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Abstract Interannual variability of Antarctic Intermediate Water (AAIW) in the tropical North Atlantic
is investigated using the GECCO2 ocean state estimate and Argo data. AAIW salinity variability near the
western boundary is highly correlated with the transport along the western boundary on interannual
timescales. Northward propagating anomalies are associated with the western boundary transport
variability that, to some extent, is related to the large‐scale wind stress curl forcing by means of the Sverdrup
balance. AAIW anomalies also propagate westward with the speed of baroclinic Rossby waves, indicating
that the displacement of the meridional salinity gradient by westward propagation of baroclinic Rossby
waves plays a role in the variability of AAIW characteristics. Slower eastward spreading of AAIW anomalies
is identified on decadal timescales likely associated with the advection of salinity anomalies by weak
eastward current bands. Understanding the observed interannual and decadal variability of AAIW salinity is
important to properly interpret salinity changes reported in response to changes in the hydrological cycle.

Plain Language Summary Antarctic Intermediate Water (AAIW) is characterized by its low
salinity in the ocean. Here we examine the variability of AAIW in the tropical North Atlantic on
interannual timescales by using an ocean assimilation product (GECCO2) and Argo data. The analysis of
these data shows that in the tropical northwestern Atlantic, variability of the AAIW salinity is associated
with the transport variability near the western boundary and with the westward propagation of planetary
waves. Decadal AAIW signals propagate eastward, which is indicative of eastward spreading of water mass
anomalies with the weak circulation at intermediate depths. The identified AAIW water mass variability
in the tropical North Atlantic has implications for the transport of tracers and particularly the ventilation of
the oxygen minimum zone of the eastern tropical North Atlantic.

1. Introduction

Antarctic Intermediate Water (AAIW) is one of the major water masses of the World Ocean, originating
from the Southern Hemisphere and participating in the global meridional overturning circulation (MOC).
AAIW is formed just north of the Antarctic Circumpolar Current by subduction and spreads northward
mainly along the western boundary (Tsuchiya, 1989). It is characterized by a salinity minimum associated
with high oxygen and high nutrient levels lying between the subtropical thermocline and deep waters.
The AAIW tongue of low salinity was first identified by the Meteor cruise during 1925‐1927 (Wüst, 1935).
In the Atlantic, as part of the upper limb of the Atlantic MOC (AMOC), AAIW plays an important role in
the interhemispheric salinity, oxygen, and nutrient distribution (Palter & Lozier, 2008; Schmidtko &
Johnson, 2012). Due to mixing with surrounding waters on its way northward, AAIW gradually loses the
salinity minimum signature, which can be traced up to about 20°N (Tsuchiya, 1989). When AAIW reaches
the tropical North Atlantic, its oxygen level has strongly reduced contributing to the lower part the oxygen
minimum zone (OMZ) near the eastern boundary (e.g., Brandt et al., 2010, 2015; Stramma et al., 2008)

A number of studies have investigated the salinity and temperature changes in the intermediate layer of the
Atlantic Ocean (Arbic & Owens, 2001; Fu et al., 2018; McCarthy et al., 2011; Sarafanov et al., 2007;
Schmidtko & Johnson, 2012). Consistently, these studies revealed that during the last decades, AAIW
became warmer and lighter in the South Atlantic, while it became warmer and more saline in the tropical
North Atlantic. Causes for the AAIW property changes are still under investigation. A major contributor
to the warming trend is thought to be the winter sea surface temperature increase in the AAIW formation
region (Schmidtko & Johnson, 2012). An increased Agulhas leakage via changes in the southern annular
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mode may also increase the AAIW salinity through enhanced export of salty Indian Ocean water to the
Atlantic in the intermediate layer (Lübbecke et al., 2015). The increase in the Agulhas leakage during the last
decades was suggested to be responsible for substantial salinity increase in the central water layer at the wes-
tern boundary, with weaker but still significant salinity increase below in the intermediate water layer
(Biastoch et al., 2009; Durgadoo et al., 2013; Hummels et al., 2015). However, the salinification of AAIW
in the tropical Atlantic does not seem to align with an enhanced hydrological cycle in the global warming
scenario (e.g., Held & Soden, 2006). Fu et al. (2018) suggested that instead a weaker northward transport
in the intermediate layer could be responsible for the observed AAIW salinification at 14.5°N in the
Atlantic, highlighting the importance of water mass property changes along the spreading path due to
entrainment and mixing with surrounding waters.

