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Abstract 39Ar with its 269-year half-life has great potential for constraining ocean ventilation and
transport. Here we estimate the distribution of 39Ar using a steady ocean circulation inverse model. Our
estimates match available 39Ar measurements to within an absolute error of ∼9% modern argon without
major biases. We find that 39Ar traces out the world ocean's ventilation pathways and that the 39Ar age ΓAr

and the ideal mean age have broadly similar large-scale patterns. At the surface, 39Ar is close to saturated
except at high latitudes. Undersaturation imparts a finite 39Ar age to surface waters relative to the
atmosphere, with peak values exceeding 100 years in Antarctic waters. This reservoir age is propagated
into the interior with Antarctic Bottom Water, elevating ΓAr by ∼50 years in the deep Pacific and Indian
oceans. Our estimates identify the large-scale gradients and uncertainty patterns of 39Ar, thus providing
guidance for future measurements.

1. Introduction
The cosmogenic noble-gas isotope 39Ar is widely recognized as a nearly ideal tracer of oceanic transport
because its radioactive half-life of 269 years is well matched to the time scales of the large-scale deep cir-
culation. Schlitzer et al. (1985) analyzed the first oceanic 39Ar measurements and recognized the signature
of nonlinear mixing in the 39Ar-radiocarbon relationship. Maier-Reimer (1993) used a circulation model to
demonstrate that the covariance between 39Ar and radiocarbon (Δ14C) constrains ocean mixing. Broecker
and Peng (2000) used the available 39Ar measurements (Loosli, 1983; Rodriguez, 1993) to establish that
39Ar ages are on average about two thirds of the radiocarbon age, and they employed a one-dimensional
advection-diffusion model to demonstrate that the ratio of the two ages is strongly influenced by mixing.
Holzer and Primeau (2010) deconvolved tracer data for the ocean's transit-time distribution (TTD) and
showed that including 39Ar helps constrain the width of the TTD and reduces the uncertainty in the frac-
tion of water younger than a century. Recently, Ebser et al. (2018) analyzed newly measured 39Ar profiles
in conjunction with CFC-12 to constrain the mean-age and mixing parameters of the TTD in the tropical
Atlantic.
39Ar has several advantages over Δ14C, CFCs, and SF6. CFCs and SF6 constrain the TTD primarily on
decadal time scales but are undetectable in large parts of the deep ocean (e.g., Fine, 2011), whereas 39Ar
has penetrated all of the deep ocean. When corrected for the effects of surface disequilibrium, Δ14C strongly
constrains the ideal mean age, but because its decay is nearly linear over typical ocean time scales, Δ14C
provides little additional information on the shape of the TTD. By contrast, the 39Ar decay exponential is
nonlinear over the time scales where the deep-ocean TTD has most its weight so that the 39Ar concentration
encodes key information on the shape of the TTD. Additionally, 39Ar is chemically inert and not affected by
biology, and surface 39Ar concentrations are expected to be much closer to equilibrium with the atmosphere
than surface radiocarbon, simplifying the interpretation of the 39Ar tracer age.

Despite its promise as a powerful circulation tracer, 39Ar has to date not been widely measured in the
ocean because its very low isotopic abundance of 8 × 10−16 (Ebser et al., 2018) requires 1,000-L samples
for beta-decay counting (Loosli, 1983), far too large for routine collection during oceanographic surveys.
However, recent advances in optical atom-trap techniques make it possible to measure 39Ar from seawa-
ter samples as small as a few liters (Ebser et al., 2018). Thus, the routine measurement of 39Ar in seawater
samples is likely to become a reality in the near future.
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Given the renewed interest in 39Ar as a major tracer constraint on the ocean's circulation and ventila-
tion, we present here an estimate of the three-dimensional distribution of 39Ar using an ocean circulation
inverse model (DeVries & Primeau, 2011; DeVries, 2014) of the climatological mean ocean circulation. This
model assimilates temperature, salinity, radiocarbon, CFC-11, and mantle helium tracer data in addition to
dynamical constraints such as sea-surface height and surface buoyancy and momentum fluxes.

