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Key Points:

* We detect 48 thermohaline staircase layers across the Beaufort Gyre Region that
have nearly constant salinity during 2005-2022.

» The temperature gradient across the staircase weakened by approximately 30%
over 17 years, with warm layers cooling and cool layers warming.

« The total height of detected layers compressed by approximately 21.92 dbar in 17
years, with upper layers sinking faster than lower layers.
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Abstract

Thermohaline staircase layers have been consistently observed in the Arctic Ocean for
over 50 years. Previous studies demonstrate that these structures exhibit large-scale spa-
tial coherence. However, on time scales beyond a few years, both the coherence and evo-
lution of the layers are unknown. Using Ice-Tethered Profiler data from 2005-2022 in
the Beaufort Gyre Region, we track staircase layers across time and space with an un-
supervised clustering method. Individual layers are found to be coherent across the en-
tire 17-year time period, with properties that appear to evolve on 40-50 year timescales
or longer. This establishes, for the first time, the decadal-scale coherence of thermoha-
line staircases in the Arctic Ocean. Moreover, we find that the observed changes are not
consistent with the staircase being in a state of equilibrium, but rather support the hy-
pothesis that it is decaying slowly from an initial or on-going perturbation.

Plain Language Summary

In the Canada Basin of the Arctic Ocean, there is a stack of thin layers that stretch
horizontally for hundreds of kilometers, called the thermohaline staircase, where each layer
or “step” has a distinct temperature and salinity. This structure affects the vertical trans-
port of heat and nutrients between the deep warm waters from the Atlantic Ocean and
the cold surface waters above. Staircase layers have been observed in this region for over
50 years and their large-scale spatial extent has been confirmed at particular points in
time. Using machine learning and data from under-ice instruments, we analyze the evo-
lution of individual layers across 17 years. We find that dozens of layers are present across
the entire time period and that their properties evolve very slowly, establishing the very
long lifetimes of these structures. Further, we find that the total height of the layers is
compressing and that temperature changes vertically across the staircase are becoming
smaller, both of which impact vertical heat transport. These layers are being influenced
by the rapidly changing Arctic, and this raises the question as to whether they will con-
tinue to exist in the future.

1 Introduction

The Arctic Ocean is projected to warm at a rate of up to three times that of the
global ocean average by 2100, part of the phenomenon known as Arctic Amplification
(Shu et al., 2022). The largest contribution to this warming is expected to come from
Atlantic Water (AW). Occupying depths between 250 and 800 m, this water mass forms
the most significant heat reservoir in the Arctic Ocean (Richards et al., 2022) and has
already warmed markedly since the mid-twentieth century (Carmack et al., 1997; Polyakov,
Pnyushkov, & Timokhov, 2012). The strong stratification found in the thermocline sep-
arates the colder surface waters from the heat in the AW (Aagaard et al., 1981; Tim-
mermans et al., 2008), and is important in mediating vertical transport of heat and nu-
trients (Carmack, 2007; Bluhm et al., 2015; Randelhoff et al., 2020).

In the Canada Basin of the Arctic Ocean, and particularly in the Beaufort Gyre
Region (BGR), the thermocline exhibits a characteristic structure called a thermoha-
line staircase: A series of homogeneous layers, each on the order of meters thick, sepa-
rated by sharp gradient interfaces in temperature and salinity. Hydrographic profiles con-
taining staircase layers have been observed many times in the Canada Basin: At Ice Is-
land T-3 (Neshyba et al., 1971), during the Arctic Internal Wave Experiment (AIWEX)
(Padman & Dillon, 1987), during the Surface Heat Budget of the Arctic (SHEBA) ex-
periment (Shaw & Stanton, 2014), and from Ice-Tethered Profilers (ITPs), automated
instruments moored to ice floes that have been consistently deployed since 2004 (Toole
et al., 2011). Owing to their role in vertical heat flux (Ménesguen et al., 2022), it is im-
portant to understand the long-term evolution of these staircase layers in order to make
accurate predictions about the rapidly changing Arctic.
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Timmermans et al. (2008) noted that hydrographic profiles from a wide area where
staircases are present tend to exhibit clusters in temperature—salinity space, demonstrat-
ing that individual staircase layers can stretch hundreds of kilometers horizontally. Pre-
vious studies have tracked specific layers across time spans from less than a week (Neshyba
et al., 1972; Padman & Dillon, 1988), to about a year (Polyakov, Pnyushkov, Rembe,
et al., 2012; Ménesguen et al., 2022), to Lu et al. (2022), who analyzed thousands of ITP
profiles between 2005-2009, tracking 34 distinct layers. Yet, staircase layers have been
consistently observed in the Canada Basin for over 50 years, raising the possibility that
individual layers could remain coherent on decadal or longer time scales.

Recent studies note a decline in the occurrences of staircase layers in the sections
of profiles just above the AW (Ménesguen et al., 2022; Lundberg & Polyakov, 2025) and
predict that these layers will become thinner over time (Shibley & Timmermans, 2022).
While the exact mechanisms behind this transition are as of yet unclear, it coincides with
changes in the large-scale circulation and a decline in sea ice cover, rising temperatures
below the staircase in the AW, and a cumulative downwelling of around 2-5 m yr—! in
the BGR (Meneghello et al., 2018; Proshutinsky et al., 2019; Timmermans & Toole, 2023).
If the staircase layers in this region are coherent over long timescales, it would be expected

that they would be impacted by these large scale changes.

While many studies have used the wealth of ITP data to analyze Arctic thermo-
haline staircase layers (Timmermans et al., 2008; Shibley et al., 2017; Shibley & Tim-
mermans, 2019; van der Boog et al., 2021; Lundberg & Polyakov, 2025), their detection
methods treat profiles individually, and therefore do not automatically track individual
layers over time. Schee et al. (2024) presented an algorithm that automatically detects
and connects staircase layers across many different profiles. Here, we apply this algorithm
to 17 years of BGR profiles in order to analyze the structure and evolution of staircase
layers. In Section 2, we describe our methods to process the data and connect the lay-
ers across time. We present our results in Section 3, examining of the coherence of the
detected layers and their temporal evolution. Implications of these results are discussed
in Section 4.

2 Methods
2.1 Observations

We use an ITP data product that consists of vertical profiles of practical salinity,
potential temperature, and pressure at ~25 cm resolution (Krishfield et al., 2008), which
we convert to absolute salinity S4 and conservative temperature © (Text S1). The pro-
filer travels up and down a wire attached to the surface buoy roughly two to three times
daily and has a salinity precision of £0.005 g kg~! and a temperature precision of £0.001°C
(Toole et al., 2011). We use only the ascending profiles because descending profiles sam-
ple the wake of the unit itself, as the instruments are located at the top of the profiler.
Figure 1a shows a typical ITP temperature and salinity profile with thermohaline stair-
case layers.

In this study we focus on the BGR, which we define as 130-160°W and 73-81.5°N
(Figure 1b), following Shibley and Timmermans (2022). We select only profiles within

the BGR, and define our date range to start on August 15, 2005—when the almost-continuous

ITP coverage of the BGR began—and to end on the same date in 2022. This results in
23,876 profiles, which we refer to as All BGR data, the temperature—salinity (©-S4) his-
togram of which is shown in Figure 1c. A distinct pattern is evident, with dozens of re-
gions with high concentrations of observations that line along near-constant lines of salin-
ity. This is evidence of staircase layers (Timmermans et al., 2008; Bebieva & Timmer-
mans, 2019), as measurements are more likely to fall within mixed layers where temper-
ature and salinity are fairly constant as opposed to within the thin interfaces.
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Figure 1. (a) An illustrative ITP temperature and salinity profile, ITP70-2277, taken on

12 March 2014 at 74.6°N, 150.0°W, with the cores of the LHW and AW water masses noted.
The highlighted depth range corresponds to the depth range of the inset figure, chosen to show
staircase layers. (b) A map of the BGR showing the locations and observation times of Staircase
Range profiles, with dashed lines showing bathymetric contours. (¢) A histogram of observations
in temperature—salinity space for All BGR data with lines of constant potential density anomaly
referenced to the surface. Orange vertical lines denote the salinity range of the Connected Layers
dataset.



112 Next, we exclude profiles that do not extend past 400 dbar to ensure they reach

13 the known depth range of the staircase, similar to Shibley and Timmermans (2022), re-
114 sulting in 15,202 profiles (Figure 1b). Across much of the BGR, a dense spatial cover-

115 age with samples in a range of different years is observed. Finally, we focus on the ver-
116 tical section where staircases features are known to occur, selecting only the observations

7 located between the core of the lower halocline waters (LHW) and the core of the AW
118 (Figure 1a). Similar to Lu et al. (2022) and Shibley and Timmermans (2022), we define
119 the LHW core to be the pressure level at which S, is closest to 34.1 g kg~!, and the AW

120 core to be the temperature maximum where pressure is greater than 100 dbar to avoid
121 erroneous surface measurements (Shibley et al., 2017). This results in 12,744,846 data
122 points which we refer to as the Staircase Range data.

