
1. Introduction
Antarctic Intermediate Water (AAIW) is one of the major water masses in the Atlantic Ocean. This water mass, 
characterized by a pronounced salinity minimum, spreads northward through the Atlantic Ocean, where it con-
tributes to the northward flowing branch of the Atlantic Meridional Overturning Circulation (Talley et al., 2011; 
Tsuchiya, 1989). Along its path, the salinity minimum of AAIW gets eroded through mixing in lateral and ver-
tical directions (Tsuchiya, 1989). As a result, the characteristic salinity minimum can only be traced as far north 
as 20°N (Tsuchiya, 1989).

In the North Atlantic, AAIW mixes laterally with Mediterranean Under Water (Machín & Pelegrí, 2009; Talley 
et  al.,  2011; Tsuchiya,  1989). Moreover, it has been suggested that vertical mixing induced by double-diffu-
sive processes acting in the water masses present in the layer above may also alter the properties of AAIW 
(Schmitt, 2005; St. Laurent & Schmitt, 1999; You, 1999). Double-diffusive mixing occurs because the molecular 
diffusivity of heat is two orders of magnitude larger than that of salt (e.g., Radko, 2013; Stern, 1960). In the North 
Atlantic Ocean and the Caribbean Sea, double-diffusive mixing occurs across the front between the cold and 
fresh AAIW and the overlying warm and saline Subtropical Underwater (STUW). This stratification type allows 
for the formation of double-diffusive salt fingers. These salt fingers can result in the subsequent formation of 
thermohaline staircases: sequences of subsurface mixed layers separated by thin interfaces with strong gradients 
in temperature and salinity (e.g., Radko, 2013; Stern, 1960). The staircases in the North Atlantic and Caribbean 
Sea are characterized by an effective diffusivity of salt that is larger than the effective diffusivity of heat across 
the interfaces (Lambert & Sturges, 1977; Schmitt, 2005). This yields a flux ratio below unity (𝐴𝐴 𝐴𝐴 =

𝛼𝛼𝛼𝛼𝑇𝑇

𝛽𝛽𝛼𝛼𝑆𝑆
< 1 , where 

Abstract Because of its pronounced fresh signature, the properties of the northward-flowing Antarctic 
Intermediate Water (AAIW) affect the Atlantic Meridional Overturning Circulation. Hence, understanding 
modifications of AAIW along its path is important. Here, we analyze AAIW changes along its path in the 
Caribbean Sea and assess whether vertical fluxes from background turbulence and from double-diffusive 
mixing in thermohaline staircases can explain these variations. We deduce the occurrence rate of staircases 
(7%) and estimate the flux ratio 𝐴𝐴 (𝛾𝛾 =

𝛼𝛼𝛼𝛼𝑇𝑇

𝛽𝛽𝛼𝛼𝑆𝑆
= 0.8) from Argo float profiles. In combination with vertical fluxes 

from background turbulence, these values are used in a steady-state advection-diffusion model to estimate the 
effective diffusivity of salt that arises from double diffusion 𝐴𝐴 (𝐾𝐾𝑑𝑑𝑑𝑑

𝑆𝑆
= (10−5 m2 s−1)) . This value for 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑

𝑆𝑆
 is 

similar to observed values (Schmitt, 2005, https://doi.org/10.1126/science.1108678), implying the observed 
modification of AAIW in the Caribbean Sea may be attributable primarily to vertical mixing in the region 
itself.

Plain Language Summary Ocean water with different temperature and salinity characteristics 
is continuously mixed by various mixing processes. One of these processes, referred to as double diffusion, 
induces small homogeneous layers (≈10 m) in the vertical. These layers are visible as stepped structures in 
vertical temperature and salinity profiles. In this study, we analyze these structures, which are referred to 
as thermohaline staircases, in the Caribbean Sea. We show that 7% of all temperature and salinity profiles 
from Argo floats in the Caribbean Sea contain these thermohaline staircases. In particular, we found that the 
spatial variations of temperature and salinity in the layer underneath the staircases, referred to as Antarctic 
Intermediate Water, can be explained primarily vertical heat and salt fluxes, when accounting for double-
diffusive mixing and background turbulent mixing.
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FT and FS are the heat and salt fluxes and α and β are the thermal expansion and haline contraction coefficients, 
respectively; e.g., Radko, 2013). This implies that double-diffusive mixing is, in contrast to regular turbulent 
mixing, characterized by a negative effective diffusivity of buoyancy.

