes
(30°8S, 24°8S, 19°S, 11°S, 24°N, 36°N, 47°N, 55°N) in decadal time scale. They observed a weakening trend in the
AMFT at 30°S, decreasing from 0.28 £+ 0.08 Sv during 1990-1999 to 0.08 £ 0.06 Sv during 2000-2009.
However, estimates based on these observing arrays are limited by their spatiotemporal coverage and can only
provide observations at specific latitudes. Moreover, the hydrographic cruises do not have velocity measure-
ments, providing an additional source of errors (Wunsch, 1996).

Model or reanalysis data have also been widely used to investigate the variation of the AMFT (Liu et al., 2023;
Skliris et al., 2020). Reanalysis data involves the integration of historical observations with numerical models,
which results in a consistent and homogeneous global data set of full-depth oceanic variables over a long period
(Storto et al., 2019). In Jackson et al. (2019), eight reanalysis data sets were analyzed for the AMFT. While similar
climatological AMFT patterns were observed across various products, differences in magnitudes were evident.
For instance, all products indicated the strongest southward AMFT around 35-45°N, yet the magnitudes ranged
from —0.3 to —0.8 Sv (which will be analyzed in this study in the following section). Compared with observa-
tions, reanalysis data revealed a weaker correlation between the AMFT and the AMOC at 26.5°N (Jackson
et al., 2019; McDonagh et al., 2015). The limitations of reanalysis data include the spatial and vertical resolution
constraints that may prevent it from capturing small-scale processes like eddies, which are crucial for our un-
derstanding of the AMOC (Hirschi et al., 2020). Additionally, model drift occurs, especially in poorly sampled
regions such as the deep ocean below 2,000 m (Lellouche et al., 2018).

This study provides an estimation of AMFT by solving the ocean freshwater budget in the Atlantic Ocean: we
integrate the AMFT given by the RAPID array at ~26.5°N (McDonagh et al., 2015) southward and northward in
combination with ocean freshwater content (calculated by salinity) and surface freshwater flux, with the residual
of the freshwater budget equation being the AMFT. The residual approach has been validated in climate models
(H. Lietal., 2021). This approach complements existing methods (Frajka-Williams et al., 2019) in various ways.
First, it provides AMFT estimates at any latitude, yielding a more complete picture than direct observations (made
by observing arrays or hydrological cruises). Therefore, the resultant estimates can support the future under-
standing of regional patterns and the temporal-spatial propagation of AMFT changes. Second, being model-
independent, our AMFT estimates can provide a good basis for climate model evaluation and refinement.

2. Data and Methods

Salinity observations used in this study are from the Institute of Atmospheric Physics (IAP) gridded product
(Cheng et al., 2020) with 1° X 1° horizontal resolution and 41 vertical levels for the upper 0-2,000 m. This data set
comprises quality-controlled observations from various measurements, including Argo floats, conductivity—
temperature—depth (CTD) salinity sensors, bottles, and moorings sourced from the World Ocean Database
(WOD) (Boyer et al., 2018). Precipitation and evaporation observations are derived from the Global Precipitation
Climatology Project (GPCP) (Adler et al., 2018) and the Objectively Analyzed air-sea Flux (OAflux) (Yu &
Weller, 2007), respectively. The GPCP precipitation data has a horizontal resolution of 2.5° X 2.5° since 1980 and
is derived from a combination of satellite observations, rain gauge stations, and sounding observations. OAflux
evaporation has a resolution of 1° X 1° horizontally since 1958. The evaporation data from OAflux is
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parameterized using flux-related variables such as wind speed, sea surface temperature (SST), near-surface air
humidity, and temperature, all of which are observed by satellites. To test the robustness of the results, the
precipitation and evaporation from the Fifth-generation Reanalysis product of the European Center for Medium
Range Weather Forecasts (ERAS) (Hersbach et al., 2020) and the Japanese 55-year Reanalysis (JRA-55)
(Kobayashi et al., 2015) reanalysis data is also used (results are presented Figure S1 in Supporting Informa-
tion S1). ERAS has a resolution of 0.25° x 0.25° since 1940, whereas JRA-55 has a resolution of 2.5° x 0.25°
horizontally since 1958. As surface freshwater flux data sets have higher uncertainty, we have tested all our results
using these different data sets. We find that they show consistent estimates of AMFT (Figure S1 in Supporting
Information S1), increasing the confidence of our interpretation.

