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A focus on the subsurface ocean (200-600m) however reveals contrasted changes between the
mid/high latitudes where the deoxygenation signal is the largest, and the tropics where oxygen
levels increase (Indian and Atlantic basins) or stay more or less constant (Pacific Basin) (Figure
1.a). In addition, whereas the trends at high- and mid-latitudes are consistent across the ensemble
of CMIP5 models used here, this is not the case in the tropics, especially in the Equatorial Pacific
where O2 levels vary in an inconsistent manner (Figure 1.a). In the subsurface tropical ocean
(here defined as 20ąS to 20ąN, 200-600m), the multi-model mean O2 concentration decreases by
-0.8 mmol m�3 in 2090s (compared to 1990s), with a inter-model standard deviation of 2.7 mmol
m�3 highlighting the very large model discrepancy.

Figure 1. (a) Multi-model mean changes in subsurface dissolved O2 concentrations, (b) subsurface O2sat and (c)

subsurface apparent oxygen utilization (AOU) in 2090�2099 relative to 1990�1999 under RCP8.5 (all averaged between

200 and 600 m, in mmol m�3). Stippling marks high robustness between models and is defined from agreement on sign

of changes. See text for details

(a) Decomposition into O2sat and AOU
A decomposition of O2 changes into its O2sat and AOU components gives some insight into
the controls of these O2 changes. At the surface, simulated O2 changes are controlled by O2sat

and hence by changes in sea surface temperature (and partially sea surface salinity). This is
very consistent with the fact that surface O2 concentrations stays within a few percent of their
saturation values for most of the ocean. In the deep ocean however, simulated O2 changes
are controlled by changes in AOU, with only a slight contribution from decreasing O2sat. The
increasing AOU trend, which controls the deep deoxygenation signal, is a signature of the
reduction in the formation / ventilation of deep water masses. It is therefore fully expressed in
the North Atlantic and in the Southern Ocean.

When focusing on the subsurface ocean (200-600m), both changes in O2sat (Figure 1.b) and
in AOU (Figure 1.c) play a significant role. Reductions in O2sat are very robust across the
model ensemble, as well as quite homogeneous across the world ocean with the largest changes
occurring where the warming is more prominent, i.e. in the North Atlantic and in the Southern
Ocean at mid latitudes. At the opposite, the model-mean changes in AOU is very contrasted
between low and mid/high latitudes, with increasing AOU trends at mid latitudes (inducing
reduced O2 concentrations) and decreasing AOU trends at low latitudes and in the Arctic
(inducing increased O2 concentrations). Overall, the changes in AOU clearly drive the contrasted
response of O2 concentrations to simulated climate change.

In brief, O2sat and AOU reinforce each other in the mid- and high-latitudes, as expected from
increasing sea surface temperature (decreasing solubility) and reduced ventilation / increasing
stratification. In the tropics however, the O2sat and AOU components clearly compensate each
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Figure S3 : Simulated changes in (a,c) O2sat and (b,d) AOU (mmol m-3) from the Last Glacial Maximum 
to the Mid-Holocene for the Atlantic (a,b) and Indian (c,d) Basins (zonal mean). On top of AOU changes, 
the contours show changes in ventilation age (years, isolines at 20, 50 and every 100 from 100 to 700 yrs) 
from the Last Glacial Maximum to the Mid-Holocene.
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When the multi-proxy data compilation of Jaccard et al. (2012) is plotted on top of the
simulated changes (Figure 4), the overall comparison is rather satisfying, with the same contrast
between the upper and deep oceans. If we consider the 68 records that display a significant trend
(increase or decrease) from the LGM to the MH, the model reproduces the same trend for 48 of
them (i.e. for 76% of the core locations). Main mismatches are located in the North Pacific, where
the model simulates an oxygenation trend northward of 40oN opposite to the deoxygenation
signal from the proxy records, and in the northern Indian Ocean (in fact in the Arabian Sea),
where the model simulates a deoxygenation trend opposite to a clear oxygenation signal from the
data.

Figure 4. Simulated changes in dissolved oxygen (in mmol m�3, zonal mean) from the Last Glacial Maximum to the

Mid-Holocene for the Atlantic (a), Indian (b), and Pacific (c) basins (zonal mean). On top of the simulated changes, are

plotted the qualitative changes in benthic oxygenation as estimated from the multi-proxy data compilation of Jaccard et

al. (2012). Blue (orange) indicates oxygenation (deoxygenation) from the Last Glacial Maximum to the Mid-Holocene.

(b) Major role for ventilation changes
As for the projected trends (Section 3.2) and for the simulated short variability (Section 3.3), we
decompose the O2 change signal into its �O2sat and �AOU components (Figure for the Pacific
Ocean, the other basins are not shown). From the LGM to the MH, O2sat decreases by 7.4 mmol
m�3 on average and for the global ocean, in line with a global ocean warming of 1oC. At the
surface (0-50m), the ocean warms by 2oC and O2sat decreases by 10.4 mmol m�3. In the deep
Southern Ocean however, the model simulates a slight cooling of 0.1oC and a decrease in salinity
of 1.1 psu, resulting in a slight increase in O2sat.

As for the projected future trends, it is the AOU changes that drive the contrast between
the upper and deep oceans (Figure for the Pacific Ocean). In the deep ocean (2000m to 5000m),
AOU decreases by 22 mmol m�3 and drives the overall change in O2 levels, being only slightly
compensated by the decreasing O2sat signal. In the upper ocean, especially in the tropics, AOU
increases along the deglaciation. In the subsurface tropical ocean (200m to 600m, 20oS and 20oN),
AOU increases by 21.8 mmol m�3. The overall change in O2 in the same water mass thus results
from a re-inforcement of decreasing O2sat and increasing AOU.

As stated above, the deglacial change in AOU may be explained by changes in the sinking of
organic material from the surface layers (and a corresponding change in local O2 consumption),
or by some modifications of ocean ventilation. The deglacial increase of oxygen levels in the
deep ocean is consistent with increased ventilation during that time interval, as shown by some
circulation proxy records such as radiocarbon data (Skinner et al. 2010). But it is also consistent
with a reduction of the sinking flux to the deep ocean as suggested by Jaccard et al. (2012).
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Figure S3 : Simulated changes in (a,c) O2sat and (b,d) AOU (mmol m-3) from the Last Glacial Maximum 
to the Mid-Holocene for the Atlantic (a,b) and Indian (c,d) Basins (zonal mean). On top of AOU changes, 
the contours show changes in ventilation age (years, isolines at 20, 50 and every 100 from 100 to 700 yrs) 
from the Last Glacial Maximum to the Mid-Holocene.
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A focus on the subsurface ocean (200-600m) however reveals contrasted changes between the
mid/high latitudes where the deoxygenation signal is the largest, and the tropics where oxygen
levels increase (Indian and Atlantic basins) or stay more or less constant (Pacific Basin) (Figure
1.a). In addition, whereas the trends at high- and mid-latitudes are consistent across the ensemble
of CMIP5 models used here, this is not the case in the tropics, especially in the Equatorial Pacific
where O2 levels vary in an inconsistent manner (Figure 1.a). In the subsurface tropical ocean
(here defined as 20ąS to 20ąN, 200-600m), the multi-model mean O2 concentration decreases by
-0.8 mmol m�3 in 2090s (compared to 1990s), with a inter-model standard deviation of 2.7 mmol
m�3 highlighting the very large model discrepancy.