It remains unknown to what extent this negative buoyancy flux can affect the properties of AAIW. Moreover, 
variations in the properties and the spreading of the water masses on interannual and decadal time scales can af-
fect the strength of the mixing processes in both lateral and vertical directions. Remarkably, in the North Atlantic 
Ocean, AAIW became warmer and saltier in the last decades (Arbic & Brechner Owens, 2001; Fu et al., 2018; 
Sarafanov et al., 2007; Schmidtko & Johnson, 2012), while it became warmer and lighter in the South Atlantic 
Ocean (Arbic & Brechner Owens, 2001; McCarthy et al., 2011; Schmidtko & Johnson, 2012). The South Atlantic 
trend has been attributed to warming trends near the AAIW formation region and to the decadal variability of the 
Agulhas Leakage (Hummels et al., 2015; Lübbecke et al., 2015; Schmidtko & Johnson, 2012). In contrast, the 
trend in the North Atlantic appeared to coincide with a slower northward and westward spreading of AAIW in this 
region (Fu et al., 2018, 2019). Another difference between the trends in the two hemispheres is that the salinity 
trends of AAIW are not uniformly positive in the South Atlantic, while this is the case in the North Atlantic (Cur-
ry et al., 2003; Durack & Wijffels, 2010; Fu et al., 2018; McCarthy et al., 2011; Schmidtko & Johnson, 2012).

We speculate that these different trends might, in part, be attributed to double-diffusive mixing, as (a) ther-
mohaline staircases are more pronounced in the North Atlantic than in the South Atlantic Ocean (van der 
Boog, Dijkstra, et al., 2021), and (b) the slower northward spreading of AAIW in the North Atlantic Ocean (Fu 
et al., 2018, 2019) results in a longer exposure of the AAIW core to double-diffusive salt fluxes. Consequently, 
the salinity of AAIW would increase more in the North Atlantic than in the South Atlantic Ocean. To gain more 
insight into this process, it is necessary to clarify whether the negative buoyancy flux of double-diffusive mixing 
can affect the properties of AAIW. In particular, the thermohaline staircases are intermittently present, which 
indicates that an influence of turbulent mixing on the properties of AAIW cannot be ruled out beforehand. As 
a first step, we will assess here the importance of vertical mixing on the properties of AAIW. To do so, we will 
disregard lateral mixing and assess whether the observed spatial variations of AAIW in the Caribbean Sea can be 
explained from vertical heat and salt fluxes induced by a combination of background turbulence and double-dif-
fusive mixing, the latter due to the presence of thermohaline staircases in the layer above.

2. Data
We study the characteristics of AAIW by computing its time-averaged spatial variations in the North-Atlantic 
Ocean and in the Caribbean Sea (40°W–100°W and 0°N–33°N). We use the monthly averaged isopycnal clima-
tology (MIMOC version 2.2) from Schmidtko et al. (2013) and average the temperature and salinity fields in time. 
Similar to Fu et al. (2019) and Schmidtko and Johnson (2012), we define AAIW as the salinity minimum between 
the neutral density ranges of 27.38 kg m−3–27.82 kg m−3, which were converted to potential density anomalies 
(27.2 kg m−3 < σ0 < 27.6 kg m−3) using Figure S15 of Abernathey et al. (2016). To obtain the salinity minimum 
of AAIW, we interpolate the temperature and salinity between the σ0-layers of the climatology with a cubic spline 
interpolator and extract the salinity minimum from the interpolated curve.

In the remainder of this study, we interpret the spatial variations of temperature and salinity in the core of AAIW 
as the average trends of AAIW along its propagation path. That is, we assume that the time-averaged spatial 
variations of this subsurface water mass are solely induced by lateral and vertical mixing processes occurring in 
the region itself, and that we can exclude the influence of upstream variations (i.e., AAIW formation rates) on 
the AAIW properties in the region of interest. For this assumption to be valid, the timescales over which the tem-
perature and salinity observations are averaged need to be longer than a typical advective time scale for AAIW. 
We estimate the latter as 𝐴𝐴 𝐴𝐴 = 𝐿𝐿∕𝑈𝑈 = 

(

108s
)

≈ 3years , using a spatial scale of 𝐴𝐴 𝐴𝐴 = 
(

10
6
m
)

 and a velocity 
of AAIW of 𝐴𝐴 𝐴𝐴 = 

(

10−2 m s−1
)

