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Abstract Reconstructing the spatial patterns in thermocline depth is critical for understanding ocean‐
atmosphere interactions. Previous foraminiferal proxies of thermocline depth focus on gradients between
planktonic foraminifera living in the surface and subsurface ocean. However, both thermocline depth changes
and stratification changes will impact this measure. In this study, we outline a method for reconstructing the
tropical upper ocean vertical water column profile, enabling the separate assessment of thermocline depth and
stratification changes. This method uses oxygen isotope data from surface and sub‐surface calcifying planktonic
foraminifera (Globigerinoides ruber albus,Globorotalia tumida,Neogloboquadrina dutertrei, and Pulleniatina
obliquiloculata) as well as data from benthic foraminifera from a core site below the thermocline. Using newly
generated and compiled oxygen isotope data from Holocene‐aged marine sediments, we construct vertical
profiles at 20 core sites in the Tropical Pacific Ocean. Quantitative estimates of thermocline depth along with
error ranges from Monte Carlo simulations are extracted from the reconstructed profiles. There is a strong
correlation between reconstructed Holocene and climatological thermocline depth, but the East‐West contrast in
the depth of the thermocline is underestimated by 30%. Incorporating benthic information in thermocline
estimates results in a dramatic improvement in the reconstruction of spatial gradients in thermocline depth
compared to a simpler proxy, the difference in oxygen isotope ratio between a deeper calcifying planktonic
species and the surface species, G. ruber.

Plain Language Summary The thermocline is a layer of the ocean where temperature changes
rapidly, and the depth of this layer is related to many climatic phenomena. Understanding where and when this
layer was deeper and shallower in the past is important to our overall understanding of the climate system. We
outline a novel method to reconstruct the thermocline with microscopic shells collected from the sea floor. Our
method can reconstruct the changes we see across the Pacific today and also recreate the changes found between
the last ice age and today.

1. Introduction
The thermocline is a climatologically important feature of the coupled ocean‐atmospheric system, especially in
the tropical Pacific. The thermocline is generally shallow in the Eastern Tropical Pacific and generally deep in the
Western Tropical Pacific. The Walker Circulation and the El‐Nino Southern Oscillation (ENSO) are intimately
linked to changes in this East‐West thermocline feature (Andreasen & Ravelo, 1997; DiNezio et al., 2011; Vecchi
et al., 2006). Model simulations of past climate do not robustly recreate these phenomena, and thus accurate
paleoreconstructions of the thermocline are needed to constrain model simulations (DiNezio et al., 2011; Liu
et al., 2020; Tian & Jiang, 2020).

Planktonic foraminifera are a commonly used archive to investigate past ocean changes as their calcitic shells can
be preserved for millions of years, and the geochemical signals in their shells are directly influenced by overlying
ocean properties. Some planktonic foraminifera calcify in the surface mixed layer (and thus can be used to
reconstruct surface conditions) while others calcify deeper in the water column (Fairbanks et al., 1980, 1982).
Many thermocline reconstructions are based on the calculation of differences in δ18O of calcite (δ18Oc) between
surface and sub‐surface calcifying species (e.g., Cannariato & Ravelo, 1997; Ford et al., 2012; Ford et al., 2018;
Ravelo &Andreasen, 1999; Spero et al., 2003). The basis for these techniques is that δ18Oc predominantly reflects
temperature, and that when the thermocline is shallow the difference in δ18Oc for the surface and deeper dwelling
species will be greater. Similar approaches use Mg/Ca based temperature reconstructions in deep and shallow
dwelling planktonic species (e.g., Ford et al., 2015; Hollstein et al., 2018; Hollstein et al., 2020). Qualitative
reconstructions of thermocline depth based on this concept have been key to establishing the timing of the onset of
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the modern East‐West tilt associated with a strong Walker circulation over time scales of several million years
(Wara et al., 2005), and have been used to detect thermocline changes associated with the Last Glacial Maximum
(Ford et al., 2018; Leech et al., 2013; Loubere, 2001; Patrick & Thunell, 1997).

However, the difference in δ18Oc between surface and subsurface species can vary independently of thermocline
depth. Changes in surface water properties alone, with no change below the mixed layer can influence the surface‐
subsurface difference. This can be seen in regions with large spatial gradients in vertical stratification of the water
column that are driven by freshwater input at the surface. In these regions, the temperature and δ18Oc differences
between surface and subsurface species can reflect those changes in stratification as opposed to changes in the
depth of the thermocline. For example, in the Eastern Tropical Pacific, the thermocline depth is similar north and
south of the equator. However, surface waters north of the equator are warm and fresh, whereas to the south they
are cold and salty. Driven by the surface water properties, there is a large difference in the surface to subsurface
δ18O gradient across the front separating these two regimes, despite the similar thermocline depth (Rincón‐
Martínez et al., 2011). While lines of evidence can be used to assume one component is small relative to the other,
this evidence must be local, making cross‐basin comparisons and interpretation tricky (Cannariato & Rav-
elo, 1997; Ford et al., 2015).