Figure 1. (a) Multi-model mean changes in subsurface dissolved O2 concentrations, (b) subsurface O2sat and (c)

subsurface apparent oxygen utilization (AOU) in 2090�2099 relative to 1990�1999 under RCP8.5 (all averaged between

200 and 600 m, in mmol m�3). Stippling marks high robustness between models and is defined from agreement on sign

of changes. See text for details

(a) Decomposition into O2sat and AOU
A decomposition of O2 changes into its O2sat and AOU components gives some insight into
the controls of these O2 changes. At the surface, simulated O2 changes are controlled by O2sat

and hence by changes in sea surface temperature (and partially sea surface salinity). This is
very consistent with the fact that surface O2 concentrations stays within a few percent of their
saturation values for most of the ocean. In the deep ocean however, simulated O2 changes
are controlled by changes in AOU, with only a slight contribution from decreasing O2sat. The
increasing AOU trend, which controls the deep deoxygenation signal, is a signature of the
reduction in the formation / ventilation of deep water masses. It is therefore fully expressed in
the North Atlantic and in the Southern Ocean.

When focusing on the subsurface ocean (200-600m), both changes in O2sat (Figure 1.b) and
in AOU (Figure 1.c) play a significant role. Reductions in O2sat are very robust across the
model ensemble, as well as quite homogeneous across the world ocean with the largest changes
occurring where the warming is more prominent, i.e. in the North Atlantic and in the Southern
Ocean at mid latitudes. At the opposite, the model-mean changes in AOU is very contrasted
between low and mid/high latitudes, with increasing AOU trends at mid latitudes (inducing
reduced O2 concentrations) and decreasing AOU trends at low latitudes and in the Arctic
(inducing increased O2 concentrations). Overall, the changes in AOU clearly drive the contrasted
response of O2 concentrations to simulated climate change.

In brief, O2sat and AOU reinforce each other in the mid- and high-latitudes, as expected from
increasing sea surface temperature (decreasing solubility) and reduced ventilation / increasing
stratification. In the tropics however, the O2sat and AOU components clearly compensate each
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Figure S3 : Simulated changes in (a,c) O2sat and (b,d) AOU (mmol m-3) from the Last Glacial Maximum 
to the Mid-Holocene for the Atlantic (a,b) and Indian (c,d) Basins (zonal mean). On top of AOU changes, 
the contours show changes in ventilation age (years, isolines at 20, 50 and every 100 from 100 to 700 yrs) 
from the Last Glacial Maximum to the Mid-Holocene.
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When the multi-proxy data compilation of Jaccard et al. (2012) is plotted on top of the
simulated changes (Figure 4), the overall comparison is rather satisfying, with the same contrast
between the upper and deep oceans. If we consider the 68 records that display a significant trend
(increase or decrease) from the LGM to the MH, the model reproduces the same trend for 48 of
them (i.e. for 76% of the core locations). Main mismatches are located in the North Pacific, where
the model simulates an oxygenation trend northward of 40oN opposite to the deoxygenation
signal from the proxy records, and in the northern Indian Ocean (in fact in the Arabian Sea),
where the model simulates a deoxygenation trend opposite to a clear oxygenation signal from the
data.

Figure 4. Simulated changes in dissolved oxygen (in mmol m�3, zonal mean) from the Last Glacial Maximum to the

Mid-Holocene for the Atlantic (a), Indian (b), and Pacific (c) basins (zonal mean). On top of the simulated changes, are

plotted the qualitative changes in benthic oxygenation as estimated from the multi-proxy data compilation of Jaccard et

al. (2012). Blue (orange) indicates oxygenation (deoxygenation) from the Last Glacial Maximum to the Mid-Holocene.

(b) Major role for ventilation changes
As for the projected trends (Section 3.2) and for the simulated short variability (Section 3.3), we
decompose the O2 change signal into its �O2sat and �AOU components (Figure for the Pacific
Ocean, the other basins are not shown). From the LGM to the MH, O2sat decreases by 7.4 mmol
m�3 on average and for the global ocean, in line with a global ocean warming of 1oC. At the
surface (0-50m), the ocean warms by 2oC and O2sat decreases by 10.4 mmol m�3. In the deep
Southern Ocean however, the model simulates a slight cooling of 0.1oC and a decrease in salinity
of 1.1 psu, resulting in a slight increase in O2sat.

As for the projected future trends, it is the AOU changes that drive the contrast between
the upper and deep oceans (Figure for the Pacific Ocean). In the deep ocean (2000m to 5000m),
AOU decreases by 22 mmol m�3 and drives the overall change in O2 levels, being only slightly
compensated by the decreasing O2sat signal. In the upper ocean, especially in the tropics, AOU
increases along the deglaciation. In the subsurface tropical ocean (200m to 600m, 20oS and 20oN),
AOU increases by 21.8 mmol m�3. The overall change in O2 in the same water mass thus results
from a re-inforcement of decreasing O2sat and increasing AOU.

As stated above, the deglacial change in AOU may be explained by changes in the sinking of
organic material from the surface layers (and a corresponding change in local O2 consumption),
or by some modifications of ocean ventilation. The deglacial increase of oxygen levels in the
deep ocean is consistent with increased ventilation during that time interval, as shown by some
circulation proxy records such as radiocarbon data (Skinner et al. 2010). But it is also consistent
with a reduction of the sinking flux to the deep ocean as suggested by Jaccard et al. (2012).
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Figure S3 : Simulated changes in (a,c) O2sat and (b,d) AOU (mmol m-3) from the Last Glacial Maximum 
to the Mid-Holocene for the Atlantic (a,b) and Indian (c,d) Basins (zonal mean). On top of AOU changes, 
the contours show changes in ventilation age (years, isolines at 20, 50 and every 100 from 100 to 700 yrs) 
from the Last Glacial Maximum to the Mid-Holocene.

50403020102-50 -40 -30 -20 -10 -2

0

1000

2000

3000

4000

5000
80°S 40°S 80°N40°N0° 80°S 40°S 40°N0°

(MidHolocene - LGM) 
(mmol m-3)

a.  Atlantic,  Δ O2 sat
b.  Atlantic,  (-1)*Δ AOU 
          & Δ Ventilation Age 

80°N

0

1000

2000

3000

4000

5000

c.  Indian,  Δ O2 sat
d.  Indian, (-1)*Δ AOU 
          & Δ Ventilation Age 

0

Figure S3

Figure S3 : Simulated changes in (a,c) O2sat and (b,d) AOU (mmol m-3) from the Last Glacial Maximum 
to the Mid-Holocene for the Atlantic (a,b) and Indian (c,d) Basins (zonal mean). On top of AOU changes, 
the contours show changes in ventilation age (years, isolines at 20, 50 and every 100 from 100 to 700 yrs) 
from the Last Glacial Maximum to the Mid-Holocene.
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Figure S3 : Simulated changes in (a,c) O2sat and (b,d) AOU (mmol m-3) from the Last Glacial Maximum 
to the Mid-Holocene for the Atlantic (a,b) and Indian (c,d) Basins (zonal mean). On top of AOU changes, 
the contours show changes in ventilation age (years, isolines at 20, 50 and every 100 from 100 to 700 yrs) 
from the Last Glacial Maximum to the Mid-Holocene.
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A focus on the subsurface ocean (200-600m) however reveals contrasted changes between the
mid/high latitudes where the deoxygenation signal is the largest, and the tropics where oxygen
levels increase (Indian and Atlantic basins) or stay more or less constant (Pacific Basin) (Figure
1.a). In addition, whereas the trends at high- and mid-latitudes are consistent across the ensemble
of CMIP5 models used here, this is not the case in the tropics, especially in the Equatorial Pacific
where O2 levels vary in an inconsistent manner (Figure 1.a). In the subsurface tropical ocean
(here defined as 20ąS to 20ąN, 200-600m), the multi-model mean O2 concentration decreases by
-0.8 mmol m�3 in 2090s (compared to 1990s), with a inter-model standard deviation of 2.7 mmol
m�3 highlighting the very large model discrepancy.