River runoff observations are from Dai (2021), which record the world's largest 921 rivers and provide freshwater
exchange data between ocean and land. All data cover the globe with monthly resolution.

Ocean freshwater content (FWC) is calculated from ocean salinity:

[ 0 S
FWC = f f f — —dzdxdy (1)
@ Jx, depth Sref

where depth is ocean depth, x,, and x, denote the west and east boundary of the Atlantic Ocean, respectively. The
FWC is calculated based on the upper 2,000 m salinity, aligning with the Argo network's maximum observation
depth. Additionally, the magnitude of salinity changes decreases rapidly with depth in the ocean, making the
upper 2,000 m FWC changes well representative of the full-depth FWC changes. This choice does not impact the
conclusion after a test using full-depth reanalysis data sets. S, is a reference salinity chosen as 35 g/kg. Previous
studies have discussed the limitation of using an arbitrary choice of S, on AMFT estimation (Schauer &
Losch, 2019). However, the choice of reference salinity is found to have a negligible impact on the AMFT es-
timates in this study (Figure S2 in Supporting Information S1). Using more theoretically correct definition of
(FWC = 1 — 10735) will need to be explored in the future.

The Atlantic Ocean freshwater budget is described by:

dFWC G
a fw f (P + R — E) dxdy + AMFT,, — AMFT(¢) @
1 Xe

where P is precipitation, E is evaporation, R is river runoff and AMFT, — AMFT(g) is the convergence of the
AMFT. To derive AMFT, Equation 2 can be rewritten as

A dFWC
AMFT(p) = f / (P+ R~ Eydrdy - — =+ AMFT,, 3)
P1 Y Xe

where ¢, is the start of integration latitude, and there is a direct observational array (The RAPID array obser-
vations at 26.5°N are used in this study) and ¢ is the target latitude. To reduce high-frequency (month-to-month)
noise in the calculation of the time derivative of the FWC (dFWC/dt), a 13-point weighted running smoothing is
applied (the weights are [1/576,6/576,19/576,42/576,71/576,96/576,106/576,96/576,71/576,42/576,19/576,6/
576,1/576]) (Cheng et al., 2019; Trenberth et al., 2007). The weak freshwater exchange (0.03 Sv) (Criado-
Aldeanueva et al., 2012) between the Atlantic and the Mediterranean via the Strait of Gibraltar is ignored. For
inter-annual variability, we calculate anomalies from original time series by subtracting the 12 monthly clima-
tologies relative to 2004-2020. The anomalies are smoothed by calculating 5-month running means, with
different weights for different months: [1/12,3/12,4/12,3/12,1/12]. Integrating the right-hand side in Equation 3
from 26.5°N southward and northward allows the derivation of the AMFT at any latitude. In previous estimates of
the mean state of the AMFT (Wijffels, 2001; Wijftels et al., 1992), the Bering Strait was selected as the starting
integration location, primarily due to the availability of observed AMFT data there (Woodgate, 2018).

In this study, the latitude ¢, is set as 26.5°N because: (a) The RAPID array provides a valuable direct observation
of AMFT at 26.5°N (McDonagh et al., 2015) and (b) this choice avoids integrating the polar areas where salinity
observations are sparse. By integrating Equation 3 from 26.5°N, the study takes advantage of more reliable
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Atlantic Ocean Meridional Freshwater Transport
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Figure 1. The Climatology of Atlantic meridional freshwater transport from this study (red thick line), from direct
observation (dot) (Bryden et al., 2010, 2011; Fu et al., 2018; Manta et al., 2021; McDonagh et al., 2015; Talley, 2008;
Wijffels, 2001), and reanalysis data (thin lines) (Ferry et al., 2012; Forget et al., 2015; Jackson et al., 2016; Kohl, 2014; Storto
etal., 2015; Zuo et al., 2019). Shading is the uncertainty of this study based on the Monte Carlo approach (Figures S4 and S5
in Supporting Information S1). The positive values mean northward transport and the negative values mean southward
transport.

observations in the low and middle latitudes. Specifically, we focus on the Atlantic regions between 34.5°S and
66.5°N. The AMFT at 26.5°N published by the RAPID array is limited to 2004-2012. To provide a longer time
series of the AMFT, reconstructed AMFT at 26.5°N from 2004 to 2020 is developed based on the linear
regression between AMFT and the AMOC. The reconstruction of AMFT at 26.5°N is strongly correlated (cor-
relation coefficient = 0.97) with direct observation (Figure S3 in Supporting Information S1).