Here, we propose a multi‐species regression approach to reconstructing the water column δ18O profile between
0 and 600 m, incorporating δ18Oc data from planktonic and benthic foraminifera that have calcified at different
depths in the water column. Because we reconstruct the vertical profile of the water column, we are able to
separately assess changes in surface water properties (stratification) and thermocline depth changes. These
profiles are in δ18O space, but because the dominant control on the vertical profile of δ18O in the tropics is
temperature, this method can be used to reconstruct quantitatively the depth of the thermocline along with an error
range. We examine how the thermocline depth reconstructed using the regression method from Holocene aged
sediments in the Tropical Pacific matches the climatological thermocline depth, and explore how the method can
be used to reconstruct differences in thermocline depth over time. Finally, we test the traditional differencing
methods using our data set, and propose a new differencing method using only subsurface species which improves
the correlation to thermocline depth.

2. Materials and Methods
2.1. Foraminiferal Oxygen Isotope Data

For this work, we require oxygen isotope data from four sub‐surface species of foraminifera: Globigerinoides
ruber albus (henceforth G. ruber), Globorotalia tumida, Neogloboquadrina dutertrei, and Pulleniatina obli-
quiloculata. Our previously compiled core top and Holocene aged planktonic foraminifera data set from the
global tropics (Lakhani et al., 2022) had six Tropical Pacific sites for which Holocene dated (0–6ka) data exist for
all four species (Ford et al., 2018; Hollstein et al., 2017) (Table 1). We supplement this data with newly generated
oxygen isotope data for subsurface‐dwelling species for 14 additional Late Holocene and Mid Holocene dated
cores in the Tropical Pacific, for which data on some of the species already had been generated (Koutavas &
Lynch‐Stieglitz, 2003; Leech et al., 2013; Lynch‐Stieglitz et al., 2015; Monteagudo et al., 2021).

The age models for these 14 additional cores were updated using existing radiocarbon data, INTCAL20 and
PaleoDataView to ensure that the core depths were accurately dated (Costa et al., 2016, 2017; Langner &
Mulitza, 2019; Reimer et al., 2020). The reservoir age was determined from simulations done in Butzin
et al. (2017). If the grid point did not have a reservoir age, the nearest grid cells were checked for a reservoir age,
with increasing distance to the core location. Linear interpolation and extrapolation were used to estimate ages for
core depths between those with measured radiocarbon dates. The radiocarbon data used for the age models is in
Table S1 of Supporting Information S1. δ18Oc measurements were conducted on a Thermo MAT253 Stable
Isotope Mass Spectrometer coupled to a Kiel IV Carbonate Device at Georgia Tech. G. tumida was picked from
the 425–500 μm size fraction and measured in groups of 1–2 shells. N. dutertreiwas picked from the 355–425 μm
size fraction and measured in groups of 2–5 shells. P. obliquiloculata was picked from the 355–425 μm size
fraction and measured in groups of 2–7 shells. δ18Oc measurements were converted to PDB using an in‐house
standard and NBS‐19. The δ18O of NBS‐18 was also monitored. Reproducibility of the in‐house standard was
0.059‰ for δ18O and 0.020‰ for δ13C (1 sigma). The data for individual measurements is in Table S2 of
Supporting Information S1, and the Holocene average δ18Oc are shown in Table 1 and Figures 1a–1d, along with
the previously published data. The averages for each species at each core site (Table 1, Figures 1a–1d) include
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data points dated to 0–6 ka for both new and previously published analyses. The total number of analyses
contributing to each data point are reported in Table S3 of Supporting Information S1. We choose not to add any
species‐specific offsets to the planktonic foraminifera data, consistent with Lakhani et al. (2022), since we will be
using apparent calcification depths from that study.

We also use δ18Oc from benthic foraminifera at a single core site, KNR195‐5 GGC43 (Bova et al., 2015, 1.25°S,
89.68°W, 617 m) to constrain the bottom of the regressions for this region. The data was generated on Uvigerina
peregrina, which has a species‐specific offset of 0.47‰ from the (Kim & O’Neil, 1997) paleotemperature
equation (Marchitto et al., 2014). The average δ18Oc for this species between 0–6ka is 2.22‰. After adjusting for
this offset, δ18Oc is 1.75‰, very close to the expected value from climatology of 1.63‰ calculated using the
climatological temperature (Locarnini et al., 2013) and δ18Osw (LeGrande & Schmidt, 2006) and the paleo-
temperature equation from Kim and O’Neil (1997) at the core site.