Figure 1. (a) Multi-model mean changes in subsurface dissolved O2 concentrations, (b) subsurface O2sat and (c)

subsurface apparent oxygen utilization (AOU) in 2090�2099 relative to 1990�1999 under RCP8.5 (all averaged between

200 and 600 m, in mmol m�3). Stippling marks high robustness between models and is defined from agreement on sign

of changes. See text for details

(a) Decomposition into O2sat and AOU
A decomposition of O2 changes into its O2sat and AOU components gives some insight into
the controls of these O2 changes. At the surface, simulated O2 changes are controlled by O2sat

and hence by changes in sea surface temperature (and partially sea surface salinity). This is
very consistent with the fact that surface O2 concentrations stays within a few percent of their
saturation values for most of the ocean. In the deep ocean however, simulated O2 changes
are controlled by changes in AOU, with only a slight contribution from decreasing O2sat. The
increasing AOU trend, which controls the deep deoxygenation signal, is a signature of the
reduction in the formation / ventilation of deep water masses. It is therefore fully expressed in
the North Atlantic and in the Southern Ocean.

When focusing on the subsurface ocean (200-600m), both changes in O2sat (Figure 1.b) and
in AOU (Figure 1.c) play a significant role. Reductions in O2sat are very robust across the
model ensemble, as well as quite homogeneous across the world ocean with the largest changes
occurring where the warming is more prominent, i.e. in the North Atlantic and in the Southern
Ocean at mid latitudes. At the opposite, the model-mean changes in AOU is very contrasted
between low and mid/high latitudes, with increasing AOU trends at mid latitudes (inducing
reduced O2 concentrations) and decreasing AOU trends at low latitudes and in the Arctic
(inducing increased O2 concentrations). Overall, the changes in AOU clearly drive the contrasted
response of O2 concentrations to simulated climate change.

In brief, O2sat and AOU reinforce each other in the mid- and high-latitudes, as expected from
increasing sea surface temperature (decreasing solubility) and reduced ventilation / increasing
stratification. In the tropics however, the O2sat and AOU components clearly compensate each
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A decomposition of O2 changes into its O2sat and AOU components gives some insight into
the controls of these O2 changes. At the surface, simulated O2 changes are controlled by O2sat

and hence by changes in sea surface temperature (and partially sea surface salinity). This is
very consistent with the fact that surface O2 concentrations stays within a few percent of their
saturation values for most of the ocean. In the deep ocean however, simulated O2 changes
are controlled by changes in AOU, with only a slight contribution from decreasing O2sat. The
increasing AOU trend, which controls the deep deoxygenation signal, is a signature of the
reduction in the formation / ventilation of deep water masses. It is therefore fully expressed in
the North Atlantic and in the Southern Ocean.

When focusing on the subsurface ocean (200-600m), both changes in O2sat (Figure 1.b) and
in AOU (Figure 1.c) play a significant role. Reductions in O2sat are very robust across the
model ensemble, as well as quite homogeneous across the world ocean with the largest changes
occurring where the warming is more prominent, i.e. in the North Atlantic and in the Southern
Ocean at mid latitudes. At the opposite, the model-mean changes in AOU is very contrasted
between low and mid/high latitudes, with increasing AOU trends at mid latitudes (inducing
reduced O2 concentrations) and decreasing AOU trends at low latitudes and in the Arctic
(inducing increased O2 concentrations). Overall, the changes in AOU clearly drive the contrasted
response of O2 concentrations to simulated climate change.

In brief, O2sat and AOU reinforce each other in the mid- and high-latitudes, as expected from
increasing sea surface temperature (decreasing solubility) and reduced ventilation / increasing
stratification. In the tropics however, the O2sat and AOU components clearly compensate each
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A focus on the subsurface ocean (200-600m) however reveals contrasted changes between the
mid/high latitudes where the deoxygenation signal is the largest, and the tropics where oxygen
levels increase (Indian and Atlantic basins) or stay more or less constant (Pacific Basin) (Figure
1.a). In addition, whereas the trends at high- and mid-latitudes are consistent across the ensemble
of CMIP5 models used here, this is not the case in the tropics, especially in the Equatorial Pacific
where O2 levels vary in an inconsistent manner (Figure 1.a). In the subsurface tropical ocean
(here defined as 20ąS to 20ąN, 200-600m), the multi-model mean O2 concentration decreases by
-0.8 mmol m�3 in 2090s (compared to 1990s), with a inter-model standard deviation of 2.7 mmol
m�3 highlighting the very large model discrepancy.
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A decomposition of O2 changes into its O2sat and AOU components gives some insight into
the controls of these O2 changes. At the surface, simulated O2 changes are controlled by O2sat

and hence by changes in sea surface temperature (and partially sea surface salinity). This is
very consistent with the fact that surface O2 concentrations stays within a few percent of their
saturation values for most of the ocean. In the deep ocean however, simulated O2 changes
are controlled by changes in AOU, with only a slight contribution from decreasing O2sat. The
increasing AOU trend, which controls the deep deoxygenation signal, is a signature of the
reduction in the formation / ventilation of deep water masses. It is therefore fully expressed in
the North Atlantic and in the Southern Ocean.

When focusing on the subsurface ocean (200-600m), both changes in O2sat (Figure 1.b) and
in AOU (Figure 1.c) play a significant role. Reductions in O2sat are very robust across the
model ensemble, as well as quite homogeneous across the world ocean with the largest changes
occurring where the warming is more prominent, i.e. in the North Atlantic and in the Southern
Ocean at mid latitudes. At the opposite, the model-mean changes in AOU is very contrasted
between low and mid/high latitudes, with increasing AOU trends at mid latitudes (inducing
reduced O2 concentrations) and decreasing AOU trends at low latitudes and in the Arctic
(inducing increased O2 concentrations). Overall, the changes in AOU clearly drive the contrasted
response of O2 concentrations to simulated climate change.

In brief, O2sat and AOU reinforce each other in the mid- and high-latitudes, as expected from
increasing sea surface temperature (decreasing solubility) and reduced ventilation / increasing
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A focus on the subsurface ocean (200-600m) however reveals contrasted changes between the
mid/high latitudes where the deoxygenation signal is the largest, and the tropics where oxygen
levels increase (Indian and Atlantic basins) or stay more or less constant (Pacific Basin) (Figure
1.a). In addition, whereas the trends at high- and mid-latitudes are consistent across the ensemble
of CMIP5 models used here, this is not the case in the tropics, especially in the Equatorial Pacific
where O2 levels vary in an inconsistent manner (Figure 1.a). In the subsurface tropical ocean
(here defined as 20ąS to 20ąN, 200-600m), the multi-model mean O2 concentration decreases by
-0.8 mmol m�3 in 2090s (compared to 1990s), with a inter-model standard deviation of 2.7 mmol
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very consistent with the fact that surface O2 concentrations stays within a few percent of their
saturation values for most of the ocean. In the deep ocean however, simulated O2 changes
are controlled by changes in AOU, with only a slight contribution from decreasing O2sat. The
increasing AOU trend, which controls the deep deoxygenation signal, is a signature of the
reduction in the formation / ventilation of deep water masses. It is therefore fully expressed in
the North Atlantic and in the Southern Ocean.

When focusing on the subsurface ocean (200-600m), both changes in O2sat (Figure 1.b) and
in AOU (Figure 1.c) play a significant role. Reductions in O2sat are very robust across the
model ensemble, as well as quite homogeneous across the world ocean with the largest changes
occurring where the warming is more prominent, i.e. in the North Atlantic and in the Southern
Ocean at mid latitudes. At the opposite, the model-mean changes in AOU is very contrasted
between low and mid/high latitudes, with increasing AOU trends at mid latitudes (inducing
reduced O2 concentrations) and decreasing AOU trends at low latitudes and in the Arctic
(inducing increased O2 concentrations). Overall, the changes in AOU clearly drive the contrasted
response of O2 concentrations to simulated climate change.