 , following Fu et al. (2019). Because the MIMOC data set was computed using 
data from 1970 onwards (including a decade of Argo float data), the time-averaged temperature and salinity fields 
from that data set are considered sufficient to satisfy the above assumption. Note that multi-decadal variations in 
the mixing rates in the Caribbean Sea and North Atlantic Ocean could still affect the observed spatial variability. 
Therefore, the results can be interpreted as the average mixing rates in the Caribbean Sea and North Atlantic 
during the considered time period. In the Supporting Information S1, we use an order of magnitude analysis to 
show that fluxes from vertical mixing are up to one order of magnitude larger than those due to lateral mixing. 

Writing – review & editing: Carine G. 
van der Boog, Henk A. Dijkstra, Julie D. 
Pietrzak, Caroline A. Katsman

 19448007, 2022, 3, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021G

L
095977 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [15/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Geophysical Research Letters

VAN DER BOOG ET AL.

10.1029/2021GL095977

3 of 10

Because we aim to assess whether vertical fluxes can explain the variations of AAIW, we neglected the influence 
of lateral mixing. This implies that, when variations in AAIW cannot be explained by vertical fluxes only, lateral 
mixing has to be taken into account as well.

To estimate the vertical mixing by double diffusion, we use a global data set of thermohaline staircases obtained 
from Argo float profiles (van der Boog, Koetsier, et al., 2021). These thermohaline staircases are detected with an 
algorithm that exploits the vertical structure of staircase profiles. Before applying the algorithm, a quality control 
excludes all Argo float profiles with a too coarse vertical resolution to detect staircases from the analysis (van der 
Boog, Koetsier, et al., 2021). The algorithm first detects subsurface mixed layers, and then analyzes the character-
istics of the interfaces in between. Next, sequences of mixed layers are identified as thermohaline staircases (for 
more details see van der Boog, Koetsier, et al., 2021). We extracted all 21,916 quality-controlled Argo float pro-
files that were located in the Caribbean Sea and North Atlantic (40°W–100°W and 0°N–33°N). We study 1,565 
Argo float profiles in the Caribbean Sea (62°W–82°W and 10°N–18°N) in more detail. In particular, we analyze 
the temperature and salinity of the mixed layers in the thermohaline staircases. Similar to other staircase regions 
(Schmitt et al., 1987; Timmermans et al., 2008), the mixed-layer properties of different profiles are aligned (see 
Section 4). The relation between the aligned temperature and salinity are known as the lateral density gradients, 
which can be used as a measure for the flux ratio inside the staircase layer (Schmitt et al., 1987; Timmermans 
et al., 2008). McDougall  (1991) validated this relation for a staircase region in the North Atlantic Ocean. He 
found that there, the lateral density gradients of the mixed layers result from a combination of the salt-finger flux-
es and the vertical motion of the layer. The latter can be interpreted as a vertical flux divergence, which appears 
to be an effective mechanism to convert the properties of water masses (McDougall, 1991). Following previous 
examples near the Caribbean Sea (McDougall, 1991; Schmitt et al., 1987), we assume that the lateral density ratio 
(Rx,ρ = αTx/(βSx)) of the mixed layers is equal to the flux ratio (γ). In this expression, the subscript x indicates the 
spatial derivative.

3. Spatial Variations of AAIW
We use the time-averaged properties of AAIW to analyze the spatial variations of this water mass in the North 
Atlantic Ocean and Caribbean Sea (Figure 1). Following our assumption that these spatial gradients represent 
the average temporal variation of AAIW along its path, we assess its properties along the main branch that was 
identified from maxima in silica concentrations in this region (Tsuchiya, 1989).

The main branch of AAIW crosses the equator along the western boundary of the Atlantic Ocean (A in Fig-
ure 1a). From there, the branch continues northward along the continental slope. Along this path (A–D in Fig-
ure 1a), both the temperature and salinity of AAIW increase. At first, these variations follow approximately the 
σ0 = 27.3 kg m−3-isopycnal (A–B in Figure 1b), but the density of AAIW increases as it approaches the Caribbean 
Sea (B–D in Figure 1b). This density increase results from a relatively strong salinity increase accompanied by 
weaker warming, implying that the flux ratio 𝐴𝐴 (𝛾𝛾 =

𝛼𝛼𝛼𝛼𝑇𝑇

𝛽𝛽𝛼𝛼𝑆𝑆
) into AAIW along this path is below unity.

