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Precise measurements of dissolved noble gases along the GP15 GEOTRACES
Pacific Meridional Transect reveal the oldest northern bottom waters
equilibrated with the atmosphere at a higher barometric pressure than more

recent waters. Here, using a radiocarbon-calibrated multi-tracer-based
diagnostic model, we reconstruct the magnitude and timing of this
palaeo-barometric pressure anomaly. We hypothesize this multi-millennial
trend in sea-level pressure results from local and regional processes extant
in Antarctic Bottom Water formation regions.

Beinginert, noble gases usefully trace water mass formation processes.
Excluding the lightest (helium) and heaviest (radon), they have no
internal sources or sinks within the ocean and therefore preserve a
record of conditions when water masses leave the ocean surface' in
polar regions. These gases (Ne, Ar, Kr and Xe) have a wide range of
well-determined physical characteristics, including solubility? and
molecular diffusivity®. Processes at these interfaces imprint the con-
centrations of the individual noble gases in unique ways"**, and the
patternsare preserved over the trajectory of the water masses as they
circumnavigate the global meridional overturning circulation (MOC®),
subject only to mixing and advection. The deep Pacific records the
oldest climate events because it is the terminus of the MOC.

Gases are generally super-or undersaturated in subsurface waters,
where AC, the ‘saturation anomaly’, is defined as the per cent deviation
fromsolubility equilibrium with the atmosphere:

C

AC= (— - 1) x 100%. (1)
Cs

Cisthemeasured concentration and Csis the saturation concentration
of the gas at the water’s temperature and salinity whenin contact ata
reference pressure of precisely 1,013.25 mbar (ref. 2). Sea-level pres-
sure (SLP) is rarely exactly equal to this reference value, because it is
affected by local and large-scale meteorological processes. Moreover,
processes at the seasurface, includingwind-induced bubble injection
andradiative heating and cooling, drive gases away from equilibrium.
Within the deep Pacific Ocean, noble gases exhibit a consistent pattern
where the lightest noble gas (Ne) is slightly supersaturated and the
heavier gases (Ar, Kr and Xe) are progressively more undersaturated,

resulting from their differing physical characteristics in response to
these competing processes during water mass formation*’.

In this Brief Communication, as part of the US GEOTRACES pro-
gramme, we measured dissolved noble gases along a meridional section
(GP15) in the central Pacific (-152° W) from 20.0° S to 56.5° N. We ana-
lysed ~850 samples from 36 locations along this track® at an analytical
precision of order 0.1% (see refs. 2,7). Figure 1a is a contoured section
of dissolved neon concentrations, showing a pronounced maximum
inbottomwaters north of 10° N. This feature appears in the contoured
neon saturation anomaly ANe (Fig. 1b). Figure 1b is overlaid with an
idealized schematic of the deep MOC depictedinref. 9, which has bot-
tom water entering from the south below ~3,400 m depth, upwelling
inthe North Pacific and returning below ~2,000 m depth towards the
south. All of the noble gases are influenced by incoming bottom water?®.
Although the ANe maximum appears to extend the full depth of the
water column, careful inspection reveals a clear separation between
shallower and deeper features around the ~2,200 m depth, which
coincides with the upper extent of the overturning circulation scheme®,
We focus on the lower feature.

Average saturation anomalies of all four noble gases below the
28.05 kg m~ neutral density surface, binned in10°-latitude increments,
exhibit a consistent northward increase (Extended Data Fig.1). Com-
parison of averages between the northern (25°to 45° N) and southern
(20° S to 0° N) bottom waters, corrected for the influence of geo-
thermal heating, reveals a net increase of 0.30 + 0.05%, 0.26 + 0.05%,
0.31+0.12%and 0.22 + 0.08% for ANe, AAr, AKrand AXe, respectively.
Although small in magnitude, these differences are well resolved due
to both high analytical precision” and the number of samples meas-
uredinthenorthern (n=25) and southern (n =35) group for each gas.
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Fig.1|Noble gas variations in the deep Pacific. a, A contoured S-N section
(depth versus latitude) of dissolved neon concentration (in nmol kg™) in the
central Pacific along ~152° W from 20° S to Alaska. The sea floor is dark grey,
andblack dots represent sample locations. White contours are concentration
isopleths (contour interval ~20). The thin black contours are the neutral density
anomaly, where the 28.05 kg m™ marks the boundary between incoming bottom
water and returning deep water. b, The same data expressed as saturation
anomaly (ANein %, see equation (1) in text). Superimposed on the section
(heavier black lines) is a schematic of overturning streamlines for this section
recently proposed by Holzer et al. (adapted from their Fig. 1b°). The black vertical
dashed arrows schematically depict vertical mixing. Note there is amid-depth
vertical minimum in ANe around 2,300 min the north separating the deep and
intermediate waters. c-e, Schematic noble gas saturation anomaly changes
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corresponding to a ANe increase of 0.30% between the northern and southern
regionsinAr (c),Kr (d) and Xe (e) after a correction for geothermal heating

of 0.05 °C (original, uncorrected data are small black squares; the corrected
dataare the magenta circles with surrounding error ellipses). The black error
barsindicate the approximate uncertainty (ones.d.) in the projections, while
the different coloured vectorsindicate the changes due to the four candidate
processes considered here. The upward black vector indicates the saturation
anomaly change due to geothermal heating of 0.05 °C, while the downward
black vector signifies the thermal (cooling) disequilibrium of the same
magnitude. The magenta ellipse signifies the uncertainty (1s.e.m.) in the
differences between mean northern (n = 35) and southern (n = 25) bottom water
noble gas saturation anomalies.