The uncertainty of the AMFT is quantified using a Monte Carlo approach to propagate all sources of errors into the
final estimates (Figures S4 and S5 in Supporting Information S1). Specifically, for precipitation, evaporation and
AMPFT,4 50N, We adopt the error estimates given by GPCP, OAflux, and the RAPID array data sets, respectively.
Using these errors and assuming a normal distribution, each month, 100 members are generated for each variable.
To account for the uncertainty induced by salinity data, we adopted the ensemble members of the IAP salinity
products, which account for the major source of errors in the salinity data set including instrumental and sampling/
gap-filling errors (Cheng et al., 2020; Cheng & Zhu, 2016). River runoff uncertainty is neglected due to its minor
contribution. With these ensembles from each variable, the uncertainty of AMFT is calculated as follows. Each
time, we select one member from GPCP, OAflux, the RAPID array, and salinity data and then derive the AMFT
estimate. This process is repeated 100 times, yielding 100 AMFT ensemble members. The standard deviation of
these estimates is used as the measure of uncertainty for the AMFT estimation (standard deviation represents a 66%
confidence interval). We also tested the influence of ensemble member number on uncertainty robustness and
found the maximum difference between uncertainty inferred from 100 members and 300 members is less than 2%.
This method assumes independent errors between variables, as they are observed and processed by different
systems and groups. With this Monte Carlo approach, we consider all major sources of uncertainty.

3. Climatological Distribution of AMFT

The estimated mean AMFT for 2004-2020 is northward between 34.5°S and 18.5°S and southward between
18.5°S and 66.5°N (Figure 1). The northward AMFT decreases to zero at ~18.5°S, then reverses to a southward
transport, reaching a peak of —0.26 £ 0.11 Sv (mean + 1) around 3.5°S and —0.49 + 0.11 Sv at 39.5°N.
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Our estimation is always within the spread of direct observations (Figure 1). For instance, the AMFT estimate at
~24°N is —0.30 = 0.10 Sv in this study, —0.03 Sv in (Wijffels (2001)) and —0.53 Sv in (Wijffels (2001)) Sv
(Table S1 in Supporting Information S1). The direction of the AMFT is influenced by the vertical structure of
ocean circulation and salinity (Mignac et al., 2019). Ocean meridional velocity is northward in the upper 1000 m
and returns southward below this depth. The volumes of northward and southward transport are roughly equal,
yielding near net-zero volume transport. However, while the volumes of northward and southward transport are
roughly equal, the salinity differs between the two flows. Consequently, the FWC of the northward and southward
flows is different, resulting in a net AMFT. For example, at 24°N, the upper 1,000 m (northward flow) is saltier
than the southward return flow, resulting in less freshwater being transported northward than southward, leading
to a net southward AMFT. At 36°N, the salinity difference between the northward and southward parts is stronger
than any latitudes from 15° to 65°N because of the intrusion of Mediterranean water (Blanke et al., 2006), so
AMFT at 36°N is stronger than other latitudes.

Other observational estimates and reanalysis data from Jackson et al. (2019) are also shown together with our
estimate in Figure 1. The reanalysis data exhibit a similar pattern of AMFT compared to our estimate; however,
some significant differences occur. For instance, the reanalysis-based AMFT is higher than our estimates from 0°
to 35°N. This could be associated with salinity biases in reanalysis data seen in previous studies (Mignac
et al., 2019). Notably, a larger spread occurs between 35°N and 60°N for reanalysis data than other latitudes.
GECCO?2 is the closest to our estimate.