Next, the AAIW core deflects toward the west and passes the Lesser Antilles (Tsuchiya,  1989). During this 
passage, enhanced turbulent mixing changes the properties of AAIW (Garrett,  2003; Kunze & Llewellyn 
Smith, 2004; Whalen et al., 2012). This is visible as a warmer and saltier AAIW in the Caribbean Sea compared 
to the North Atlantic Ocean. Because AAIW is characterized by a salinity minimum (Section 2, Figure 2), this 
warmer and saltier AAIW in the Caribbean Sea implies that the typical cold and fresh signature of AAIW less 
pronounced in the Caribbean Sea than in the Atlantic Ocean. In contrast to double-diffusive mixing, this turbulent 
mixing near the Lesser Antilles predominantly induces changes along the isopycnal, as indicated by a similar 
density of AAIW in the Atlantic Ocean (D in Figure 1b) and Caribbean Sea (1 in Figure 1b).

Once in the Caribbean Sea, the AAIW density increases again along the direction of the mean flow (1–4 in 
Figure 1b). Similar to what was seen in the Atlantic Ocean (A–D in Figure 1), the density increase in the Car-
ibbean Sea is dominated by an increase in salinity. Moreover, the temperature also increases along this path, 
which results in a flux ratio below unity. We quantify these temperature and salinity variations by correlating 
the temperature and salinity in the Caribbean Sea, where the properties were averaged per 2° × 2° (dashed box 
in Figure 1a). From this, we obtain a correlation with a slope of 𝐴𝐴 𝐴𝐴𝑥𝑥𝑆𝑆

−1
𝑥𝑥 = 3.4◦ C kg g−1, where Tx and Sx are the 

horizontal gradients in temperature and salinity in downstream direction of AAIW, respectively. This correlation 
is significant on a confidence interval of 90%. This tendency to warmer and saltier properties of the cold and fresh 
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AAIW is in line with expectations that its properties could be modulated by a combination of double-diffusive 
and turbulent mixing (see Section 5 for the computation of these tendencies).

4. Double-Diffusive Fluxes in the Staircase Layer
To assess whether these spatial variations could be partly due to double-diffusive mixing in thermohaline stair-
cases, we extract the distribution, occurrence rate, and properties of all detected mixed layers of the Caribbean 
staircases from the global data set of thermohaline staircases (Section 2; van der Boog, Koetsier, et al., 2021). 
One of these staircases is shown in Figure 2a. This staircase is located on the main thermocline and halocline 
between STUW and AAIW (Figure 2b), which is typical for all staircases in the Caribbean Sea (Figure 2c). To 
assess that these mixed layers originate from double-diffusive processes, we compute the Turner angle (Tu), 
which is an indicator for whether the water column is susceptible to double-diffusive mixing (Ruddick, 1983), for 
all profiles in the Caribbean Sea, with:

Tu = tan−1
(

𝛼𝛼
𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
− 𝛽𝛽

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
, 𝛼𝛼

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
+ 𝛽𝛽

𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕

)

. (1)

here, the vertical gradients of the background temperature and salinity profiles are estimated using a central 
differences scheme after these are smoothed with a Hanning window of 100 dbar. As expected, most mixed 
layers are located at depth ranges with conditions that strongly favor salt fingering (71.3° < Tu < 90°, Figure 2d; 
Ruddick, 1983).

Figure 1. (a) Salinity of the Antarctic Intermediate Water (AAIW) core obtained from MIMOC (Schmidtko et al., 2013). 
The dashed box (62°W–82°W and 10°N–18°N) is used to compute properties of AAIW in the Caribbean Sea. (b) 
Conservative temperature and absolute salinity of AAIW core averaged per 2° × 2°. Location of the data points are indicated 
with black dots in panel (a). Gray contours highlight the isopycnals (σ0). Letters A–D and numbers 1–4 correspond to the path 
of AAIW in the Atlantic Ocean and Caribbean Sea, respectively.
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The spatial distribution of thermohaline staircases in the Caribbean Sea (Figure 3a) is in line with previous ob-
servations (Lambert & Sturges, 1977; Morell et al., 2006; van der Boog et al., 2019). In total, 7% of all Caribbean 
profiles contain staircases. The staircases are clustered in two regions: one around 70°W and one in the Panama 
Colombia Gyre (PCG) in the southwest of the basin. Another staircase region, known as C-SALT, is present in 
the adjacent part of the North Atlantic Ocean and it, notably, coincides with a region where the average AAIW 
density also increases along its path (point B–D in Figure 1a).