2.2. Regression‐Based Water Column Profile Reconstruction

To create a profile from the individual data, we first define a functional form of the predicted δ18Oc vertical
profile. Qualitatively, in the open ocean, there is a surface mixed layer where δ18O (and other oceanographic
variables such as temperature and density) change very slowly with depth, followed by a sharp change in δ18O
indicating the thermocline/pycnocline, below which oceanographic variables change much more slowly. To
model this quantitatively, we define a mixed layer that extends to some depth MLD where δ18Oc(z) is held
constant, followed by an exponential curve that rapidly increases in δ18Oc with depth before approaching an
asymptotic deep ocean δ18Oc value of β3 (Equation 1).

δ18Oc(z) =
⎧⎨

⎩

C1 z≤MLD

(− 1)∗ β(− 1)∗ (z+β2)1 + β3 z≥MLD
(1)

Table 1
Core Locations and Holocene Average δ18Oc

Core name Latitude (°N) Longitude (°E) Depth (m) G. ruber δ18Oc (‰) G. tumida δ18Oc (‰) N. dutertrei δ18Oc (‰) P. obliq δ18Oc (‰)

GeoB17421‐2 − 3.55 144.20 588 − 3.45 − 0.31 − 1.39 − 2.20

GeoB17419‐2 − 2.81 144.50 1,887 − 3.09 − 0.50 − 1.64 − 1.76

GeoB17430‐2 − 4.22 145.03 1,160 − 3.09 − 0.01 − 1.75 − 2.15

GeoB17429‐1 − 4.10 145.20 1,604 − 3.02 − 0.07 − 2.01 − 2.00

GeoB17435‐2 − 7.27 147.34 1,001 − 3.29 − 0.15 − 2.09 − 2.23

VM24‐150 − 2.20 155.70 1,849 − 2.48 − 0.99 − 0.97 − 1.37

VM28‐234 − 7.13 158.97 2,719 − 2.60 − 1.10 − 1.73 − 1.40

VM28‐235 − 5.45 160.48 1,746 − 2.42 − 1.27 − 0.89 − 1.46

VM28‐233 − 6.32 161.38 2,334 − 2.41 − 0.98 − 1.15 − 1.26

ML1208‐28BB 2.97 − 159.20 3,153 − 1.74 − 0.58 − 0.82 − 1.39

ML1208‐20BB 1.27 − 157.26 2,850 − 2.10 − 0.82 − 0.94 − 1.28

ML1208‐19GC 0.83 − 156.87 2,956 − 2.04 − 0.51 − 0.50 − 1.07

ML1208‐18GC 0.59 − 156.66 3,362 − 2.10 − 0.41 − 0.47 − 1.05

ML1208‐13BB − 0.22 − 155.96 3,050 − 1.91 − 0.52 − 0.66 − 1.08

ODP 849 0.18 − 110.52 3,839 − 1.51 0.60 0.56 − 0.33

V21‐40 − 5.52 − 106.77 3,182 − 1.53 0.63 − 0.06 − 0.48

RC13‐140 2.87 − 87.75 2,246 − 2.60 0.59 0.21 − 0.94

RC8‐102 − 1.42 − 86.85 2,180 − 1.78 0.67 0.56 0.13

RC11‐238 − 1.52 − 85.82 2,573 − 1.60 0.09 0.48 − 0.10

V19‐27 − 0.47 − 82.07 1,373 − 2.17 0.51 0.66 − 0.20
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Figure S1 in Supporting Information S1 shows how the reconstructed profile is impacted by each parameter. For
each core site, the best fit parameters for the model are determined using the δ18Oc data from the planktonic
foraminifera for that site paired with the average Apparent Calcification Depth (ACD) for that species from
Lakhani et al. (2022) and the δ18Oc from benthic foraminifera from a core in the Eastern Tropical Pacific at 617 m
water depth. Over the Tropical Pacific (20°S–20°N, 140°E− 80°W), below 600 m, there is little variance in
predicted δ18Oc over the basin. Thus, for core locations with a water depth of more than 600 m, we can use the
benthic foraminifera δ18Oc from any core in this domain. Through much of this domain, the error in using benthic
δ18Oc from a different site as compared to the true value at a site is less than 0.2‰, and for the core sites
considered here is always less than 0.1‰ (Figure 1e).

