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The ocean bottom is the Earth's least explored region, and the bottom mixed layer (BML)
is the pathway for communication between the ocean interior and the ocean floor. In this study, we used
full-depth conductivity-temperature-depth profiles archived by the World Ocean Circulation Experiment
Program to obtain the first approximation of the global distribution of the oceanic BML thickness, HBML ,
by applying an integrated method (Huang, Cen, et al., 2018, https://doi.orag/10.1175/jtech-d-18-0016.1).
We found that the median HBML values were 40, 42, and 64 m in the Atlantic, Indian, and Pacific Oceans,
respectively, and 47 m globally. Statistically, the peak values for the median HBML were around 20◦ N or
20◦ S, and it had weak dependence on the buoyancy frequency, where a thin HBML corresponded to strong
stratification. In addition, the median HBML became thicker with the ocean depth (D), according to HBML =
26.34 + 0.85e(D/1271.8) .

Plain Language Summary There is an increasing demand in observing the abyssal ocean,
the oceanic bottom mixed layer (BML) is the water column communicating with the ocean interior
and underlying, where interrelated physical, geochemical, and biological processes actively take place.
However, the basic knowledge of the oceanic mixed layer thickness and its spatiotemporal variability
is lacking. By using full-depth conductivity-temperature-depth profiles archived by the World Ocean
Circulation Experiment Program, we, to the first approximation, show a global distribution of the oceanic
BML thickness, with the application of an integrated method. The findings of the oceanic BML thickness in
different oceans and its dependencies on latitude and ocean depth would be attractive to various scientific
fields.
1. Introduction
The oceanic bottom mixed layer (BML), as shown in the inset of Figure 1, is the part of the water column
adjacent to the ocean floor, where active mixing promoted by bottom shear and/or internal wave breaking
yields a vertically quasi-homogeneous profile for the temperature, salinity, density, and other properties.
The water column is of intrinsic scientific importance in studies of ocean mixing and energy dissipation
(McDougall & Ferrari, 2017; Sen et al., 2008; Trowbridge & Lentz, 2018; Wunsch, 1970), the cycling of sediment material, for example (Bianchi et al., 2003), the transport of particulate organic matter (Boudreau &
Jorgensen, 2001) and other areas. Moreover, it was stated that the bottom boundary layer must be included
in ocean models to properly simulate the overflow of deep water (Killworth, 2003). The BML can be characterized by a couple of parameters, where the thickness of the BML, referred to as HBML , is an important
and fundamental parameter. HBML is typically a few tens to hundreds of meters in the oceans (e.g., Armi &
Millard, 1976; Weatherly & Martin, 1978) but much smaller in lakes, at only a few meters or less (see literatures in Wüest & Lorke, 2003). In some ocean general circulation models, HBML is set constant as 100 m in
high-latitude regions (at latitudes north of 49◦ N and south of 54◦ S; Nakano & Suginohara, 2002). However,
as suggested by De Lavergne et al. (2016), our basic knowledge of HBML and its spatiotemporal variability
are lacking and are in increasing demands in various scientific fields.
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In this study, we used an integrated method, developed recently by Huang, Cen, et al. (2018), to identify the
BML thickness HBML with the available World Ocean Circulation Experiment (WOCE) data and we characterized the global distribution of HBML . The remainder of this paper is organized as follows. In section 2, we
present the hydrographic data, explain the data quality control process, and review the available methods
1
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Figure 1. Global maps of BML thickness averaged in 10◦ × 10◦ bin. (a) HBML obtained from 12,864 stations where
dH ≤ 25 m and (b) HBML1 obtained from 19,119 stations where dH1 ≤ 25 m. The inset in (a) shows an example of the
BML based on the potential temperature (𝜃 ) and salinity (S) profiles measured at station (21.50◦ N, 21.06◦ W) along
World Ocean Circulation Experiment Section AR21 on 27 April 1998. BML = bottom mixed layer.

for the determination of HBML . In section 3, we describe the global distribution of the BML thickness HBML
and discuss its dependence on latitude, buoyancy frequency, and ocean depth. We summarize our findings
in section 4.