123 2.2 Clustering and Connecting Layers

124 We sort the Staircase Range data into layers in two steps: Applying the Hierar-

125 chical Density-Based Spatial Clustering of Applications with Noise (HDBSCAN) algo-
126 rithm (Campello et al., 2013) in temperature—salinity space, then dividing the data into

127 layers based on the local minima in the histogram of their salinity. While either method
128 by itself would result in an estimate of staircase layers, we apply both in sequence for

120 a conservative dataset containing the most likely layer observations. The clustering method
130 does not distinguish between individual profiles and may cluster points from different

131 profiles together regardless of how far apart in time or space they were taken. To avoid
132 making the implicit assumption that layers could remain coherent for longer, we split

133 the data into 17 consecutive year-long periods, each starting and ending on August 15,
134 chosen because new ITPs are annually deployed around that date (Figure S1).

135 First, we apply HDBSCAN in the manner presented by Schee et al. (2024), with

136 minor modifications (Text S2), to each year-long period. We find the clusters align well
137 with the regions of high observation density noted in Figure 1c. On average, each pe-

138 riod has 66 clusters with a standard deviation of 11 (Table S1). We note that differences
139 in the number of clusters per year is primarily attributed to those detected within the

140 lower portion of the staircase, S4 > 34.93; these will largely be disregarded in the pro-
11 cess of connecting layers across periods. We refer to the set of observations that includes
142 all cluster points from all year-long periods as the Clustered dataset. Our implementa-
143 tion of HDBSCAN is conservative, favoring missing points which are likely within lay-
144 ers rather than including false positives. Therefore, there are significantly fewer Clus-

15 tered data than Staircase Range data.

146 Second, we examine the local minima in the histograms of salinity shown in Fig-

17 ure 2a—d. The peaks and troughs correspond to the pattern of the ©-S 4 histogram (Fig-
148 ure 1c¢) and are evident in both the Staircase Range and Clustered data. We find the lo-

149 cal minima to define boundaries between layers, similar to Lu et al. (2022), by first tak-
150 ing a moving average of the Clustered data histogram using a window width of 0.1 g kg™!,
151 which is 10 times larger than the average span in salinity for all clusters. The bound-

152 aries are then the minima of the salinity histogram that lie between adjacent intersec-

153 tions with its moving average, marked by vertical lines in Figure 2a—-d. We find 49 such

154 boundaries and define 48 layers to be the sets of Clustered data which lie between each

155 pair of boundaries regardless of the year in which they occur. We refer to this result as

156 the Connected Layers dataset. This reduces the salinity range to between the outermost
157 boundaries, 34.159-34.955 g kg~ !, marked by orange vertical lines in Figure 2. Within

158 this restricted range, the number of clusters per year-long period in the Clustered data

150 is an average of 55 with a standard deviation of 7.

160 The layers exhibit large-scale spatial variations which would alias into temporal vari-
161 ability on account of spatial differences in year-to-year sampling distributions. Before

162 taking temporal trends, we account for these spatial variations by finding the residual
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of the data with a two-dimensional polynomial fit of a layer with respect to latitude and
longitude (Text S3). In Section 3, we present various lines of evidence to support the claim
that these boundaries define coherent layers that span the entire time period, then ex-
amine the layer properties and evolution in detail.

3 Results
3.1 Decadal Coherence of Staircase Layers

We begin exploring the coherence of staircase layers by examining the ©-S4 his-
togram of All BGR data in Figure 1c. The pattern of observations grouping along near-
constant lines of salinity is evidence of staircase layers and the same pattern is evident
in the peaks and troughs of the salinity histogram in Figure 2a—d when using only the
Clustered data. In Figure 2e—f, we compute the same histogram for each year separately
and find similar results. The peaks are visually trackable from year to year, supporting
the conclusion that the layers they represent are coherent across time.

We note that some peaks shift slightly in salinity between years. For example, be-
tween periods 14-21 in the salinity range 34.45-34.50 g kg~! (Figure 2f), the peaks shift
towards lower salinity values at approximately the same order of magnitude as the salin-
ity precision of the ITPs per year, which is an order of magnitude smaller than the typ-
ical distance between peaks. While evidence suggests these shifts are more likely a phys-
ical phenomenon than an instrumental drift (Text S4), we do not attempt to account for
these drifts in this study as the peaks in the salinity histogram for all years clearly show
evidence of staircase layers. In Text S5, we describe an alternate approach of manually
connecting layers by subjectively labeling apparently related clusters from year to year.
The results are qualitatively the same as those obtained using the method described in
Section 2.2, and bolsters the claim that the salinity boundaries we use for the subsequent
results define physically meaningful layers.

Figure 3 presents the evolution of the 48 detected staircase layers, with the differ-
ent layers indicated by different colors. In salinity, the layers are distinct, having well-
separated and non-overlapping ranges across time. To quantify this separation, we find
the average across all layers of their standard deviations in salinity to be (3.9340.92)x
1073 g kg=! and note this is an order of magnitude smaller than the average distance
between the average values of two neighboring layers, (1.6540.34)x 1072 g kg~! (Ta-
ble S2). Moreover, there are long-term patterns of evolution in temperature and pres-
sure that regularly cross multiple year-long periods. The occasional discontinuities, which
are evident in temperature and pressure yet notably absent in salinity, are likely due to
a new deployment of ITPs sampling different regions within the BGR from the previ-
ous batch, thus aliasing the spatial variability into temporal variability.

Close inspection of Figure 3 reveals some imperfections in the method. In a cou-
ple instances, a detected layer is absent from a particular period, which could be due to
gaps in the observations. Notably, there are a few instances where what appears to be
two distinct bands of salinity which are grouped into one detected layer, for example,
in 2010-2011 between 34.5-34.6 g kg~'. This could due to the physical process of lay-
ers merging or splitting over time. The method we use defines layer boundaries across
the entire time period and therefore cannot account for such events. The detected lay-
ers we present here do not exactly match the underlying staircase structure. They do,
however, provide a quantification of what is evident from the histograms above and even
in the raw data (Figure S13): There are staircase layers which remain coherent across
the 17-year period.
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Figure 3. The temporal evolution of (a) salinity, (b) temperature, and (c) pressure of the
Connected Layers data, where different staircase layers are given different colors. Blue and
pink markers denote the values of the LHW and AW, respectively, for each profile. The vertical
dashed lines on every August 15th denote the boundary between time periods.
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Figure 4. Averages and trends for all detected staircase layers over the entire 17-year pe-

riod as functions of layer average salinity. The top row shows layer average (a) temperature,

(b) pressure, and (c) thickness, with horizontal error bars representing the standard deviation.
Vertical error bars represent each layer’s standard deviation in salinity, but are too small to be
visible. The bottom row shows the trends in (d) temperature, (e) pressure, and (f) thickness after
accounting for spatial variations. Layer thickness trends in (f) have been normalized to show
percent changes relative to the average thicknesses presented in (c). Linear fits between layer

average salinity and each variable are shown in yellow, with their R? noted in each panel.

3.2 Staircase Vertical Structure and Evolution

In Figure 4, we present the structure of the staircase temperature, pressure, and
thickness as functions of layer average salinity, together with the evolution of that struc-
ture. We use layer average salinity, which increases with depth, as a vertical axis as those
values remain stable across time. To calculate layer thicknesses, we treat each profile in-
dividually and take the difference between the maximum and minimum pressures for each
layer. When calculating average layer thicknesses cross all profiles in Figure 4c, we first
eliminate all values equal to zero, which occur when a profile has only one point for a
particular layer.

For the vertical structure, Figure 4a—c, we find an approximately linear relation-
ship between layer average salinity and temperature, with R? = 0.99, as well as between
layer average salinity and pressure, with R? = 0.90. Across the entire staircase, we find
the median of layer average thicknesses to be 1.28 dbar. While the dependence of layer
average thickness on salinity is not as robust as for the other two variables, Figure 4c
still implies that layer thickness tends to increase towards higher salinities, from < 0.5 m
in the upper water column to ~5 m at depth.

We present the temporal trends in temperature, pressure, and thickness for each
detected layer in Figure 4d—f. Each temporal trend for each layer was calculated using
a linear fit between the layer’s values for a particular variable and time (Figure S6). For
temperature, Figure 4d shows a clear pattern across the staircase: Layers near the top
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have warming trends that decrease with depth and transition to cooling trends near the
bottom. A least squares fit gives a robust compound temporal and salinity trend with

R? = 0.95 (Table S3). The salinity level at which temperature trends cross zero is 34.73 g kg™?

(approximately 284 dbar), which is very close to the salinity level of 34.71 g kg=! at which
the layer average temperature is 0°C (approximately 289 dbar). That is, layers colder
than 0°C are warming and layers warmer than 0°C are cooling. This results in the tem-
perature gradient reducing by approximately 30% over the 17-year period from (1.57+
0.03) x 1072 °C dbar~! in 2005-2006 to (1.08£0.02) x 1072 °C dbar~! in 2021-2022.