A tracer age is naturally defined for 39Ar in terms of its radioactive decay. While it is well appreciated that
the 39Ar age is less than the ideal mean age of water (the mean time since last ventilation), the 39Ar age is
nonetheless useful for revealing circulation pathways and it encodes information on the integrated effect of
mixing (e.g., Broecker & Peng, 2000). We therefore also provide three-dimensional estimates of the 39Ar age
and explore its relationship to the ideal mean age and the extent to which surface undersaturation produces
a nonzero 39Ar age (relative to zero age in the atmosphere), which we refer to as the argon “reservoir age”
by analogy to the similarly defined Δ14C reservoir age (Gebbie & Huybers, 2012). We find that the 39Ar age
is roughly 60% of the ideal mean age with broadly similar large-scale spatial patterns. Undersaturation at
high southern latitudes translates to a reservoir age exceeding 100 years in Antarctic waters.

Our estimates of 39Ar match most of the available observations within uncertainties. The 39Ar distribution
identifies regions of high gradients and/or relatively high uncertainty, where new 39Ar measurements will
be most effective for constraining ocean ventilation and transport. Our estimate of the 39Ar distribution will
thus be important for guiding future measurements, which need to be planned carefully because measuring
39Ar for a single seawater sample still takes about 20 hr owing to its very low isotopic abundance (Ebser
et al., 2018).

2. Method
39Ar is simulated using a data-assimilated ocean circulation inverse model (OCIM2) at a resolution of 2◦ × 2◦,
with 24 levels (DeVries & Holzer, 2019). OCIM2 updates the inverse model of DeVries (2014) by using
screened raw Δ14C data instead of the Global Ocean Data Analysis Project (Key et al., 2004) estimate of pre-
bomb Δ14C and by adding 𝛿3He observations as additional constraints. (We use Δ14C only below 1,500 m,
and in the Atlantic only between 35◦S and the equator, unless a given Δ14C measurement is paired with a
CFC measurement near the detection limit.) 39Ar data were not assimilated into OCIM2 as there are cur-
rently too few measurements. To assess the robustness of our calculations, we use four circulations that
differ in the specified background (below the mixed layer) isopycnal and diapycnal diffusivities, 𝜅|| and
𝜅⟂. The four diffusivity combinations used were 𝜅|| = 1, 000 or 600 m2/s (both spatially uniform), and
𝜅⟂ = 10−5 m2/s spatially uniform or a profile in which 𝜅⟂ increases from 10−5 m2/s at the surface to
3 × 10−4 m2/s at 5,400-m depth (Tsujino et al., 2000). In OCIM2, these diffusivities are aligned with the
observed climatological density; the density does not vary dynamically. The data assimilation adjusts both
advective and eddy-diffusive fluxes to fit the tracer observations. For every quantity presented below, we plot
the ensemble midpoint (average of local maximum and minimum values across the four circulations). As
a measure of uncertainty, we use the ensemble half-range (half the difference between the local maximum
and minimum values).

The air-sea fluxes of total Ar and 39Ar are modeled as proportional to the difference between the in situ
saturated and actual concentrations, with the proportionality being the piston velocity. The temperature-
and salinity-dependent argon solubility and Schmidt number (Sc) were calculated using the empirical fits
of Wanninkhof (1992). The piston velocity is modeled as a (1 − fice)U2(Sc∕660)−1/2, where U2 is the climato-
logical squared surface wind speed, fice is the climatological sea-ice fraction, and a = 0.251 cm·hr−1·m−2·s2

(Wanninkhof et al., 2013). U2 and fice were calculated as averages of 6-hourly National Centers for Environ-
mental Prediction reanalysis for the period 1948–2014 (Kalnay et al., 1996).

In practice, 39Ar concentrations are measured as the ratio 𝜒 of 39Ar to total Ar in the water sample relative to
the 39Ar∕Ar ratio in the atmosphere, that is, 𝜒 ≡ (39Ar∕Ar)sample∕(39Ar∕Ar)atm. This argon ratio is reported
in units of percent and is referred to as percent modern argon (%modAr). We compute 𝜒 by propagating
39Ar and total Ar as separate tracers into the ocean. We neglect isotopic differences in air-sea exchange,
which are expected to be dwarfed by the ∼10% measurement uncertainties. We approximate atmospheric
39Ar concentrations to be constant as they have varied by at most a few percent over the last 1,000 years
(Oeschger et al., 1974).
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Figure 1. (a) OCIM2-estimated 39Ar/Ar ratio versus observations that fall within the model domain (N observations in each basin). (b) Locations of the 39Ar
measurements used (color coding as [a]; 1,000-m bathymetry contour interval). (c) The 2015 39Ar/Ar profile reported by Ebser et al. (2018), the nearest 1981
measurements, and the corresponding OCIM2 values. (d) Corresponding age profiles of the observation-based ΓAr

atm, together with the OCIM2-computed
ΓAr

atm, ΓAr
pre, and Γ.

