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[1] The Chukchi Sea is thought to be a globally important sink
of atmospheric CO2 due to the summertime drawdown of
surface pCO2 by phytoplankton and subsequent shelf-to-basin
transport of CO2-enriched subsurface waters into the upper
halocline of the Arctic Ocean. Here we show that annually
occurring storm-induced mixing events during autumn months
disrupt water column stratification and stir up remineralized
carbon from subsurface waters to the surface, leading to CO2

outgassing to the atmosphere. Our analysis provides a new
understanding of the dynamics of carbon cycling in the
region and suggests that late season wind events are strong
and frequent enough to significantly decrease the carbon sink
strength of the Chukchi Sea on a scale of relevance to the
global carbon cycle. These results highlight the importance
of obtaining data with more complete seasonal and spatial
coverage in order to accurately constrain regional to basin-
scale carbon flux budgets. Citation: Hauri, C., P. Winsor,
L. W. Juranek, A. M. P. McDonnell, T. Takahashi, and J. T. Mathis
(2013), Wind-driven mixing causes a reduction in the strength of
the continental shelf carbon pump in the Chukchi Sea, Geophys.
Res. Lett., 40, 5932–5936, doi:10.1002/2013GL058267.

1. Introduction

[2] The Chukchi Sea is viewed as a strong sink for carbon
dioxide (CO2) [Pipko et al., 2002; Bates, 2006;Gao et al., 2012;
Mathis and Questel, 2013]. When the inflow of nutrient-rich
Pacific water through the Bering Strait is combined with the
sustained solar radiation of sea ice-free periods, the Chukchi
Sea (<50m depths) becomes one of themost productive ecosys-
tems in the world [Springer and McRoy, 1993]. High summer-
time rates of primary production (~ 470g C m�2 y�1) and
relatively low pelagic grazing rates drive down the surface partial
pressure of CO2 (pCO2) to very low levels and support large
fluxes of organic carbon to a biomass-rich benthic ecosystem
[Grebmeier et al., 2006]. Dilution bymelting ice also contributes
to the reduction of surface water pCO2 [Robbins et al., 2013].

The remineralization of organic matter in the subsurface
layer results in high subsurface pCO2 levels across the
Chukchi Sea [Bates et al., 2013; Mathis and Questel, 2013;
Pipko et al., 2002]. The primary fate of this remineralized
carbon is thought to be circulation-driven export of subsurface
waters into the upper halocline of the Arctic Ocean [Bates,
2006; Anderson et al., 2013]. Bates [2006] describes this
strong CO2 sink mechanism as a modified version of the
continental shelf carbon pump [Tsunogai et al., 1999].
[3] For these reasons, the Chukchi Sea is thought to be the

predominant contributor to CO2 uptake in the Arctic Ocean,
the second largest coastal CO2 sink of the global oceans
[Chen and Borges, 2009]. However, the carbon budget as-
sessments for the Chukchi Sea are based on extrapolations
of spatially and temporally sparse observations (primarily
summertime data from the northeastern Chukchi Sea
[Bates, 2006; Gao et al., 2012; Mathis and Questel, 2013]).
Given its relevance to the global carbon budget, it is impor-
tant to fully elucidate the magnitude and variability of sea-
air CO2 fluxes in the Chukchi Sea.

2. The Fate of Remineralized Inorganic Carbon

[4] Taking advantage of newly available continuous un-
derway pCO2 measurements along North-South transects
from the autumn period, we evaluate the hypothesis that the
Chukchi Sea is a strong net CO2 sink. Continuous underway
pCO2 was measured together with salinity and temperature
aboard the USCGC Healy in 2011 and 2012 with a precision
of ±0.5% using a system consisting of a shower-type water-
gas equilibrator and infrared CO2 gas analyzer, which was
calibrated every 4 h using five standard gas mixtures spanning
between 100ppm and 700ppm mole fraction CO2 certified by
the Earth System Research Laboratory of NOAA (see www.
ldeo.columbia.edu/pi/CO2 for the operational and engineering
details) [Takahashi et al., 2013]. Measured surface seawater
pCO2 (Figures 1a–1e) were variable on both spatial and
interannual scales. In 2011, pCO2 averaged 424 ± 44 μatm
(1 STD), 377 ± 60 μatm and 390 ± 37 μatm in September,
October, and November respectively. In 2012, average pCO2