We find that all values of the trends in pressure for each layer in Figure 4e are pos-
itive; all layers are sinking over time, with an average rate of 2.4040.42 dbar yr—!. The
deeper the layer, the slower it is sinking, with the linear fit to this salinity dependency
having R? = 0.78. From this, we calculate that the total height across all detected lay-
ers decreased by —21.924+1.76 dbar over 17 years (Text S7). Conversely, the AW core,
below the staircase, is sinking at 5.1940.04 dbar yr—!, notably faster than the bottom-
most detected layer at 2.276 4+0.004 dbar yr—!, implying a widening pressure gap be-
tween the two.

This decrease in overall height implies that each detected layer is growing thinner
over time. In Figure 4f, we show the trends in layer thickness as percent changes from
the layer average thicknesses in 4c in order to facilitate layer comparison across the stair-
case. This reveals a far more scattered pattern than for the other two variables. While
37 of the 48 layers have negative thickness trends, their R? values are, overall, much smaller
than those for trends in temperature and pressure (Table S4). We find that 43 of the 48
layers have percent changes in thickness per year between -5% and 5%, with the shal-
lowest 10 layers having an average absolute value of (7.8148.18)x 1073 dbar yr~! and
the deepest 10 layers with 0.15940.126 dbar yr~! (Figure S15). The median absolute
trend in thickness is 0.026 dbar yr—! and, over the course of 17 years, the calculated trends
in layer thickness for the majority of layers would amount to a change in thickness on
the same order of magnitude as the vertical resolution of the measurements, about 0.25
dbar. This, in conjunction with the compression in total height across the layers, implies
that they are thinning, but at rates too slow to be sufficiently resolved in this study.

4 Discussion

Using an objective analysis method that allows us to detect and track individual
layers over a 17-year time period, this study establishes decadal-scale coherence of Arc-
tic thermohaline staircase layers. This greatly extends previous assessments of their life-
times, as earlier studies only tracked individual layers for a few years at a time (Polyakov,
Pnyushkov, Rembe, et al., 2012; Ménesguen et al., 2022; Lu et al., 2022). Our charac-
terization allows us to form novel estimates of how layer salinity, temperature, pressure,
and thickness change over time, resulting in a unique window into the long-term evolu-
tion of the Beaufort Gyre’s thermohaline staircase.

We find the salinity values of the detected layers are distinct and non-overlapping.
The spread within layers is an order of magnitude smaller than the difference between
neighboring layers, matching the values reported by Lu et al. (2022). Salinity histograms
from individual years (Figure 2e-h) suggest that layers may be freshening at around 0.005
g kg=! yr~!. If this rate represents a physical phenomenon, it would take over 150 years
for layer salinity to traverse the entire salinity range we analyze. However, the possibil-
ity that this is the result of instrumental drift cannot be ruled out, which could imply
layer salinity evolves at still longer timescales. A rigorous treatment of long-term salin-
ity changes which carefully accounts for sensor uncertainties would be a welcome direc-
tion for future work.
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The Arctic’s Atlantic Water layer has been warming over the last half-century (Carmack

et al., 1997; Polyakov, Pnyushkov, & Timokhov, 2012), yet we find that lower staircase
layers are cooling while upper layers are warming. The net heat flux across the staircase
is estimated to be 0.021 W m~2 (Text S6), on the same order of magnitude of estimates
from previous studies (Timmermans et al., 2008; Turner, 2010; Guthrie et al., 2015). Ad-
ditionally, we find that the temperature gradient across the staircase reduces by approx-
imately 30% over the 17-year period. If this trend continues, all detected layers would
reach a uniform temperature within 40 years.

The detected layers are sinking at 2.40 dbar yr~! on average, consistent with the

reported 2-5 m yr—! of cumulative downwelling within the Beaufort Gyre (Meneghello

et al., 2018; Proshutinsky et al., 2019). We note that our results were found using in situ
measurements below sea ice, while previous estimates of downwelling are based on Ek-
man transport derived from surface stress fields. This agreement implies that the slowly-
evolving staircase is passively advected by the gyre-scale vertical velocity field. However,
upper layers are sinking faster than lower layers at rates which, if extrapolated, would
imply that the total vertical range of the staircase would collapse to zero in approximately
200 years.

We find typical layer thicknesses that match those reported in previous studies (Padman

& Dillon, 1987; Lu et al., 2022). Shibley and Timmermans (2022) predicted that layers
in the Canada Basin will become thinner over time. While we find that most layer thick-
ness trends are negative, the implied thickness changes over the 17-year record are com-
parable to the vertical resolution of the measurements for the majority of the layers. De-
spite these thickness trends being only marginally resolved, it is clear from the overall
compression of the staircase that layers must be thinning. If they are indeed thinning

at the calculated rates, most of the detected layers would disappear in about 50 years.

The fact that staircase layers appear to remain coherent over this 17-year period
raises the possibility that all observations of staircases in the Canada Basin to date de-
scribe a single, slowly-evolving staircase of large horizontal scale. Importantly, the rates
of change we find in the detected layers’ salinity, temperature, pressure, and thickness
all imply lifetimes of decades or longer. This seems to preclude a scenario in which the
layers observed over the historical record represent distinct features that are repeatedly
created and destroyed.

These results are also relevant for the nature of the staircase’s long-term evolution.
A couple scenarios are plausible: the staircase is in a state of slow spin-down from a per-
turbation, or it represents an equilibrium configuration in which layers continually form,
evolve, and decay. If the staircase is a transient feature, its genesis could have involved
a large-scale lock exchange event as speculated by Bebieva and Timmermans (2019), anal-
ogous to the laboratory experiments by Ruddick et al. (1999). Alternatively, the stair-
case could be in an equilibrium state by undergoing constant renewal through a process
of layers forming near the AW core and then slowly being conveyed upwards, becoming
thinner and fresher. This is in line with the consensus from laboratory, theory, and ob-
servations that layer thickness increases with depth (Neal et al., 1969; Padman & Dil-
lon, 1987; Guo et al., 2016; Shibley & Timmermans, 2019), as well as with laboratory
experiments that show staircase layers freshening over time (Huppert & Linden, 1979).
A combination of these scenarios is also possible, with the staircase initially in equilib-
rium then perturbed into a transient state.

The results presented here are more consistent with the Beaufort Gyre staircase
being currently in a slow spin-down. While we find layer thickness increasing with depth
and salinities possibly decreasing over time, in line with the equilibrium hypothesis, we
also find that the temperature gradient and total height of all detected layers are decreas-
ing, both of which appear to be inconsistent with a state of equilibrium. The matter is
far from closed. Obtaining a better understanding the decadal and longer scale evolu-
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tion of thermohaline staircases, incorporating observations and well as theory and ex-
periments, would be a promising topic for future work. This is particularly important
as the Arctic Ocean is currently undergoing rapid changes that may act as major per-
turbations to these long-lived structures.

Open Research Section

Replication code can be found on Zenodo: https://doi.org/10.5281/zenodo.14925731.

The Ice-Tethered Profiler data were collected and made available by the Ice-Tethered
Profiler Program (Toole et al., 2011; Krishfield et al., 2008; Toole et al., 2016) based at
the Woods Hole Oceanographic Institution (https://www2.whoi.edu/site/itp/).
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X-2 SCHEE ET AL.: COHERENT AND EVOLVING STAIRCASE LAYERS

Introduction In the Supporting Information, we present additional text, figures, and
tables to provide supporting details for the methods used and the results in the main
text.

Text S1. Ice-Tethered Profiler Data

The data we use for this study come from the Ice-Tethered Profilers (ITPs) and are
archived at the NOAA National Centers for Environmental Information repository (Toole
et al., 2016) (accessed September 21, 2023). In order to take full advantage of the ~25
cm resolution, we follow Timmermans, Toole, Krishfield, and Winsor (2008) and use the
Level III Matlab-format data files as opposed to the Level III “final” format which bin-
averages the data to a 1-dbar vertical resolution (Krishfield et al., 2008). These profiles
have been processed to remove corrupted data, then adjusted for sensor lags which may
otherwise round the sharp edges of individual layers, calibrated in salinity on a profile-
by-profile basis using the staircase layers themselves as reference, and manually cleaned
of any remaining spurious values. The dates at which the profiles used in this study were
taken by each ITP are shown in Figure S1 and the Beaufort Gyre Region (BGR) is shown
in Figure S2.

In this work, we use the quantity called conservative temperature ©, the temperature
measure recommended by TEOS-10, as opposed to potential temperature 6 (McDougall
& Barker, 2011). For the range of temperatures and salinities of data analyzed here, the
difference |/ —0©)| is a systematic shift that is always less than 0.05°C (McDougall & Barker,
2011). We also choose to use absolute salinity S, defined as the mass fraction of dissolved
non-H,O material in seawater and is reported in g kg=! (Millero, 2010; I0OC, 2010), as

opposed to practical salinity Sp, a scale based on the measured conductivity of seawater.
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While Sp is easier to measure, different samples with the same conductivity from different
areas around the ocean can have different compositions, and so conversions are made from
Sp to S4 based upon the location of the measurement. We make the conversions to ©
and Sy from the values reported by the I'TPs using the implementation of TEOS-10 in the
Gibbs Seawater (GSW) Oceanographic Toolbox Python package, version 3.4.0 (McDougall
& Barker, 2011).
Text S2. Modifications to the Clustering Method

The method presented by Schee, Rosenblum, Lilly, and Grisouard (2024) involves apply-
ing the Hierarchical Density-Based Spatial Clustering of Applications with Noise (HDB-
SCAN) algorithm (Campello et al., 2013) to staircase data in the parameter space of local
temperature anomaly vs. salinity. We apply the same method to each of the 17 year-long
periods with two minor modifications.