When staircases are persistent in time and space, the temperature and salinity in each mixed layer increases due to 
the vertical heat and salt flux through the interface above (McDougall, 1991; Schmitt et al., 1987). This gradual 
increase, reflected by the alignment of the properties of each subsequent mixed layer, is the lateral density ratio 
(see Section 2). Following McDougall (1991), we set this lateral density ratio equal to the flux ratio to compute 
the flux ratio inside each layer. The flux ratio decreases with depth from γ = 0.83 in the warmest layer toward 
γ = 0.79 in the coldest staircase layer (Figure 3b).

5. The Effective Diffusivity of Salt in AAIW
To assess whether vertical fluxes from turbulent mixing and double-diffusive mixing can quantitatively explain 
the time-averaged spatial variations of AAIW, we combine the results obtained in the previous sections in steady-
state advection-diffusion equations for temperature and salinity:

𝑈𝑈𝑈𝑈𝑥𝑥 = 𝐾𝐾
𝑒𝑒𝑒𝑒𝑒𝑒

𝑈𝑈
𝑈𝑈𝑧𝑧𝑧𝑧, (2)

and for heat:

𝑈𝑈𝑈𝑈𝑥𝑥 = 𝐾𝐾
𝑒𝑒𝑒𝑒𝑒𝑒

𝑈𝑈
𝑈𝑈𝑧𝑧𝑧𝑧, (3)

where, U is the advective velocity and Tx and Sx correspond the time-averaged spatial derivatives of AAIW tem-
perature and salinity that were obtained in Section 3 (𝐴𝐴 𝐴𝐴𝑥𝑥𝑆𝑆

−1
𝑥𝑥   = 3.4 ° C kg g−1). 𝐴𝐴 𝐴𝐴

𝑒𝑒𝑒𝑒𝑒𝑒

𝑆𝑆
 and 𝐴𝐴 𝐴𝐴

𝑒𝑒𝑒𝑒𝑒𝑒

𝑇𝑇
 are the effective 

Figure 2. (a) Temperature and (b) salinity profile of Caribbean staircase obtained with Argo float 4901720 at 75.5°W 
and 13.9°N on 9 November 2018. (c) Depth of detected mixed layers of all thermohaline staircases in the Caribbean Sea 
(62°W–82°W and 10°N–18°N, dashed box in Figure 1) obtained from van der Boog, Koetsier, et al. (2021). (d) Average 
Turner angle (Ruddick, 1983) computed from 1,565 Argo float profiles in the Caribbean Sea. The dashed lines indicate one 
standard deviation from the mean Turner angle. The (dark) red shading indicates Turner angles that are susceptible to (strong) 
salt fingering. The upper and lower bound of the Turner angles with strong salt-fingering are indicated by the horizontal 
lines in all panels. The density ratios that correspond to these Turner angles are indicated on the upper axis. The inlays show 
a zoom over 250 dbar and 5°C and 0.7 g kg−1 of the thermohaline staircase. The approximate locations of AAIW and saline 
Subtropical Underwater are indicated in panel (b).
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diffusivities of salt and heat, respectively. The second order vertical derivatives of temperature and salinity are 
indicated with Tzz and Szz, respectively.

Using Equations 2 and 3, we determine the gradients 𝐴𝐴 (𝑇𝑇𝑥𝑥𝑆𝑆
−1
𝑥𝑥 ) that would arise when only considering background 

turbulence or only double-diffusive mixing is present. When only background turbulence is present, the effective 
diffusivity of heat is equal to the effective diffusivity of salt (𝐴𝐴 𝐴𝐴

𝑒𝑒𝑒𝑒𝑒𝑒

𝑆𝑆
  = 𝐴𝐴 𝐴𝐴

𝑒𝑒𝑒𝑒𝑒𝑒

𝑇𝑇
 ). We obtain:

3.7𝑜𝑜Ckg g
−1

<
𝑇𝑇𝑥𝑥

𝑆𝑆𝑥𝑥

= 𝑆𝑆−1
𝑧𝑧𝑧𝑧 𝑇𝑇𝑧𝑧𝑧𝑧 < 5.0𝑜𝑜Ckg g

−1
, (4)

using the 25th and 75th percentile values for 𝐴𝐴 𝐴𝐴𝑧𝑧𝑧𝑧𝑇𝑇
−1
𝑧𝑧𝑧𝑧  (see Supporting Information S1). These numbers imply that 

vertical fluxes from background turbulence increase both the temperature and salinity of AAIW, as was also 
observed (𝐴𝐴 𝐴𝐴𝑥𝑥𝑆𝑆

−1
𝑥𝑥   = 3.4 °C kg g−1, Section 2). However, vertical fluxes from turbulence would result in stronger 

warming compared to the observations.