C1 is assigned the value of the δ
18Oc of the surface‐dwelling species G. ruber. G. ruber has an ACD of 17 m and

has been used to reconstruct surface properties of the ocean (Lakhani et al., 2022). Data from the other three
planktonic species and the benthic value are used to estimate the parameters β1, β2, and MLD using a root‐mean‐
squared cost function. With the condition that the regression is continuous at the mixed layer, β3 is fixed at

Figure 1. Planktonic foraminifera data and location of benthic core. (a) G. ruber δ18Oc for this data set (filled circles) and climatological δ18Oc at the G. ruber ACD.
(b) Same forG. tumida (c) same for N. dutertrei (d) same for P. obliquiloculata. (e) Location of the core for the 600 m benthic foraminifera (U. peregrina) data used for
this study (star). Background color is the difference between predicted δ18Oc at 600 m relative to the core site of theU. peregrina data. Core locations for the planktonic
foraminifera are shown in the open circles.
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β3 = C1 + β− (MLD+β2)
1 . Starting with plausible ranges for these four parameters, every parameter combination is

evaluated. The calculated δ18Oc(z) is compared to the measured δ18Oc at the average ACD of each species (210 m
for G. tumida, 114 m for N. dutertrei and 94 m for P. obliquiloculata), and at the depth of the core (617 m) for the
benthic data point. The best fitting parameters minimize the root‐mean‐squared distance between these four
species' δ18Oc and the predicted δ18Oc at that species' average ACD. This parameter estimation is done first at a
coarse resolution in parameter space and then at a fine resolution to optimize speed and accuracy. For example, for
MLD, if the optimal regression has aMLD of 47 m, the parameter estimation would evaluate possible parameters
between 20 and 140 m every 15 m, identify that the best choice is between 35 and 50 m, and then at a finer
resolution, evaluate parameters between 35 and 50 m. The code for this model is uploaded on Github.

To handle the uncertainty in planktonic foraminiferal ACD, we sample from the distribution of ACD for each
species in Lakhani et al. (2022). The model is fit to these realized ACD values many times in a Monte‐Carlo style
to produce a cloud of realizations. The resulting cloud gives a lower‐bound on the uncertainty in the regression, as
there are other sources of uncertainty not incorporated in these simulations.

For validation of this model, at each core site we calculate the vertical profile of predicted foraminiferal δ18Oc

using the World Ocean Atlas 2013 mean annual temperature climatology (Locarnini et al., 2013), the δ18Oseawater

climatology from LeGrande & Schmidt (2006), and the linear paleotemperature equation from (Kim &
O’Neil, 1997; Lynch‐Stieglitz et al., 1999). While there may well be species specific disequilibrium effects, they
are poorly known for subsurface species (Lakhani et al., 2022 and references therein). Assuming that all tropical
planktonic species follow the equation based on Kim and O’Neil (1997) leads to a calculation of reasonable ACD
(Lakhani et al., 2022), and we follow that approach here for consistency as we use the ACD from that study in the
regression analysis.

3. Results and Discussion
This work uses data from 20 core locations; 6 locations are in the Eastern Tropical Pacific, 5 locations are in the
Central Tropical Pacific, and nine locations are in the Western Tropical Pacific. This allows us to evaluate how
well our model reconstructs the predicted δ18Oc profile across a wide range of oceanographic conditions. The core
locations and δ18Oc data for this analysis are shown in Table 1. The δ18Oc is plotted spatially in Figures 1a–1d.

3.1. Water Column Profile Reconstructions

Representative profiles generated from the foraminiferal data are shown in Figure 2, and profiles for all sites are
shown in Figures S2–S5 of Supporting Information S1. There is broad agreement between the planktonic fora-
miniferal data and the modeled profile in all cases, with the individual Monte Carlo runs of the model surrounding
the profile generated from the average species‐specific ACD's. This means that the form of the regression is
flexible enough to model the data from the different regions, and the large‐scale differences between the Eastern
and Western Tropical Pacific seen today (Figure 2). However, the observed climatological profile does not
completely fall within the Monte Carlo cloud of the regression produced by the method. The limitations of the
assumed exponential form preclude the possibility of capturing the more complex structure in the Eastern
Tropical Pacific and the water column above the thermocline in the Central and Western Tropical Pacific.

The inclusion of benthic δ18Oc data is critical to the success of the method (Figure 2 and Figures S2–S5 in
Supporting Information S1). Benthic foraminifera live at a known depth and have smaller δ18Oc variance than
planktonic foraminifera due to living in the deep ocean, where temperature is less variable. This allows the
regression to be anchored by a datapoint that is known to higher accuracy than any of the subsurface planktonic
species. This is particularly important for exponential functions that have an asymptote; a change in the deepest
datapoint has a direct impact on the δ18Oc of the asymptote and thus the shape of the upper part of the regression.
Including accurate benthic data makes the regression much more accurate overall, both below the depth of G.
tumida, the deepest living planktonic species, and above this depth.