The first is in calculating the local temperature anomaly, which Schee et al. (2024)

define as

z+L£/2
O(2) = O(2) - % / ., O (1)

where O(z) represents an original profile as a function of pressure and ¢ represents the
width in dbar of a rectangular moving average window. This was done to more tightly
correlate the clusters in ©'-S,4 space than they are in ©-S, space. While Schee et al.
(2024) used ¢ = 25 dbar, we use £ = 2.5 dbar as this tightens further the correlation in
©'-S4 space (see Figure S.4 in the Supplementary Materials for Schee et al. (2024)) and
gives more consistent results across different time periods. While Schee et al. (2024) note
that a larger ¢ can reveal features such as intrusions near the bottom of the staircase, this

study is not focused on such features.
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The second difference is in the selection of the single hyperparameter used by HDB-
SCAN: mys, the minimum number of points per cluster which is also known as the
minimum density threshold. Similar to Schee et al. (2024), we ran the HDBSCAN algo-
rithm 50 times with values of mps from 50 to 2500 for each time period. Examples of such
parameter sweeps for periods 14 and 15 are shown in Figure S3a and S3c with the selected
values of mps circled in red. We see the same general trend in number of clusters as did
Schee et al. (2024), rapidly decreasing for small values of my, then decreasing much more
slowly as mpis grows larger.

Our main criteria for selecting an appropriate value of my for each period was, follow-
ing Schee et al. (2024), looking for values which maximize the Density-Based Clustering
Validation (DBCV) scores (Moulavi et al., 2014), as long as it does not occur below the
values at which the number of clusters is rapidly decreasing. For period 14, this led our
selection of My = 1050 where DBCV was maximum at 0.2537; this particular clustering
is shown in Figure S3b. However, for several periods, this approach led to clusters which
aligned poorly with staircase layers. In these cases, we chose a value of my that was
lower than that with the maximum DBCV, yet a prominent value of DBCV with respect
to nearby myg, using the fact that the optimal value of myys is roughly proportional to
the number of data points. For example, the maximum DBCYV of the parameter sweep for
period 15 in Figure S3c was 0.1857 at mps = 2150. However, we chose to use my,s = 500
which gave a prominent value DBCV of 0.1772 compared to nearby points and was at a
similar order of magnitude in ms compared to other periods with a similar order of mag-
nitude number of data points. The chosen clustering for BGR1516 is shown in Figure S3d.

Table S1 summarizes the information and parameters used, including values of mys, for
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each year-long period. Noise points are those observations which were determined to be
noise by HDBSCAN, that is, points which are included in the Staircase Range data but
not the Clustered data.

Text S3. Accounting for Spatial Variability in Layers

We determine the layers’ spatial distributions in order to remove the bias from the
calculation of their temporal trends which results from the varying spatial sampling of
the BGR from year to year. For each of the 48 layers in the Connected Layers dataset, we
find a bowl-shaped geographic distribution in pressure with the center of the layer being
approximately 100 dbar deeper than the edges (see Figure S4), similar to that noted by
Lu, Guo, Zhou, Song, and Huang (2022). Over the time period we analyze in this study,
the BGR exhibits a cumulative downwelling of around 2-5 m yr~* (Meneghello et al.,
2018; Proshutinsky et al., 2019; Timmermans & Toole, 2023). Because this trend in time
is orders of magnitude smaller than the differences observed across space, we first account
for the horizontal spatial variations, implicitly assuming these variations do not change
substantially over the time period.

We do not account for spatial variations in layer thickness as those values are found
by taking the difference between maximum and minimum pressure values for a layer.
Additionally, as salinity is the variable with which we define the layer boundaries, we do
not find its temporal trends, nor do we see any large-scale spatial variations in salinity for
any layer. We do, however, note large-scale spatial variations in temperature, and so we
account for these variations before calculating temperature trends. We note that these

variations change between layers from the top to the bottom of the staircase (see Figure S5)
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and attribute this, as Lu et al. (2022) did, to the differing temperature influences of the
LHW above and the AW below.

To account for large-scale variations, we fit a two-dimensional polynomial over latitude
and longitude for a given variable v (i.e., p, or ©) using the least squares function from
the linear algebra module of the Numpy Python library. In order to capture the large-
scale features of the spatial distributions while remaining relatively simple, we determine
the 10 coefficients, A-J, up to third power in latitude (¢) and longitude (\), from the

polynomial model
vy = A+ BA+ CON + D> + B¢ + FA¢ + GN’¢ + Ho* + I\¢* + J¢° (2)

for each layer. Example fits of pressure and temperature for several layers are shown in
Figure S4 and S5, where they are seen to capture well the overall spatial features. For each
layer, and for both temperature and pressure, we next form residuals by subtracting the
corresponding spatial fit, ves(P, A) = v(p, A) —vgi (¢, ). When calculating temporal trends
in temperature or pressure for a particular layer, we take a least squares linear regression
between the residuals and time using the Stats module from the Scipy Python library. In
Figure S6, we show an example of such a temporal trend in pressure for layer 35 where,
after taking the residual, the pressure variations drop considerably. The standard errors
for these fits either decrease or remain the same after removing the spatial variability, see
Table S4. Additionally, the R? value of the fit increases after removing spatial variability.
Both points verify that this step allows the temporal trends to be captured with more
fidelity.

Text S4. Changes in Salinity Over Time
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In Figure 2e—f, we plot salinity histograms for each year separately using the Clustered
dataset. Generally speaking, patterns of peaks and troughs can be visually tracked from
year to year. However, some peaks appear to shift to lower values of salinity across time,
for example between 2014-2021 in the salinity range of 34.45-34.50 g kg~!, shown in
Figure 2f. Notably, the same shift toward lower salinities is visible in at least a half-dozen
different layers and in a succession of years.

It is unclear whether this shift towards lower salinities indicates that layers are actually
becoming fresher, or is the result of instrumental drift. The shift in salinity values between
years is the same order of magnitude as the salinity precision of the I'TPs, around 0.005
g kg™! (Shibley et al., 2017; Bebieva & Timmermans, 2019), and an order of magnitude
smaller than the average difference in average salinity between neighboring layers, 0.016
g kg!. While the long-term salinity changes seen here are comparable in magnitude
to instrumental drift (Oka, 2005), in order to account for such drift, ITP salinities are
already calibrated on a per-profile basis under the assumption that salinities on deep
isotherms remain stable over the deployment period (Krishfield et al., 2008). Moreover,
the freshening trend is seen to be contiguous over time periods that correspond to different
serial number instruments (see Figure S1). These factors would appear to suggest that the
origin of this trend is physical as opposed to instrumental. The distinction is, however,
immaterial to the present study, because, in either case, it appears clear that the same
layers are being observed across different years.

Despite small year-to-year shifts in salinity, the minima in the yearly histograms—

representing the thin gradient regions between well-mixed layers—frequently, but not

always, occur in the vicinity of minima of the histogram of the entire 17-year dataset.
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This fact supports the use of the local minima in Figure 2e-h as a simple definition of the
layer boundaries across all years.
Text S5. Manual Layer Connection Method

We find our overall results do not qualitatively change when using a manual approach
to connect layers, rather than creating layer boundaries based on a salinity histogram. To
illustrate the need to connect layers across time periods, we first plot in Figure S7a the
salinity data across all time periods from running HDBSCAN on each year-long period
separately. The cluster IDs (and corresponding colors) have been assigned in order of
salinity. Schee et al. (2024) noted that the clustering algorithm can sometimes erroneously
group multiple layers into a single cluster or erroneously divide one layer into multiple
clusters. Therefore, there is no guarantee that staircase layers (correctly-identified or not)
will be assigned the same cluster ID for each of the 17 year-long periods and indeed, as
seen in Figure S7a, the cluster IDs clearly do not line up between time periods.

In our manual approach to connecting clusters into layers across time periods, we label
all points within a particular cluster to be within a particular layer, compared to the
approach in the main text which sometimes split data points in the same cluster across
multiple layers. In this manual labeling process, we follow several guiding principles.
When a cluster in a particular period clearly encompassed more than one layer, we gave
that cluster it’s own distinct ID if the majority of other periods did, in fact, distinguish
those layers. We avoided relabeling two clusters within the same period to the same
layer ID unless it was abundantly clear that the clustering algorithm divided one layer
into multiple clusters. For values of S4 above approximately 34.9, the number of clusters

increased and their spans in S decreased, often overlapping with each other. This part
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of the staircase is very near the AW core, a region known to have intrusions (Bebieva &
Timmermans, 2019). Because we are not analyzing intrusions in this study, we did not
make an attempt to connect across time periods for clusters with an average Sy = 34.9 g
kg™, simply assigning them IDs with values of 120 or larger. The result of this manual
relabeling can be seen in Figure S7b.