The 39Ar age ΓAr(r) at location r is defined as the time required for an argon sample of initial argon ratio
𝜒0(r) to decay radioactively to the local value 𝜒(r):

ΓAr(r) = −𝜏 log
(

𝜒(r)
𝜒0(r)

)
, (1)

where 𝜏 = 269∕ log(2) years is the radioactive e-folding time. For the “initial” value 𝜒0(r) we use either
the atmospheric reference value of 100% when calculating the surface age or the ratio of the preformed
39Ar concentration to the preformed total Ar concentration, similar to what has been done for radiocarbon
age (Broecker et al., 1991; Gebbie & Huybers, 2012; Holzer et al., 2010; Khatiwala et al., 2012). Preformed
concentrations are defined and computed as the steady-state concentrations that result when the computed
surface concentrations are imposed and propagated throughout the ocean interior without radioactive decay.
By using the preformed ratio for 𝜒0(r), we ensure that ΓAr = 0 at the sea surface, effectively correcting for
the argon reservoir age.

3. Data
We compare our simulated 39Ar/Ar ratios to the 2015 profiles of atom-trap measurements in the eastern
tropical North Atlantic (Ebser et al., 2018) and to the earlier decay-counting data from samples collected
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primarily during the early 1980s. The older data are discussed by Schlitzer et al. (1985) and Rodriguez (1993).
We only consider measurements located within the OCIM2 model domain.

4. Results
Figure 1a compares the OCIM2-calculated argon ratio to the observational data (see Figure 1b for mea-
surement locations). Overall, the model values match the observations quite well with a squared Pearson
correlation coefficient of R2 = 0.88 and an absolute root-mean-square error of 8.7 %modAr (using uniform
weights), which is on the order of the observational uncertainty. Figure 1c compares the observed 2015
Atlantic profiles at approximately (∼12◦N,∼23◦W) and (∼18◦N,∼24◦W) with the corresponding OCIM2 val-
ues. Compared to the 2015 observations, OCIM2 could be argued to have a systematic high bias, although the
model values generally lie within the observational uncertainties and, at these locations near the boundary
of the Atlantic shadow zone, measurements are expected to have high sampling variability due to mesoscale
features (e.g., Fine et al., 2017). (See supporting information Figure S1 to contrast with a North Pacific pro-
file.) Below ∼3,000-m depth the OCIM2 values match well with the nearest 1981 measurements (∼10◦N and
16◦N, ∼26◦W) but are larger than the 2015 measurements by about 10 %modAr. The differences between
the OCIM2 values and the deep 2015 observations could be due to temporal variability in the circulation or
due to small-scale spatial features not captured by the coarse-resolution steady-state model.

To interpret the 2015 Atlantic profile more easily in terms of the circulation, we compare in Figure 1d the cor-
responding observation-based argon age relative to the atmosphere, ΓAr

atm, with the OCIM2-computed ΓAr
atm,

the argon age relative to the preformed argon ratio, ΓAr
pre, and the ideal mean age, Γ. For OCIM2-computed

values, the profiles of the ideal and argon ages have similar shapes but the argon ages are systematically
younger because the argon age involves admixtures of the radioactive decay exponential (e.g., Hall & Plumb,
1994; Waugh et al., 2003), which is nonlinear for the fraction of water ventilated on centennial time scales.
For these profiles, ΓAr

atm is roughly 80% of the ideal mean age Γ, and ΓAr
pre is 3–8% younger than ΓAr

atm. The
fact that ΓAr

pre is younger than ΓAr
atm at depth shows that the subsurface waters are in part ventilated at high

latitudes, where, as we show below, ΓAr
atm has a reservoir age exceeding 100 years near Antarctica.