Systematic uncertainties are avoided by employing the same analytical
procedures, standards and instruments used to determine their respec-
tive solubilities®.

Sincethereare noinsitusources or sinks for these gases, we must
conclude that the observed differences reflect past changes in water
mass formation conditions. These can be decomposed into four pos-
sible mechanisms (the coloured arrows in Fig. 1c-e): changing mean
wind speed (varying the amount of bubble injection’, green arrows),
variation in thermal disequilibrium (black arrows), changing glacial
melt water addition (blue arrows) and altered atmospheric pressure
(red arrows). Given that the response of the individual noble gases
to each of these processes is unique and predictable’®, the diagrams
show that only changing barometric pressure can consistently explain
the meridional differences in the four gases. The mean difference for
all four gases of 0.28 + 0.04% corresponds to a barometric pressure
difference of 2.8 + 0.4 mbar between the older bottom waters in the
North Pacific and the younger bottom waters to the south.

Thisrecord of the original change must have been attenuated by
subsequent mixing of different-aged water masses as they travel along
the MOC. We use a radiocarbon-calibrated global ocean diagnostic
model to account for this mixing and establish timing'">. We arbi-
trarily divide the past record into six 500-year ‘epochs’ that roughly
correspond to major climatic events (Extended Data Table 1). These
choicesare purelyillustrative since the modelintegration s effectively
continuous.

As expected®’, the northeast Pacific pools the older vintages
(Extended Data Fig. 2), for example, the Roman Warm Period (RWP)
and the Dark Ages Cold Period (DACP), whereas the South Pacific is
dominated by the Medieval Climate Anomaly (MCA) and the Little
Ice Age (LIA). The patterns also reflect the detailed bottom water cir-
culation and the impact of mixing on their large-scale distributions.

Each averaging region contains ablend of vintages in proportions that
vary with location. Thisis seenin more detail in Fig. 2a, which shows the
percentage bottom water vintages along our section. MCA remains the
dominantvintage along the section, while the LIA decreases northward.
The older vintages (DACP, RWP and pre-RWP) gradually increase into
the North Pacific, each approaching or exceeding the percentage of
LIA north of 20° N. The modern vintage (MOD) is inconsequentially
small. Using the same depth and latitude criteria that we employed
to compute the noble gas averages, we estimate the average vintage
mixtures for the southernand northern ‘endmembers’.

Because the problemis underdetermined, we perform aninverse
calculation to solve for the mean epoch SLP anomalies (SLPa) and
their uncertainties (Fig. 2b) that minimizes the overall SLP trend
and inter-epoch variance (Methods, Extended Data Figs. 3 and 4 and
Extended Data Table 2). Entanglement of so many vintages means that
we cannot realistically determine the absolute SLPa of each ‘epoch’,and
the calculation smooths out variations on shorter timescales, which
are masked by the error (Extended Data Fig. 4). Moreover, the SLPa is
expressed relative to the average SLP of all vintages excluding MOD and
remains untethered to the present day, whose vintage representation in
the tworegionsistoolow. Thelong-term SLPatrend, however, is robust
and depictsaclear SLP contrast between the RWP and LIA. Hence, the
complementary trends of increasing older vintages and decreasing
younger vintages as one goes from south to north means that the
observed palaeo-barometric gradient must arise from a long-term
decreasing trend in SLP above the formation regions of 16 + 6 mbar
over two millennia. The observed (2.8 mbar) noble gas signal requires a
larger SLP change in the past because of the damping effects of mixing
between different aged waters. The error bars (Fig. 2b and Extended
Data Table 1) account for the sensitivity of this reconstruction to the
input data and its uncertainty.
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Fig.2|Model-estimated epoch mixtures and sea-level pressures for Pacific
Bottom Waters. a, The relative amounts of model bottom water (below 3,400 m
depth) vintages along the section. Regional averages are indicated as grey areas.
See Methods for actual time period definitions. b, The approximately 2,000-year
trend in SLPa and its uncertainty (shading) inferred from the radiocarbon
constrained TMI calculation by Gebbie and Huybers™. The uncertainties are
+15s.d. of the model’s most probable values. The solution is based on the observed
palaeo-barometric difference of 2.8 mbar in the bottom water between the two
regions and subject to the joint constraints of minimizing long-term trend and
variance. The vertical lines represent the range of possible values of SLPa at the
centre point of each epoch. Note that the centre point of the pre-RWP period is
arbitrary and uncertain. Since the percentages are so low for the modern vintage
(MOD) inthe regions considered in this study (Fig. 2a), the SLPa is referenced to
the average SLP of all vintages except the MOD. As aresult, the record remains
essentially only weakly tethered to modern values. Furthermore, the solution will
miss substantial unresolved decade-to-century variations within and between
epochsinside the shaded uncertainty limits. Nevertheless, the overall trend of

16 £ 6 (1s.d.) mbar between the RWP and LIA is robust.