Using these manually-connected layers, we create the same plot as Figure 4 in the main
text in Figure S8. Note that this includes clusters marked as outliers in both Ry (blue)
and IRg, (red) (see Text Sb), as well as having all layers with IDs > 120 marked as
outliers in both as such layers were not connected across time periods and should not
be included in statistics. Using this method, we find the same overall trends, however
the standard deviations or standard errors are larger and the R? values of the compound
trends are smaller. This is mostly due to the layers in this method which only occupy
one or two year-long periods. The fact that we find the same trends using two different
methods of layer connection across periods shows that these trends are robust.

Text S5. Outlier Clusters in R;, and IR

In this study, we do not disregard outlier layers as Schee et al. (2024) did. In their
study, they eliminated outliers in both normalized inter-cluster range I R of salinity and
lateral density ratio Ry. IR is defined for a cluster ¢ to be

Vi

IR, = A ___min___ 3
Y min(|gt — v, |0t — oY)’ 3)

where ¢ — 1 and ¢ 4+ 1 are the clusters on either side of i, v is the variable of interest (in

i and v

max min

this case, S4), v are the maximum and minimum values of v within cluster
1, and v* is the cluster’s mean value of v.

R, is defined to be
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_ BAS,
= ke’ “

Ry
where the haline contraction and thermal expansion coefficients are 3 = p~19p/9S4, and
a = —p~10p/0O respectively, and AS, and AO are, respectively, the variations in salinity
and temperature in a particular layer (Radko, 2013; Bebieva & Timmermans, 2019). Here,
Ry is estimated by the inverse slope of a linear fit of a particular layer’s data in a©—3S54
space.

Figure S9 shows the values of IRg, and Rj for each layer as a function of S4. The
values of I Rg, in this study are all very close to 1 due to how clusters were divided into
layers across the year-long periods using a salinity histogram; they necessarily have non-
overlapping salinity ranges. As opposed to Schee et al. (2024), we do not find a robust
pattern in R, in relation to pressure. We find no outliers in /Rg, and five outliers in Ry,.
In Figure S10, we make the same plot as in Figure 4, but show the trends calculated when
the outliers are excluded. We note that the trends are very similar to those in Figure 4,
and conclude that the inclusion or exclusion of outliers does not affect our overall results.
Text S6. Heat Flux

Estimates of heat flux through thermohaline staircases have often used parametrizations
that depend on the jumps in temperature and salinity between neighboring layers (Kelley,
1990; Shibley et al., 2017; Lu et al., 2022) and making direct measurements of heat flux
in this part of the ocean is difficult (Polyakov et al., 2012; Stranne et al., 2017). However,

estimates of heat flux could be calculated from long-term temperature trends of staircase

layers.
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Previous studies have estimated this using parameterizations, such as the 4/3 flux law,

based upon the differences in temperature and salinity between adjacent layers (Kelley,

1990; Shibley et al., 2017; Lu et al., 2022). Using layer temperature trends d,0, average

thickness Ah, isobaric heat capacity Up, and density p, we calculate the net heat flux
AFy for each layer as

AFy=Ah-C,-d,0 -7 (5)

and plot them in Figure S11. We find there is an internal structure within the staircase
which matches the trends in temperature with upper layers warming and lower layers
cooling. 44 of 48 layers have net heat fluxes between -0.003 and 0.002 W/m?. While these
calculations do not indicate the physical direction of the heat flux, the sum of layers’ net
heat fluxes, after removing one outlier (layer 48), is 0.021 W/m? which is the same order
of magnitude of estimates from previous studies (Timmermans et al., 2008; Turner, 2010;
Guthrie et al., 2015; Shibley & Timmermans, 2019) and is only a small fraction of the
estimates of total ocean-to-sea-ice heat flux (Timmermans et al., 2008).

Text S7. Calculating Timescales of Layer Evolution

In this section, we present the calculations of various values related to the timescales of
layer evolution presented in the main text.

From the salinity histograms of individual years in Figure 2e—h, we estimate that certain
peaks may be shifting in salinity at approximately 0.005 g kg=! yr=!. The outer salinity
boundaries of the Connected Layers dataset are 34.159-34.955 ¢ kg™!, spanning 0.796
-1

g kg™!. Therefore, we estimate that it would take approximately 0.796 g kg='/0.005 g

1

kg=! yr=! = 159 years for a peak to cross that entire salinity range.
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We find the temperature gradient across the detected layers to be decreasing over time.
In 2005-2006, the temperature gradient as a function of pressure was (1.57 40.03) x 1072
°C dbar~!. In 2021-2022, it was (1.08 £ 0.02) x 1072 °C dbar~!. This gives a 100 x
(1 —1.08/1.57) = 31.2% decrease. This calculation holds for the temperature gradient
as a function of salinity as well. In 2005-2006, it was 2.77 + 0.03 °C (g kg™')~! and in
2021-2022, it was 1.93 £ 0.05 °C (g kg~')~!. This gives a 100 x (1 — 1.93/2.77) = 30.3%
decrease.

In Figure 4e, the average of the layer’s trends in pressure is 2.40 dbar yr—! with a
standard deviation of 0.42 dbar yr—!. Shallower layers are sinking faster than deeper
layers, with a compound temporal and salinity trend of —1.6240.13 dbar yr=! (g kg=!)~*
with R? = 0.78. We use this to calculate the decrease in total height of the staircase by

extrapolating the boundaries of the analyzed salinity range

[—1.62 dbar yr (g kg ') ™! x 17 yr](34.955 g kg ' — 34.159 g kg™ ') = —21.92 dbar
with the uncertainty range propagated by extrapolating with the compound trend’s upper
[(—1.62+0.13) dbar yr~'(g kg™ ") "' x17 yr)(34.955 g kg ' —34.159 g kg~') = —23.681 dbar
and lower bound
[(—1.62—0.13) dbar yr*(g kg™ ") ' x 17 yr|(34.955 ¢ kg ' —34.159 g kg™') = —20.16 dbar

resulting in a calculated compression of —21.92 + 1.76 dbar.

This value takes into account the significant spatial variations in pressure exhibited
by the layers (see Figure S4). Because of these fluctuations, the difference in pressure
between the top and bottom detected layers at various points in time should not be taken

as an accurate estimate of change in overall staircase height. However, it may be useful
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to use differences between the top and bottom layers to estimate the average height of
the staircase, which can then give context to the estimated 21.92 dbar compression. In
Figure S16, we show the layer average pressure of the top and bottom layers, as well as
the difference between those two. From this, we estimate an average total height of the
layers of the staircase across all year-long periods to be 137 dbar. From this, compression
of 21.92 dbar then represents approximately a 16% decrease.

To estimate a timescale for this evolution in the pressure of layers, we take the trends,
which account for spatial variability, of the top and bottom layers, and solve for when

they intersect. The top layer is changing in pressure by

Dhottom (t) = 215.91 dbar + 2.96 dbar yr~ ()
and, for the bottom

Phottom (t) = 360.28 dbar + 2.276 dbar yr~'(¢)
Solving for their intersection

215.91 dbar + 2.96 dbar yr~'(¢) = 360.28 dbar + 2.276 dbar yr~'(¢)
0.684 dbar yr~'(t) = 144.37 dbar

t=211yr

We note that this compression is only for the layers we detect. There may be layers
or other similar features present that were not detected that would contribute to the
overall height of the staircase. For example, the bottom-most detected layer is sinking at
2.276+£0.004 dbar yr~! while the AW core is sinking at 5.194-0.04 dbar yr~!, implying that
these two features are diverging away from each other in pressure. The gap between these
two comes from the connection method used in the study. While the AW core reached
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salinities of up to 35.02 g kg™!, the bottom-most layer’s salinity boundary is 34.955 g
kg~!. This part of the water column is known to contain features called intrusions, which
are thought to run down to form staircase layers (Bebieva & Timmermans, 2019).