increased from 199± 59 μatm in early August (data not
shown) to 312 ± 31 μatm and 329 ± 46 μatm, in September
and October, respectively.
[5] The maximum pCO2 in late October 2011 (Figure 1b)

to the southwest of Point Hope coincided with a surface
O2/Ar dissolved gas ratio that was only 90% of the saturation
ratio (Figure 1f), indicating a strong respiratory signal in sur-
face waters. The October 2011 O2/Ar observations were
determined using an equilibrated inlet mass spectrometer
system [Cassar et al., 2009] supplied by the underway
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seawater line. Surface salinities were also relatively high
(>31), which leads us to hypothesize that vertical mixing
had recently redistributed subsurface waters throughout the
water column. Due to the moderately warm temperatures
(2–4°C) and long distance from the shelf break (>500 km),
the influence of shelf break upwelling of CO2-rich deep
Arctic Ocean water, as was observed in the Beaufort Sea
[Else et al., 2012; Mathis et al., 2012], can be neglected.
[6] To establish a physical basis for the role of vertical

mixing in elevating surface pCO2, we estimated the mixing
potential from wind stress on the ocean, using a June–
November 2011 time series of 3-hourly estimates of winds
near Point Hope (68°N, 168°W, Figure 2b) extracted from
the National Center for Environmental Prediction North
American Regional Reanalysis (NARR) model hindcasts
[Mesinger et al., 2006]. The rate of energy transfer from the
wind into the water column (Jm�2 s�1) is

∂E
∂t

¼ ρamCdu
3 (1)

[Denman and Miyake, 1973]. Here, ρa ~ 1.2 kgm�3 is the air
density,m ~ 10�3 is an efficiency factor,Cd ~ 10

�3 is the drag
coefficient, and u is the wind speed at 10m above sea level.
The density contrast between the upper mixed layer (density
ρ1, thickness h1) and the bottom layer (density ρ2, thickness
h2) over the depth of the water column, expressed in terms
of its potential energy content, PE, is given by

PE ¼ 1

2
gh1h2 ρ2 � ρ1ð Þ: (2)

[7] PE (Jm�2) is the amount of energy required to mix
the water column and overcome stratification. Climatological

mean vertical temperature and salinity profiles from this
area (67–69°N and 170–168°W, extracted from the National
Oceanographic Data Center (NODC)) give h1 = 7m, h2 = 30m,
ρ1 = 1024.65 kgm�3, and ρ2 = 1026.10 kgm�3, such that
PE = 1494 Jm�2. We explored the wind energy (WE) of
individual wind events by integrating ∂E/∂t over the duration
of an event. The duration of an event was defined as the time
when ∂E/∂t> 0.2e�3. Using a threshold value for PE =
1500 Jm�2

, we compared WE of each wind event to PE for
the June–November period to investigate whether wind events
were strong and long enough to break up the stratification and
mix the water column.
[8] Wind events in 2011 were generally stronger and lon-

ger between September and November than during the
summer months (Figures 2b and 2c). The wind speed ranged
from 10 to 15m s�1 in September and October and up to
20m s�1 in November. Periods with high wind speeds lasted
between 9 to 12 days in September and October, whereas
in November they lasted less than 5 days. Two wind
events, one in September and one in October, reached a
WE strong enough (>1500 Jm�2) to overcome the strati-
fication and mix the water column (Figure 2d). The maxi-
mum pCO2 level in September (pCO2

max = 530 μatm) and
October (pCO2

max = 605 μatm), along with salinities >31
and temperatures between 2 and 4°C in both months, were
measured toward the end of a 9 day long wind event and
within the first half of a 12 day long wind event, respectively
(Figures 2a and 2b). At the beginning of November, just a
few days after the October wind event ended, wind speeds
reached 20m s�1. Even though this strong November wind
event weakened after just 3 days and was technically not long
enough to mix up a fully stratified water column (Figure 2d),
it is likely that the water column remained mixed due to the