The chronology depicted in Fig. 2b has substantial uncertainty,
largely due to the fact that we are using a steady-state model of a sys-
tem that is undoubtedly changing in time. Although it is difficult to
assign a precise uncertainty, we contend this may be of order 20-30%
(Methods). However, this does not invalidate the basic sense of the
changes we depict in Fig. 2b. A prognostic, climate-responsive model
will eventually be required for interpreting these observations.

The dominant fraction of bottom water in the Pacific originates
from the regions around the Antarctic Continent®, so the observed
gradients must result largely from past changes in SLP in the water
mass formationregions around Antarctica. The SLP over these regions
is strongly influenced by conditions and processes associated with
bottom water formation itself, which occurs predominantly in
coastal polynyas'” created by katabatic winds descending from the
glaciated continent that drive forming sea ice away from the coast™.
These semi-permanent features exert a profound regional influence on

local SLP patterns because of the large atmospheric buoyancy fluxes
associated withinteraction between the extremely cold katabatic winds
and the warm exposed surface ocean water'®. When large enough,
polynyas can generate mesoscale cyclones with local SLPa ranging
from approximately —10 to —20 mbar”®, Hence, the frequency, size
and extent of polynya formation, driven by the intensity of katabatic
winds, and ultimately regional temperatures and atmospheric pressure
fields, probably modulate the effective SLP that sets Antarctic Bottom
Water (AABW) dissolved gas contents.

The substantial negative SLP excursion inferred here during the
LIAis not consistent with proxy records of the Southern Annular Mode
index”. Instead, evidence of colder Antarctic climatic conditions*
during the LIA that favour polynya growth supports the likelihood of
lower SLP over AABW formation regions during that time.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability areavailable at https://doi.org/10.1038/s41561-023-01368-z.
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Methods

Sampling and measurement methods

Water samples were collected and analysed for helium isotope and
noble gases using methods documented in papers referred to in the
main text. Theacquisition pressure (depth), temperature and salinity
for each sample are determined using standard GO-SHIP protocols
toanaccuracy of 0.1 dbar, 0.001 °C and 0.002 practical salinity units,
respectively, and the dataavailable from the appropriate international
datarepositories®?.

Processes that can alter noble gas saturation anomalies

The four arrows in Fig. 1c-e represent processes that can affect noble
gas saturation anomalies, namely, (1) changes in barometric pressure
(red) that, due to Henry’s law?, affect all gases equally; (2) changes in
air injection (green), caused by bubble dissolution near the sea that
disproportionately enhances the less soluble gases*; and (3) addition
of glacialmelt water'®, where glacial bubbles are forced into solution as
icemelts. The heavier gases appear tobecome less saturated because
the latent heat of fusion lowers the water temperature®. (4) A fourth
process (black arrows) represents the change in saturationanomalies
associated with a change in temperature after equilibration with the
atmosphere. This last can occur due to thermal disequilibrium as
water masses form, where rapid cooling and resultant densification
causes convection of water away from the seasurface before gases can
equilibrate (the negative-trending black arrows). It also can result from
geothermal heating (positive-trending black arrows).

The bin-averaged saturation anomalies of all four noble gases
(Fig. 1c-e, small black squares) are shown in Extended Data Fig. 1as
solid blue (for the southern bin) and red (for the northern bin) lines.
Thered dashed lines represent the saturation anomalies corrected for
the documented effects of geothermal heating between the southern
and northern deep Pacific, as determined by Joyce et al.”. The effects
aresmallest for ANe and greatest for AXe due to their respective slopes
of solubility dependence on temperature?.