The tropical North Atlantic is the only ocean basin in the Northern Hemisphere, where a distinct AAIW sali-
nity minimum can still be detected. Although long‐term warming and salinification trends for AAIW in this
region have been confirmed (Fu et al., 2018; Sarafanov et al., 2007; Schmidtko & Johnson, 2012), it remains
unclear whether AAIW properties also vary on interannual timescales. In the South Atlantic, McCarthy
et al. (2012) showed that the AAIW core salinity varies on interannual timescales with a peak to trough mag-
nitude of 0.06. They attributed the variability to the westward propagation of planetary waves. In the tropical
North Atlantic, a substantial influence from the more saline Mediterranean Water on AAIW can be antici-
pated. Near the eastern boundary, Machín and Pelegrí (2009) and Machín et al. (2010) showed a seasonally
varying contribution of AAIW near the Canary Islands associated with shrinking and stretching of the inter-
mediate water column. Near the western boundary, it has been shown by float observations and model stu-
dies that the North Brazil Current (NBC) and the associated NBC rings, formed after the NBC retroflects
near French Guiana, play a dominant role in the northward transport of AAIW (Kirchner et al., 2009;
Lankhorst et al., 2009). Additionally, AAIW is expected to ventilate the lower part of the thermocline in
the tropics and subtropics. It also plays an important role in oxygen supply for the subtropical and tropical
regions at lower thermocline and intermediate depths (Schmidtko & Johnson, 2012). A reduction of the ven-
tilation in the depth range covered by AAIW could therefore contribute to the deoxygenation of the OMZ in
the eastern tropical North Atlantic. Therefore, AAIW variability may have large dynamical and biological
impact (Stramma et al., 2012).

In this study, we mainly use monthly data of the GECCO2 ocean state estimate (Köhl, 2015) and an Argo
monthly climatology (Roemmich & Gilson, 2009) to investigate the variability of the AAIW core salinity
in the tropical North Atlantic. We will focus on the western boundary region, since AAIW spreads north-
ward mainly along the western boundary pathway, especially in the Northern Hemisphere (Figure 1). We
show that on interannual timescales AAIW salinity variability is closely related to the variability of the trans-
port near the western boundary andmay also be associated with the westward propagation of long baroclinic
Rossby waves.

2. Data and Climatology of the AAIW Core Salinity
2.1. Data

GECCO2 is an updated German version of the Massachusetts Institute of Technology general circulation
model “Estimating the Circulation and Climate of the Ocean system (ECCO)” (Köhl & Stammer, 2008;
Wunsch & Heimbach, 2006). It is a monthly mean product and has 1×1/3° horizontal resolution, 50 vertical
levels, and a time coverage from January 1949 to December 2014. At intermediate depths, the vertical reso-
lution is approximately 90 m. This is sufficient for tracking the AAIW changes. GECCO2 applies the adjoint
method to assimilate all available temperature and salinity profile data from the EN3 v2a database (Köhl,
2015); hence, it is expected to well represent the observed water mass properties. Note that for GECCO2, only
data after 1985 are used, because it is expected that salinity observations at depth were rarely available before
the late 1980s.

In order to verify the GECCO2 ocean state estimate, we use a monthly Argo product (Roemmich & Gilson,
2009) with 1° horizontal resolution, 58 vertical levels (for the upper 2000 m), and time coverage from 2004
to present. The vertical resolution of the Argo data at intermediate depth is 50 m. Note that in the first few
years of the deployment, the number of Argo floats in the western tropical North Atlantic was relatively
low and that the Argo floats are not evenly distributed throughout the whole period (Figure S1 in the
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supporting information). Fortunately, there are measurements covering AAIW depth near the western
boundary within the longitude band of 60 to 55°W in almost every year. However, one should still keep in
mind that the uneven distribution of the Argo profiles may, to some extent, bias the results of this study.

To further verify the calculation results of GECCO2, we also use other ocean reanalysis products with
monthly resolution, which include the Global Ocean Data Assimilation System (GODAS; Behringer &
Xue, 2004), the ECMWF Ocean Reanalysis and derived ocean heat content (ORAS4, Balmaseda et al.,
2013), Simple Ocean Data Assimilation (SODA) version 2.2.4 (Carton et al., 2008), and ECCO2
(Menemenlis et al., 2008). The horizontal resolution for GODAS is 1× 1

3° (longitude×latitude), for ORAS4

1×1°, for SODA 0.5×0.5°, and for ECCO2 0.25×0.25°. To keep consistency with GECCO2, the data after
1985 are used for each of the products. Finally, all data fields are vertically interpolated onto a uniform pres-
sure grid of 10‐dbar resolution using a spline interpolation method. All the calculations hereafter are based
on the interpolated data. Note that the interpolation does not alter the calculation results significantly; it
mainly improves the visual clarity for the anomalies shown below.

2.2. Overview of the AAIW Core Climatology

Following Schmidtko and Johnson (2012), we define the AAIW core for all data sets as the vertical salinity
minimum within the neutral density range of 27.38 to 27.82 kg/m3 from the monthly data. The salinity,
potential temperature, pressure, and potential density at the depth of the AAIW core are used as the
AAIW core properties. Potential temperature and potential density are referenced to the surface.
Figures 1a to 1d show the GECCO2 climatological properties of the AAIW core in the Atlantic. For both
GECCO2 and Argo, the climatological maps are generated using data between January 2004 and
December 2014 to ease comparison. The core salinity gradually increases from north of the Antarctic
Circumpolar Current to the subtropical North Atlantic, resulting from entrainment and mixing along its
northward spreading path. In the Northern Hemisphere, low salinity is generally found along the western
boundary, highlighting the western boundary pathway of AAIW. Although GECCO2 shows higher core sali-
nity in comparison with Argo (Figure S2a), the overall basin‐scale structure of salinity distribution in both
products is consistent.