Given the scatter of the observational argon ages with their roughly ±50-year uncertainty, observational
and OCIM2 argon ages agree within uncertainties for most locations (Figure 1d). However, three 2015 mea-
surements between 3,000 and 4,000-m depths are a striking exception, with argon ages even older than the
OCIM2 ideal mean ages, suggesting that the actual ideal mean ages there could exceed 500 years, assuming
the OCIM2 relation ΓAr

atm ∼ 0.8Γ for this profile applies. Ebser et al. (2018) estimate ideal mean ages as large
as 810+1,200

−320 years at 3,000-m depth (or 754+138
−115 years depending on assumptions), using an inverse-Gaussian

(IG) deconvolution in conjunction with CFC-12, which may suffer from methodological biases due to the
unimodality of the prescribed IG. However, the OCIM2 argon ages agree with the 1981 measurements, sug-
gesting that this region may not be in steady state or that OCIM2 fails to resolve gradients over a few grid
boxes. The two 2015 measurements at 4,000-m depth, one of which agrees with OCIM2, were 1◦ of longitude
apart, but fall within the same OCIM2 grid box suggesting that the 2015 observations resolve small-scale,
possibly transient, features not captured by OCIM2. The OCIM2 ideal mean ages agree with an independent
estimate based on inversions of tracer measurements from 2010 along North Atlantic section GA03 (Holzer
et al., 2018), for which the nearest deep profile at (24◦N, 22◦W) was estimated to have an ideal mean age
below 3,000 m of 338 ± 42 years.

Figure 2 shows the 39Ar/Ar ratio at the surface and on three depth levels together with our estimate of
its absolute uncertainty. (Because OCIM2 prescribes the observed density structure, there are no ensemble
variations due to isopycnal movement—for completeness, Figure S2 provides maps on isopycnals.) At the
surface, the 39Ar/Ar ratio is nearly everywhere within a percent of being 100% saturated, except at high lati-
tudes. Near the Antarctic coast, the 39Ar/Ar ratio drops as low as ∼70% in the Weddell and Ross Seas where
there is high ice cover as well as vertical mixing with older deep water, both factors preventing equilibration
with the atmosphere. This is consistent with observations of 39Ar/Ar∼85 %modAr in the wintertime mixed
layers of the Weddell Sea (Schlosser et al., 1994).

At 500-m depth, the invasion of 39Ar with mode waters and subtropical downwelling becomes apparent in
both hemispheres. In the central subtropical gyres, as well as in the deep-water formation regions of the
Labrador and Nordic Seas, the 39Ar/Ar ratio still exceeds 90 %modAr. At 900-m depth, 39Ar/Ar ratios in
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Figure 2. 39Ar/Ar ratio (left) and its half-range uncertainty (𝛿, right) on four depth levels, as indicated. For the 39Ar/Ar ratio at 2,485 m, 5 %modAr contours
are superposed to accentuate gradients. Note the different color scale for the uncertainties. For maps on density surfaces, see supporting information Figure S2.
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Figure 3. Zonal averages for the Atlantic, Pacific, and Indian basins. The top row of plots shows the 39Ar/Ar ratio, the second row shows the argon age ΓAr
pre, the

third row shows the ideal mean age Γ, and the bottom row shows the age ratio 𝜇 ≡ ΓAr
pre∕Γ.

excess of 80 %modAr are only visible in Antarctic Intermediate Water, in the subpolar North Atlantic, and
in the Arctic. At 2,500-m depth, high 39Ar/Ar ratios of ∼88 %modAr occur downstream of the shallower
formation region of North Atlantic Deep Water (NADW), and the pattern of the 39Ar/Ar ratio traces out
the deep paths of the diffusive conveyor (Holzer & Primeau, 2006, 2008): 39Ar/Ar ratios decrease along the
Atlantic deep western boundary current to roughly 50 %modAr in the Southern Ocean and from there to
roughly 10 %modAr in the deep North Pacific.

The uncertainties in the 39Ar/Ar ratio 𝜒 at the surface have a pattern similar to the 39Ar undersaturation
(1 − 𝜒), with a relative magnitude of 10–20% of the undersaturation. The subsurface uncertainties are gen-
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Figure 4. (Top) Argon reservoir age, which is ΓAr
atm at the surface. (Bottom) Basin zonal averages of ΓAr

atm − ΓAr
pre.

erally less than ∼5 %modAr. The largest uncertainties occur at the base of the thermocline, throughout the
Antarctic water column, in Antarctic mode and intermediate waters, and below roughly 2,000-m depth in
the Indian Ocean, South Pacific, Central Atlantic, and North Atlantic. Because the 39Ar/Ar ratio decreases
with depth, the relative uncertainty tends to increase with depth. Local relative errors (ratio of half-range to
ensemble midpoint) are generally less than 1%, 10%, 10%, and 20% for the z = 18-, 501-, 919-, and 2,485-m
depth levels shown.