3.2. Limitations of Profile Reconstructions

While this method seems promising, there are limitations in its use for estimating vertical water column profiles
during the past. First, this method is inherently limited by the accuracy at which we know the calcification depths
of the foraminifera. Reducing the error in the ACD of these species reduces the Monte Carlo error around the
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mean regression, which affects the magnitude of thermocline change that can be estimated from this method. If
the thermocline change is subtle between two time periods, the signal would be too small relative to the noise from
the uncertainty in depth habitat, resulting in a conclusion of no significant change between the time periods. We
have also previously demonstrated that for some subsurface species, the ACD can depend on thermocline depth.
We can see this in our data in Figure 1, where the foraminiferal δ18Oc values for N. dutertrei and P. obliquilo-
culata are lower than the values at the ACD (warmer values) in the east, and higher (colder values) in the west.
This method does not incorporate this dependence, using the full modern range of ACD across the global tropics
when calculating the Monte Carlo clouds.

This method also uses a simple form of the upper ocean that is not always a good estimate for the real profile. The
simple form is required to limit the number of free parameters given the small amount of data available to
constrain the regression. In regions where this is not a good approximation of reality, the model would sys-
tematically differ from reality. For example, there are systematic differences between the regression and the

Figure 2. Model results for sample Tropical Pacific cores. (a–c) Model results for VM28‐234 (Western Tropical Pacific), ML1208‐19GC (Central Tropical Pacific), and
ODP 849 (Eastern Tropical Pacific) when not including benthic data. Solid line indicates average profile, and lighter lines indicate Monte Carlo error due to ACD
variability. (d–f) Same as (a–c) when benthic data is included. (g) Transect plot for Equatorial Pacific. Background is modern climatology‐derived δ18O averaged over
5°S and 5°N. Bars are average of regressionsin each region within this latitude band.
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profiles calculated using climatological temperature and δ18Osw in cores from the Eastern Tropical Pacific below
200 m due to the simplicity of the functional form. While the model broadly matches the profiles calculated from
climatological values despite this, this method cannot necessarily be applied wholesale to a different region.
Depending on the interplay between subsurface water masses affecting a local profile, this method would not be
suitable for reconstructing the water column profile. Along with this, if the typical vertical structure in the water
column δ18Oc in a region is significantly different in the past, this method would need to be modified to match
those conditions.

We also note that the method, as applied, results in a vertical profile of δ18Oc, which reflects both δ18Osw and
temperature. Depending upon the application, the desired reconstruction might be a vertical profile of temper-
ature; in that case, paleo‐temperature proxies such as Mg/Ca on foraminifera could be used in a similar manner.
However, in other applications, a vertical profile of density might be most relevant, in which case the δ18Oc

profile might be more useful since both temperature and salinity (correlated with δ18Osw) influence density
(Lynch‐Stieglitz et al., 1999).

3.3. Thermocline Depth From Profile Reconstructions

We compare estimates of the thermocline depth derived from the model to the climatological thermocline depth.
We use the depth of the 20°C isotherm, an often used proxy for the thermocline depth, as it is the depth that
corresponds to strongest temperature gradients in today's tropical ocean. We derive an equivalent measure to the
20°C isotherm that can be used for our reconstructed δ18Oc profiles. We calculate the δ18Oc that corresponds to
the 20°C isotherm in today's ocean to be the depth where δ18Oc(z) = δ18Oc(T = 20°C,
δ18Osw= 0.36‰)= − 0.66‰, with 0.36‰ being the average δ18Osw in the tropical Pacific at 150 m. The depth of
this δ18Oc value calculated from climatological δ18Osw and T is at all locations very close in depth to the 20°C
isotherm (Figure S6 in Supporting Information S1). We then can compare the depth in the regression at which
δ18Oc = − 0.66‰ directly to the 20°C isotherm (Table 2, Figures 3 and 4). The thermocline estimates using this

Table 2
Reconstructed Thermocline Depth

Corename Latitude (°N) Longitude (°E) Climatological Z20 (m) Calculated Z20 (m) Standard deviation (m) 2.5 and 97.5 percentile (m)

GeoB17421‐2 − 3.55 144.20 185 155 27 [109, 208]

GeoB17419‐2 − 2.81 144.50 186 166 28 [113, 213]

GeoB17430‐2 − 4.22 145.03 186 152 30 [97, 207]

GeoB17429‐1 − 4.10 145.20 186 161 29 [105, 214]

GeoB17435‐2 − 7.27 147.34 186 167 28 [107, 222]

VM24‐150 − 2.20 155.70 185 163 20 [122, 200]

VM28‐234 − 7.13 158.97 208 188 23 [140, 238]

VM28‐235 − 5.45 160.48 205 175 17 [134, 212]

VM28‐233 − 6.32 161.38 206 164 19 [128, 195]

ML1208‐28BB 2.97 − 159.20 147 144 21 [108, 197]

ML1208‐20BB 1.27 − 157.26 140 154 20 [107, 191]