Figure 1. Late season surface pCO2 and biological O2 supersaturation in the Chukchi Sea. Shown are surface pCO2 in (a)
September, (b) October, and (c) November 2011, and (d) September, and (e) October 2012. Orange to red colors indicate that
surface waters are supersaturated with regard to pCO2. (f) Biological O2 supersaturation in October 2011. Values <1
(yellow-red) show that the surface waters were net heterotrophic, while values>1 indicate that the waters were net autotrophic.
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combined effects of heat loss to the atmosphere, sea ice for-
mation, minimal solar gain, and reoccurring strong wind
events in November. Measurements of high surface pCO2

(pCO2
max = 536 μatm; Figure 1), high salinities (>32.5),

and low temperatures (<1°C) in middle and end of
November 2011 also support this assumption.
[9] Extending the wind analysis beyond 2011 (Figure 2e),

we found that winds in late August 2012 were sufficiently
strong to mix up the water column. In mid-September, 3
weeks after the wind event, we observed average pCO2 levels
of 312 ± 31 μatm, a significant increase over the levels ob-
served prior to the wind event (199 ± 59 μatm in early
August). However, unlike 2011, we did not observe supersat-
urated pCO2 levels in surface waters (Figures 1d and 1e).
While supersaturation of pCO2 may have occurred during
and immediately following the August event, low surface sa-
linities (25–27) measured in mid-September indicate that

freshwater inputs from sea ice melt may have diluted surface
pCO2 below saturation with the atmosphere.
[10] Using monthly averaged NARR winds, we calculated

the sea-air CO2 flux (F) for each surface pCO2 observation in
2011 and 2012 using

F ¼ k s ΔpCO2; (3)

where k is the gas transfer velocity (m d�1), and s is the sol-
ubility of CO2 (mmolm�3 μatm�1) calculated for observed
temperature and salinity [Weiss, 1974]. The k was deter-
mined using a quadratic wind speed dependency with the
proportionality constant 0.31 [Wanninkhof, 1992]. The
ΔpCO2 is the difference between oceanic pCO2 and the
monthly mean atmospheric pCO2 (Point Barrow, Alaska;
Thoning et al. [2013]; Figure 1a). The spatial averages and
standard deviations of the fluxes calculated from these

Figure 2. (a) Surface pCO2 from 2011. Dates indicate day of sampling. Wind products from NARR are (b) wind speed, (c)
rate of energy transfer from the wind into the water column (∂E/∂t), and (d) wind energy (WE) per event for 2011. (e) Events
with WE> 1500 Jm�2 for the NARR time series spanning from 1983 to 2012. Events that were strong and long enough took
place in August (red), September (orange), October (blue), and November (black). The horizontal line (PE = 1500 Jm�2) in-
dicates the estimated potential energy in the water column due to stratification.
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observations are presented in Table 1. These flux calculations
suggest that the eastern Chukchi Sea was close to equilibrium
with the atmosphere in the autumn months of both years,
with a weak source potential in September 2011 and a weak
sink potential in October and November 2011, and
September and October 2012. Localized sea-air fluxes, using
shipboard winds compiled by the Shipboard Automated
Meteorological And Oceanographic System (SAMOS) data
center (http://samos.coaps.fsu.edu), ranged from as low as
�64mmol C m�2 d�1 in September 2012 to as high as
138mmol C m�2 d�1 in October 2011.

3. Wind-Induced Mixing During the Past 30Years

[11] Late season storm events and resulting mixing are
common in the Chukchi Sea. Applying the mixing model de-
scribed above to the NARR data set over a 30 year period
from 1983 to 2012 (for the June–November period) showed
that for most years (77%), there was one or two late season
wind events with sufficient wind speed and duration to result
in an integratedWE input to overcome the assumed stratifica-
tion (Figure 2e). These wind events occurred most com-
monly in September and October and were between 4 and
26 days long, with an average wind speed per event ranging
between 4 and 15m s�1. Only two August events and four
November events with WE exceeding 1500 Jm�2 were
found over the entire time series. The strongest event of the
entire 30 year time series occurred in September 1994 where
a large storm system resulted in an integrated WE input of
> 4750 Jm�2, over 1000 Jm�2 larger than any other event
during the 30 year time series. This storm event had an
average wind speed of ~15m s�1, with peak sustained wind
speeds reaching over 18m s�1.