4. Inter-Annual Variability of AMFT

To examine the inter-annual variation of the AMFT, a Hovmoller diagram of AMFT anomalies is provided in
Figure 2a. The variability of AMFT across the Atlantic Ocean reveals potential links between the AMFT at
different latitudes and a clear separation of changes around 40°N. Specifically, south of 40°N, the variability of
AMFT shows consistent changes across various latitudes. Similarly, north of 40°N, the AMFT displays strong
coherence. The cross-correlations are performed to better illustrate the coherence (Figure 2b). Since the focus here
is on inter-annual variability, we use detrended AMFT. The cross-correlations between any two latitudes show
that the largest spread of strong coherence (correlation >0.9) occurs at 20.5°S, spanning from 34.5°S to 3.5°N,
while the smallest spread occurs at 33.5°N, spanning from 28.5°N to 37.5°N. The AMFT north of 40°N is
predominantly influenced by gyre circulation, whereas south of 40°N, the AMOC plays a more crucial role (Liu
et al., 2023). These regional impacts result in discontinuity near 40°N of the AMFT potentially.

A similar pattern of discontinuity near 40°N, or between the subtropical and subpolar North Atlantic, is also found
in the AMOC (Bingham et al., 2007; Jackson et al., 2022) and the Atlantic meridional heat transport (Kelly
et al., 2014). Several factors were proposed to explain this discontinuity: (a) The slow southward propagation
from the subpolar to subtropical North Atlantic, which can take several years (J. Zhang & Zhang, 2015; R.
Zhang, 2010); (b) different drivers for subpolar and subtropical AMOC changes (Asbjgrnsen et al., 2024; Jackson
et al., 2022); and (c) the discrepancy in measuring methodology can contribute to observation errors (Frajka-
Williams et al., 2023). However, the exact drivers remain unclear.

The latitude-dependent relationship between detrended AMFT and the AMOC is illustrated in Figure 2c, with
observed MOC values at 26.5°N (Moat et al., 2020) and 47°N (Wett et al., 2023a). The AMFT across the Atlantic
Ocean is negatively correlated with 26.5°N MOC and passes a significance test at the 99% level. The maximum
correlation occurs at 26.5°N, and reduces poleward. The correlation reaches —0.35 at 34.5°S and —0.31 at 65.5°N.
It is interesting to note that the AMFT in the South Atlantic is significantly correlated with the AMOC at 26.5°N
with ~0.4 within 10°-20°S. This suggests that AMOC in the North Atlantic might have a remote influence on the
AMEFT in the South Atlantic, consistent with findings from previous studies by Zhu et al. (2020, 2023). It has been
noted that changes in AMOC in the North Atlantic, including at 26.5°N, can propagate to the South Atlantic and
subsequently influence local AMFT through Rossby waves and Kelvin waves, as suggested by Johnson and
Marshall (2002). The mechanism, however, requires further exploration. The complexity is that not only the
AMOOC, but also the gyre circulation can impact the AMFT in the low-latitudes. Interestingly, the correlations
between MOC at47°N and AMFT at different latitudes are weak, with a maximum correlation of —0.35 at ~5°N. It
remains an open question why the MOC at 47°N has significant correlations with AMFT within 20°S-20°N.
Previous studies have found MOC at 26.5°N is synchronously coherent (lag = 0) from 0° to 40°N, while the MOC at
47°N aligns with the MOC between 47°N and 66.5°N (Bingham et al., 2007). This suggests that the AMOC at
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Hovméller diagram of the AMFT
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Figure 2. (a) Hovmoller diagram of the zonal sum Atlantic meridional freshwater transport (AMFT) anomalies relative to
2004-2020 monthly climatology. (b) Cross correlation of the detrended AMFT between different latitudes based on 2004—

2020. The stipples indicate signals that are insignificant (at 99% confidence level). (c) The correlation between AMFT across

the Atlantic Ocean and 26.5°N (blue line) and 47°N MOC (orange line). The solid lines are showed for the correlation pass

99% confidence test, while dashed lines indicate trends that do not pass significance test at 99% confidence level. AMFT and

Atlantic Meridional Overturning Circulation are detrended to avoid the influence of trends.

26.5°N represents conditions in the subtropical region, whereas the AMOC at 47°N reflects those in the subpolar
North Atlantic. The AMFT is controlled by gyres instead of the AMOC in the subpolar North Atlantic (40°N—
66.5°N) (Liu et al., 2023), so AMFT is decorrelated with MOC at 26.5°N and 47°N. In the subtropics, AMFT is
dominated by the AMOC, resulting in a negative correlation due to the salty northward limb and fresh southward
limb. The relationship between the AMFT and its driving mechanisms in the South Atlantic remains uncertain.

