Decadal Changes in Ventilation and Anthropogenic Carbon in
the Intermediate Depths of the Arctic Ocean
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Introduction

Cant Inventory

Studies have shown that the Arctic Ocean contributes significantly to the deep water of the
Nordic Seas and overflow water (e.g. Karstensen et al., 2005; Tanhua et al., 2005) and hence,
important for global circulation and climate. The Arctic Ocean also plays an important role in
the global carbon cycle (McGuire et al., 2009).

It is not possible to calculate
Cant
inventories
of
Amerasian and Eurasian
basins separately, due to the
lack of volume knowledge
on these basins.

“Ventilation” refers to the pathways by which surface waters are brought into the deep ocean.
The “age of a water mass” refers to the time the water was last in contact with the atmosphere
and gas-exchange took place before it is brought into the deep ocean.
Tanhua et al. (2009) conducted a study on the ventilation of the Arctic Ocean and provided
mean ages and anthropogenic carbon (Cant) concentrations at different depths. The Arctic
Ocean anthropogenic carbon inventory was calculated to be 2.5 – 3.3 PgC (normalized to
2005) [~2% of global ocean inventory]. Yet most of this research was focused more on the
general ventilation in the Arctic Ocean and to infer deep-water pathways. Here we investigate
the decadal variability of the surface to intermediate waters in the Eurasian and Amerasian
basins, which represent the Atlantic layers and intermediate depth waters where changes are
observed and the associated evolution in anthropogenic carbon.
Data and Analysis
The data have been divided into basins: the data for the Eurasian region is divided into the
two sub-basins the Nansen and the Amundsen Basins, while the Amerasian region is divided
into the Makarov Basin, the West Canadian Basin and the South Canadian Basin (Figure 1).
The data used in this study comes from the recently updated GLODAPv2 (Global Ocean Data
Analysis Project version 2) dataset (Key et al., 2015; Olsen et al., 2016). We have used all
available Arctic Ocean data of the parameters: potential temperature, salinity and CFC-12 for
the depth range 200 – 2000 m for this study. 2015 data was kindly shared by W.M. Smethie
Jr.
CFC-12 data used to calculate age and Cant using the transit time distribution (TTD) method
(e.g., Waugh et al., 2006), where mixing is represented by the mean age (Γ) and the width of
the TTD (∆).
In our analysis, the mean surface saturation of CFC-12 (<20m) in both the Eurasian and
Amerasian Basins was found to be 87% (±6% represent the 95% confidence intervals, which
we will use for our uncertainty analysis). ∆/Γ ratio was also found to be lower in the Arctic (He
et al., submitted) and thus, we have used a value of ∆/Γ ratio equals 0.8 in our analysis
instead of unity as used by Tanhua et al., (2009). We have used ∆/Γ ratio equals 0.6 and 1 as
the limits in our uncertainty analysis.
Anthropogenic CO2 in the atmosphere has increased by about 16%, 21% and 21% from 1987
– 1990s, 1990s – 2000s and 2010 – 2015 respectively.

Figure 6: Inventory of anthropogenic carbon in the intermediate waters of the Arctic Ocean
with standard deviation as error bars.
Figure 2: Decadal mean profiles of mean age in the Eurasian (a) and Amerasian (b) basins
between 200 m and 2000 m for 1987 (black line), the 1990s (blue line), the 2000s (red line)
and 2015 (green line).

Figure 3: Decadal mean profiles of anthropogenic carbon in the Eurasian (a) and
Amerasian (b) basin between 200 and 2000 m for 1987 (black line), the 1990s (blue
line), the 2000s (red line) and 2015 (green line).

Ventilation and Mean Ages
Despite the limitations in the amount of data available for each of the decades, Figure 2a shows that there is increased ventilation in the
Eurasian Basin in the upper 1600 m from 1987 to the 2000s, where mean ages have become younger by about 50 years. The upper
900 m in the 2015 profile shows very similar ages (about 1-4 years older waters) when comparing to the 2000s decade. Below 900 m to
2000 m, we see a change to older waters of about 5-30 years.
In the Amerasian basin (Figure 2b), there is ventilation in the upper 1600 m from the 1990s to the 2000s, with a decrease in mean age of
up to 35 years. Waters are about 50 years older at 2000 m depth in the 2000s decade compared to the 1990s. Similar to the Eurasian
basin, the 2015 profile shows similar mean ages to the 2000s in the upper 700 m (change of about 1-4 years). Below 700 m to 2000 m,
we see older waters, up to about 120 years, in the Amerasian basin.