2. Hydrographical Data and Methodology
We use hydrographical (temperature and salinity) data from the Conductivity-Temperature-Depth (CTD)
profilers in the WOCE, Climate Variability and Predictability and other programs, which were downloaded from the websites of Climate Variability and Predictability and Carbon Hydrographic Data Office
(https://cchdo.ucsd.edu/) on 9 July 2015. These data were measured along 723 sections and at 34,705 stations from 2 April 1980 to 17 July 2014. The coverage of these stations is shown in Figure 1 of Huang, Lu,
et al. (2018).
HUANG ET AL.
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The data quality was controlled according to the following criteria. (i) The maximum measured CTD depth is
set to ≥ 500 m. On the continental shelf, BML might interact with the surface mixed layer, and the dynamics
within BML could be more complex due to the influences of wind, internal wave, and other processes. (ii)
The mean vertical resolution equals to 1 or 2 m. Following these criteria, some profiles measured in the
shallow oceans were removed, and a final data set of 30,152 CTD profiles was left. In the final data set, 80%
has the vertical resolution of 2 m. For the CTD data, salinity is typically computed based on temperature
and conductivity data and is considerably much more noisy due to the systemic errors, as shown in the inset
of Figure 1. The potential density was also affected by the spiky salinity data and it was influenced by the
selection of the reference pressure for stations at different ocean depths. Therefore, the potential temperature
was used to determine HBML at each station.
The CTD readings in the WOCE database were generally measured over the full ocean depth to the very
bottom, thereby providing global coverage and a robust view of the deep water column as well as the BML in
regions with varying conditions. In particular, the corrected or uncorrected ocean depths data were provided
at 23,154 stations. In general, the CTD profiler was terminated at a certain depth above the sea floor, so the
distance from the maximum CTD depth to the ocean bottom (dH) varied among stations. The dH data were
available for 15,479 stations, where the dH values were less than 25 m at 12,684 stations. To those stations
without dH information, certain procedures (see supporting information) are taken to permit more stations
being involved in the BML thickness analysis.
In previous studies, a threshold method, based on the temperature or density profiles, was mainly employed
to determine the BML thickness. However, the threshold values vary greatly among different regions (see
literatures in Huang, Cen, et al., 2018). In comparison, many studies have aimed to develop methods
for accurately computing the oceanic surface mixed layer depth (OSMLD; see literatures in Huang, Lu,
et al., 2018). In order to evaluate whether a method can clearly separate the homogeneous mixed layer from
the attached strongly stratified water layer, a quality index (QI) was proposed by Lorbacher et al. (2006),
subsequently, it was adapted for the BML thickness by Huang, Cen, et al. (2018), which is written as
QI = 1 −

𝛿H
,
𝛿1.5×H

(1)

where 𝛿 H is the standard deviation of the selected property (temperature,density, etc.) within the BML thickness and 𝛿 1.5 × H is the standard deviation of the property over the depth range from the ocean bottom upward
the 1.5 times the BML thickness. Based on the definition of QI, it is expected that QI will approach 1 when
the BML is well developed, and the BML thickness can be accurately identified. The QI value will be much
less than 1 when the complex structures lie within the mixed layer or a well-developed mixed layer cannot
be accurately identified. According to Lorbacher et al. (2006), the mixed layer interpretation is impossible
at QI < 0.5. This criterion might not be appropriate for the bottom one, considering the QI values of BML
are generally lower (Huang, Cen, et al., 2018).
Recently, Huang, Cen, et al. (2018) proposed an integrated method for determining the BML thickness HBML ,
which was derived from an objective method, the relative variance method, for determining the oceanic surface MLD (Huang, Lu, et al., 2018). In the relative variance method, to any individual temperature (density)
profile, a relative variance profile is obtained that is the ratio between the standard deviation and the maximum variation of the temperature (density) from the sea surface, and the depth of the minimum relative
variance is defined as the OSMLD. The relative variance method is less dependent on the fixed criteria and
its performance is superior to other available methods in the determination of OSMLD in the global ocean
(Huang, Lu, et al., 2018). The relative variance method was adapted as an integrated method to determine
the BML thickness HBML by additionally considering the results obtained by the threshold, curvature, and
maximum angle methods (Chu & Fan, 2011; Lorbacher et al., 2006; Lozovatsky et al., 2008). The integrated
method produced the BML thickness values that were consistent with previous observations in most ocean
regions. Thus, we employed the integrated method to compute the HBML globally with the available WOCE
data. The global distribution of HBML determined by the threshold method is shown for comparison in the
supporting information.

3. Distribution of HBML
For the HBML values determined by using the integrated method, it is better to examine its spatial distribution in order to obtain insights of HBML . According to previous observations, the BML thickness remained
HUANG ET AL.
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Figure 2. Box-whisker plots of HBML (gray box with black whiskers) and HBML1 (black box with gray whiskers) in the
Atlantic, Indian, Pacific, and global oceans. In each box-whisker plot, the bar through the box is drawn at the median,
the left and right ends of the box are drawn at the quartiles, and the whiskers extend to the tenth and ninetieth
percentiles, respectively. The corresponding values are indicated. BML = bottom mixed layer.