ML1208‐19GC 0.83 − 156.87 140 131 19 [92, 159]

ML1208‐18GC 0.59 − 156.66 140 124 21 [85, 165]

ML1208‐13BB − 0.22 − 155.96 143 132 15 [103, 169]

ODP 849 0.18 − 110.52 50 58 12 [47, 94]

V21‐40 − 5.52 − 106.77 79 70 20 [49, 137]

RC13‐140 2.87 − 87.75 48 87 14 [70, 124]

RC8‐102 − 1.42 − 86.85 29 60 6 [53, 76]

RC11‐238 − 1.52 − 85.82 29 64 9 [52, 87]

V19‐27 − 0.47 − 82.07 33 69 7 [60, 90]

ODP 849 (LGM) 0.18 − 110.52 N/A 89 19 [57, 129]
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metric derived from the regression model are well correlated with the depth of
the climatological 20°C isotherm, but with a slope less than one (0.7), indi-
cating a systematic overestimation of thermocline depth in locations where
the thermocline is shallow and underestimation where it is deep. The ther-
mocline depth reconstructed in the Western Tropical Pacific is systematically
too shallow by 26 m (Figure 3), but agrees with the climatological value
within the error envelope from the Monte Carlo simulations. The recon-
structed thermocline depth is on average 35 m deeper than observed in the
Eastern Tropical Pacific (Table 2, Figures 3 and 4). The disagreement in the
Eastern Tropical Pacific stems, at least in part, to the fact that the actual
vertical profile has a more complicated shape than our regression model.
Forcing the data to the exponential shape results in these slightly too deep
thermocline depth estimates. Another factor leading to the reduced east‐west
contrast in thermocline depth is that there is systemic spatial variation in the
ACD, with bothN. dutertrei and P. obliquiloculata calcifying at more shallow
depths where the thermocline is shallow. In this study, we sampled the entire
ACD distribution from today's tropical ocean, including Pacific, Atlantic and
Indian Oceans at all core locations. While we could have improved the
agreement with climatology if we used regional ACD, for paleoclimate ap-
plications we would not know a priori which regional distribution would be
most appropriate at each location. Further refinements of the method which
account for the correlation of ACD thermocline depth may be possible. But,
overall, the method is doing a good qualitative job reconstructing the

Figure 3. Thermocline depth predicted from δ18Oc profile. (a) Depth of Z20 derived from regression for core locations.
Contours are Z20 equivalent depth from climatology‐based δ18Oc field. (b) Average thermocline depth across the equatorial
Pacific. Solid line is average Z20 equivalent depth between 5°S and 5°N, and the error envelope represents 1–sigma standard
deviation of this depth. Mean regression results are shown as dots, with standard deviation of Z20 equivalent depth as error
bars.

Figure 4. Thermocline depth predicted from δ18Oc profile. Climatology 20°C
isotherm depth (x‐axis) compared to the depth where δ18Oc = 0.66‰ as an
equivalent measure from the reconstructed δ18Oc profile (y‐axis). Dashed
line is the 1:1 line. Error bars are the 95% confidence intervals from the
Monte Carlo simulations. While predicted thermocline depth is well
correlated with observed depth (R = 0.97, p < 0.0001), thermocline depth is
overestimated where the thermocline is shallow.
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thermocline depth of the 20°C isotherm over the entire region, as evidenced by the strong correlation shown in
Figure 4. The method also provides a quantitative estimate of thermocline depth consistent with observed values,
albeit with a large error range as well as systematic errors related to thermocline depth.

3.4. Application to the Last Glacial Maximum

We apply our method using previously published data for the Last Glacial Maximum in the Eastern Pacific. Ford
et al. (2018) have reported data at core ODP 849 (0.183°N, 110.519°W, 3,839 m water depth) for the species used
in our analysis for the Holocene and the LGM. The benthic record from Bova et al. (2015) extends through the
LGM, and so we use the average δ18Oc for U. peregrina between 19 ka and 23 ka adjusted for its species‐specific
offset for the benthic data point (2.79‰). Taking into account the sea level difference between the LGM and
modern, we shift the benthic depth 121 m shallower in the water column to 496 m (Fairbanks, 1989). While this is
shallower than the benthic data we use for the Holocene, because both cores are in the Eastern Pacific, we assume
that benthic data from core KNR195‐5 GGC43 is representative of conditions at the same water depth at the
location of ODP849. No adjustment in the planktonic species ACD is needed as these species freely float in the
upper ocean.