Figure 1. GECCO2 climatology (2004‐2014) of the Antarctic Intermediate Water core properties in the Atlantic: (a)
salinity, (b) potential temperature (referenced to the surface, in °C), (c) pressure (in dbar), and (d) potential density
(referenced to the surface, in kg/m3).
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In GECCO2, the AAIW core potential temperaturemap (Figure 1b) shows a coherent structure similar to the
salinity map, which is consistent with that of the Argo climatology in terms of magnitude and horizontal pat-
tern (Figure S2b). The AAIW core is found primarily between 500 and 950 dbar in the Atlantic (Figures 1c
and S2c). A difference in the core depth between GECCO2 and Argo is found in the tropical South Atlantic.
The Argo core depth (Figure S2c) is relatively shallow (670 to 750 dbar) at the equator and southern latitudes
of the tropics, while it is relatively deep (750 to 800 dbar) in between. This pattern is a result of the subtro-
pical gyre circulation (Schmid et al., 2000; Schmid & Garzoli, 2009) but may not be adequately resolved by
GECCO2 due to the coarse vertical resolution. Due to the higher salinity value in GECCO2, the AAIW core
in GECCO2 is also denser than in Argo, but a northward increase of AAIW core potential density is still con-
sistent with the northward salinity increase. In previous studies, GECCO2 is shown to well reproduce the
observed ageostrophic flow and the AMOC in the tropical Atlantic (Fu et al., 2017, 2018). Therefore, a rea-
listic representation of the strength of the western boundary current (WBC) system in the tropical North
Atlantic is also expected. The overall agreement between the GECCO2 and Argo climatology of AAIW lends
us confidence to use GECCO2 to analyze the dynamic variability of AAIW properties in the tropical
North Atlantic.

3. Interannual Variability of AAIW

In order to investigate the interannual variability of AAIW, we first calculate the anomalies of the GECCO2
salinity and potential temperature at the AAIW core. The anomalies are calculated by subtracting the time‐
averaged salinity, potential temperature, and pressure at each grid point of GECCO2 between 2004 and 2014
from themonthly data. Themonthly anomalies are then 3‐year low‐pass filtered. Analyzing the variability of
AAIW at its core (salinity minimum) instead of on a certain density surface is preferable because salinity and
potential temperature do not have to compensate each other at the salinity minimum and hence may
vary differently.

3.1. Northward Propagating AAIW Core Anomalies

By using a Hovmoeller diagram of the low‐pass filtered AAIW core salinity and potential temperature in the
latitude and time directions, we first investigate the meridional propagation of AAIW (Figure 2). We chose a
latitude band of 10 to 20°N along the 56°W meridian to generate the Hovmoeller diagram. This location is
chosen to be close to the western boundary and to avoid the influence of the zonal equatorial current system.
The Hovmoeller diagram shows a salinification trend of AAIW between 1985 and 2005, followed by a strong
negative anomaly. The salinification of AAIW in the tropical North Atlantic in GECCO2 is consistent with
the estimates based on hydrographic data (Fu et al., 2018; Schmidtko & Johnson, 2012), though the salinifi-
cation trend in GECCO2 (3 × 10¯3 year‐1) is somewhat stronger than the trend (about 1 × 10¯3 year‐1) esti-
mated by Schmidtko and Johnson (2012). The stronger salinification trend in GECCO2 may result from
the assimilation procedure, which alters the solution of the model toward all the available data.
Northward propagating salinity anomalies are visible throughout most of the selected period. Similarities
can also be detected in the potential temperature and pressure anomalies, though the warming trend and
the meridional coherence in the potential temperature anomalies are not as obvious as in the salinity data.
In the Argo data, northward propagating anomalies are also detectable (Figure S3). The phase of the anom-
aly propagation is consistent between Argo and GECCO2 data. A negative salinity anomaly also occurred
after 2005 in the Argo data, but the magnitude of the anomaly is much smaller than in GECCO2. Note that
the occurrence of the strong freshening in GECCO2 coincides with the availability of Argo data since 2004.
Therefore, the stronger salinity variability in GECCO2 may be due to a superimposition of the dynamical
variation of salinity and the model's adjustment toward lower salinity due to changes in the observational
data (e.g., denser sampling by the Argo floats).