To quantify the vertical structure of 39Ar, Figure 3 (top row) shows the basin zonal averages of the 39Ar/Ar
ratio. (See Figure S3 for the zonal-mean uncertainties.) High 39Ar/Ar ratios in the deepened thermocline of
the downwelling subtropical gyres are visible, as is the invasion of 39Ar through the world ocean's deep-water
formation regions: Elevated 39Ar can be seen entering the deep ocean with NADW and Antarctic Bottom
Water (AABW). The corresponding zonal-mean 39Ar ages relative to the preformed argon ratio, ΓAr

pre, are
shown in the middle row of Figure 3. (Plots of ΓAr

atm—not shown—look very similar; we quantify the differ-
ences between ΓAr

pre and ΓAr
atm below.) The patterns of ΓAr

pre are remarkably similar to the patterns of the ideal
mean age, Γ, shown in the bottom row of Figure 3 for comparison. (See Figure S4a for a binned scatter plot
of ΓAr

pre versus Γ and Figure S4b for the scatter expected for IG TTDs with OCIM2 means Γ and widths Δ.)
Volume-weighted linear regression forced through the origin shows that ΓAr

pre ∼ 0.62Γ on average (ensem-
ble half-range uncertainty of the regression slope is ±0.01 and, below the mixed layer, the volume-weighted
spatial standard deviation of ΓAr

pre∕Γ is ∼0.10).

We emphasize that similarity in the patterns of ΓAr
pre and Γ does not indicate that 39Ar is redundant with ideal

mean age and hence radiocarbon. First, the ratio𝜇 ≡ ΓAr
pre∕Γ < 1 is the result of mixing the decay exponential,

which is nonlinear on centennial time scales so that 𝜇 encodes information on the TTD shape in the deep
ocean. For example, if the TTD is approximated by a two-parameter IG (Γ, Δ), and neglecting deviations in
surface 39Ar/Ar from 100 %modAr, one obtains Δ∕Γ =

√
𝜏∕Γ

√
1 − 𝜇∕𝜇, which makes explicit the relation

between the age ratio 𝜇 and the TTD shape parameter Δ∕Γ. (See Figures S4c and S4d for binned scatter plots
of 𝜇 versus Γ as computed by OCIM2 and as predicted for IG TTDs with OCIM2-computedΓ andΔ.) Second,
𝜇 is not exactly 0.62 everywhere, as demonstrated for its zonal mean in Figure 3. While the zonal-mean
𝜇 deviates from 0.62 by less than ±0.05 in the Pacific below ∼1,500 m, the variations in the deep Indian
Ocean and Atlantic are up to twice and ∼5 times as large, respectively. In the North Pacific thermocline,
where 𝜇 <0.62, the pattern of the zonal-mean Γ has a broader (i.e., lower-curvature) maximum than does
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the pattern of ΓAr
pre, resulting in Γ having sharper vertical gradients than ΓAr on the scale of the maximum

zonal-mean age. Thus, ΓAr is a useful rough approximation to 0.6Γ, which captures the large-scale spatial
structure of oceanic time scales, and the spatial distribution of the ΓAr

pre∕Γ age ratio encodes key information
on mixing.