Once the overall increase in δ18Oc due to ice volume change and cooling is accounted for, the regression method
suggests a deepening of the thermocline (Figure 5). The average profile for the LGM is deeper than the average
profile for the Holocene, with much of the Monte Carlo cloud being deeper as well. While there is a systematic
deepening caused by the G. ruber data for the LGM having a lower δ18Oc after the ice volume and SST
adjustment, even when aligned, the average LGM profile has a deeper thermocline than the average Holocene
profile. Another difference between the two profiles is the difference in the depth of the benthic data. However,
the use of shallower benthic data to constrain the profile would lead to a shoaling of the profile, all else being
equal, making any signal of a deeper thermocline an underestimate. Despite differences in applying this method to
the LGM that could skew comparisons, we find a deeper thermocline at this core location during the LGM, in line
with previous interpretations of this data.

Using our thermocline metric of δ18Oc = − 0.66 we assess the Holocene depth of the thermocline to be 57 m (48–
96m 95% confidence interval fromMonte Carlo simulations). For the Holocene, we chose this thermocline metric
because it best approximates the depth of the 20°C isotherm which, in turn, is co‐located with the highest vertical
temperature gradient in the modern ocean. Our regression method, which assumes an exponential form, cannot
tell us which isotherm (or level of constant δ18Oc) is co‐located with the highest vertical temperature gradient in
the glacial ocean. So, in the absence of an alternative, we assume a similar overall vertical water column structure,
once the overall cooling (2.5°C × 0.21 = 0.525‰) (Monteagudo et al., 2021) and higher δ18O (1.0‰) (Schrag
et al., 2002) is accounted for. Under this assumption our glacial thermocline metric becomes 0.87‰. Using this
metric, we calculate a thermocline depth of 89 m (57–121 m 95% confidence interval from Monte Carlo simu-
lations). We now have a quantitative estimate 30 m lowering with quantified (and large) uncertainty ranges. We
can use these ranges to estimate a 93% likelihood that the thermocline was deeper during the LGM.

Our finding that the thermocline was likely deeper is consistent with the interpretation in the original paper where
the data was published. Ford et al. (2018) found that the vertical gradient between the surface species and the
subsurface species decreased during the LGM, which they interpret as consistent with a deepening of the ther-
mocline. While changes in upper ocean stratification could result in a similar signal in difference in the δ18Oc of
these species, the authors cite evidence that this was not an important factor at this site (Cannariato & Rav-
elo, 1997; Ford et al., 2012). However, in our approach we incorporate the information that the δ18Oc gradient
between the subsurface planktonic foraminifera and the benthic foraminifera decreased at the same time as the
surface‐subsurface gradient increased. This enhances confidence in the interpretation that the thermocline was
deeper, and that changes in surface stratification were not driving the changed surface‐subsurface gradient.

3.5. Species Difference‐Based Thermocline Depth Proxies

With this data set, we can investigate the effectiveness of the difference betweenG. ruber andG. tumida δ18Oc as
a proxy for thermocline depth. The difference between δ18Oc of G. ruber and G. tumida is a commonly used
metric for understanding upper ocean changes (Cannariato & Ravelo, 1997; Ford et al., 2018; Rincon‐Martinez
et al., 2011). The differencing removes mean ocean differences over the domain of interest. For example, if the
whole ocean warms or freshens uniformly, all else being equal, this difference between the data from surface and
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subsurface species remains constant. Any additional changes can be influenced by changes in the water column
profile. However, a change in the surface processes settingG. ruber δ18Oc and surface to subsurface stratification
is indistinguishable in its influence on the proxy from a change in the thermocline depth. The Holocene G. ruber
—G. tumida δ18Oc is not well correlated to modern thermocline depth at the sites in our study (Figure 6a),
suggesting a large role for stratification changes. Using the other subsurface species instead of, or in addition to,
G. tumida only improves the correlation slightly (Figures 6b–6d).

The much stronger correlation of reconstructed thermocline depth using our regression method (Figure 2) is likely
driven by the inclusion of the δ18Oc data from benthic foraminifera. We therefore propose comparing G. tumida
(or other subsurface dwelling species) δ18Oc to a benthic species δ

18Oc as an alternative to theG. ruber‐G. tumida
δ18Oc difference. When differenced from the benthic instead of G. ruber δ18Oc data, the relationship to ther-
mocline depth is much stronger and consistent across the species (Figure 7). Despite each species calcifying at a
different ACD and the significant variance within each species, the relationship between these difference mea-
sures and the thermocline depth is strong. In addition to this, the difference using the average of all three species is
even more highly correlated to thermocline depth than any single species, with the same R value as the correlation
using the full profile (Figure 2).