In brief, O2sat and AOU reinforce each other in the mid- and high-latitudes, as expected from
increasing sea surface temperature (decreasing solubility) and reduced ventilation / increasing
stratification. In the tropics however, the O2sat and AOU components clearly compensate each

5

rsta.royalsocietypublishing.org
P

hil.Trans.R
.S

oc.A
0000000

..................................................................

A focus on the subsurface ocean (200-600m) however reveals contrasted changes between the
mid/high latitudes where the deoxygenation signal is the largest, and the tropics where oxygen
levels increase (Indian and Atlantic basins) or stay more or less constant (Pacific Basin) (Figure
1.a). In addition, whereas the trends at high- and mid-latitudes are consistent across the ensemble
of CMIP5 models used here, this is not the case in the tropics, especially in the Equatorial Pacific
where O2 levels vary in an inconsistent manner (Figure 1.a). In the subsurface tropical ocean
(here defined as 20ąS to 20ąN, 200-600m), the multi-model mean O2 concentration decreases by
-0.8 mmol m�3 in 2090s (compared to 1990s), with a inter-model standard deviation of 2.7 mmol
m�3 highlighting the very large model discrepancy.
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A decomposition of O2 changes into its O2sat and AOU components gives some insight into
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and hence by changes in sea surface temperature (and partially sea surface salinity). This is
very consistent with the fact that surface O2 concentrations stays within a few percent of their
saturation values for most of the ocean. In the deep ocean however, simulated O2 changes
are controlled by changes in AOU, with only a slight contribution from decreasing O2sat. The
increasing AOU trend, which controls the deep deoxygenation signal, is a signature of the
reduction in the formation / ventilation of deep water masses. It is therefore fully expressed in
the North Atlantic and in the Southern Ocean.

When focusing on the subsurface ocean (200-600m), both changes in O2sat (Figure 1.b) and
in AOU (Figure 1.c) play a significant role. Reductions in O2sat are very robust across the
model ensemble, as well as quite homogeneous across the world ocean with the largest changes
occurring where the warming is more prominent, i.e. in the North Atlantic and in the Southern
Ocean at mid latitudes. At the opposite, the model-mean changes in AOU is very contrasted
between low and mid/high latitudes, with increasing AOU trends at mid latitudes (inducing
reduced O2 concentrations) and decreasing AOU trends at low latitudes and in the Arctic
(inducing increased O2 concentrations). Overall, the changes in AOU clearly drive the contrasted
response of O2 concentrations to simulated climate change.

In brief, O2sat and AOU reinforce each other in the mid- and high-latitudes, as expected from
increasing sea surface temperature (decreasing solubility) and reduced ventilation / increasing
stratification. In the tropics however, the O2sat and AOU components clearly compensate each
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mid/high latitudes where the deoxygenation signal is the largest, and the tropics where oxygen
levels increase (Indian and Atlantic basins) or stay more or less constant (Pacific Basin) (Figure
1.a). In addition, whereas the trends at high- and mid-latitudes are consistent across the ensemble
of CMIP5 models used here, this is not the case in the tropics, especially in the Equatorial Pacific
where O2 levels vary in an inconsistent manner (Figure 1.a). In the subsurface tropical ocean
(here defined as 20ąS to 20ąN, 200-600m), the multi-model mean O2 concentration decreases by
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are controlled by changes in AOU, with only a slight contribution from decreasing O2sat. The
increasing AOU trend, which controls the deep deoxygenation signal, is a signature of the
reduction in the formation / ventilation of deep water masses. It is therefore fully expressed in
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When focusing on the subsurface ocean (200-600m), both changes in O2sat (Figure 1.b) and
in AOU (Figure 1.c) play a significant role. Reductions in O2sat are very robust across the
model ensemble, as well as quite homogeneous across the world ocean with the largest changes
occurring where the warming is more prominent, i.e. in the North Atlantic and in the Southern
Ocean at mid latitudes. At the opposite, the model-mean changes in AOU is very contrasted
between low and mid/high latitudes, with increasing AOU trends at mid latitudes (inducing
reduced O2 concentrations) and decreasing AOU trends at low latitudes and in the Arctic
(inducing increased O2 concentrations). Overall, the changes in AOU clearly drive the contrasted
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V. Parvathi et al.: IOD influence on anoxia off the WCI 1547

Figure 4. Seasonal evolution of oxygen (µmol L�1; color shaded)
and temperature (�C; thin black contour) vertical profiles aver-
aged over the WCI box (indicated as black frame in Fig. 5) from
(a) WOA13 and (b) model. The oxycline and thermocline depths
are marked by thick red and black lines, respectively, in both pan-
els.

Figure 5. Maps of correlation between the mean seasonal cycle of
oxycline and thermocline depths over the northern Indian Ocean
from (a) WOA13 and (b) model. Values are masked when the oxy-
cline could not be defined, i.e., when the oxygen concentration is
above 100 µmol L�1 in the entire water column. The WCI box is
marked as a black frame on each panel.

tion of the oxygen and temperature seasonal cycle off the
WCI (see black frame in Fig. 5 for the WCI box location)
from both the model and the observations. This figure illus-
trates that the seasonal evolution of temperature and oxygen

are very similar, with both OCD and TCD starting shoaling
in April (⇠ 100 m) and reaching their shallowest depth dur-
ing September–October (⇠ 50 m). This figure thus indicates
a tight coupling between the oxycline and thermocline depth
variations off the WCI. Resplandy et al. (2012) performed a
budget analysis of the terms contributing to the seasonal oxy-
gen variability along the WCI and showed that, although the
biological sink and the dynamical sources of oxygen com-
pensate for each other on annual average, the oxygen season-
ality in this region primarily arises from the vertical advec-
tion of oxygen. Vertical velocities act in the same way on the
oxygen and temperature isolines, lifting or lowering them in
phase as illustrated in Fig. 4, resulting in a strong correlation
between OCD and TCD along the WCI.

The above close link between the thermocline and oxy-
cline has also been observed in many regions (e.g., Morales
et al., 1999; Prakash et al., 2013). Figure 5 quantifies this
relationship for the entire northern Indian Ocean by display-
ing the correlation between the seasonal OCD and TCD vari-
ations for both observations and the model, and these cor-
relations exceed 0.7 everywhere in the Arabian Sea, except
in a small region off the Horn of Africa. These correlations
drop in the equatorial region, presumably because our oxy-
cline definition (100 µmolL�1) corresponds to a lower tem-
perature criterion than 23 �C (for defining TCD) in that re-
gion. The model in general exhibits higher OCD–TCD cor-
relations than in the observations, especially in the eastern
Bay of Bengal where observed OCD and TCD are not well
correlated. The tight OCD–TCD relationship along the WCI
implies a strong control of seasonal oxygen variability by the
upwelling intensity in that region.