For the layer thickness trends, we find a median percent change of -1.94% for all the
detected layers. Extrapolating this would mean that the thickness of most layers would
collapse to zero in on the order of 50 years. We note, however, that the magnitudes
of these changes are on the same order as the vertical resolution of the measurements,
~ 0.25 dbar. As we calculate the layer thickness on a profile-by-profile basis, the values
of thickness are generally centered around multiples of 0.25 dbar (see Figure S15a). To
obtain higher-precision estimates of these small layerwise thickness trends, future work
could consider longer time series, incorporate data from other contemporary sources such

as ship casts or mooring, or estimate layer thickness using multiple profiles.
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Figure S1.  The dates on which profiles were taken within the BGR (see Figure S2) with
respect to it’s instrument ID in the time period analyzed in this study. This shows only the
15,202 up-going profiles which extend past 400 dbar (Staircase Range data). The vertical dashed
lines indicate the 15th of August in each year, around when new ITPs have typically been
deployed. Note that the colors for each ITP are only to make them easier to distinguish and do

not correspond to certain clusters or layers with the same color in other plots.
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Figure S2. A map of the Arctic with the Beaufort Gyre Region (BGR) boxed in red. Following

Shibley and Timmermans (2022), we define the BGR boundaries to be 130-160°W and 73-81.5°N.
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Figure S4. Maps of the pressure of each point within a layer over contour plots of the fit of
that layer for the LHW core, a selection of layers, as well as the AW core. The layers are in order

of physically highest to lowest in the water column.
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Figure S5. Maps of the temperature of each point within a layer over contour plots of the fit
of that layer for the LHW core, a selection of layers, as well as the AW core. The layers are in

order of physically highest to lowest in the water column.
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Figure S6. An example for the pressures in detected layer 35 of the least-squares linear fit
used to determine trends in time. (a) The linear fit for the data before accounting for spatial
variations. (b) The linear fit for the data after having accounted for spatial variations, and the

slope of pressure change over time used for layer 35 in the study.
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Figure S7. The salinity across all time periods, colored by cluster, for (a) before connecting
layers across time periods, (b) with the cluster labels re-numbered to manually connect layers
across the time periods, as described in Text S4, and (c) the same as in Figure 3a, but including
points outside the restricted salinity range (in orange). The blue and pink triangle markers

denote the values of the LHW and AW, respectively, for each profile. The vertical dashed lines

appear on every August 15th to denote the boundary between time periods.
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Figure S8. Averages and fit-corrected trends for all manually connected layers (see Text S4)
as functions of layer average absolute salinity. In all panels, vertical error bars show the standard
deviation in each layer’s absolute salinity, however many are very small. The top row shows layer
average (a) temperature, (b) pressure, and (c) thickness, with horizontal error bars representing
the standard deviation for each layer in the respective variable. The bottom row shows the fit-
corrected trends in (d) temperature, (e) pressure, and (f) thickness, with horizontal error bars
representing the standard error on each layer’s trend calculation. Layer thickness trends have

been normalized to show percent changes. All outliers were ignored when calculating the fit lines.
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are the same as in Figure 3 in the main text and the numbers correspond to the layers described

in Table 3. Blue circles mark the outliers in R; and orange circles denote endpoint clusters.
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Figure S10. Averages and trends for all detected layers as functions of layer average salinity
where outlier layers in R, have been excluded from the linear fit lines. In all panels, vertical error
bars show the standard deviation in each layer’s salinity, but are too small to be seen. The top
row shows layer average (a) temperature, (b) pressure, and (c¢) thickness, with horizontal error
bars representing the standard deviation for each layer in the respective variable. The bottom
row shows the trends in spatially corrected (d) temperature, (e) pressure, and (f) thickness, all
with horizontal error bars representing the standard error of the estimated slope on each layer’s
trend calculation. Layer thickness trends in (f) have been normalized to show percent changes
from average thicknesses in (¢). The blue and pink triangle markers denote the values for the
LHW and AW cores, respectively, blue markers denote outliers in R, and orange markers denote

endpoint clusters.
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Figure S11.

Plots of the various components of heat flux for each layer as a function of layer

average salinity: The layer averages for (a) thickness (same as Figure 4c in the main text, with a

wider horizontal domain), (b) isobaric heat capacity, (c) fit-corrected trend in temperature over

time (same as Figure 4d in the main text), (d) density, (e) net heat flux, and (f) the cumulative

net heat flux of regular layers, from the top to the bottom of the staircase. The red marker in

(f) represents the layer which is an outlier in (e).
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Figure S12.

SCHEE ET AL.: COHERENT AND EVOLVING STAIRCASE LAYERS

Staircase Range / Clustered data
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(a) The density of observations in temperature-salinity space for Staircase Range

data, the 15,202 profiles in the BGR for the date range of this study which extend past 400

dbar. (b) The same as panel a with the data points colored to distinguish the layers which

were connected across the 17 year-long periods. Black points are those designated as noise by

HDBSCAN.
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Figure S13. The salinity values of (a)Staircase Range and (b) Clustered data across time.
The LHW and AW cores are marked in blue and pink, respectively. Panel (b) is the same plot

as Figure 3a in the main text, but without points colored by detected layer.
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Figure S14. Histograms of (a) salinity and (b) temperature across the ranges used in this

study. Dotted lines represent the histograms of all the Staircase Range data and solid lines

represent the Clustered data. Vertical lines in (a) denote the boundaries between layers.
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Figure S15. As functions of salinity, the (a) layer thicknesses for each profile, (b) layer
thickness trends, and (c) percent change layer thickness trend. Panel (c) is the same as Figure 4f

in the main text, reproduced here for comparison to panel (b).

January 19, 2026, 8:53pm



Table S1.

SCHEE ET AL.: COHERENT AND EVOLVING STAIRCASE LAYERS

where nusters 1 the number of clusters found in that period and n

*

clusters

X-31

For each year-long period, summaries of the data and clustering parameters used

is the number of those

clusters in the salinity range 34.152 < S, < 34.970. Each time period is labeled by the last two

digits of the year in which it began, i.e. 05 is the period from 15 August 2005 to 15 August 2006.

Time Profiles ~ Total Noise .
Period ITPs present used points points Mpts Netusters. DBOV| Mgy
05 1,3 1,425 1,152,866 616,986 650 75 0.2869 61
06 1,3,4,5,6,8, 13 1,518 1,267,893 739,831 1100 68 0.2539 55
07 421’1 555’ 8,13, 18, 1,454 1,126,688 623,000 1300 56 0.3172 50
08 2611’ 18, 21, 25, 573 509,054 509,054 450 65 0.1615 52
09 21, 32, 33, 34, 35 774 628,730 400,559 300 80 0.1797 63
10 33,41, 42, 43 743 621,887 446,750 500 78 0.1193 65
11 41, 52, 53, 54, 55 880 709,249 406,165 1300 54  0.2632 48
12 41, 62, 64, 65 597 473,227 278,529 1100 49 0.2256 42
64, 68, 69, 70,
13 77.78. 79, 80 611 493,043 228,962 1350 47  0.2910 43
77,79, 80, 81, 82,
14 84, 85. 86, 87 1,907 1,600,412 947,319 1050 79 0.2537 64
15 82, 85, 86, 88, 89 377 290,354 170,627 500 64  0.1772 52
16 97, 99 397 318,621 194,903 200 82 0.2130 64
17 97, 100, 101, 108 470 344,856 190,093 550 67  0.1973 55
18 103, 104, 105, 107, 684 615,743 410,198 700 68 0.1433 55
109, 110
19 1(1)2’ 113, 114, 117, 488 443,676 268,088 750 61 0.1791 56
20 113, 114, 120, 121 1,063 967,756 707,763 1150 68 0.1719 55
21 120, 121, 122, 123 1,241 1,180,791 722,087 1150 63  0.1823| 54
Average 5 ITPs 894 749,697 462,407 829 66 0.2127 55
Stdev 2 ITPs 459 390,147 231,635 378 11 0.0565 7
Total 60 different I'TPs 15,202 12,744,846 7,860,914 - — - -

Table S2. Summary of averages and standard deviations for each variable v for o,, the standard

deviation of a layer in v; Aw, the distance between the average values in v for neighboring layers;

and Vspan, the distance between vpmax and vy, for a layer.

Variable Temperature () Pressure (p) Salinity (S4)
5, | (888E4.07) x 10 2°C 28.6L L0 dbar (3.93£0.92) x 10 ° g kg !
Av | (3.95+1.63) x 10 2°C 4.73 £4.53 dbar (1.65 £ 0.34) x 10 2 g kg !
Uepan 0.890 £ 0.107 °C 218 £ 25 dbar (1.66 £ 0.39) x 102 g kg '

January 19, 2026, 8:53pm



X-32 SCHEE ET AL.: COHERENT AND EVOLVING STAIRCASE LAYERS

200+

250+
140

300¢

350

Cluster average pressure (dbar)

| = Tnp!lln.\l laver

Difference between top and bottom layers (dbar)

| —e— Bottommost laver

100+

6 3 10 12 14 16 18 20
Year-long period

Figure S16. The layer-average pressure of the top and bottom detected staircases for each

year-long period. The difference between the two is shown on the right-hand axis.

Table S3. Slopes, intercepts, and R? values for the linear fits shown in each panel of Figure 4.
Linear fit with layer

- Slope Units Intercept R?
average salinity
Layer average © 2.29+0.04 °C g kg1 —79.36 +1.43 0.99
Layer average pressure 162.5+ 7.9 dbar g kg* —5348 273 0.90
Layer average thickness 7.67£1.59 dbar g kg™! —262.9+54.9 0.34
O trend —0.04334+0.0015 °Cyrtgkg ' 1.504+£0.05 0.95
Pressure trend —-1.62+0.13 dbaryr!'gkg! 583+44 0.78
Layer thickness trend 4.05+1.84 % yr~tgkg™!  —141.6 £63.7 0.09

Table S4. For each detected layer, the values of the lateral density ratio Ry, inter-cluster
range in salinity /Rg,, and salinity boundary; the average values of salinity S, temperature
O, pressure p, and thickness Ap; as well as the trends in time for salinity S, temperature ©,
pressure p, and thickness Ap and their corresponding R? values. Endpoint layers are marked in

orange text and outlier layers in R are marked in blue text.
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Table 1: For each detected layer, the values of the lateral density ratio Ry, inter-cluster range in salinity I Rg,, and salinity division; the average values of salinity S4, temperature O, pressure p, and thickness Ap; as well as the trends in time for salinity S4, temperature

O, pressure p, and thickness Ap and their corresponding R? values. Endpoint layers are marked in orange text and outlier layers in Ry, are marked in blue text.