5. Trend of the AMFT

The trend of the AMFT from 2004 to 2020 is also evaluated despite the short time series (Figure 3). It shows a
consistent positive trend of the AMFT across the Atlantic Ocean, which means either a decrease of southward
AMEFT or an increase of northward AMFT depending on the climatology of AMFT (Figure 1). For instance, the
trends of AMFT at 30.5°S,15.5°S, 20.5°N and 40.5°N are 0.18 + 0.05, 0.18 = 0.05, 0.05 = 0.03, and
0.08 + 0.04 Sv decade™" respectively (90% confidence interval according to the Student's #-test).

Here, we separate the Atlantic Ocean into several parts, the South Atlantic (15.5°-30.5°S), tropical Atlantic
(15.5°S-20.5°N) and subtropical North Atlantic (20.5°-40.5°N) to explore the contribution of AMFT convergence
and surface freshwater flux to FWC acceleration (the derivative of the FWC time derivative). Positive acceleration
indicates either a slowing of the downward trend or an increase upward trend in FWC, whereas negative accel-
eration, or deceleration, implies the opposite. Uncertainty in the FWC acceleration is evaluated using a 90%
confidence interval according to the Student's #-test. In the South Atlantic, there is a negative FWC acceleration of
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Figure 3. The acceleration of ocean freshwater content in each 1° grid is shown in color shading (the black numbers are the
trend in each box isolated by the black line); the Atlantic meridional freshwater transport (AMFT) trends shown in blue
arrows and blue numbers in each box (with positive northward), and the surface freshwater flux trends shown in red arrows
and red numbers (with positive downward into the ocean). The unit of the number is Sv decade™. All trends are calculated
from 2004 to 2020. The size of the arrows also indicates the magnitude of the AMFT trend. The South Atlantic, tropical and
subtropical North Atlantic are divided by black lines.

—0.01 + 0.03 Sv decade™, primarily driven by surface freshwater flux (—0.01 + 0.01 Sv decade™), with a
negligible contribution from AMFT convergence (0.00 + 0.02 Sv decade™). In the tropical Atlantic, FWC changes
show an acceleration of —0.02 + 0.05 Sv decade™, mainly due to a decreasing surface freshwater input
(—0.15 £ 0.04 Sv decade™), with an increasing contribution from AMFT convergence (0.13 + 0.04 Sv decade™).
FWC in the subtropical North Atlantic decelerates (—=0.07 + 0.06 Sv decade™), largely driven by AMFT
convergence (—0.03 £ 0.04 Sv decade™) and surface freshwater flux (—0.04 + 0.04 Sv decade™).

Our results above are in line with previous model or reanalysis-based estimates. For instance, Kelly et al. (2016)
simulated AMFT trends during 2004—-2012 using a model and found a positive trend across the Atlantic Ocean.
The northward AMFT observed by the RAPID array at 26.5°N increased at a rate of 0.23 Sv decade™ from
2004 to 2012, consistent with our study (McDonagh et al., 2015). A tracer-percentile analytic framework also
suggests a global-scale enhanced poleward freshwater transport because of the global water cycle amplification
(Sohail et al., 2022).

6. Conclusions and Discussion

A residual approach is used to estimate the AMFT from 2004 to 2020. The method is based on a budget con-
servation equation and takes advantage of recent high-quality observations and physical constraints to estimate
AMFT, which complements estimates from direct observations only available at selected latitudes or from
reanalysis products. This approach allows an estimate of the AMFT time series, contributing to the investigation
of the climatology, inter-annual variability, and trend. The results contribute to the understanding of the ocean
component of the global freshwater cycle and have implications for model evaluation and development.

Climatologically, the Atlantic Ocean shows a strong southward AMFT between 18.5°S and 66.5°N, and a
northward AMFT from 18.5°S to 34.5°S. The transport maximum occurs at 3.5°S (—0.26 = 0.09 Sv) and 39.5°N
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(—0.49 £ 0.08 Sv). Reanalysis data show higher AMFT from 0° to 35°N than our estimates (Figure 1). Previous
studies have shown that reanalysis data tend to underestimate the southward overturning part of AMFT associated
with salinity bias, resulting in higher values of AMFT (Mignac et al., 2019). The large spread of AMFT from
various reanalyzes data between 35°N and 50°N raises concerns about the accuracy of these reanalyzes. This
uncertainty might be linked to the complex ocean topography, river runoff or sparse observations. The model
resolution might also be an important factor, as only high-resolution reanalyzes can resolve mesoscale features.