The strong dynamical control on the oxygen variability
is further illustrated in Fig. 6, which displays spatial maps
of observed and modeled OCD and TCD seasonal clima-
tologies. During the spring inter monsoon (March–May),
the TCD and OCD are spatially quite uniform and deep
(⇠ 100 m) in the southeastern Arabian Sea (Fig. 6a and e).
This is also the case along the WCI south of 15� N despite
the alongshore winds favorable to local upwelling, indicat-
ing a remote control of OCD and TCD variations there. In
contrast, the shallower OCD and TCD near the southern tip
of India (STI) during this season is consistent with upwelling
favorable winds in this region (Fig. 6a and e). With the ad-
vent of the summer monsoon (June–August), the westerly
monsoon winds drive a very strong offshore Ekman trans-
port in the western Bay of Bengal and near the STI (Suresh et
al., 2016), resulting in an upwelling signal, which shoals the
OCD and TCD up to 60 m at the STI (Fig. 6b and f; Smitha
et al., 2008; Gupta et al., 2016). Further north, the winds are
almost perpendicular to the coast of western India (Suresh
et al., 2016) and hence do not induce upwelling there. The
shallow OCD and TCD signal from the STI propagates north-
ward along the western Indian coast as an upwelling coastal
Kelvin wave (Suresh et al., 2016; see Fig. 6b and f), with
OCD and TCD patterns clearly suggestive of faster wave

www.biogeosciences.net/14/1541/2017/ Biogeosciences, 14, 1541–1559, 2017

Strong modulation of O2 on interannual time-
scales obscures anthropogenic trends

 Vallivattathillam et al., Biogeosciences 2017

V. Parvathi et al.: IOD influence on anoxia off the WCI 1547

Figure 4. Seasonal evolution of oxygen (µmol L�1; color shaded)
and temperature (�C; thin black contour) vertical profiles aver-
aged over the WCI box (indicated as black frame in Fig. 5) from
(a) WOA13 and (b) model. The oxycline and thermocline depths
are marked by thick red and black lines, respectively, in both pan-
els.

Figure 5. Maps of correlation between the mean seasonal cycle of
oxycline and thermocline depths over the northern Indian Ocean
from (a) WOA13 and (b) model. Values are masked when the oxy-
cline could not be defined, i.e., when the oxygen concentration is
above 100 µmol L�1 in the entire water column. The WCI box is
marked as a black frame on each panel.

tion of the oxygen and temperature seasonal cycle off the
WCI (see black frame in Fig. 5 for the WCI box location)
from both the model and the observations. This figure illus-
trates that the seasonal evolution of temperature and oxygen

are very similar, with both OCD and TCD starting shoaling
in April (⇠ 100 m) and reaching their shallowest depth dur-
ing September–October (⇠ 50 m). This figure thus indicates
a tight coupling between the oxycline and thermocline depth
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tion of oxygen. Vertical velocities act in the same way on the
oxygen and temperature isolines, lifting or lowering them in
phase as illustrated in Fig. 4, resulting in a strong correlation
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et al., 1999; Prakash et al., 2013). Figure 5 quantifies this
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relations exceed 0.7 everywhere in the Arabian Sea, except
in a small region off the Horn of Africa. These correlations
drop in the equatorial region, presumably because our oxy-
cline definition (100 µmolL�1) corresponds to a lower tem-
perature criterion than 23 �C (for defining TCD) in that re-
gion. The model in general exhibits higher OCD–TCD cor-
relations than in the observations, especially in the eastern
Bay of Bengal where observed OCD and TCD are not well
correlated. The tight OCD–TCD relationship along the WCI
implies a strong control of seasonal oxygen variability by the
upwelling intensity in that region.
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is further illustrated in Fig. 6, which displays spatial maps
of observed and modeled OCD and TCD seasonal clima-
tologies. During the spring inter monsoon (March–May),
the TCD and OCD are spatially quite uniform and deep
(⇠ 100 m) in the southeastern Arabian Sea (Fig. 6a and e).
This is also the case along the WCI south of 15� N despite
the alongshore winds favorable to local upwelling, indicat-
ing a remote control of OCD and TCD variations there. In
contrast, the shallower OCD and TCD near the southern tip
of India (STI) during this season is consistent with upwelling
favorable winds in this region (Fig. 6a and e). With the ad-
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port in the western Bay of Bengal and near the STI (Suresh et
al., 2016), resulting in an upwelling signal, which shoals the
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Figure 13. Seasonal evolution of anomalous composites of (a) WCI
OCD, (b) WCI TCD, and (c) STI zonal wind stress during positive
(red) and negative (blue) IOD events. Positive (negative) IODs are
defined when the DMI averaged for the fall season is greater (lesser)
than 1 �C. The whiskers indicate the 95 % confidence interval on the
composited value. Positive IOD events considered in this composite
are the years 1961, 1963, 1967, 1972, 1977, 1982, 1994, 1997, and
2006, while negative ones are 1964, 1973, 1974, 1975, 1979, 1981,
1984, 1992, 1996, 1998, and 2010. Negative IOD composite time
series has been multiplied by �1 to ease comparison with positive
events.

eddy-permitting (1/4� horizontal resolution), regional Indian
Ocean configuration of a coupled physical–biogeochemical
model. The simulation spans a period long enough (1960–
2012) to investigate the driving mechanisms of the interan-
nual variability of oxygen off the WCI. The model accurately
reproduces the oxycline and thermocline seasonal cycle off
the WCI, with a seasonal upwelling that yields the shallow-
est oxycline and thermocline at the end of the summer mon-

soon. The modeled and observed offshore climatological sea-
sonal cycles of oxygen match in situ measurements on the
shelf, with a strongest seasonal oxygen deficiency and high-
est occurrence rate of anoxic events during boreal fall. It is
suggested that the upwelling of oxygen-depleted subsurface
waters at the shelf break influences the occurrence of anoxic
events over the western Indian continental shelf.

The shallow oxycline in fall combines with a large inter-
annual variability at this time of year to create a window of
opportunity for coastal anoxic events. Our model analysis
further indicates that there is a tight coupling between the
thermocline and oxycline variability in this region on both
seasonal and interannual timescales, indicative of a strong
physical control of the oxygen variability through vertical ad-
vection. Interannual thermocline fluctuations along the WCI
are related to basin-scale wind, thermocline, and oxycline
depth perturbations associated with IOD events, an Indian
Ocean coupled ocean–atmosphere climate mode that peaks
in fall. Positive IOD events are associated with easterly wind
anomalies in the central equatorial Indian Ocean and extend
meridionally up to the southern tip of India. These easterly
wind anomalies trigger downwelling coastal Kelvin waves
that propagate along the WCI and deepen the thermocline
and oxycline in boreal fall, thereby preventing the occurrence
of coastal anoxia off the WCI during positive IOD events.
Our model results also suggest an asymmetry between the
impact of positive and negative IOD events on the WCI oxy-
cline depth. The westerly wind anomalies at the southern tip
of India do indeed have a smaller amplitude during negative
IODs than their easterly counterparts during positive IODs,
thus resulting in a weaker and less consistent shoaling of
oxycline and thermocline along WCI during negative IOD
events.