Figure 4 quantifies the surface undersaturation in terms of the reservoir age (ΓAr
atm at the surface) and the

relationship between ΓAr
atm and ΓAr

pre. At the surface, the reservoir age exceeds 100 years near the ice-covered
Antarctic coast. The uncertainty of the reservoir age (not shown) has a similar pattern and an amplitude of
roughly 10% of the reservoir age. This does not include uncertainty in the pattern and amplitude of the piston
velocity, which is largely shaped by the sea-ice fraction at high southern latitudes. We find that the reservoir
age in the Southern Ocean is sensitive to the sea-ice fraction: Shifting the sea-ice pattern north by a single
grid box increases the maximum reservoir age by roughly 50% without significantly changing its spatial
pattern or degrading the fit to the available 39Ar observations. Given this sensitivity and the fact that our
steady circulation model does not capture the highly seasonal Southern Ocean sea-ice field, our estimate of
the amplitude of the reservoir age is the most uncertain aspect of our analysis. The differences between ΓAr

atm
and ΓAr

pre are largest at high southern latitudes where the surface reservoir age is highest and where AABW
carrying this high reservoir age has the largest influence on the interior. In abyssal North Pacific and Indian
Ocean waters, ΓAr

pre is roughly 50 years younger than ΓAr
atm, consistent with a significant fraction of AABW.

5. Conclusions
We used the ocean circulation inverse model OCIM2 to estimate the annual-mean global distribution of 39Ar.
This estimate should be useful for guiding future measurements of 39Ar and for providing global context for
such measurements. Our key findings are as follows:

1. The OCIM2-predicted 39Ar distribution matches the available observations without any major biases to
within an root-mean-square error of about 9 %modAr. Compared to the recent 2015 profiles from the
tropical North Atlantic that were measured using an optical atom-trap technique (Ebser et al., 2018), the
OCIM2 argon ratios have a slight high bias but are consistent with earlier measurements from 1981 a few
degrees further west suggesting either circulation variability or small-scale spatial gradients that OCIM2
does not capture. Below 2,800-m depth, the 2015 observational argon ages are roughly 100 years older
than the OCIM2 values, suggesting ideal mean ages around 500 years. The OCIM2 ideal mean age at the
locations of these profiles below 2,800-m depth is 360 ± 40 years.

2. In surface waters, the 39Ar/Ar ratio is close to being saturated everywhere except at high latitudes. High
39Ar/Ar ratios trace out mode and intermediate waters in the upper ocean and NADW in the Atlantic.
Deep Southern Ocean waters are characterized by 39Ar/Ar ratios around 50 %modAr. As these waters age
and are transported into the deep North Pacific, their 39Ar/Ar ratio steadily diminishes. The oldest waters
of the North Pacific at ∼2,500-m depth have the lowest zonal-mean39Ar/Ar ratios of ∼10 %modAr.

3. The 39Ar tracer age and the ideal mean age have broadly similar large-scale patterns. Volume-weighted,
the argon and ideal mean ages are globally well correlated so that to a first approximation ΓAr

pre∕Γ ≃ 0.62.
The age ratio 𝜇 ≡ ΓAr

pre∕Γ encodes information on the shape of the ocean's TTD beyond just the mean age,
and hence, spatial variations in 𝜇 quantify spatial variations in the integrated mixing during transport
from the surface.

4. The largest undersaturation of 39Ar at high southern latitudes translates to a reservoir age (ΓAr
atm at the

surface) in excess of 100 years near the Antarctic coast. The local reservoir age correction 𝛿ΓAr(r) ≡

ΓAr
atm(r) − ΓAr

pre(r) traces out water last ventilated at high southern latitudes and ranges from the reservoir
age of Antarctic surface waters to roughly half that value in the deep Pacific and Indian oceans.

High-latitude surface measurements are needed to better constrain the argon reservoir age, which is the
most uncertain aspect of our estimates. Future measurements of 39Ar across high-gradient regions (e.g., the
Antarctic polar front), or across regions of relatively high uncertainty (e.g., Antarctic Intermediate Water,
Subantarctic Mode Water, the base of the thermocline, and profiles below ∼2,000 m), will provide valuable
constraints on ocean ventilation and water-mass formation. One way to exploit these constraints is to assim-
ilate 39Ar into an OCIM, which will allow us to quantify the effects of 39Ar on the inferred circulation. While
our current circulation estimates are broadly consistent with the existing sparse 39Ar data, there are also
many points where the model-data mismatch lies outside of the error bars. Especially in the deep ocean
where CFCs have not penetrated, 39Ar provides information on ventilation and mixing rates that cannot be
obtained from radiocarbon alone. It is clear that 39Ar data with greater global coverage will improve our
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estimates of ocean ventilation and hence of oceanic heat and carbon uptake. Measuring 39Ar in both new
and archived water samples will provide powerful constraints on the ocean circulation and ventilation and
how these have changed over time.
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