If we solely consider double-diffusive mixing, the relation between the effective diffusivity of heat and salt is 
given by Kelley (1990):

𝐾𝐾𝑑𝑑𝑑𝑑

𝑇𝑇
= 𝛾𝛾𝛾𝛾−1

𝜌𝜌 𝐾𝐾𝑑𝑑𝑑𝑑

𝑆𝑆
, (5)

where, Rρ corresponds to the density ratio Rρ = αTz/(βSz). Using this relation, we obtain the following gradients:

Figure 3. (a) Occurrence of thermohaline staircases in the Caribbean Sea and North Atlantic Ocean averaged per 2° × 2° 
and obtained from van der Boog, Koetsier, et al. (2021). Only data points containing more than 10 observations are shown. 
Dashed box (62°W–82°W and 10°N–18°N) is used to compute the occurrence of staircases in the Caribbean Sea. Numbers 
1–4 and Letters A–D indicate the same locations as in Figure 1. (b) Temperature and salinity in the thermohaline staircases 
with more than four steps in the Caribbean Sea (dashed box in panel a); gray contour lines highlight the isopycnals (σ0). 
Numbers indicate the slope the aligned points, corresponding to the lateral density flux ratio (Rx,ρ). The locations of the 
Panama Colombia Gyre and C-SALT are shown in panel (a).
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0.21𝑜𝑜Ckg g
−1

<
𝑇𝑇𝑥𝑥

𝑆𝑆𝑥𝑥

=
𝛾𝛾

𝑅𝑅𝜌𝜌

𝑆𝑆−1
𝑧𝑧𝑧𝑧 𝑇𝑇𝑧𝑧𝑧𝑧 < 0.43𝑜𝑜Ckg g

−1
, (6)

suggesting that double-diffusive mixing, similar to the vertical turbulent fluxes, increases the AAIW temperature 
and salinity. However, double-diffusive mixing results in smaller gradients compared to turbulent mixing, which 
implies that the buoyancy flux of each mixing mechanism differs.

From Equations 4 and 6 it follows that any combination of vertical fluxes from background turbulence and dou-
ble-diffusive mixing results in warmer and saltier AAIW. This implies that, if both turbulent and double-diffusive 
mixing occur in a region, 𝐴𝐴 𝐴𝐴𝑥𝑥𝑆𝑆

−1
𝑥𝑥  can have any magnitude between these boundaries. Because the magnitude of the 

observed lateral gradients (𝐴𝐴 𝐴𝐴𝑥𝑥𝑆𝑆
−1
𝑥𝑥   = 3.4°C kg g−1) is within these boundaries, we suggest that both double-dif-

fusive and turbulent mixing affect the properties of AAIW. Therefore, we consider both mixing mechanisms 
and introduce a as a measure for the occurrence of double diffusion. We define the effective diffusivity as 
Keff = aKdd + (1 − a)Kturb, where the superscripts dd and turb correspond to double-diffusive mixing and turbu-
lence, respectively. For simplicity, we assumed here that double-diffusive mixing does not occur simultaneously 
with turbulent mixing, and we use the presence of thermohaline staircases (a = 0.07) as a measure for the occur-
rence of double diffusion. Moreover, we assume that turbulent mixing in the ocean interior (Kturb = 10−5 m2 s−1) 
is limited (Toole et al., 1994). This results in the following steady-state advection-diffusion equation for salt when 
both turbulent mixing and double-diffusive mixing are present (0 < a < 1):

𝑈𝑈𝑈𝑈𝑥𝑥 = 𝑎𝑎𝑎𝑎𝑑𝑑𝑑𝑑

𝑈𝑈
𝑈𝑈𝑧𝑧𝑧𝑧 + (1 − 𝑎𝑎)𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑈𝑈𝑧𝑧𝑧𝑧, (7)

and for heat:

𝑈𝑈𝑈𝑈𝑥𝑥 = 𝑎𝑎𝑎𝑎𝑎𝑎−1
𝜌𝜌 𝐾𝐾𝑑𝑑𝑑𝑑

𝑆𝑆
𝑈𝑈𝑧𝑧𝑧𝑧 + (1 − 𝑎𝑎)𝐾𝐾𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑈𝑈𝑧𝑧𝑧𝑧. (8)

We rewrite Equation 7 as a function of the advective velocity and substitute that into Equation 8 to obtain 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑

𝑆𝑆
 as 

a function of Kturb:

𝐾𝐾𝑑𝑑𝑑𝑑

𝑆𝑆
=

(1 − 𝑎𝑎)𝐾𝐾𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝑎𝑎

1 − 𝑆𝑆−1
𝑥𝑥 𝑇𝑇𝑥𝑥𝑆𝑆𝑧𝑧𝑧𝑧𝑇𝑇

−1
𝑧𝑧𝑧𝑧

𝑆𝑆−1
𝑥𝑥 𝑇𝑇𝑥𝑥𝑆𝑆𝑧𝑧𝑧𝑧𝑇𝑇

−1
𝑧𝑧𝑧𝑧 − 𝛾𝛾𝛾𝛾−1

𝜌𝜌

=
(1 − 𝑎𝑎)𝐾𝐾 turb

𝑎𝑎

1 − 𝑡𝑡𝑆𝑆−1
𝑥𝑥 𝑇𝑇𝑥𝑥

𝑡𝑡𝑆𝑆−1
𝑥𝑥 𝑇𝑇𝑥𝑥 − 𝛾𝛾𝛾𝛾−1

𝜌𝜌

, (9)

where, 𝐴𝐴 𝐴𝐴 = 𝑆𝑆𝑧𝑧𝑧𝑧𝑇𝑇
−1
𝑧𝑧𝑧𝑧  . This equation computes the ratio between 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑

𝑆𝑆
 and Kturb given the a, b and 𝐴𝐴 𝐴𝐴𝑥𝑥𝑆𝑆

−1
𝑥𝑥  . This implies 

that a high staircase occurrence results a lower 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑

𝑆𝑆
 (i.e., double-diffusive mixing can be less efficient) and a low 

staircase occurrence results in a higher 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑

𝑆𝑆
 (i.e., higher effective diffusivities are required to obtain the observed 

lateral gradients).

In addition to our estimate of 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑

𝑆𝑆
 , we study how the vertical derivatives of temperature and salinity affect the effective 

diffusivity, because these variables (Rρ and b) introduce a high uncertainty to our computations (Figure 4). The ob-
served values of b and Rρ yield effective diffusivities of salt of 𝐴𝐴 3.6 × 10−5 m2 s−1 < 𝐾𝐾𝑑𝑑𝑑𝑑

𝑆𝑆
< 2.4 × 10−4 m2 s−1 , 

where the bounds indicate the 25th and 75th percentiles (dashed lines in Figure 4b). Note that, due to the high 
uncertainty of b, the vertical mixing could be in principle smaller than horizontal mixing in some cases. However, 
these computations indicate that, on average, this is not the case.

For validation, we compare these most frequently occurring values to the, to our knowledge, only direct observa-
tions of the effective diffusivity of salt within a staircase layer in the North Atlantic and eastern Caribbean Sea 
(Schmitt, 2005). This observed diffusivity of salt (𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑

𝑆𝑆
= 0.9 × 10−4 m2 s−1 , green line in Figure 4) is located 

within our 25th and 75th percentile range. This implies that, because these diffusivities are similar, our computed 
diffusivity of salt has a realistic magnitude. This similarity indicates that it is possible to explain the time-aver-
aged lateral gradients of AAIW by considering vertical fluxes from both turbulent and double-diffusive mixing. 
Furthermore, it also suggests that the staircase occurrence provides a realistic measure for the occurrence of 
double-diffusive mixing.
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6. Discussion
We explored whether vertical mixing suffices to explain the observed time-averaged spatial variability of AAIW 
along its pathway from the North Atlantic through the Caribbean Sea. We found that the temperature, salinity and 
density of AAIW increase along its path of propagation and that these increases are consistent with changes in-
duced by vertical fluxes from turbulence and double-diffusive mixing. More specifically, these fluxes can explain 
the AAIW property gradients when estimating the magnitude of the vertical mixing and horizontal advection 
terms in a steady-state advection diffusion model. This estimate indicated that vertical mixing can potentially 
give rise to the observed water-mass transformation of AAIW along its path through the Caribbean Sea.