The observations and their uncertainties (dashed ellipses) overlap
with the prediction of a pure barometric effect, which canadequately
and most probably explainthe saturation anomaly differences. Another
process that can change saturation anomalies includes geothermal
heating (the black arrow), which we have already accounted for, whose
slopeisgiven by theratio of the temperature dependences of the indi-
vidual gas solubilities. An increase in thermal disequilibrium during
water mass formation will produce a change in precisely the opposite
direction along this vector*'°. It is conceivable that one could con-
struct an alternate vector pathway to the observations by arbitrar-
ily combining an increase in air injection (part way along the green
vector) with a reduction in thermal disequilibrium (hence along the
black vector) during water mass formation. However, we contend
thisis an unlikely scenario for the following reasons. AABW is formed
when extremely strong, cold and dry katabatic winds descend off the
Antarctic continent and push the rapidly forming sea ice away from
the shore to create and maintain a polynya. Polynyas are active sites of
bottom water formation'*”. The dynamics of these features are domi-
nated by extremely large ocean-atmosphere heat fluxes’® that inject
buoyancy into the atmosphere, lowering SLP”** and, if the polynya is
large enough, generate atmospheric mesoscale cyclonic flow'®. On the
oceanside, thereisalargeamount of sea-ice production®?°, primarily
in the form of frazil ice®*?. Despite high wind speeds, the presence of
frazil ice suppresses wave amplitude and steepness®>*, which in turn
suppressair injection. Noble gas measurements in the Terra Nova Bay
polynyashow a suppression of this mechanism**. Even discounting this
suppression, any past increase in these winds that would be required
to explaintheincreaseinair injection would also resultin an increase
inlatentand sensible heat extractioninthe polynya, thereby spurring
more ice formation, rapid buoyancy-driven convection and greater
(rather thanlesser) degree of thermal disequilibrium.

One final candidate explanation for the past change is to assert
that AABW inherits noble gas characteristics fromits progenitor water
masses, most specifically North Atlantic Deep Water (NADW), and that
the changes have occurred elsewhere (namely, in the North Atlantic).
Comparingthe saturationanomalies between AABW seenin the south-
ern part of our section with NADW (Extended Data Fig. 3) appears to
indicate that the only difference between the two is an overlaid signa-
ture of glacial melt water addition® and suggests that AABW otherwise
‘inherits’the NADW gas signature. However, the noble gas concentra-
tions of AABW differ substantially from NADW, in large part due to the
temperature difference of their origins. AABW is around 3 °C colder
than NADW and has (for example) an Ar content 5% larger and Xe con-
tent~-8% greater in southern AABWin our section than NADW (there is
anevenbigger difference in Weddell Sea Bottom Water'**). Itis difficult
to construct athermal disequilibrium scenario whereby the ‘inherited’
Ar concentration is raised by 5% and the Xe concentration is raised by
precisely 8% when the molecular diffusivity of Xe is less than half that
of Ar (ref. 3). The only explanation for the similarity of the saturation
anomalies (excluding the glacial melt water, GMW, addition) is that the
processes occurring during water mass formation are broadly similar
between AABW and NADW (exclusive of glacial melt water addition).

Model and inverse solution

Gebbie and Huybers" developed a box inverse method called total
matrix intercomparison (TMI) that uses the global distribution of
conserved tracers to diagnose the pathways by which various water
masses populate the abyssal ocean. This was subsequently extended
to constrain the transit timescales for these water masses™ using the
distribution of radiocarbon. We here use these model calculations to
define the distribution of arbitrarily defined epochs (listed in Extended
Data Table 1) throughout the deep ocean. Using the same bounds
(latitude and neutral density) applied for the noble gas averaging,
we estimate the percentage of each vintage associated with the two
regions (southern and northern) in the third and fourth columns of
Extended Data Table 1. We then solve for the mean SLPa (column 5 of
Extended Data Table 1) for the centre point of each epoch that would
be required to generate the observed 2.8 mbar palaeo-barometric
difference between the regions.

Ocean circulation links between temporal and spatial
variability

Surface conditions are transported to some parts of the subsurface
oceanfasterthanothers, and therefore past temporal variability leads
tospatial variability inany snapshot of the ocean. Even globally uniform
changes at the surface will lead to subsurface gradients through this
mechanism*>%, We observe anoble gas difference between ~35° Nand
~10° Salong the meridional sectionat152° W and below 3.5 km depth.
This difference is attributed to an apparent p, = 2.8 + 0.4 mbar SLP
difference during the formation of the waters, where p, is the SLP anal-
ogy with P,, the pre-formed phosphate®. If these two locations have
waters with sufficiently different ages, or elapsed time since their
component water masses were last at the surface, the difference could
be explained by the history of past surface changes.

Here we calculate the age distributions for representative abyssal
North and South Pacific sites from an empirically derived steady-state
ocean circulation model that fits modern-day climatological distribu-
tions of temperature, salinity, phosphate, nitrate, oxygen, oxygen-iso-
tope ratio and radiocarbon®. Both sites have waters with awide range
of ages from a few hundred to a few thousand years (Extended Data
Figs.3 and 4) because of the many routes from abyssal water formation
sites and the substantial time for mixing to occur*’. The age distribu-
tions are peaked atabout 800 and 1,000 years for the South and North
Pacific sites, respectively, indicating that the South Pacific has waters
ofayounger age due to being closer to Antarcticsites of abyssal water
formation. Although abyssal Pacific waters move slowly and remainin
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the basin for along time, there are clear meridional differencesin the
ages of seawater. Note that there is an expected difference between the
modal (peak) and mean ages seen in Extended Data Fig. 4.

