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Atmospheric O2/N2: Decreasing Trend and Seasonal Cycles

Scripps data from Keeling et al.



�
Atmospheric Potential Oxygen �

Alert, Canada: Remove Land Signal from O2/N2 using CO2 data�
�

APO  ~  O2/N2 +  CO2�

 

Detrended Scripps data from Keeling et al.



Cherskii (MPI)

Ny-Alesund (Tohoku)

Shetlands (MPI)

Hateruma (NIES)



APO Monitoring Sites �
Scripps Institution of Oceanography (SIO)



Changes in APO Seasonal Cycle

•  Historical period of observation 
~1991-1995 through 2015

•  Future under RCP8.5 scenario          
~2100



Observed Changes in APO �
Cold Bay, Alaska 1995-2015



Observed Changes in APO �
Alert, Canada 1991-2015



Observed Changes in APO �
Barrow, Alaska 1993-2015



Observed Changes in APO 
Seasonal Cycle 1991-95 to 2015

Alert, Canada:  No major trends.

Barrow, AK: Hints of earlier spring rise, 
increased fall ventilation. 

Cold Bay, AK: Rise in APO has shifted 10 days 
earlier, amplitude has increased ~ 25%.



Model APO �
GEOS-Chem forced with CESM air-sea O2, CO2 fluxes 

GEOS-Chem
Atmospheric
Transport 
Model (2x2.5°)

Model APO Time Series
Barrow, Alaska



CESM ocean biogeochemistry model �
summer air-sea O2 flux 1991 v. 2015 �

 



CESM ocean biogeochemistry model �
autumn air-sea O2 flux 1991 v. 2015 �

 



Modeled Changes in APO �
Cold Bay, Alaska



Modeled Changes in APO �
Alert, Canada



Modeled Changes in APO �
Barrow, Alaska



CESM ocean biogeochemistry model �
summer air-sea O2 flux 2015 v. 2100 �

 



CESM ocean biogeochemistry model �
autumn air-sea O2 flux 2015 v. 2100 �

 



Conclusions

1)  Changing APO seasonal cycles provide a measure of large-scale 
changes in ocean biogeochemistry, including spring/summer 
production and fall/winter ventilation.

2) At northern APO monitoring sites (ALT, BRW, CBA), time series from 
early 1990s show varying degrees of change, indicating earlier spring 
rise in production and increased Arctic Ocean ventilation in fall.  

3)  Ocean biogeochemistry models predict significant future changes in 
the APO seasonal cycle, with competing influences from increases in 
productivity and ventilation in the Arctic Ocean and declines in the N 
Pacific and N Atlantic. 
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Arctic Ocean Contribution to 
Barrow APO circa 2000



Changing Arctic Ocean 
Contribution to Barrow APO
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1997-2009 trends in timing of Chl seasonal 
maximum from satellite ocean color �

 �

Discussion

Satellite monitoring of the timing of phytoplankton
maxima is subject to errors, primarily because the true
maximum may be missed due to cloud cover. Owing to
different orbits and changing cloud cover, merged data
from multiple satellites have fewer gaps but may be
influenced by differences between the satellite sensors
and their respective algorithms. Using a single sensor,
such as SeaWiFS, is not acceptable as it suffered long
periods of data loss in 2008 and 2009 and the useable
time series is too short. Satellite estimates of Chl in the
Arctic are affected by the high concentration of colored
dissolved organic matter (CDOM) that is likely to cause
errors in the Chl estimates using standard algorithms
(Matsuoka et al., 2007). Fortunately, the metric that we
are using, the timing of the Chl maximum, is relatively
robust and not very sensitive to errors in Chl algorithms
as CDOM and Chl are usually positively correlated.
Slight differences in the intercalibration between sen-
sors (Morel et al., 2007) are also expected to have a
relatively minor influence on estimates of the timing of
Chl maximum. The reduction in spatial resolution from
the sensor’s nominal resolution of !1 km to a pixel size
of !25 km involves several steps of binning and aver-
aging over many level 2 pixels that reduce the error
of !30% in single pixel value of Chl (Hu et al., 2001).
The detection of trends in annual maxima is affected by
the significant interannual variability and by the rela-
tively short length of the satellite time series. In spite of