4.2 Discussion

4.2.1 Influence of the IOD on the interannual oxygen
variability along the WCI

Previous studies have demonstrated the impact of large-scale
climate modes on year-to-year variations of the oxygen de-
ficiencies in coastal hypoxic systems elsewhere in the world
ocean. In the Pacific, El Niño conditions lead to intensified
oxygenation along the coasts of Peru and Chile as a result
of weak upwelling (e.g., Arntz et al., 2006; Gutierrez et al.,
2008), while in the Atlantic, the Benguela Niño leads to in-
tensified anoxia along the Namibian shelf (Monteiro et al.,
2008). The western continental shelf of India is home to the
largest naturally formed coastal hypoxic system in the world.
In this study, we identify, for the first time, the IOD as the
major climatic driver of the year-to-year oxycline and ther-
mocline variations offshore of the WCI. Though the IOD has
a weaker thermocline depth signature on the west than on the
east coast of India, it has stronger societal consequences as
it influences the WCI seasonal upwelling that brings suboxic
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Figure 13. Seasonal evolution of anomalous composites of (a) WCI
OCD, (b) WCI TCD, and (c) STI zonal wind stress during positive
(red) and negative (blue) IOD events. Positive (negative) IODs are
defined when the DMI averaged for the fall season is greater (lesser)
than 1 �C. The whiskers indicate the 95 % confidence interval on the
composited value. Positive IOD events considered in this composite
are the years 1961, 1963, 1967, 1972, 1977, 1982, 1994, 1997, and
2006, while negative ones are 1964, 1973, 1974, 1975, 1979, 1981,
1984, 1992, 1996, 1998, and 2010. Negative IOD composite time
series has been multiplied by �1 to ease comparison with positive
events.

eddy-permitting (1/4� horizontal resolution), regional Indian
Ocean configuration of a coupled physical–biogeochemical
model. The simulation spans a period long enough (1960–
2012) to investigate the driving mechanisms of the interan-
nual variability of oxygen off the WCI. The model accurately
reproduces the oxycline and thermocline seasonal cycle off
the WCI, with a seasonal upwelling that yields the shallow-
est oxycline and thermocline at the end of the summer mon-

soon. The modeled and observed offshore climatological sea-
sonal cycles of oxygen match in situ measurements on the
shelf, with a strongest seasonal oxygen deficiency and high-
est occurrence rate of anoxic events during boreal fall. It is
suggested that the upwelling of oxygen-depleted subsurface
waters at the shelf break influences the occurrence of anoxic
events over the western Indian continental shelf.

The shallow oxycline in fall combines with a large inter-
annual variability at this time of year to create a window of
opportunity for coastal anoxic events. Our model analysis
further indicates that there is a tight coupling between the
thermocline and oxycline variability in this region on both
seasonal and interannual timescales, indicative of a strong
physical control of the oxygen variability through vertical ad-
vection. Interannual thermocline fluctuations along the WCI
are related to basin-scale wind, thermocline, and oxycline
depth perturbations associated with IOD events, an Indian
Ocean coupled ocean–atmosphere climate mode that peaks
in fall. Positive IOD events are associated with easterly wind
anomalies in the central equatorial Indian Ocean and extend
meridionally up to the southern tip of India. These easterly
wind anomalies trigger downwelling coastal Kelvin waves
that propagate along the WCI and deepen the thermocline
and oxycline in boreal fall, thereby preventing the occurrence
of coastal anoxia off the WCI during positive IOD events.
Our model results also suggest an asymmetry between the
impact of positive and negative IOD events on the WCI oxy-
cline depth. The westerly wind anomalies at the southern tip
of India do indeed have a smaller amplitude during negative
IODs than their easterly counterparts during positive IODs,
thus resulting in a weaker and less consistent shoaling of
oxycline and thermocline along WCI during negative IOD
events.

4.2 Discussion

4.2.1 Influence of the IOD on the interannual oxygen
variability along the WCI

Previous studies have demonstrated the impact of large-scale
climate modes on year-to-year variations of the oxygen de-
ficiencies in coastal hypoxic systems elsewhere in the world
ocean. In the Pacific, El Niño conditions lead to intensified
oxygenation along the coasts of Peru and Chile as a result
of weak upwelling (e.g., Arntz et al., 2006; Gutierrez et al.,
2008), while in the Atlantic, the Benguela Niño leads to in-
tensified anoxia along the Namibian shelf (Monteiro et al.,
2008). The western continental shelf of India is home to the
largest naturally formed coastal hypoxic system in the world.
In this study, we identify, for the first time, the IOD as the
major climatic driver of the year-to-year oxycline and ther-
mocline variations offshore of the WCI. Though the IOD has
a weaker thermocline depth signature on the west than on the
east coast of India, it has stronger societal consequences as
it influences the WCI seasonal upwelling that brings suboxic
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kw is the transfer velocity, (↵O2atm�O2) is the difference
in O2 partial pressure between the air and surface sea water,
and ↵ the solubility of O2 in seawater.
In this work, the terms (@O2/@t)Bio and (@O2/@t)Dyn are

examined to estimate the biological and dynamical contri-
butions to the seasonality and the formation of the OMZ in
the Arabian Sea. Jflux is not discussed because it impacts the
top-most level of the model and consequently only slightly
modifies the concentration in the mixed layer located above
the OMZ.

2.4 Model Equilibration

Equilibration of the oxygen and nitrate content in subsurface
waters, where the OMZ is located, requires to carry experi-
ments for several tens of years, which is out of reach with the
resolution of the model. In order to circumvent this issue, the
model spin-up is performed in two steps, first at 1 / 2� reso-
lution (243 yr) and then at 1 / 12� (3 yr). More precisely, the
global simulation of Koné et al. (2009), based on the same
biogochemical model but with iron and phosphate compart-
ments, provides the initial and the southern open boundary
condition for nitrate and oxygen. The 1 / 12� resolution re-
gional model was then integrated from 1992 to 2003 and we
focus our analysis on a model climatology built by averaging
from 1995 to 2003. The first 3 yr were taken out to remove
the transition due to the change in resolution. This method
does not allow complete equilibration but reduces the model
drift to a level that is below the magnitude of the processes
analysed in this study. Hence, the biological ((@O2/@t)Bio in
Eq. 1) and dynamical ((@O2/@t)Dyn in Eq. 1) contributions
to the oxygen budget in our model run are not in perfect bal-
ance. The model is linearly drifting with a trend of the or-
der of 0.01 µmol L�1 month�1 on average between 200 and
1500m (not shown).
The biological and dynamical annual trends are both max-

imum on the western side of the AS, where they tend to bal-
ance each other (Fig. 2a and b). The residual term (@O2/@t)
is < 0.02 µmol L�1 month�1 on average between 200 and
1500m (Fig. 2c), which represents an annual difference
< 0.5% of the O2 concentration. Note that the regional av-
erage of this residual term corresponds to the model drift of
⇠ 0.01 µmol L�1 month�1 discussed above. The spatial pat-
terns in this residual term primarily arises from the presence
of internal variability (the signature of eddies is still apparent
in the long-term mean of the dynamical trend) and interan-
nual variability.

3 Model evaluation

Here, we focus on the model’s ability to reproduce the OMZ
and its seasonal variations. Dynamical and biological fea-
tures essential to understand the oxygen budget are also
briefly described. A detailed evaluation of the model’s abil-
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ity to simulate the seasonal cycle of circulation, mixed layer
depth, nutrients concentrations and phytoplankton can be
found in Resplandy et al. (2011).

3.1 Main dynamical and biological features

In the Arabian Sea, the monsoon system leads to the semi-
annual reversal of the oceanic circulation. The two result-
ing monsoons drive two seasonal phytoplanktonic blooms
(Banse, 1987; Wiggert et al., 2005; Lévy et al., 2007). During
the Northeast Monsoon (NEM, December–February), rela-
tively strong, cool and dry winds blow southwest across the
Arabian Sea, forcing a counterclockwise circulation and in-
ducing a significant ocean heat loss (Fig. 1a). The resulting
convective mixing (Bauer et al., 1991;Weller et al., 2002) en-
trains nutrient-rich waters, triggering a phytoplankton bloom
north of 15�N (Madhupratap et al., 1996) (Fig. 1c and e).
During the late stages of the Spring Intermonsoon (SIM,
March–May) and the Southwest Monsoon (SWM, June-
August), the wind and oceanic circulations reverse (Fig. 1b).
The main oceanic features associated with the strong south-
westerly wind jet of warm and moist air or Findlater Jet
(Findlater, 1969) are the coastal upwelling systems that de-
velop along the western (Brock and McClain, 1992; Veldhuis
et al., 1997; Hitchcock et al., 2000) and eastern (Banse, 1968;
Lierheimer and Banse, 2002) coasts of the Arabian Sea.
Strong positive vertical velocities upwell nutrients into the
euphotic layer, enhancing phytoplankton production (Fig. 1d
and f). These major features of the monsoon periods are
modulated by a strong lateral contrast in Ekman pumping
(Fig. 1a and b). While NEMwinds favour downwelling in the
northwest and upwelling in the southwest, the SWM Find-
later Jet triggers open-ocean upwelling north of the Find-
later Jet and a downwelling to the south (Bauer et al., 1991;
Rao et al., 1989; Schott and McCreary, 2001; Fischer et al.,
2002; Weller et al., 2002). During the Spring and Fall Inter-
monsoons (SIM, March–May; FIM, September–November
respectively), winds and ocean currents are reversing and be-
come much weaker.
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kw is the transfer velocity, (↵O2atm�O2) is the difference
in O2 partial pressure between the air and surface sea water,
and ↵ the solubility of O2 in seawater.
In this work, the terms (@O2/@t)Bio and (@O2/@t)Dyn are