The pre-formed pressure value today (that is, 2023 CE) at the
North Pacific sample location r, is related to the past via a convolu-
tion equation,

4,000
P+(2023 CE,rpp) = > gi(fnp)P(2023 CE — i, 1), )
i=1

whichisasum of contributions from g;, the annually resolved age dis-
tribution, operating on the past surface boundary conditions atr,, the
source location of the ith water mass component*. The distribution is
denoted g;torecall the discrete time Green’s function and is available
from the steady-state circulation for the past 4,000 years. The sum of
g;valuesis greater than 0.99, indicating that4,000 yearsis sufficient to
capture over 99% of the age distribution. Note that g;is dimensionless
and has been translated into a mass fraction per year to be displayed
in continuous, rather than discrete, form in Extended Data Fig. 4.
A similar equation is available for the South Pacific location. The dif-
ference between the North and South Pacific age distributions is key
for mapping time variability into space.

The difference between equation (2) and an equivalent South
Pacific equation yields a constraint on the pre-formed pressure
difference:

4,000
AP, (2023 CE, rop, Isp) = Y Agip« (2023 CE —i,rp), 3)
P

where Ap, is the north minus south pre-formed pressure difference
and the new Green’s functionis a difference (thatis, Ag; = 8i(rnp) — 8i(rsp))
wherer, referstothe South Pacificlocation. This equationis simplified
under the assumption that the Green’s functions are unchanging in
time, an assumption that appears to be true to first order given the
slight modifications to ocean hydrographic structure over the past
150 years'. Itis also assumed that past changes in pre-formed pressure
are globally uniform, which is clearly untrue and will be interpreted
laterin this document.In concept, equation (3) relates aspatial gradient
ontheleft-hand side to a surface timeseries on the right-hand side.

The north-south difference in age distributions show negative
values around 500 years and positive values around 1,500 years (green
line, Extended Data Fig. 4), which is possible because differences of
distributions are no longer required to be non-negative. If surface
conditions imprinted the signal of higher pressure 500 years ago, it
would be reflected with South Pacific pre-formed pressure being higher
than the North Pacific. What is actually observed is the North Pacific
being higher than the South, suggesting that surface conditions had
lower pressure 500 years ago. Any timeseries of surface changes that
projectson Ag;, however, also affects the observed meridional gradient
in p,, and a quantitative method is required to sort through the range
of plausible solutions.

Another concernis whether ocean mixing would erase the signal
of past surface conditions before they could be observed today. The
magnitude and shape of the curve that represents Ag; in Extended
DataFig.4 containinformation about this mixing and damping of sur-
face signals through time. In some sense, Ag;is analogous to an ocean
circulation filter that acts to transform the surface timeseries. Thus,
any quantitative method must be able to perform a deconvolution to
determine whether north-south age differences are large enough to
explain the observed pre-formed pressure spatial gradient.

Seawater vintages

Itis highly unlikely that a noble gas record retains information about
year-to-year to even decade-to-decade changes. Therefore, we simplify
the analysis by defining vintages of seawater that describe the epoch

during which water was last at the surface. Vintages have previously
beenusedto describe the year that waters left the surface*, like a vint-
ner describesabatch of wine, and here we use the term foramuch wider
range of years. Here we define the following vintages: MOD (1800-2022
CE), LIA (1300-1800 CE), MCA (800-1300 CE), DACP (300-800 CE),
RWP (200 BCE to 300 CE) and the pre-RWP (before 200 BCE). Note that
these timeintervals do not strictly match definitions in the literature®,
butinstead are chosento prioritize 500-year intervals for ease of later
interpretation. Note that the pre-RWP and MOD vintages are respec-
tively larger and smaller than 500 years. Thus, the apparent abundance
comparability between pre-RWP and RWP along the section (Fig. 2a)
arises due to this discrepancy.

The description of the waters that bathe the North and South
Pacific sites can now be simplified to the combination of these six
vintages. The mass fraction of each vintage is calculated by integrating
the age distribution over the appropriate time interval, for example,
forthelLIA,

2023-1300

mya(rnp) = z

i=2023-1800

gi(rnp)v (4)

where m,,isthe mass fraction of LIA water and the time indices account
for the time elapsed between the LIA and today. Following the devel-
opment above, the key relationship between temporal and spatial
gradients is simplified to

6
AP, (2023 CE, rop, Fop) = 3 Amyp,(j 1), (5)
j=1

where the summation includes six vintages, the mass-fraction differ-
ence is Am; = my(rap) —my(rsp) , and the history of surface boundary
conditionsis identified witha particular climate epoch. This simplifica-
tion makes a trade-off: it will be more difficult to explain the observa-
tions, but all solutions will represent a realistic system with
centennial-scale changesin climate.