relatively steady over a few weeks in the Blake Outer Ridge (Stahr & Sanford, 1999) or even for 1 year in
the Canada Basin (Zhou & Lu, 2013). However, HBML exhibits high temporal variability in most regions. For
example, in the eastern Atlantic, HBML was less than 10 m on some occasions but greater than 100 m at other
times (Saunders & Richards, 1985). Due to the limited coverage of the WOCE data over time, we ignored the
temporal variations in the BML thickness in this study. Moreover, the WOCE data were relatively sparse in
space, so the HBML values were averaged into 10◦ × 10◦ bins. In each bin, the median value was taken when
at least 5 HBML values were present, otherwise, it was left blank.
In the WOCE data, the BML could be missed when the CTD cast was terminated at a large dH. Therefore, we
only considered the stations where dH ≤ 25 m for the spatial distribution analysis. However, as shown in
Figure 1a, there were many white bins in the global distribution map of HBML , especially in the South Atlantic
and Indian Oceans. The ocean depths could alternatively be obtained from the ETOPO1 (1 arc-minute global
relief model of Earth's surface) for the ocean bathymetry, the corresponding minimum distance from the
bottom was designated as dHDE . By using stations with dH information, the calculated dHDE is very different
from the actual value in many cases. However, when the amplitude of dHDE is very small, it was verified
that the maximum CTD depth would be very close to the ocean bottom, as explained in the supporting
information. Therefore, to those stations without dH information, some of them were included when the
amplitude of dHDE was less than 25 m and their dHDE were set as 10 m (the nominal dH value). After
including these stations, totally, 19,119 stations could be used, and the corresponding BML thickness was
designated as HBML1 . As shown in Figure 1, the global distribution of the BML thickness was improved
because some white bins were now filled with values.
As shown in Figure 1, HBML exhibited inhomogeneous distributions in different ocean basins. It seems HBML
generally becomes thicker around mid-ocean ridges. However, the thickest HBML occurs in the North Pacific
Ocean, where coincidently corresponds to the “eddy desert,” a region without any eddy centroid observed
HUANG ET AL.
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(Chelton et al., 2011). This might provide a clue to find the driving mechanism of such a thick HBML . In
the North Atlantic, the median HBML was about 30–40 m, which was consistent with most previous observations (Armi, 1978; Armi & Millard, 1976; Bird et al., 1982; Klein & Mittelstaedt, 1992; Turnewitsch &
Springer, 2001). Due to the spatial average, some local observations could not be shown in Figure 1, such
as those in Black Ridge and Brazil Basin (Durrieu de Madron & Weatherly, 1994; Stahr & Sanford, 1999).
To quantify the variation of HBML in each ocean, box plots were shown in Figure 2. In general, HBML was
thinnest in the Atlantic Ocean with a median value of 40 m and a 90% confidence interval of [16, 124] m.
In the Indian Ocean, HBML was slightly thicker with a median value of 42 m and a marginally wider 90%
confidence interval. HBML was much thicker in the Pacific Ocean, as shown in Figure 1, where the median
value was 63 m and the upper bound of the 90% confidence interval was about twice those in the Atlantic
and Indian Oceans. The median HBML for the global oceans was 47 m, which was coincidently comparable
to the result (46.1 m) obtained based on six WOCE sections in the North Atlantic Ocean (Lozovatsky et al.,
2008). This global distribution of HBML would have potential importance in studies of sedimentation and
biochemical systems in sea floor. In the global ocean model, the application of a constant HBML (100 m) in
high-latitude regions, (e.g., Nakano & Suginohara, 2002), clearly overestimates the BML thickness in most
ocean regions and underestimates the BML thickness in other regions. Even when the constant HBML was
reduced to small values, for example, 50 m in Yukimoto et al. (2012), the inhomogeneous HBML distribution
still had to be considered in ocean models to produce the suitable physical simulations.