examined to estimate the biological and dynamical contri-
butions to the seasonality and the formation of the OMZ in
the Arabian Sea. Jflux is not discussed because it impacts the
top-most level of the model and consequently only slightly
modifies the concentration in the mixed layer located above
the OMZ.

2.4 Model Equilibration

Equilibration of the oxygen and nitrate content in subsurface
waters, where the OMZ is located, requires to carry experi-
ments for several tens of years, which is out of reach with the
resolution of the model. In order to circumvent this issue, the
model spin-up is performed in two steps, first at 1 / 2� reso-
lution (243 yr) and then at 1 / 12� (3 yr). More precisely, the
global simulation of Koné et al. (2009), based on the same
biogochemical model but with iron and phosphate compart-
ments, provides the initial and the southern open boundary
condition for nitrate and oxygen. The 1 / 12� resolution re-
gional model was then integrated from 1992 to 2003 and we
focus our analysis on a model climatology built by averaging
from 1995 to 2003. The first 3 yr were taken out to remove
the transition due to the change in resolution. This method
does not allow complete equilibration but reduces the model
drift to a level that is below the magnitude of the processes
analysed in this study. Hence, the biological ((@O2/@t)Bio in
Eq. 1) and dynamical ((@O2/@t)Dyn in Eq. 1) contributions
to the oxygen budget in our model run are not in perfect bal-
ance. The model is linearly drifting with a trend of the or-
der of 0.01 µmol L�1 month�1 on average between 200 and
1500m (not shown).
The biological and dynamical annual trends are both max-

imum on the western side of the AS, where they tend to bal-
ance each other (Fig. 2a and b). The residual term (@O2/@t)
is < 0.02 µmol L�1 month�1 on average between 200 and
1500m (Fig. 2c), which represents an annual difference
< 0.5% of the O2 concentration. Note that the regional av-
erage of this residual term corresponds to the model drift of
⇠ 0.01 µmol L�1 month�1 discussed above. The spatial pat-
terns in this residual term primarily arises from the presence
of internal variability (the signature of eddies is still apparent
in the long-term mean of the dynamical trend) and interan-
nual variability.

3 Model evaluation

Here, we focus on the model’s ability to reproduce the OMZ
and its seasonal variations. Dynamical and biological fea-
tures essential to understand the oxygen budget are also
briefly described. A detailed evaluation of the model’s abil-
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ity to simulate the seasonal cycle of circulation, mixed layer
depth, nutrients concentrations and phytoplankton can be
found in Resplandy et al. (2011).

3.1 Main dynamical and biological features

In the Arabian Sea, the monsoon system leads to the semi-
annual reversal of the oceanic circulation. The two result-
ing monsoons drive two seasonal phytoplanktonic blooms
(Banse, 1987; Wiggert et al., 2005; Lévy et al., 2007). During
the Northeast Monsoon (NEM, December–February), rela-
tively strong, cool and dry winds blow southwest across the
Arabian Sea, forcing a counterclockwise circulation and in-
ducing a significant ocean heat loss (Fig. 1a). The resulting
convective mixing (Bauer et al., 1991;Weller et al., 2002) en-
trains nutrient-rich waters, triggering a phytoplankton bloom
north of 15�N (Madhupratap et al., 1996) (Fig. 1c and e).
During the late stages of the Spring Intermonsoon (SIM,
March–May) and the Southwest Monsoon (SWM, June-
August), the wind and oceanic circulations reverse (Fig. 1b).
The main oceanic features associated with the strong south-
westerly wind jet of warm and moist air or Findlater Jet
(Findlater, 1969) are the coastal upwelling systems that de-
velop along the western (Brock and McClain, 1992; Veldhuis
et al., 1997; Hitchcock et al., 2000) and eastern (Banse, 1968;
Lierheimer and Banse, 2002) coasts of the Arabian Sea.
Strong positive vertical velocities upwell nutrients into the
euphotic layer, enhancing phytoplankton production (Fig. 1d
and f). These major features of the monsoon periods are
modulated by a strong lateral contrast in Ekman pumping
(Fig. 1a and b). While NEMwinds favour downwelling in the
northwest and upwelling in the southwest, the SWM Find-
later Jet triggers open-ocean upwelling north of the Find-
later Jet and a downwelling to the south (Bauer et al., 1991;
Rao et al., 1989; Schott and McCreary, 2001; Fischer et al.,
2002; Weller et al., 2002). During the Spring and Fall Inter-
monsoons (SIM, March–May; FIM, September–November
respectively), winds and ocean currents are reversing and be-
come much weaker.
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kw is the transfer velocity, (↵O2atm�O2) is the difference
in O2 partial pressure between the air and surface sea water,
and ↵ the solubility of O2 in seawater.
In this work, the terms (@O2/@t)Bio and (@O2/@t)Dyn are

examined to estimate the biological and dynamical contri-
butions to the seasonality and the formation of the OMZ in
the Arabian Sea. Jflux is not discussed because it impacts the
top-most level of the model and consequently only slightly
modifies the concentration in the mixed layer located above
the OMZ.

2.4 Model Equilibration

Equilibration of the oxygen and nitrate content in subsurface
waters, where the OMZ is located, requires to carry experi-
ments for several tens of years, which is out of reach with the
resolution of the model. In order to circumvent this issue, the
model spin-up is performed in two steps, first at 1 / 2� reso-
lution (243 yr) and then at 1 / 12� (3 yr). More precisely, the
global simulation of Koné et al. (2009), based on the same
biogochemical model but with iron and phosphate compart-
ments, provides the initial and the southern open boundary
condition for nitrate and oxygen. The 1 / 12� resolution re-
gional model was then integrated from 1992 to 2003 and we
focus our analysis on a model climatology built by averaging
from 1995 to 2003. The first 3 yr were taken out to remove
the transition due to the change in resolution. This method
does not allow complete equilibration but reduces the model
drift to a level that is below the magnitude of the processes
analysed in this study. Hence, the biological ((@O2/@t)Bio in
Eq. 1) and dynamical ((@O2/@t)Dyn in Eq. 1) contributions
to the oxygen budget in our model run are not in perfect bal-
ance. The model is linearly drifting with a trend of the or-
der of 0.01 µmol L�1 month�1 on average between 200 and
1500m (not shown).
The biological and dynamical annual trends are both max-

imum on the western side of the AS, where they tend to bal-
ance each other (Fig. 2a and b). The residual term (@O2/@t)
is < 0.02 µmol L�1 month�1 on average between 200 and
1500m (Fig. 2c), which represents an annual difference
< 0.5% of the O2 concentration. Note that the regional av-
erage of this residual term corresponds to the model drift of
⇠ 0.01 µmol L�1 month�1 discussed above. The spatial pat-
terns in this residual term primarily arises from the presence
of internal variability (the signature of eddies is still apparent
in the long-term mean of the dynamical trend) and interan-
nual variability.