Inverse problem
Equation (5) represents an underdetermined problem with one con-
straint, six unknowns and infinitely many solutions. Here we provide
informationregarding the expected covariance of the solution to con-
structastatistical solution withits uncertainty. The solution method,
detailed next, is based on the Gauss-Markov theorem**,

For ease of notation, we collate the unknown parameters and the
vintage mass fractions into vectors:

P«(MOD, 1)
Pu(LIA, 1)
Px(MCA. 1)
P« (DACP, 1)
P+ (RWP, 1)
P« (PreRWP. 1)

and

Amyop
Amyp
Amyca
m= . (7)
Ampacp
Amgyp

AmpreRWP

Nature Geoscience


http://www.nature.com/naturegeoscience

Brief Communication

https://doi.org/10.1038/s41561-023-01368-z

Now the constraintis symbolically described as

y=m’xX+n, (8)

where the observationis y = Ap, (2023 CE, ry,, 1), Tis the vector trans-
pose, and nis areminder that the observational fit is not expected to
be perfect.

The Gauss-Markov theorem provides ameansto solve an under-
determined problem via the solution formula

. -1
X = Cxxm(mrcxxm +Cun) s ()]

which is valid so long as the quantity in parentheses is invertible. We
denotexwithatildetomarkthatitisasolution. The observationyis not
boldbecauseitisascalar,notavector. Thissolution satisfies anumber
of advantageous statistical properties, such as being unbiased and
minimizing the uncertainty of each solution element. Such properties
only holdinthe case that the input statistical information, the solution
and observation covariance matrices C,,and C,, are valid.

The observational covarianceis easily setasitis the observational
variance: C,, = (0.4 mbar)’. The solution covariance has two compo-
nents: (1) setting the baseline or reference for the pre-formed pressure
anomalies and (2) a description of the expected climate variability.
Here we define the reference for the anomalies to be the pre-industrial
(all vintages but MOD) p, average. Such a constraint could be added
tothe systemasasecond observational equation of the following form:

6

& i
Px =2, 5Px(irs) = m'x =0,
j=2

(10)

wherel/5 arises fromthe average over five vintages. Instead we recog-
nize that this constraintimposes a covariance of the form, C,, = o?rit’
where gis the expected deviation from a perfect zero reference level.
Here we choose the small but non-zero value of 6=10"* mbar.

For part 2 of the solution covariance, we experiment with three
cases withincreasing complexity.

Minimum variance solution. We define the solution covariance to
conservatively assume that p, has a standard deviation of 10 mbar
based upon existing SLP gradients and historical model simulations®.
All epochs are assumed to vary independently. The solution covari-
anceis

1000 0.0 00 00 00 0.0
0.0 1000 0.0 00 00 0.0

0.0 0.0 1000 0.0 00 0.0 )
mbar”. 11)
00 0.0 0.0 1000 00 0.0

00 00 00 0.0 1000 0.0
00 00 00 00 0.0 100.0

Thesolution covariance from equation (2) that defines the anom-
alyreferencelevelisadded to this matrix, asis doneinall cases to follow.

Minimum trend. The climate epochs are several hundred years long,
but the climate is known to have variability at these scales and longer.
Inthis second case, we define the solution covariance such that trends
have an expected magnitude no larger than p’ = 4 mbar per century
based uponthe few long timescale climate frequency spectrathatare
available*. We define a matrix D that calculates differences between
all combinations of vintages, and where the expected output for vin-
tagesiandjisasfollows:

Ap*(l’j) = p’At(l’j)’ (12)

where At(i,j) is the time difference between the midpoints of vintages
iandj. The resulting covariance matrix is DD” where each element is
scaled by (1/Ap.. (i, )

Combined covariance matrix. The combined covariance matrix
(labelled ‘min-trend-variance’) is a sum of the covariance from (1) the
definition of the reference level for pre-formed pressure anomalies,
(2) theexpected variance of pre-formed pressure about this reference
level (‘min-variance’) and (3) the expectation of correlation between
vintages that are adjacentin time (‘min-trend’).

Inverse solutions

Thethreeinverse solutions use a variety of statistical input from differ-
entinformation sources but converge toacommon solution between
1,500 and 500 years ago (Extended Data Fig. 3). This time period is
marked by astatistically substantial (P= 0.05) inferred decrease of SLP
by 14 + 10 mbar over time. The solutions also have common elements
before1,500 years ago. The greatest differences comeinrelationto LIA
tomodern changes. Because seawater in the abyssal North Pacific has
very little modern vintage water, we are unable to conclusively place
modern SLP in context of previous changes. It is possible that modern
SLP is about the same as the LIA, or it could be as much as 15 mbar
higher. Thus, the contrast is between LIA and older epochs.