Divisions Layer averages Trends across time

ID| R, IRs, Samm S (z/ke) 8 (°C) 7 (dbar) Ap (dbar) d@/dt("C/yr) R? Cé?él/ty/lfl)t R? : d‘éﬁi ;l;r) R? (‘j’gf;ﬁ//jﬁ) R? (gli%ii) R?

0| —11.8 1.6 34.100 34.133 £ 0.015 —1.114+£0.15 | 218.94 + 30.49 1.68 £0.90 | (2.631=£0.006)x 1( 02 0.80 (2.39140.006) x 1( )2 0.77 3.96 £0.02 0.43 3.22+£0.01 0.65 | (—3.14+0.17)x 1072 0.03

1 -9.0 1.1 34.159 34.1690 £ 0.0053 —1.11£0.16 | 21591 £ 30.65 0.53+0.32 | (2.73340. 010)><10 2082 (2. 31j:0 01)><10 2075 3.81+£0.03 0.43 2.96 £0.02 0.60 | (—2.1640.08)x1072 0.13

2 —8.7 0.9 34.179 34.1866 4 0.0037 —1.08£0.16 | 219.38 =30.98 0.41 +£0.21 | (2.72840.010)x1072 0.84 (2.3440.01)x10=2  0.77 3.70£0.03 0.43 2.9540.02 0.61 | (—8.36£0.56)x10~2 0.05

3 -8.1 1.3 34.195 34.2045 4+ 0.0040 —1.05+£0.17 | 224.39 +£31.15 0.424+0.24 (2.6440.01)x10"2  0.76 (2.3440.01)x1072  0.71 3.474+0.04 0.37 3.0240.02 0.62 | (—5.56+£0.61)x1072 0.02

4 —8.7 0.9 34.211 34.2175 4 0.0032 —1.03£0.15 | 227.18 £29.31 0.38 +0.19 (2.684+0.01)x1072  0.75 (2.4140.01)x1072  0.73 3.60+0.04 0.33 3.03+0.02 0.57 (7.0246.96)x10~*  2.55x10~*

5 -8.1 1.1 34.223 34.2327 £ 0.0045 —1.00 £0.15 | 228.55 £ 30.37 0.49 +0.30 (2.56+£0.01)x1072  0.74 (2.322+0.010)x1072  0.72 3.43+0.03 0.34 3.00£0.02 0.59 | (—=8.734£0.71)x10~3  0.02

6 -7.9 1.1 34.241 34.2491 £ 0.0042 —0.96 £0.15 | 230.98 £ 29.58 0.51 +£0.30 | (2.47440.010)x10=2 0.76 (2.292+0.009)x1072  0.75 3.13+0.03 0.30 2.85+0.02 0.58 | (—9.4440.74)x1073 0.02

7 -7.5 1.3 34.258 34.2663 £ 0.0035 —0.94£0.14 | 233.48 +28.83 0.48 +0.29 (2.4040.01)x10=2  0.73 (2.2124:0.009)x 1072 0.72 3.05+0.03 0.27 2.7340.02 0.55 | (—4.09£7.62)x10™* 4.53x107°

8 —8.0 0.9 34.273 34.2779 4+ 0.0027 —0.99 £0.14 | 223.05 £ 29.26 0.38 +0.21 (2.36+0.01)x1072  0.66 (2.0940.01)x1072  0.62 3.19+0.05 0.26 3.06 £0.03 0.52 | (6.72481.15)x1075 1.92x1076