From the climatological map of the AAIW core salinity (Figure 1a), it can be anticipated that variability in
the WBC system may play a dominant role in the northward export of fresh AAIW. To investigate the pos-
sible link between the WBC system and the northward propagating anomalies, we first define a WBC index.
Since the coastline north of French Guiana is approximately zonal, here we select a meridional section from
the coast to 10°N along 54°W. By assuming that the mean current here along the western boundary is pre-
dominantly zonal (Figure 3a), we then calculate the zonal transport across this section between 300 and
1,100 m (Figure 3b) as the WBC index. Note that the AAIW core is located at about 750 m in the studied
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area; therefore, we only consider this branch (300 to 1,100 m) of the transport along the western boundary
when we investigate the relationship between the WBC system and the AAIW core salinity anomalies.

The Guiana Current represents a near‐surface continuation of the NBC toward the Lesser Antilles after the
main part of the NBC retroflects near French Guiana (Csanady, 1990). However, most of the northwestward
transport is carried by the NBC rings migrating along the continental slope (e.g., Fratantoni et al., 2000;
Fratantoni & Richardson, 2006; Johns et al., 1990, 2003). Detailed observations of the vertical structure of
NBC rings revealed that these eddies partly have a deep structure reaching down to 1,000 m and more
(Johns et al., 2003). The deep expression of the Guiana Current can be understood as the rectified mean flow
associated with the migration of deep NBC rings. Depending on the horizontal resolution of the assimilation
products, eddy activity may be represented differently in the different products. To examine the intensity of
eddy activity in these products, we further calculated the eddy kinetic energy (EKE) and mean streamfunc-
tion at AAIW core depth using the flow field of each product (Figure S4). In general, eddy activity in the low‐
resolution products (GECCO2, GODAS, and ORAS4) is weakly resolved (i.e., lower EKE; Figures S4a, S4c,
and S4e), while in the high‐resolution products (SODA and ECCO2) they are clearly present (i.e., higher

Figure 2. Latitude and time plot of the Antarctic Intermediate Water core anomalies of (a) Salinity, (b) potential
temperature (in °C), and (c) pressure (in dbar) from GECCO2 along 56°W in the tropical North Atlantic.
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EKE; Figures S4g and S4i). As a result, it seems that transport along the western boundary in the low‐
resolution products is probably done by a steady WBC (Figures S4b, S4d, and S4f), while in the high‐
resolution models it is mostly done by the eddies (e.g., NBC rings, Figures S4h and S4j). We will refer to
the defined transport index as the western boundary transport rather than a specific current hereafter.
The monthly salinity and western boundary transport anomalies are then 3‐to‐10‐year band‐pass filtered,
so that only variability on interannual timescales is preserved. Note that the calculation results are not
sensitive to the band‐pass filtering window. Using a 2‐to‐10‐year or 2‐to‐15‐year filtering window does not
alter the results shown later significantly.

The band‐pass filtered GECCO2 western boundary transport is shown in Figure 4a. Also shown are the
band‐pass filtered GECCO2 salinity anomaly and the 3‐year low‐passed Argo salinity anomaly at 15°N,
56°W. Note that the Argo salinity time series is too short for a 3‐to‐10‐year band‐pass filter. The Argo salinity
anomaly shows a peak to trough variation of about 0.04. This magnitude of salinity variation is consistent
with a 0.06 AAIW salinity variation observed at 30°S in the Atlantic (McCarthy et al., 2012). It appears that
on interannual timescales, the GECCO2 AAIW core salinity covaries with the western boundary transport at
a lag of months to years. To illustrate howmuch the AAIW core salinity variability is related to the transport
variability in GECCO2, we calculate a cross correlation between the western boundary transport and the
AAIW core salinity at each grid point in the tropical northwestern Atlantic. The maximum correlation
and the corresponding lag between the western boundary transport and the AAIW core salinity anomalies

Figure 3. (a) Mean zonal velocity (in m/s) section at 54°W in the Atlantic, calculated from the GECCO2 data between
1985 and 2015. (b) The lower branch of the western boundary transport (in Sv) at 54°W, calculated as the zonal
transport between 300 and 1,100 m, and between the coast and 10°N, as indicated by the black dashed box in (a). The blue
thin curve is the monthly time series of the western boundary transport; the red curve is the 3‐year low‐pass filtered time
series. Note that the transport is measured positive eastward.
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are shown in Figures 4b and 4c, respectively. The AAIW core salinity near the western boundary in the
tropical North Atlantic is highly correlated to the western boundary transport with a correlation
coefficient larger than 0.6. The corresponding lag for the maximum correlation increases northwestward
(from negative to positive) with distance from the transport section along the western boundary. A
positive (negative) lag indicates that the transport variability leads (lags) the salinity variability. Since
transport is measured positive eastward and the transport across the selected section is mainly westward,
a strengthening (weakening) of the transport corresponds to a negative (positive) anomaly. The high
correlation in the western boundary regions suggests that a strengthening (weakening) of the western
boundary transport is associated by a (an) decrease (increase) of the AAIW core salinity. Recall that the
climatological AAIW core salinity increases from the south to the north (Figure 1a). The relationship
between the western boundary transport and the AAIW core salinity can be explained by the fact that
stronger (weaker) western boundary transport should export more (less) fresher AAIW from the South
Atlantic to the tropical North Atlantic. This would decrease (increase) the observed salinity in the
intermediate layer. The northwestward increasing lag with distance from the transport section also
supports the observed northward propagation of the salinity anomaly in the GECCO2 and Argo data. In
fact, the unfiltered western boundary transport time series (Figure 3b) shows an anomalous
intensification between 2004 and 2008, which remains very strong till 2015. This corresponds to the
strong freshening of the AAIW core since 2005 seen in Figure 2a. Note that there are also negative lags to
the northwest of the transport section. This suggests that in the area of negative lags after minimum
salinity is reached, a further strengthening of the western boundary transport leads to an increase of
AAIW core salinity. To explain the negative lags, we calculate regressions of the western boundary