The problem formulation has proceeded by assuming that SLP
changes are globally uniform, but such large changes in SLP would
indicate a change in the mass of the atmosphere. The low solubility
of nitrogen and oxygen in seawater make such large mass changes
unlikely. Instead, the results of the inverse solution should be inter-
preted in a more nuanced way. Signals in abyssal waters primarily
reflect surface signals at the sites of formationin polar oceans, and we
lack direct information about the tropics and subtropics here. Thus,
inferred changesinthe LIA and earlier should be interpreted as changes
inpolar oceans, and constraints on the global mass of the atmosphere
can be balanced by opposing changes in the tropics.

Itis still debated whether the LIA is a North Atlantic-centric or
global phenomenon, although recent evidence points to a parallel
Antarctic effect during the LIA?>*"*8, Our inferences of SLP change are
bestinterpreted aschangesin polarregions and cannot directly be pin-
pointed as Northern or Southern Hemisphere variability. Due to the fact
that the water mass composition of the abyssal Pacificis dominated by
southern source waters, however, we suggest that the noble gas signal
is more easily explained by changes in and around Antarctica. North
Atlantic waters occupy less than half the mass of Antarctic waters in
the abyssal North Pacific*’ and would require an unrealistically large
SLP signal that is more than twice as large (30+ mbar) if the Antarctic
region did not participate in the LIA.

SLP differences between climate eras

The scenario with the highest degree of sophistication is labelled
‘min-trend-variance’. The long-term trend between the LIA and the
earliest climate eras (DACP, RWP and pre-RWP) is substantial at the
95% confidence level (Extended Data Table 2). In particular, we esti-
mate that the pre-RWP to LIA decrease of 19 + 11 mbar (2o error bars)
is well constrained by the data. Differences over shorter time periods
are generally not substantial. It is also difficult to find a substantial
relation to modern SLPs.

Limitations of the model used

It should be noted that the reference level for the SLPa is constrained
by the representation of the individual vintages in the bottom water
mixture of our observations. Since the modern vintage remains poorly
represented, the reference point is effectively the average SLP of the
remaining five better represented vintages. That is, the curves pre-
sented in Fig. 2b and Extended Data Fig. 3 are only loosely tethered to
modern values. Put another way, our observations only constrain the

Nature Geoscience


http://www.nature.com/naturegeoscience

Brief Communication

https://doi.org/10.1038/s41561-023-01368-z

overall SLP contrast between the RWP/PRWP and LIA periods. One
could, in principle, arbitrarily shift the reference level such that the
curve intersects zero in the MOD, but the corresponding error bars
would be negatively impacted.

Thereader shouldbe wary of the fact that the model used to obtain
the chronology and extent of attenuation by mixing is by nature a
steady-state model. Past changes in the intensity of the circumpolar
trough will lead to alteration of the strength of the Southern Hemi-
sphere westerlies. Changesin the strength of the Southern Hemisphere
westerlies could have implications for the strength of the Atlantic deep
overturning cell, formation rates of Antarctic Intermediate Water, the
recycling of NADW to the surface and even the quantity of NADW that
fills the deep Pacific. Amajor complication is that the age of seawater
for the abyssal oceanis primarily determined by observations of radio-
carbon', whichis itselfan age tracer that reflects the integrated effect
of thousands of years of possibly varying circulation due to its long
half-life. The few decades of background radiocarbon observations
that were used for the 2012 TMl inversion* (used in this work) are not
sufficient to determine whether today’s radiocarbon observations are
in equilibrium with today’s circulation. It is probably more likely that
the present-day oceanic radiocarbon distribution represents a com-
plicated average of the circulation over the past 3,000-4,000 years.
Seeninthislight, the circulation usedinthis work s close to an average
estimate of circulation over the Common Era and thus a reasonable
starting point for interpreting the noble gas data.

Evenifthe oceanic age distribution used here isagood Common
Era average, the effect of circulation variability on the ocean’s mean
age s still not captured. The response of the oceanic age distribution
is complex, but consider the case where oceanic circulation rates
(both advective and diffusive) are 30% stronger. The time required for
the change in physical circulation to be reflected in an abyssal tracer,
such asage, canbe shown to be roughly equal to the abyssal age itself.
For waters that are diagnosed to be of the LIA vintage, they are about
400 years old on average. We expect the age of this water to decrease
to about 300 years over a 300-year time period. With the 500-year
time intervals used for pre-industrial climate epochs, we would still
diagnose these waters as being from the LIA.

Insummary, the effect of circulation variability makes the accurate
inference of earlier climate epochs more difficult. If age distributions
could shift by 30%, then waters of the RWP could have an age error
approaching 600 years. With 500-year climate epochs, we start to
encounter the case where a small percentage of RWP waters are actu-
ally fromthe pre-RWP or the DACP. This affects not only the ‘true mean
age’butalso the degree of attenuation by mixing.