Figure 5. Thermocline model reconstructions for ODP849 for the Holocene and LGM. (a) Holocene data from Ford et al. (2018) plotted in circles, with predicted δ18Oc
climatology plotted in black and modeled profile in red. Monte Carlo error due to variability in lighter lines. (b) LGM data from Ford et al. (2018) plotted in circles with
predicted δ18Oc climatology plotted in black and modeled profile in blue. Monte Carlo error due to variability is in lighter lines. The climatology profile is shifted by the
ice volume change (1.0‰) and SST change applied uniformly (2.5°C × 0.21 = 0.525‰) to align with LGM data and regression (Monteagudo et al., 2021; Schrag
et al., 2002). (c) LGM and Holocene data and modeled profiles plotted together for comparison. LGM data and regression profile shifted by ice volume change and SST
change applied uniformly.
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The same benthic data is used for all sites, meaning that G. tumida, N. dutertrei, and P. obliquiloculata δ18Oc and
their mean δ18Oc are correlated with thermocline depth, even if they are not differenced to the benthic data. So
what is gained by using the data from the benthic foraminifera? If we would like to apply these relationships as a
proxy for thermocline depth back in time, rather than just in space as we do here, we need to incorporate the
information provided by the benthic foraminifera. By differencing the data from the subsurface planktonic
foraminifer from the benthic data at 600 m, we eliminate from consideration changes over time in temperature and
δ18Osw which impact both the subsurface planktonic and the benthic data. This will ensure that the proxy is
measuring only the vertical difference in δ18Oc between the depths at which the foraminifera calcified. Cannariato
and Ravelo (1997) used a similar approach, comparing the difference in G. tumida and the mixed layer species T.
sacculifer δ18Oc to the difference in these species δ18Oc with benthic data from a nearby core in order to isolate
surface influences on the G. tumida‐T. saccculifer difference over the past 5 Ma.

Figure 6. G. ruber δ18Oc compared to subsurface data as a proxy for thermocline depth. (a) Climatology 20°C isotherm compared to the difference in δ18Oc of G. ruber
andG. tumida. (b) Same as (a) except withN. dutertrei in place ofG. tumida. (c) Same as (a) except with P. obliquiloculata in place ofG. tumida. (d) Same as (a) except
with the mean of the subsurface species in place of G. tumida. Correlation coefficient (R) is indicated on each plot.
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4. Conclusions
We present a novel regression method that incorporates the δ18Oc of multiple species of planktonic foraminifera
and benthic foraminifera to quantitatively reconstruct the vertical water column profile. New δ18Oc measurements
for G. tumida, N. dutertrei, and P. obliquiloculata allow us to apply this method to the Tropical Pacific, and
demonstrate that the first order differences in the vertical water column profile between the regions is captured by
the method. We use the information from the profiles to infer thermocline depth. While the reconstructed ther-
mocline depth is highly correlated to the actual thermocline depth, there are systematic differences with an
overestimation of thermocline depth where the thermocline is shallow and underestimation of the thermocline
depth where the thermocline is deep. This method provides a quantitative estimate of thermocline depth, with an
error envelope provided by the Monte Carlo simulation. Such error estimates can be useful when incorporating
paleoclimate data into data assimilation or inverse modeling reconstructions of past climate states.

By including data from both surface and subsurface planktonic foraminifera, as well as benthic foraminifera at a
site below the thermocline, this method can capture both changes in stratification (through the difference between

Figure 7. Benthic δ18Oc compared to subsurface data as a proxy for thermocline depth. Same as Figure 4 except with offset‐corrected U. peregrina δ18Oc in place of G.
ruber δ18Oc.
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surface water and subthermocline properties) and thermocline depth (through the relationship between the
properties captured by the sub‐surface planktonic foraminifera). The ability of the regression method to provide
information on both changes in stratification and thermocline depth provides an improvement on the commonly‐
used approach of differencing the δ18Oc of G. ruber and G. tumida (or other subsurface calcifying foraminifera)
which could reflect either changes in stratification or thermocline depth. If a simple differencing method for
reconstructing thermocline depth is desired, differencing the δ18Oc from subsurface species from benthic fora-
minifera δ18Oc instead of G. ruber provides a more robust proxy.

While the regression method represents a positive step toward quantitative estimates of thermocline depth and
other aspects of the upper ocean water column, the large Monte Carlo error estimates provide a reminder that
quantitative does not necessarily mean precise. It is our hope that improved understanding of planktonic fora-
minifera calcification depth, the use of multiple proxies, information from individual foraminifera, and method
improvements will lead to more precise reconstructions in the future. However, even with the current state of
knowledge, our regression method might prove useful for studies where there is interest in both surface strati-
fication and thermocline depth.

Data Availability Statement
The data used in the study are available in Table 1 and Table S2 in Supporting Information S1, and archived with
NOAA NCEI (Lakhani et al., 2024). The code for generating the figures is available through Zenodo
(Lakhani, 2024) and Github (https://github.com/lakhani1118/Thermocline_Reconstruction/releases/tag/tag1).
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