The new estimates in this study complement the current direct observations based on arrays and hydrological
sections. Because the array observations are only available through several sections like the RAPID array and
OSNAP, hydrographic sections often provide time-discrete observations; by providing AMFT time series at any
latitude, the estimates of this study provide a more complete temporal and spatial data set, making it suitable for
exploring the spatial-temporal variations of the AMFT.

The inter-annual variability based on the residual method is also shown in this study (Figure 2a). AMFT exhibits
significant inter-annual variability, with noticeable distinctions between the northern and southern regions
separated roughly at ~40°N (Figure 2b). The distinctions may be explained by the relative contribution of gyre
and overturning to AMFT. Correlation analysis highlights a weak link between 47°N MOC and AMFT in the
region north of 40°N, indicating gyre AMFT dominance, whereas a strong link between the AMFT in subtropical
North Atlantic and 26.5°N MOC suggests the key role of overturning AMFT (Figure 2c).

From 2004 to 2020, AMFT showed a consistent positive trend across the Atlantic Ocean (Figure 3). These
findings align with previous studies, such as Kelly et al. (2016) and McDonagh et al. (2015), which also observed
increased northward AMFT. The driver of AMFT's positive trend is still unclear and needs further exploration.
Analysis of the South, tropical, and subtropical North Atlantic reveals that both AMFT convergence and surface
freshwater fluxes contribute to FWC acceleration. All three regions exhibited a deceleration in FWC changes,
though the changes in the South and tropical Atlantic are small and insignificant. The deceleration of the FWC
change is consistent with the observed slowdown in salinity pattern amplification (Vinogradova & Ponte, 2017).

Although this study shows that the AMFT can be inferred using the residual method, the limitation and the
uncertainty in the inferred AMFT still exist. The analysis excludes freshwater from sea ice, which is crucial for the
Atlantic freshwater budget in high latitudes, and its impact will be evaluated in future research. The uncertainty of
our estimate arises from multiple sources: salinity products, surface freshwater flux, and the AMFT at 26.5°N. We
indicated Figure S1 in Supporting Information S1 that using different surface freshwater flux products do not
change the key results of this study, so the primary uncertainty is from salinity products and 26.5°N AMFT
estimates. Reducing this uncertainty requires efforts from various perspectives, such as increasing the salinity
observations in the future (especially in the eddy-rich regions where there are substantial temporospatial vari-
ability), increasing the resolution of the RAPID array etc. Next, it will be very useful to put together various
estimates to assess the capability of our understanding of freshwater transport/budget. For instance, integrating
the FWC from the RAPID array AMFT to the OSNAP latitude and comparing the derived AMFT with the
OSNAP-based estimates. A similar comparison can also be made with the derived AMFT from the hydrological
section, models and reanalysis. Putting these estimates together could cross-evaluate different approaches and
strengthen evidence of our understanding of an oceanic part of the water cycle.

Data Availability Statement

AMFT produced in this study is available at https://doi.org/10.5281/zenodo.12790901 (Zheng, 2024). IAP
salinity data are available from http://www.ocean.iap.ac.cn/ftp/cheng/CZ16_v0_IAP_Salinity_gridded_1month_
netcdf/ (Cheng et al., 2020). The GPCP precipitation data and OAflux evaporation data were collected from
https://www.ncei.noaa.gov/products/global-precipitation-climatology-project (Adler et al., 2018) and https://
oaflux.whoi.edu/data-access/ (Yu & Weller, 2007), respectively. The ERAS data and JRA-55 data are available
from https://doi.org/10.24381/cds.f17050d7 (Hersbach et al., 2023) and https://climatedataguide.ucar.edu/
climate-data/jra-55 (Kobayashi et al., 2015). The river runoff data is freely available at https://www.atmos.
albany.edu/facstaff/adai/ (Dai, 2021). The RAPID AMFT data is available from McDonagh et al. (2015). The
reanalysis data for comparison in Figure 1 were downloaded from https://doi.org/10.5281/zenodo.2598509
(Jackson, 2019). The MOC at 26.5°N and 47°N are sourced from https://rapid.ac.uk/ (Moat et al., 2020) and
https://doi.pangaea.de/10.1594/PANGAEA.959558 (Wett et al., 2023b).
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