Figure 4. (a) The interannual variability of the GECCO2 Antarctic Intermediate Water (AAIW) core salinity at 14.5°N,
56°W (blue), GECCO2 western boundary transport (in Sv) between 300 and 1,200 m (red), and Argo AAIW core salinity
at 14.5°N, 56°W (black). (b) The maximum cross‐correlation between the western boundary transport and the AAIW core
salinity in the tropical northwestern Atlantic. (c) The lead‐lag relation between the western boundary transport and the
AAIW core salinity at maximum correlation in (b). The black circles in (b) and (c) mark the position of 14.5°N, 56°W; the
black meridional lines mark the position, where the western boundary transport is calculated. Note that both GECCO2
salinity and western boundary transport anomalies are band‐pass filtered between 3 and 10 years, while the Argo salinity
anomaly is only 3 years low‐pass filtered. Correlations that are not significant on 95% confidence level are covered with
crosses. The corresponding lags are also removed.
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transport onto the velocity field and salinity at AAIW core depth with different lags in GECCO2 (Figure S5).
In general, strengthening of the western boundary transport is associated with strengthening of northwest-
ward velocity at AAIW core along the western boundary near French Guiana (i.e., when western boundary
transport lags by 12 to 0 months). When the western boundary transport increases, salinity at the section
starts to decrease. However, with increasing western boundary transport, a southeastward recirculation
further offshore also develops and strengthens, which brings higher salinity water toward the coast from off-
shore. If the effect of recirculation on salinity dominates, it could lead to an increase of salinity already before
the maximum western boundary transport is reached. This would complicate the relationship between the
transport and salinity variability and could be responsible for the negative lags found in Figure 4c. In fact, the
recirculation can also be seen in the mean streamline of GECCO2 (Figure S4b).

Additionally, we calculate the cross correlation between the AAIW core salinity and the western boundary
transport using the other assimilation products. The derivation of the AAIW core salinity and the western
boundary transport for these data sets is the same as for GECCO2. The maximum correlation and the corre-
sponding lag for GODAS, ORAS4, SODA, and ECCO2 are shown in Figure 5. Among the products, GODAS,
ORAS4, and ECCO2 show high correlation (>0.6) between the AAIW core salinity and the western bound-
ary transport in the western boundary region (Figures 5a and 5c). The corresponding lags also increase
northwestward with distance from the transport section (Figures 5b and 5d), indicative of northward propa-
gation of the salinity anomalies. The negative lags in ORAS4 increase (approaching 0) continuously north-
westward along the western boundary from about 5°N. This is also in agreement with the expectation that
the salinity signals are transported by theWBC system from the south. To the northwest of the transport sec-
tion, there are still negative lags, which could also be attributed to the recirculation in ORAS4 as can be seen
in the mean streamline of ORAS4 at intermediate depth (Figure S4f). The results based on GODAS, ORAS4,
and ECCO2 are consistent with that based on GECCO2, though themeridional extent of the high correlation
in GODAS, ORAS4, and ECCO2 is not as far north as in GECCO2. For SODA‐based calculation, although
high correlation between the AAIW core salinity anomaly and the western boundary transport is visible,
the lag for the maximum correlation does not reveal an alongshore structure like that seen in the other pro-
ducts (Figures 5e and 5f). A possible explanation would be that eddy activity is relatively strong in SODA,
which may complicate the relationship between salinity variability and transport at the western boundary.
However, as demonstrated by the results of ECCO2 with even higher resolution and stronger eddy activity,
ECCO2 still shows high correlation and a northwestward increase of lags (Figures 5g and 5h). In fact, the
SODA AAIW core salinity does not show any northward propagation signal as can be inferred from the
Hovmoeller diagram (not shown). This is inconsistent with the Argo and other ocean reanalysis products,
indicating that in the SODA assimilation, western boundary transport variability is unrelated to the
AAIW salinity variability.