3 Model evaluation

Here, we focus on the model’s ability to reproduce the OMZ
and its seasonal variations. Dynamical and biological fea-
tures essential to understand the oxygen budget are also
briefly described. A detailed evaluation of the model’s abil-
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ity to simulate the seasonal cycle of circulation, mixed layer
depth, nutrients concentrations and phytoplankton can be
found in Resplandy et al. (2011).

3.1 Main dynamical and biological features

In the Arabian Sea, the monsoon system leads to the semi-
annual reversal of the oceanic circulation. The two result-
ing monsoons drive two seasonal phytoplanktonic blooms
(Banse, 1987; Wiggert et al., 2005; Lévy et al., 2007). During
the Northeast Monsoon (NEM, December–February), rela-
tively strong, cool and dry winds blow southwest across the
Arabian Sea, forcing a counterclockwise circulation and in-
ducing a significant ocean heat loss (Fig. 1a). The resulting
convective mixing (Bauer et al., 1991;Weller et al., 2002) en-
trains nutrient-rich waters, triggering a phytoplankton bloom
north of 15�N (Madhupratap et al., 1996) (Fig. 1c and e).
During the late stages of the Spring Intermonsoon (SIM,
March–May) and the Southwest Monsoon (SWM, June-
August), the wind and oceanic circulations reverse (Fig. 1b).
The main oceanic features associated with the strong south-
westerly wind jet of warm and moist air or Findlater Jet
(Findlater, 1969) are the coastal upwelling systems that de-
velop along the western (Brock and McClain, 1992; Veldhuis
et al., 1997; Hitchcock et al., 2000) and eastern (Banse, 1968;
Lierheimer and Banse, 2002) coasts of the Arabian Sea.
Strong positive vertical velocities upwell nutrients into the
euphotic layer, enhancing phytoplankton production (Fig. 1d
and f). These major features of the monsoon periods are
modulated by a strong lateral contrast in Ekman pumping
(Fig. 1a and b). While NEMwinds favour downwelling in the
northwest and upwelling in the southwest, the SWM Find-
later Jet triggers open-ocean upwelling north of the Find-
later Jet and a downwelling to the south (Bauer et al., 1991;
Rao et al., 1989; Schott and McCreary, 2001; Fischer et al.,
2002; Weller et al., 2002). During the Spring and Fall Inter-
monsoons (SIM, March–May; FIM, September–November
respectively), winds and ocean currents are reversing and be-
come much weaker.
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kw is the transfer velocity, (↵O2atm�O2) is the difference
in O2 partial pressure between the air and surface sea water,
and ↵ the solubility of O2 in seawater.
In this work, the terms (@O2/@t)Bio and (@O2/@t)Dyn are

examined to estimate the biological and dynamical contri-
butions to the seasonality and the formation of the OMZ in
the Arabian Sea. Jflux is not discussed because it impacts the
top-most level of the model and consequently only slightly
modifies the concentration in the mixed layer located above
the OMZ.

2.4 Model Equilibration

Equilibration of the oxygen and nitrate content in subsurface
waters, where the OMZ is located, requires to carry experi-
ments for several tens of years, which is out of reach with the
resolution of the model. In order to circumvent this issue, the
model spin-up is performed in two steps, first at 1 / 2� reso-
lution (243 yr) and then at 1 / 12� (3 yr). More precisely, the
global simulation of Koné et al. (2009), based on the same
biogochemical model but with iron and phosphate compart-
ments, provides the initial and the southern open boundary
condition for nitrate and oxygen. The 1 / 12� resolution re-
gional model was then integrated from 1992 to 2003 and we
focus our analysis on a model climatology built by averaging
from 1995 to 2003. The first 3 yr were taken out to remove
the transition due to the change in resolution. This method
does not allow complete equilibration but reduces the model
drift to a level that is below the magnitude of the processes
analysed in this study. Hence, the biological ((@O2/@t)Bio in
Eq. 1) and dynamical ((@O2/@t)Dyn in Eq. 1) contributions
to the oxygen budget in our model run are not in perfect bal-
ance. The model is linearly drifting with a trend of the or-
der of 0.01 µmol L�1 month�1 on average between 200 and
1500m (not shown).
The biological and dynamical annual trends are both max-

imum on the western side of the AS, where they tend to bal-
ance each other (Fig. 2a and b). The residual term (@O2/@t)
is < 0.02 µmol L�1 month�1 on average between 200 and
1500m (Fig. 2c), which represents an annual difference
< 0.5% of the O2 concentration. Note that the regional av-
erage of this residual term corresponds to the model drift of
⇠ 0.01 µmol L�1 month�1 discussed above. The spatial pat-
terns in this residual term primarily arises from the presence
of internal variability (the signature of eddies is still apparent
in the long-term mean of the dynamical trend) and interan-
nual variability.

3 Model evaluation

Here, we focus on the model’s ability to reproduce the OMZ
and its seasonal variations. Dynamical and biological fea-
tures essential to understand the oxygen budget are also
briefly described. A detailed evaluation of the model’s abil-
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ity to simulate the seasonal cycle of circulation, mixed layer
depth, nutrients concentrations and phytoplankton can be
found in Resplandy et al. (2011).

3.1 Main dynamical and biological features

In the Arabian Sea, the monsoon system leads to the semi-
annual reversal of the oceanic circulation. The two result-
ing monsoons drive two seasonal phytoplanktonic blooms
(Banse, 1987; Wiggert et al., 2005; Lévy et al., 2007). During
the Northeast Monsoon (NEM, December–February), rela-
tively strong, cool and dry winds blow southwest across the
Arabian Sea, forcing a counterclockwise circulation and in-
ducing a significant ocean heat loss (Fig. 1a). The resulting
convective mixing (Bauer et al., 1991;Weller et al., 2002) en-
trains nutrient-rich waters, triggering a phytoplankton bloom
north of 15�N (Madhupratap et al., 1996) (Fig. 1c and e).
During the late stages of the Spring Intermonsoon (SIM,
March–May) and the Southwest Monsoon (SWM, June-
August), the wind and oceanic circulations reverse (Fig. 1b).
The main oceanic features associated with the strong south-
westerly wind jet of warm and moist air or Findlater Jet
(Findlater, 1969) are the coastal upwelling systems that de-
velop along the western (Brock and McClain, 1992; Veldhuis
et al., 1997; Hitchcock et al., 2000) and eastern (Banse, 1968;
Lierheimer and Banse, 2002) coasts of the Arabian Sea.
Strong positive vertical velocities upwell nutrients into the
euphotic layer, enhancing phytoplankton production (Fig. 1d
and f). These major features of the monsoon periods are
modulated by a strong lateral contrast in Ekman pumping
(Fig. 1a and b). While NEMwinds favour downwelling in the
northwest and upwelling in the southwest, the SWM Find-
later Jet triggers open-ocean upwelling north of the Find-
later Jet and a downwelling to the south (Bauer et al., 1991;
Rao et al., 1989; Schott and McCreary, 2001; Fischer et al.,
2002; Weller et al., 2002). During the Spring and Fall Inter-
monsoons (SIM, March–May; FIM, September–November
respectively), winds and ocean currents are reversing and be-
come much weaker.
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Conclusions

Ventilation controls O2 changes and variability 
across time-scales

No significant trend in observations and some 
disagreement across models:

- robust but opposed trends from thermal & 
ventilation changes => weak & uncertain trends

- obscured by variability
- key processes still undersampled or missing in 

global models

 