9 -7.5 1.2 34.283 34.2898 £ 0.0032 —0.94 £0.14 | 229.26 £ 30.00 0.47 +0.24 | (2.46840.008)x10~2 0.79 (2.20940.008)x1072  0.77 3.37+0.03 0.34 2.804+0.02 0.58 | (—1.45+0.54)x1072 9.69x104
10 —7.4 1.1 34.297 34.3067 £ 0.0042 —0.92£0.14 | 229.17 £29.73 0.67 £0.39 | (2.356+0.008)x10"2 0.73 (2.09740.008)x1072  0.71 3.424+0.03 0.33 2.890£0.01 0.55 | (—2.1940.08)x1072 0.08
11 —7.6 1.2 34.315 34.3272 £+ 0.0062 —0.90 £0.14 | 228.88 = 30.00 1.01+£0.59 | (2.26740.007)x1072  0.71 (2.000£0.007)x1072  0.68 3.52+0.02 0.35 2.98£0.01 0.56 | (—5.1840.10)x1072 0.19
12 —7.2 0.9 34.339 34.3466 £ 0.0036 —0.85£0.13 | 234.93 £29.81 0.64 +0.38 | (2.25640.009)x1072  0.66 (1.94140.008)x 1072 0.64 3.55+0.03 0.33 2.834+0.02 0.51 | (—1.7840.08)x1072 0.05
13 —6.7 1.1 34.354 34.3625 £ 0.0045 —0.83 £0.13 | 236.70 £+ 29.67 0.72 +£0.47 | (2.09040.009)x10~2  0.62 (1.80740.008)x 1072 0.63 3.31+£0.03 0.31 2.7240.02 0.49 | (—2.27£0.10)x1072  0.06
14 —6.9 1.2 34.371 34.3813 4 0.0048 —0.81 £0.13 | 231.78 +30.83 0.98 +0.56 | (1.88240.006)x10~2 0.68 (1.52340.006)x 1072 0.62 3.51+£0.02 0.40 2.68+0.01 0.52 | (=1.524£0.10)x1072  0.02
15 —-7.2 1.1 34.392 34.3986 £ 0.0033 —0.79£0.11 | 232.43 £29.70 0.74 £0.43 | (1.757£0.007)x1072  0.65 (1.37640.006)x 1072 0.59 3.66 £0.02 0.41 2.55+£0.01 0.47 | (—1.6840.08)x1072 0.04
16 -7.1 1.0 34.405 34.4114 +0.0031 —0.74 £0.11 | 238.62 £ 30.39 0.65 4+ 0.37 | (1.66140.007)x10~2  0.61 (1.376+£0.006)x10=2  0.59 3.35£0.03 0.35 2.53+£0.01 0.49 | (-9.6640.74)x1073  0.02
17 —6.9 1.1 34.417 34.4235 £ 0.0036 —0.72£0.11 | 239.58 £29.41 0.70 £ 0.47 | (1.62740.008)x1072  0.57 (1.390£0.007)x1072  0.56 3.194+0.03 0.30 2.64+£0.02 0.47 | (—=2.054£0.09)x1072 0.05
18 -7.1 0.9 34.431 34.4367 £+ 0.0030 —0.70 £0.10 | 239.17 £ 28.46 0.74 +0.45 | (1.44940.007)x1072  0.52 (1.22740.006)x 1072 0.52 3.33+0.03 0.32 2.6140.01 0.46 | (—2.294£0.09)x1072  0.06
19 —6.9 1.1  34.443 34.4513 4+ 0.0043 —0.67£0.10 | 238.70 = 29.55 1.01 £0.62 | (1.365+0.006)x10"2 0.54 (1.1124:0.005) <1072 0.54 3.38+£0.02 0.37 2.5140.01 0.48 | (—2.83£0.11)x1072  0.06
20 —6.9 1.2 34.459 34.4676 £ 0.0046 —0.63 = 0.09 | 241.56 &+ 29.43 1.18 £0.74 (1 341+0. 005) x1072  0.55 (1 10140.005) x 1072 0.52 3.52+0.02 0.39 2.54+0.01 0.48 | (—2.8540.13)x 1072 0.04
21 —6.9 0.9 34.476 34.4822 £ 0.0032 —0.60 £ 0.09 | 243.04 £ 28.30 0.89 £ 0.51 | (1.24740.006)x10~2  0.51 (1.059+£0.005)x1072  0.53 3.38+0.02 0.36 2.55+£0.01 0.47 | (—=3.8040.09)x1072 0.14
22 -7.1 1.0 34.489 34.4968 £ 0.0034 —0.56 £ 0.08 | 243.73 £ 28.85 1.1140.73 | (1.08840.005)x1072  0.48 (8.5540.04)x 1073 0.46 3.60£0.02 0.42 2.45+0.01 0.47 | (=5.504£0.11)x1072 0.16
23 —7.6 1.2 34.504 34.5143 +0.0051 —0.52 £0.08 | 248.24 £+ 28.78 1.59 +0.85 (9.8440.05)x1073  0.41 (8.0040.04)x 1073 0.41 3.28+£0.02 0.35 2.50 £0.01 0.47 | (—4.93£0.14)x1072  0.09
24 —8.3 1.0 34.524 34.5336 4 0.0043 —0.48 £0.07 | 247.33 £27.97 1.58 +0.86 (7.3840.04)x 1073 0.29 (5.5740.03)x1073  0.27 3.4840.02 0.40 | 2.314+£0.009 0.43 | (=7.8440.13)x1072 0.23
25 -9.4 1.2 34.542 34.5517 4 0.0045 —0.43 £0.06 | 253.79 £ 27.88 1.58 +0.79 (6.2340.05)x 1073 0.21 (5.4740.04)x 1073 0.25 3.30£0.02 0.32 2.374+0.01 0.41 | (=1.77£0.14)x1072  0.01
26 —8.5 1.0 34.560 34.5662 4 0.0031 —0.40 £0.06 | 252.97 £ 27.65 1.26 +0.68 (5.7940.05)x 1073 0.21 (4.69£0.04)x 1073 0.22 3.56 £20.02 0.39 2.324£0.01 042 | (-5.1840.12)x1072 0.14
27 —8.8 1.0 34.573 34.5801 4+ 0.0031 —0.36 £0.06 | 255.92 £27.33 1.30 £ 0.67 (4.77£0.04)x1072  0.15 (3.64£0.03)x1073  0.15 3.55+0.02 0.40 2.20£0.01 0.40 | (—4.50£0.11)x1072 0.11
28 —8.8 1.3 34.587 34.5964 £ 0.0053 —0.31 £0.06 | 261.85 £ 27.95 2.03 £ 0.96 (4.5340.04)x107%  0.14 (3.5440.03)x10~%  0.14 3.154+0.02 0.33 | 2.093£0.009 0.38 (1.7240.16)x10=2  0.01
29 | —10.0 1.0 34.608 34.6172 £+ 0.0038 —0.26 £0.05 | 261.26 £+ 27.08 1.92 +0.97 (3.1940.03)x10=2  0.09 (2.2340.03)x10~3  0.07 3.67+0.01 0.43 | 2.253+£0.009 0.40 | (—7.72£0.15)x10~2 0.16
30 | —11.9 1.3 34.626 34.6341 4 0.0038 —0.22 £ 0.05 | 267.42 4 26.74 1.66 £ 0.82 (2.3340.04)x1073  0.04 (1.3440.03)x 1073 0.02 3.45+0.02 0.33 2.2240.01 0.34 | (—4.49+0.15)x1072  0.07
31 | —10.3 0.9 34.641 34.6461 £ 0.0025 —0.18 £ 0.05 | 274.80 &+ 27.45 1.14 +£0.69 (3 2240.05)x10~ 30.10 (2.8240.05)x 10~ 3.0.10 244 +£0.03 0.17 2.03£0.02 0.34 (1.26i0.17) x10~2  0.01
32 | —15.2 1.1 34.653 34.6610 £ 0.0034 —0.14 £0.04 | 270.99 £ 26.97 1.91 +£0.90 (3.60£0.32)x10=%  0.00 (4.91£0.27)x10~%  0.00 3.81£0.02 0.41 | 2.364+£0.010 0.40 | (—2.31£0.17)x1072 0.01
33 | —13.3 1.1  34.669 34.6776 £ 0.0040 —0.09 £0.04 | 275.96 £ 27.17 2.18 £1.00 (2.2040.29)x10~%  5.42x10~* (2.4640.25)x107*  9.10x10~* 3.51£0.01 0.37 | 2170 £0.009 0.37 | (—=1.02£1.76)x1073  2.54x107°
34 | —22.0 1.3 34.687 34.6973 £+ 0.0044 —0.04 £0.05 | 281.59 £+ 28.33 1.98 £1.11 | (—2.1240.03)x10=2  0.05 (—1.58+0.03)x1073  0.04 2.9940.02 0.31 | 2.258 £0.010 0.46 | (—1.61+0.21)x10=2  0.01
35 | —12.8 1.2 34.705 34.7110 £ 0.0036 | —0.009 £ 0.042 | 289.12 4+ 25.85 2.034+1.09 | (—6.43£3.93)x1075 3.70x107° (—5.76£3.60)x1075  3.54x107° 2.26 £0.02 0.13 1.95+0.01 0.29 (4.9140.22)x1072  0.04
36 | —18.0 0.9 34.721 34.7316 £ 0.0036 0.05 £ 0.05 | 283.96 & 25.88 2.97 +£1.43 | (—2.71£0.03)x1073  0.07 (—2.1840.02)x1073  0.06 3.57+0.01 0.38 | 2.075£0.008 0.32 —0.13+0.00 0.21
37 | —40.6 1.4 34.741 34.7561 £ 0.0060 0.12£0.05 | 289.24 £ 25.62 410+ 1.73 | (—5.1840.02)x1073 0.21 (—4.2440.02)x107%  0.18 3.03+0.01 0.33 | 1.879£0.007 0.30 —0.13+0.00 0.17
38 | —12.8 1.0 34.767 34.7754 £+ 0.0036 0.16 =0.05 | 301.33 £ 26.48 1.774£1.25 | (—2.1840.03)x1073  0.06 (—2.2440.03)x1073  0.07 2.03+0.02 0.16 1.87+0.01 0.34 (9.01£0.21)x1072  0.15
39 -9.0 1.3 34.783 34.7916 £+ 0.0034 0.22 £0.06 | 298.68 + 26.82 2.46 +1.57 | (—4.13£0.03)x1072 0.17 (—3.1440.02)x1073  0.14 2.86+0.01 0.38 | 1.733 £0.007 0.36 | (—1.53+£0.26)x10=2  0.00
40 | —11.6 0.7 34.799 34.8033 £+ 0.0022 0.23 £0.04 | 309.02 £ 24.38 2.39+2.15 | (—3.40£0.04)x1073  0.12 (—3.194£0.04)x1072  0.11 1.38+0.03 0.06 1.73+0.01 0.28 (6.4040.57)x1072  0.02
41 | —55.7 1.6 34.807 34.8155 £ 0.0045 0.29 £ 0.06 | 307.35 £ 27.50 4.00 £2.70 | (—6.974£0.03)x10~% 0.29 (—5.354£0.03)x1072  0.21 3.66 20.01 0.38 | 2.002£0.008 0.30 —0.20+0.00 0.16
42 -5.9 1.0 34.826 34.8372 £ 0.0035 0.35£0.07 | 309.87 & 24.48 4.56 +£3.19 | (—6.51£0.03)x1073 0.19 (—5.6540.02)x1073  0.26 3.217 £0.008 0.38 | 1.947 +£0.006 0.33 —0.40+0.00 0.43
43 -7.3 1.6 34.847 34.8575 £ 0.0038 0.37 £ 0.05 | 331.20 & 25.64 2.63 £1.62 | (—1.8540.04)x1073 0.03 (—2.2140.03)x1073  0.07 1.63+0.02 0.09 1.37+0.01 0.20 (9.21£0.32)x1072  0.08
44 —5.1 1.2 34.863 34.8670 £ 0.0026 0.42 +£0.07 | 325.00 £27.15 1.914+1.23 | (=5.05+£0.06)x10~3 0.10 (—4.3840.04)x1073  0.17 3.66 £0.02 0.32 2.36 +0.01 0.33 | (—5.81£0.30)x1072  0.05
45 —7.4 0.9 34.874 34.8823 £+ 0.0032 0.43 £0.04 | 337.59 &+ 30.16 2.754+2.05 | (—1.554£0.04)x1072 0.02 (—1.46+0.03)x1073  0.03 0.74+£0.03 0.01 1.55+0.01 0.22 0.20+0.00 0.25
46 —8.8 1.6 34.888 34.8970 £ 0.0051 0.49 +0.06 | 336.92 4 29.91 6.1243.38 | (—=3.61£0.02)x10~2 0.11 (—3.01£0.02)x10=2  0.11 3.52+0.01 0.34 | 2.345+0.006 0.38 0.324+0.00 0.25
47 -9.5 0.8 34.911 34.9190 £ 0.0042 0.56 = 0.06 | 355.69 £ 32.31 4.99+3.80 | (—3.184£0.02)x1073 0.11 (—2.7240.02)x1073  0.13 3.06£0.01 0.30 | 2.131 £0.008 0.34 (5.5040.65)x 1072 0.01
48 | —10.4 1.1 34.929 34.9432 £ 0.0062 0.63 £ 0.07 | 360.28 & 32.66 20.54 +8.39 | (—5.74+0. 02) X 10 3018 (—3. 64i0 01) X 10 3015 3.490 +0.007 0.32 | 2.276 £ 0.004 0.37 —0.18+0.01 0.01
49 7.7 1.7  34.955 34.982 £+ 0.015 0.74 +£0.07 | 414.14 £ 39.93 | 57.08 = 29.76 (—2.11£0.01) x 0.02 (—1.468+0.010) x 0.02 3.052 +0.006 0.16 | 3.411+£0.005 0.26 3.18£0.04 0.32