3.2. Zonal Propagating AAIW Core Anomalies

In the previous section, variability of the western boundary transport is proposed as a mechanism to explain
the variability of the AAIW core salinity anomaly. In this section, we examine the zonal propagation of the
AAIW core anomalies in GECCO2 by using a Hovmoeller diagram in longitude and time along 15°N
(Figure 6). Apart from the salinification and warming trend, westward propagation stands out in both sali-
nity and potential temperature anomalies on interannual timescales. The anomaly propagation can be ana-
lyzed using a two‐dimensional Radon transform (Challenor et al., 2001; McCarthy et al., 2012), which
returns information about the propagation speed of wavelike features. A dominant peak of the Radon trans-
form corresponds to a westward propagation speed of 3.4 cm/s, asmarked in Figure 6a. The application of the
Radon transform at different latitudes shows that the anomaly propagation is generally faster at lower lati-
tudes (about 4.2 cm/s at 10°N) and slower at higher latitudes (about 2.8 cm/s at 20°N). In the Argo data, west-
ward anomaly propagation is most pronounced between 12 and 13°N with propagation speeds of 4.0 cm/s
(not shown). The propagation speeds of the salinity anomaly in this latitude range are similar to the phase
speed of the second‐mode baroclinic Rossby waves in the same latitude range (Killworth & Blundell,
2003a, 2003b). McCarthy et al. (2012) also showed that along 30°S in the Atlantic, the AAIW salinity anomaly
propagates westward in both Argo data and a high‐resolution model simulation. Based on the overall consis-
tency between the propagation speeds of salinity anomalies and second‐mode baroclinic Rossby waves in
that latitude band, McCarthy et al. (2012) attributed the westward anomaly propagation to the second
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mode baroclinic Rossby waves. Our results based on the GECCO2 and Argo data also indicate that the zonal
propagation of the salinity anomaly in the tropical North Atlantic may be related to the second‐mode
baroclinic Rossby waves. This may be explained by the westward propagation of the meridional velocity
anomalies associated with the Rossby waves, which displace the latitudinal gradient of salinity at
intermediate depth. As shown in Figure 1, the meridional gradients of salinity and temperature within the
latitude band of 5°N to 15°N are relatively strong compared with the southern latitudes.

It is worth noting that the fast westward anomaly propagation is superimposed by a slow eastward spreading
of salinity and temperature anomalies in GECCO2 on multidecadal timescales. This may be associated with
the weak eastward current bands observed between 12 and 14°N (Brandt et al., 2015; Hahn et al., 2014),
which could advect anomaly signals from the western boundary eastward and could eventually contribute
to the observed changes in the OMZ in the eastern tropical North Atlantic (e.g., Hahn et al., 2017;
Schmidtko & Johnson, 2012; Stramma et al., 2009). In fact, despite relatively low resolution, the mean

Figure 5. The maximum cross correlation and the lead‐lag relation of the maximum correlation between the AAIW core
salinity and the western boundary transport in the tropical northwestern Atlantic. The first panel (a and b) is calculated
from the GODAS data, the second panel (c and d) from the ORAS4 data, the third panel (e and f) from the SODA data, and
the last panel (g and h) from the ECCO2 data. Correlations that are not significant on 95% confidence level are covered
with crosses. The corresponding lags are also removed. The position of the transport section is marked as the back thick
line in each of the subplot. The western boundary transports in this plot are calculated in the same way as for GECCO2
(see Figure 4a and text for details). Positive lag indicates that the salinity variation lags the western boundary transport
variation.
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meridional distribution of zonal velocity at 23°W in GECCO2 is quantitatively similar to the observations
(e.g., Brandt et al., 2015; Hahn et al., 2014). For instance, weak eastward velocity in the lower thermocline
and intermediate depth range can be detected in GECCO2 between 13 and 18°N. Additionally, Peña‐
Izquierdo et al. (2015) also showed that in ECCO2 the weak eastward velocity bands centered at 14°N
extend down to 800 m. Peña‐Izquierdo et al. (2015) referred to these velocity bands as the Cape Verde
Current, which could account for the eastward transport of AAIW anomalies. However, it must be men-
tioned that among the other products, the slow eastward propagation of salinity and temperature anomalies
on decadal timescales can only be seen in ECCO2 (not shown). Therefore, more caution may be needed
when interpreting these long‐term eastward progressing signals and longer record of observations is also
required to verify these signals.

4. Summary and Discussion

In this study, the interannual variability of salinity and potential temperature at AAIW depth in the tropical
North Atlantic has been investigated by using GECCO2, Argo, and other assimilation data. Northward and
westward propagating salinity and potential temperature anomalies can be seen. Twomajor questions can be
raised: what drives the propagating anomalies, andwhat is the implication of the observed AAIW variability?