Cant
inventory
in
the
intermediate waters of the
Arctic Ocean is increasing
(Figure 6) at a decadal rate
of about 0.3 Gt C decade-1.
The rate of increase is 20%,
16% and 13% from 1987 –
1990s, 1990s – 2000s and
2000s – 2015 respectively.

Cant Specific Inventory
For the specific inventory, a
statistically
significant
increase of about 0.6 ± 0.3
mol C m-2 yr-1 (p-value < 0.01)
was found. This range agrees
with 0.6 – 0.9 mol C m-2 yr-1
given by Ericson et al.,
(2014).

Figure 7: Specific Inventory of anthropogenic carbon in the intermediate waters of the
Arctic Ocean with standard deviation as error bars. Line of best linear fit is drawn in green.

Anthropogenic Carbon

Summary

For the upper 1000 m in the Eurasian basin (Figure 3a), we see that Cant increases about 5-7 µmol kg-1 from 1987 to the 1990s,
increases about 7-10 µmol kg-1 from the 1990s to the 2000s and increases about 4-8 µmol kg-1 from the 2000s to 2015. Below 1000 m,
there is an increase in Cant, but the magnitude of the increase is smaller and Cant is about 13 µmol kg-1 at 2000 m depth for all time
periods.

1. There is increased ventilation in the upper 1600 m from 1987 to the 2000s in the Eurasian
basin. Changes in particular are seen in the dAW and uPDW water masses becoming younger,
likely connected to (Fram Strait Branch Water and) Barents Sea Branch Water. 2015 seems to
show constant age/older waters.

The Amerasian basin (Figure 3b) also shows an increase of about 7-10 µmol kg-1 from the 1990s to the 2000s. Below 1000 m, the
increase in Cant is much smaller in magnitude and below 1700 m, there is a decrease in Cant. From 2000s to 2015, however, we see an
increase in Cant of about 1-8 µmol kg-1 between 200 – 1000 m and a decrease in Cant of about 1-8 µmol kg-1 between 1000 – 2000 m.

2. There is increased ventilation in the upper 1600 m from 1990s to 2000s in the Amerasian basin
(possibly ventilation from Eurasian basin and Pacific waters from Bering Strait) while 2015
seems to show constant age/older waters.

Uncertainties

3. Anthropogenic carbon has increased in the intermediate waters of both the Eurasian and
Amerasian basins from 1987/1990s to the 2000s and to 2015.

There are uncertainties resulting from the ∆/Γ ratio and surface saturation of tracers. In general, surface saturation uncertainty estimates
(Figures 4a, 4b, 5a and 5b) are smaller compared to the uncertainty estimates in the ∆/Γ ratio (Figures 4c, 4d, 5c and 5d).

4. Increasing ventilation in the intermediate waters has lead to a similar Cant increase as expected
from atmospheric CO2 rise alone as a result of decreasing water mass age in the 1990s and
2000s. However, a smaller Cant increase than expected from atmospheric CO2 rise alone was
observed in 2015.
5. Cant inventory has increased through the decades in the intermediate waters of the Arctic but
the rate of change has decreased from 1987 to 2015.
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Figure 1: Map of Arctic Ocean with
stations used for this analysis. The basins
marked on the map: N, Nansen basin; A,
Amundsen basin; M, Makarov basin; NC,
North Canadian basin; SC, South
Canadian basin; WC, West Canadian
basin. The brown arrows indicate the
schematic circulation of the main
pathways of the Atlantic layer plus upper
Polar Deep Water (depth range 200 –
1700 m) (following Bluhm et al., 2015)

Figure 4: Decadal mean profiles of mean age (a,c) and anthropogenic carbon (b,d) in the
Eurasian basin similar to Figures 2a and 3a. Additional shaded areas represent uncertainty
estimates. 81% and 93% saturation estimates are shown in dashed and dotted lines (a, b)
while ∆/Γ ratio of 0.6 and 1 are shown in dashed and dotted lines (c, d).

Figure 5: Decadal mean profiles of mean age (a,c) and anthropogenic carbon (b,d) in the
Amerasian basin similar to Figures 2b and 3b. Additional shaded areas represent
uncertainty estimates. 81% and 93% saturation estimates are shown in dashed and dotted
lines (a, b) while ∆/Γ ratio of 0.6 and 1 are shown in dashed and dotted lines (c, d).
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