these limitations, we have detected statistically signifi-
cant changes in the timing of the annual Chl maxima
during the last 13 years. It is important to note that as
we are evaluating thousands of pixels using 95% con-
fidence limits, we can expect many (5%) false positives
(i.e. type 1 statistical errors). Some of the speckle shown
in Figure 2a and b is probably caused by that. However,
the fact that some of the pixels with statistically sig-
nificant trends of earlier Chl maxima occur in spatially
coherent patches at high latitudes in marginal ice zones,
and that approximately the same areas stand out as
areas with a significant reduction in early summer ice
concentration, supports the idea that the changes to-
wards earlier bloom timing are real and not a coinci-
dence. It is also significant that pixels showing a trend
towards later Chl maximum are quite rare at high
latitudes but dominate, for example, in central North
Atlantic (Fig. 3a). Both these facts support the idea that
the timing of the annual Chl maxima has become
significantly earlier in a number of regions in the Arctic.
This is likely related to the earlier ice melt in many
regions of the Arctic as shown by satellite microwave
data. For the period 1979–2007 Markus et al. (2009)
estimated that the trend towards earlier start of ice melt
was up to "7.3 days per decade. The time period that we
can use to estimate the rate of change in the timing of
phytoplankton bloom maxima is shorter and therefore
the estimates are not very accurate. However, it appears
that at least in a few selected regions the change in the
bloom timing is much faster, about "3 to "5 days per
year, i.e. "30 to "50 days per decade (Fig. 2c–e). On the
other hand, due to the high variability and relatively
short length of the Chl time series, small changes in the
timing would be difficult to detect statistically even if
they existed. The relationship between the timing of ice
retreat and the timing of the phytoplankton bloom max-
imum is not always as simple as it is for the Baffin Sea
(Fig. 2d) but rather complex and earlier ice retreat does
not necessarily mean earlier phytoplankton bloom. In
fact, the opposite relationship exists in the southeastern
Bering Sea where winters with no ice or early ice retreat
have a delayed spring bloom whereas late ice retreat
leads to an early, ice-associated bloom (Hunt et al., 2002).
Changes towards earlier Chl maxima in boreal Pacific

and towards later maxima at mid-latitudes of the North
Atlantic (Fig. 2f) are also statistically significant but
more difficult to explain. Very few in situ studies
provide data at scales that are comparable to the satel-
lite data used here. One of the longest time series of
in situ phytoplankton data (Wiltshire & Manly, 2004)
showed that, in the North Sea, warming temperatures
were associated with a delay in the annual Chl max-
imum (spring bloom). The trend towards later Chl
maximum (longer day length at Chl maximum) is

Fig. 3 Comparison of the detected changes in timing of the

annual Chl maximum (a, day/year, data remapped from Fig.

2a) with trends in early summer (June) ice concentration (b, ice

fraction change per year, trend calculated for 1979 to 2007 using

monthly ice concentrations from the Nimbus-7 SMMR and

DMSP SSM/I passive microwave data).
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In Arctic, 
patterns 
correspond to 
regions of sea ice 
loss.

day per year

(Kahru et al., 2010)�



Satellite Ocean Color



Satellite Ocean Color



Changing Arctic Ocean 
Contribution to Alert APO



What causes Seasonal Cycles in APO?�
How are they linked to carbon export production? �

 �

Adapted from Keeling et al., 1993Corg 1 to sediment

 Base of Seasonal 
Thermocline

Euphotic 
Zone

Deep 
Ocean

Main 
Thermocline

Corg 20

Corg 2

Corg 10

Production 100
Consumption 80

Atmosphere                      O2 Flux 15

O2 Flux 5

O2 Flux 3

O2 Flux 1

Wintertime 
Ventilation
O2 Flux 8

Thermocline 
Ventilation
O2 Flux 4

Deep Water 
Ventilation
O2 Flux 3

Consumption 10

Consumption  8

Consumption 1

O2 Flux 1

Export Production