4. Dependent Parameters
In previous studies, it was suggested that HBML cannot be precisely defined in terms of a single governing
parameter (Armi & Millard, 1976; Perlin et al., 2007; Weatherly & Martin, 1978; Zilitinkevich & Esau, 2002).
Thus, using the WOCE data, we examined the relationships between HBML and latitude, ocean depth (D)
and buoyancy frequency (N).
Internal tide is one of the most important sources of mechanical energy for mixing. Observations indicate
that latitudinal distribution of the mixing rate has a generally symmetrical structure with respect to the
equator (Gregg et al., 2003; Tian et al., 2011). Therefore, it is expected that HBML should depend on the latitude. No clear tendency was found based on the scattered HBML distribution at different latitudes. When
the zonal average was taken within the latitude of 10◦ bin, the dependency of HBML on the latitude was
determined (Figure 3a). The median HBML was thin in high-latitude regions and it became thicker up to
around 20◦ N or 20◦ S, before decreasing slightly toward the equatorial region. The trend was similar to that
observed in internal tide dissipation (Gregg et al., 2003), which implies that the turbulent diffusion plays an
important role in the formation of BML. The median HBML values for the six WOCE sections in the North
Atlantic Ocean determined by Lozovatsky et al. (2008) are included in Figure 3a for comparison. The data
determined with the threshold method were scattered and their magnitudes differed from those obtained
in the present study, but the trends in HBML tendencies in both studies were basically consistent with
each other.
In Lozovatsky et al. (2008), it was reported that HBML had no clear dependence on the ocean depth and, on
average, HBML was about 1% of the ocean depth in the range of 1,500–5,000 m. Subsequently, Lozovatsky
and Shapovalov (2012) showed that a third-degree polynomial could be used to fit the growth of the median
HBML with the median ocean depth along the corresponding sections. Using the available WOCE data, we
found that HBML became marginally thicker as the ocean depth increased. The dependence of HBML on the
depth was clearly demonstrated when HBML was averaged over every depth span of 200 m, as shown in
Figure 3b. Considering the ocean depth D > 1, 000 m, the median HBML could be approximately fitted using
the following equation,
(HBML )m = 26.34 + 0.85e(D∕1271.8) .
(2)
This equation implies that the median HBML increased exponentially with the ocean depth in the abyssal
ocean. When the global ocean depth was averaged to be 3,700 m, the HBML value was deduced to be 42 m,
which was slightly thinner than the global median value indicated in Figure 2. When HBML was normalized
based on the ocean depth D, the ratio varied over a wide range with a median value of 1.28% and 95%
confidence interval of [0.2%, 7.4%].
In previous studies, it was found that the stratification would alter the BML structure and reduce HBML after
the comparison between the unstratified turbulent Ekman layer depth and the BML thickness in the field
HUANG ET AL.
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Figure 3. (a) Latitude distribution of the median HBML ( (HBML )m ) binned over 10◦ in latitude based on HBML (red
curve) and HBML1 (blue curve). (b) Median HBML as a function of the ocean depth based on HBML (red circles) and
HBML1 (blue circles). The best fit is plotted as a black curve. (c) Median HBML as a function of buoyancy frequency
based on HBML (red circles) and HBML1 (blue circles). The best power law fit is plotted as a black curve. BML = bottom
mixed layer.

data (Perlin et al., 2007; Pollard et al., 1972; Weatherly & Martin, 1978). Figure 3c shows the median HBML as
a function of the buoyancy frequency Nf , where Nf was estimated using the density difference over a depth
span of double HBML above the ocean bottom. The results indicated that the median HBML generally became
thinner with stronger stratification, although the data were rather scattered. The median HBML data could
be fitted with a power law function written as follows
(HBML )m = 5.78N𝑓−0.26±0.04 .
(3)
This equations indicated that HBML became smaller as Nf increased, although their dependence was relatively weak. The results in equations (2) and (3) are consistent with each other. It is generally known that
HUANG ET AL.
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stratifications becomes weaker in the deeper oceans (Becker & Sandwell, 2008), which leads to a thicker
HBML according to either equations (2) or (3). The dependency of HBML on the buoyancy frequency Nf
appeared to be less clear than that on the depth D. This result might imply that other factors, except for
the buoyancy frequency Nf , should be considered to obtain a better understanding on HBML . However, the
effects of other factors, such as roughness and geothermal heating, on HBML could not be resolved with the
current data set, which may suggest that these factors are less dominant or more observation data is needed.

5. Summary and Discussion
In this study, we used full-depth CTD profiles from the WOCE program to evaluate the global distribution
of the BML thickness HBML . HBML was computed with a recently proposed integrated method, which was
examined to be superior to other available methods. HBML had an inhomogeneous distributions in different
ocean basins and appeared thicker around mid-ocean ridges. In particular, the median HBML values were
determined as 40, 42, and 64 m in the Atlantic, Indian, and Pacific Oceans, respectively. Globally, the median
HBML value was 47 m, which is thinner than that used in some ocean models. Using a rather limited amount
of the full-depth CTD data, we found that the Ekman theory could not fully describe HBML depending on the
latitude. HBML had maximum values around 20◦ N or 20◦ S, which are similar to those observed in inertial
tide dissipation. The stratification appeared to reduce HBML based on the weak dependence of HBML on the
buoyancy frequency Nf ((HBML )m = 5.78N𝑓−0.26±0.04 ). In the abyssal ocean (D > 1, 000 m), HBML became
thicker in the deeper ocean, and it could be statistically fitted by an exponential function of (HBML )m =
26.34 + 0.85e(D/1271.8) . Alternatively, HBML was about 1.28% of the ocean depth. This study is the first to
provide an overview of the global distribution of HBML , but more precise field measurements are needed to
fully understand the global dynamics of BML.
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