By performing cross‐correlation analysis using different assimilation products, we find that the AAIW sali-
nity anomaly in the tropical North Atlantic is highly correlated with the lower branch (300‐1,100 m) of the
western boundary transport. Note that products with different resolutions present the transport near the
western boundary in different forms. In the low‐resolution models (GECCO2, GODAS, and ORAS4) the
transport is mostly done by a steady WBC, while in the high‐resolution models (SODA and ECCO2) it
may be done by northwestward propagating eddies (i.e., NBC rings). However, both types of products gen-
erally show that the salinity anomaly variability lags the variability of the western boundary transport by
months to years and the lag increases northwestward with distance from the transport section. This indicates
that advection in the intermediate water layer by the transport along the western boundary plays a dominant
role in the variability of AAIW salinity. As a salinity minimum, AAIW becomes more saline on the way of
northward spreading, due to mixing with surrounding waters. A stronger (weaker) western boundary trans-
port would carry more (less) fresher AAIW from the South Atlantic to the tropical North Atlantic, affecting
the local salinity at intermediate depth. The northward propagation speed of salinity anomalies is also

Figure 6. Longitude and time plot of the GECCO2 (a) salinity and (b) potential temperature (in °C) anomalies at Antarctic
Intermediate Water core along 15°N in the Atlantic. On interannual timescales, westward propagation is clearly visible,
while on decadal timescales, slow eastward spreading of salinity and temperature anomalies can also be detected.
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consistent with the advection due to the western boundary transport in
GECCO2. For instance, between 2000 and 2006, the northward propaga-
tion speed, estimated using Radon transform, is about 1.0 cm/s. This is
consistent with the long‐term (1985‐2014) areal mean velocity of the deep
branch of the western boundary transport (1.3 cm/s westward) in
GECCO2 (Figure 3). Note that anomaly propagation does not necessarily
require variations in the circulation. A salinity anomaly may be carried
northward by a steady current. However, in that case, one would not see
a high correlation between the anomaly and transport, nor a gradually
increasing lag with distance from the transport section.

To further examine the source of the western boundary transport variabil-
ity, we computed the Sverdrup streamfunction from the monthly wind
stress of GECCO2. A Sverdrup transport time series at 8°N is then
extracted from the Sverdrup streamfunction (Text S1 in the supporting
information). The sverdrup transport variability is significantly negatively
correlated with the total western boundary transport variability, with the
Sverdrup transport leading by about 10 months in GECCO2 (Figure 7).
This is consistent with the expectation that a Sverdrup transport anomaly
in the interior should induce a transport anomaly at the western boundary
with reversed sign months to years later. The total western boundary
transport is computed in the same way as the lower branch of the western
boundary transport, except that the zonal velocity is integrated from the
surface to 1,100 m. This indicates that on interannual timescales, variabil-
ity of the western boundary transport results largely from the Sverdrup
transport variability driven by large‐scale wind stress curl in GECCO2.
This result is consistent with the findings of Rühs et al. (2015), who
showed that the interannual variability of the NBC at 6°S is mainly
induced by the wind‐driven gyre variability. Furthermore, in the
calculation of the Sverdrup streamfunction, we test the sensitivity of the
Sverdrup transport variability to the variability of the wind stress curl for-
cing at different longitudes. We found that if the wind stress curl east of
30°W is kept constant as the long‐term mean value and west of 30°W is
temporally varying, the resulting Sverdrup transport (black dashed line in
Figure 7a) has similar magnitude and variability as the Sverdrup transport
using full‐basin‐varying wind stress curl (black solid line in Figure 7a).
This indicates that the wind‐driven variability of the WBC mainly arises
from the western two third of the basin. Note that a maximum correlation
can also be found when the western boundary transport leads the
Sverdrup transport by about 1.5 years, which is likely due to the autocor-
relation of the two indices in GECCO2 introduced by the band‐pass filter-
ing of 3 to 10 years. It is worth noting that in the high‐resolution ECCO2

product, significant negative correlation (‐0.7) can also be found when the Sverdrup transport leads the wes-
tern boundary transport by 7months. However, the magnitude of the western boundary transport variability
is much larger than that of the Sverdrup transport variability. This is an indication that in the high‐
resolution product, processes other than wind stress curl play a role in the western boundary transport varia-
bility. Given strong eddy activity in ECCO2, it can be anticipated that the presence of NBC rings may con-
tribute largely to the variability of the western boundary transport. A period of 4 to 6 years can be
detected in the Sverdrup transport time series in GECCO2, which is similar to the period of the Atlantic
Meridional Mode (AMM). However, the Sverdrup transport time series is only marginally significantly cor-
related with the GECCO2 AMM index (defined following Foltz & McPhaden, 2010) with a 0.3 correlation
coefficient (not shown). The sources of the 4‐to‐6‐year variability of wind stress curl forcing are still not clear.
It may result from a combined effect of different modes in the Atlantic (i.e., AMM, Atlantic Niño, and North
Atlantic Oscillation) and need to be investigated further.