Data availability

The noble gas data have been archived at the US BCO-DMO
(Biological and Chemical Oceanography Data Management
Office)*°". The Ne data’>> are available under two references:
https://doi.org/10.26008/1912/bco-dmo.862182.1 and https://doi.
0rg/10.26008/1912/bco-dmo.862220.1, and the Ar, Kr and Xe data
under https://doi.org/10.26008/1912/bco-dmo.877873.1 and https://
doi.org/10.26008/1912/bco-dmo.877899.1. The hydrographic (pres-
sure, temperature and salinity) data are available with DOl references
https://doi.org/10.26008/1912/bco-dmo.777951.6 and https://doi.
org/10.26008/1912/bco-dmo.824867.5, respectively.

Code availability

The code, along with algorithms, relevant figures and other docu-
mentation, is archived on Zenodo at https://doi.org/10.5281/
zenodo.10368927.
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Extended Data Table 1| Vintage mixtures for the two regions. The acronyms correspond to as follows: MOD Modern Era,

LIA Little Ice Age, MCA Medieval Climate Anomaly, DACP Dark Ages Cold Period, RWP Roman Warm Period, and PRE-RWP
Pre-Roman Warm Period

Vintage Epoch Year Range Southern Region Northern Region SLP Anomaly Ogp
years % % mbar mbar
MOD >1800 CE 31 1.8 -57 6.6
LIA 1300 -1800 CE 281 16 -10.8 3.3
MCA 800 -1300 CE 30.8 27 -4.9 5.2
DACP 300 -800CE 19.3 23.9 2.6 5.4
RWP 200 BCE - 300 CE 10.0 15.3 5.3 5.2
PRE-RWP <200 BCE 8.7 16 78 5.5
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Extended Data Table 2 | Sea-level pressure differences in millibars between climate eras, as defined by the difference

of the value during one vintage (rows) and another vintage (columns) calculated in the min-trend-variance case. Some
differences are significant at the 67% (bold) and 95% (bold, red) confidence levels. The vintages are: modern (MOD, 1800 -
2022 CE), Little Ice Age (LIA, 1300- 1800 CE), Medieval Climate Anomaly (MCA, 800 - 1300), Dark Ages Cold Period (DACP,
300 -800 CE), Roman Warm Period (RWP, 200 BCE - 300 CE), and the pre-Roman Warm Period (preRWP, before 200 BCE)

Vintage MOD LIA MCA DACP RWP Pre-RWP
MOD 0.0+£0.0 5172 -0.78+8.9 -8.3+8.6 -10.9+8.3 -13.5+8.2
LIA -51%7.2 0.0+£0.0 -5.8+7.9 -13.4+6.7 -16.06.1 -18.5+5.6
MCA 0.8+8.9 5.8+7.9 0.0+£0.0 -75+78 -10.2+8.1 -12.7+8.3
DACP 8.3+8.6 13.4£6.7 75+7.8 0.0+£0.0 -2.6+8.5 =5.1+9:5

RWP 10.9+8.3 16.0£6.1 10.2+8.1 2.6+85 0.0+0.0 -25+9.0
pre-RWP 13.5+8.2 18.5+£5.6 12.7+£8.3 51+9.5 25+£9.0 0.0+£0.0
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Extended Data Fig.1| Binned averages over 10° latitude of bottom water

(> 3400 mdepth) noble gas saturation anomalies. Binned averages over 10°
latitude of bottom water (> 3400 m depth) noble gas saturation anomalies for
the section. The error bars are the standard error of the mean and the number of
pointsinvolvedin each of the eight ten-degree binned averages are (from south
tonorth) arefrom18,17,20,12,12,13,13 and 18 measurements respectively. The

0

20
Latitude

60

solid blue horizontal lines are the averages of all bottom water samples taken
inthe range of 20°S to the equator (not an average of the binned averages) and
similarly for the solid red horizontal lines for 25-45°N. The horizontal red dashed
lines are the northern averages corrected for the effects of geothermal heating

(see text).
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a) Roman Warm Period (200 BCE - 300 CE) b) Dark Ages Cold Period (300 — 800 CE)

8 12 16 20 24 28 32 36 >36

Vintage (%) at 3500m

Extended Data Fig. 2| Maps of the percentage contribution of four of the vintages at 3500 m in the Pacific.
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Extended Data Fig. 3| ‘Continuum’ age distributions from the North and empirically-derived ocean circulation model. The integral under the black and
South Pacific along 152°W and 3.5 kmdepth. ‘Continuum’ age distributions red curves is such that the total mass fraction is unity. Lags on the x-axis refer to
from the North (black) and South (red) Pacific along 152°W and 3.5 km depth, the time lag of subsurface signals relative to the surface.

as well as the north minus south difference (green), as calculated from an
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Extended DataFig. 4 | Inferred historical sealevel pressure variations. All results use the identical noble gas observational information, but differ in the assumed
solution covariance matrix (blue: min-trend, red: min-variance, green: min-trend-variance). Error ribbons represent the 1o uncertainty level. Results from each vintage

are plotted as asingle value at the midpoint of the interval.
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