Previous studies attributed spatial variation of AAIW in the Atlantic Ocean to lateral mixing with warmer and 
saltier MUW (Machín & Pelegrí, 2009; Talley et al., 2011; Tsuchiya, 1989). However, while MUW is omni-
present in the Atlantic Ocean, this is not the case for the semi-enclosed Caribbean Sea (Hernández–Guerra & 
Joyce, 2000; Morrison & Nowlin, 1982; van der Boog et al., 2019). Hence, it is unlikely that lateral mixing with 
MUW plays a dominant role in setting the spatial variations of AAIW properties in the Caribbean. Although this 
does not rule out any impact of lateral mixing with other water masses, we show here that vertical mixing pro-
vides an alternative explanation to the observed lateral gradients of AAIW in this region.

In our computations, we have neglected the influence of the multi-decadal variations on the observed spatial gra-
dients. Therefore, the results of this study explain the time-averaged gradients contained in the MIMOC data set 
and solely indicate that vertical mixing has the potential to adjust the properties of AAIW. Because several studies 
(Arbic & Brechner Owens, 2001; Fu et al., 2018; Sarafanov et al., 2007; Schmidtko & Johnson, 2012) observed 
(multi-)decadal variation in AAIW properties, it would be interesting for a future study to add a time-dependent 
component to these equations to assess to what extent variations in vertical mixing can explain the variability of 
the AAIW properties. Multi-decadal variations in vertical mixing could, for example, be induced by the salinifi-
cation of STUW that has been observed in the past decades (Durack & Wijffels, 2010), and that could affect the 
stratification and possibly the characteristics of the double-diffusive mixing.

Figure 4. (a) Histogram of values of b obtained from observations from Argo floats profiles between 600 and 750 dbar. (b) 
Effective diffusivity of salt 𝐴𝐴 (𝐾𝐾𝑑𝑑𝑑𝑑

𝑆𝑆
) as a function of b and Rρ. The green line corresponds to observations of Schmitt (2005). 

Dashed lines indicate the 25th and 75th percentile of the computed values of 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑

𝑆𝑆
 . The orange shading shows the number 

of observations with values of b and Rρ. (c) Histogram of values of the density ratio, Rρ, obtained from Argo floats profiles 
between 600 and 750 dbar. The axes ranges in panels (a) and (c) correspond to the 5th and 95th percentile of the observed 
values of b and Rρ. Details on the computations of Rρ, 𝐴𝐴 𝐴𝐴𝑑𝑑𝑑𝑑

𝑆𝑆
 , and b can be found in the Supporting Information S1.
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Furthermore, the findings in this study raise the question whether vertical fluxes can affect AAIW properties 
in the Atlantic Ocean as well. Because we explored a combination of vertical fluxes from background turbulent 
and double-diffusive mixing, we speculate on its effect on AAIW properties below the staircase region in the 
Atlantic Ocean (B-D in Figure 3a). The higher occurrence of thermohaline staircases compared to the Caribbean 
Sea (aatlantic > acaribbean) would result in a lower 𝐴𝐴 𝐴𝐴𝑥𝑥𝑆𝑆

−1
𝑥𝑥  in the Atlantic Ocean. Notably, this is also observed as the 

region of with lower 𝐴𝐴 𝐴𝐴𝑥𝑥𝑆𝑆
−1
𝑥𝑥  (B–D in Figure 3a) coincides with the C-SALT staircase region (B–D in Figure 1a).

Overall, the results of this study provide an alternative explanation for the time-averaged spatial variations of 
AAIW in the Atlantic Ocean and Caribbean Sea, namely from vertical fluxes instead from lateral fluxes. These 
results are in line with previous studies that suggested that vertical fluxes from thermohaline staircases could 
affect the properties of water masses (Johnson & Kearney, 2009; Schroeder et al., 2016). Therefore, we argue that 
such alternative explanations should be considered when studying water-mass transformation.

Data Availability Statement
The data used in this study were collected and made freely available by the International Argo Program and the 
national programs that contribute to it (http://doi.org/10.17882/42182). The Argo Program is part of the Global 
Ocean Observing System. The global data set of thermohaline staircases are available at: http://doi.org/10.5281/
zenodo.4286170. The MIMOC data set can be assessed at: https://www.pmel.noaa.gov/mimoc/
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