Figure 7. (a) Comparison between the Sverdrup transport (in Sv) time series
at 8°N and the total western boundary transport (red, in Sv). The solid black
curve is the Sverdrup transport calculated using full‐basin‐varying wind
stress (Sverdrup‐full), while the black dashed curve is the Sverdrup transport
calculated by keeping the wind stress east of 30°W constant as the
climatological mean and west of 30°W temporally varying (Sverdrup‐par-
tial). (b) Cross correlation between the Sverdrup‐full and the total western
boundary time series. Negative lag indicates that the Sverdrup transport
leads, while positive lag indicates that the western boundary transport leads.
All three time series in (a) are band pass filtered with cutoff frequency
equivalent to 3 to 10 years. Correlations exceeding the black dashed lines are
significant on 95% confidence level. The effective sample size for the signif-
icance test is determined following Bretherton et al. (1999). Note that the
total western boundary transport is calculated the same as in Figure 3,
except that the zonal velocity is integrated from the surface to 1,100 m. The
mean flow across the transport section is westward, and transport is defined
positive eastward. Therefore, a negative anomaly of the Sverdrup transport
corresponds to a positive western boundary transport anomaly.
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By applying a Radon transform, the zonal propagation speed of the AAIW anomalies is determined in
GECCO2. Within the latitude range of 10 to 20°N, the zonal propagation speed of the anomalies varies
between 2.8 and 4.2 cm/s and generally decreases with latitude in general agreement with latitude disper-
sion of Rossby waves. The anomaly propagation is consistent with the propagation speed of the second‐mode
baroclinic Rossby waves (Killworth & Blundell, 2003a, 2003b). This indicates that westward propagating
Rossby waves may also play a role in the AAIW salinity variability, consistent with the findings in the
South Atlantic by McCarthy et al. (2012). Baroclinic Rossby waves are generated through variations in wind
stress curl forcing. They may induce anomalies in the meridional velocity field, which propagate westward
associated with the Rossby waves. Therefore, instead of a zonal salinity transport, the westward propagation
seen above might be due to a perturbation of the latitudinal gradient of salinity associated with the meridio-
nal velocity anomalies. In fact, wind‐induced baroclinic Rossby waves are also known to remotely influence
theWBC and the AMOC on interannual timescales (Clément et al., 2014; Zhao & Johns, 2014). Additionally,
the latitude range of 10 to 20°N in the Atlantic covers part of the Cape Verde Frontal Zone (Zenk et al., 1991).
It has been shown that baroclinic Rossby waves can also be excited through instability of the Cape Verde
Frontal Zone (Spall, 1992).

As shown in Argo data, on interannual timescales, the AAIW salinity variability has a peak to trough mag-
nitude of 0.04 in the tropical North Atlantic. This magnitude is comparable to that found in analyses of prop-
erty changes at intermediate depth determined from repeated hydrographic surveys (Arbic & Owens, 2001;
Curry et al., 2003; Fu et al., 2018). Traditional analysis of water masses based on hydrographic sections can-
not account for the interannual variability of salinity, since the occupation of the sections is usually decades
apart. Large salinity variability is expected to occur in the upper oceans due to eddy activity. However, at
intermediate depth a 0.04 salinity variation may significantly bias the interpretation of salinity changes with
respect to hydrological cycle. Therefore, any further study on AAIW salinity changes should not ignore such
a variation.

In this study, we have demonstrated the connection between the AAIW property variability and theWBC on
interannual timescales in the tropical North Atlantic. The WBC system, as a key component of the AMOC,
exhibits also decadal to multidecadal variability (e.g., Rühs et al., 2015; Zhang et al., 2011). Rühs et al. (2015)
demonstrated that on decadal to multidecadal timescales, NBC variations are forced by thermohaline for-
cing, which is superimposed by wind‐driven gyre variability. As shown in Figure 6, apart from the westward
propagating anomalies, a much slower eastward propagation of the anomalies on multidecadal timescales
can be detected. This may be associated with the eastward advection of AAIW anomalies by the weak east-
ward current bands observed between 12 and 14°N (Brandt et al., 2015; Hahn et al., 2014; Peña‐Izquierdo
et al., 2015). In the Atlantic, long‐term warming and salinification of AAIW have been shown in the obser-
vational data (Fu et al., 2018; Schmidtko & Johnson, 2012) and in GECCO2. These long‐term water mass
anomalies were attributed to changes in the atmospheric conditions in the AAIW formation region and
an enhanced Aguhlas leakage associated with variations in the southern annular mode (Lübbecke et al.,
2015; Schmidtko & Johnson, 2012), and to a weaker transport in the intermediate layer, hence less fresher
AAIW from the South Atlantic (Fu et al., 2018). As AAIW approaches the eastern boundary, it ventilates
the lower part of the OMZ, therefore plays an important role in the oxygen supply to the OMZ in the eastern
tropical North Atlantic. If the eastward spreading of the decadal salinity and potential temperature signals
was associated with reduced ventilation in the AAIW layer, it could potentially contribute to a further deox-
ygenation of the OMZ. Therefore, AAIW variability and the corresponding mechanism on longer timescales
(decadal to multidecadal) are relevant for biogeochemistry and ecosystem studies analyzing such long‐
term changes.
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