4. Discussion

[12] These observations offer a revised view of the dynam-
ics of carbon cycling in the Chukchi Sea, where regularly
occurring autumn winds mix up CO2-rich subsurface waters
and elevate surface pCO2 relative to the strongly undersatu-
rated conditions typical of the summer months. By linearly
interpolating between observations made in late summer
(July/August) and late spring (May/June) in 2002, Bates
[2006] developed an annual carbon flux estimate for the
Chukchi Sea in which 50% of the region’s annual uptake of
CO2 occurred during the autumn months when no direct ob-
servations were available. This assessment led to sea-air CO2

flux estimates during the autumn months ranging from�40.1
to �15.4mmol C m�2 d�1 (Table 1). In contrast, our direct

observations covering complete North-South transects of the
Chukchi Sea indicate much weaker uptake or even outgassing
of CO2 to the atmosphere in autumn of two consecutive years.
The energetic mixing of the water column in autumn may sub-
stantially reduce the overall strength of the Chukchi Sea’s con-
tinental shelf carbon pump. This process has global
implications since the Chukchi Sea is viewed as the predomi-
nant driver of CO2 uptake in the Arctic Ocean, the second larg-
est coastal CO2 sink globally.
[13] While additional observations and/or numerical model-

ing would be required to better constrain the annual carbon
budget for the Chukchi Sea, there are several reasons to expect
that the features and variability we observed may be common
across the entire shelf. Strong autumn winds in this region are
typically associated with expansive Aleutian low-pressure
systems that extend thousands of kilometers toward the
Arctic Ocean, resulting in wind patterns that affect the entire
Chukchi Sea [Pickart et al., 2009]. Furthermore, summertime
oceanographic observations show a general pattern of high
pCO2 in subsurface waters across the shelf [Bates et al.,
2013; Mathis and Questel, 2013; Pipko et al., 2002].
Together, these conditions indicate that CO2 is available and
likely to be mixed to the surface where it can exchange with
the atmosphere.
[14] There are several unaddressed processes that may be

responsible for the observed spatial and temporal variability
of surface pCO2 (Figure 1). PE will vary as a result of differ-
ences in the water column properties and structure. WE
inputs will also vary on local scales. The pCO2 in subsurface
waters is affected by variations in productivity, export,
remineralization, and water mass origin. Storm events may
also mix up nutrients and potentially trigger a fall phyto-
plankton bloom [Else et al., 2012] and thereby decrease
surface pCO2. Furthermore, horizontal transport of water
masses through the region may affect the spatial variability
in pCO2. If the wind events happen as early as August
(e.g., 2012), then the potential for restratification is higher be-
cause of the influence of residual sea ice melt water, riverine
inputs, and solar heating. Stratification is expected to be
weaker in late season months than on an annual mean due
to heat loss to the atmosphere, sea ice formation in autumn
[Weingartner et al., 2013], and prior mixing events, and thus
our 1500 Jm�2 estimate of PE is likely a conservative choice
(i.e., mixing events may have a lower PE threshold than cal-
culated here, and thus be more frequent). In addition, sea ice
formation in November may inhibit the mixing of the water
column and the exchange of CO2 across the sea-air interface.
[15] Climate change is triggering rapid and substantial trans-

formations in the Chukchi Sea and these are likely to impact
the cycling of carbon in the region. Increases in storminess
[Walsh et al., 2012] could enhance CO2 outgassing in autumn
by increasing mixing of the water column. Furthermore, a later
onset of sea ice formation will prolong the ocean’s exposure to
the atmosphere, thereby facilitating additional inputs of wind
energy and extending periods of potential outgassing through
the ice-free surface. These processes would constitute a posi-
tive feedback to climate change by further reducing the carbon
sink strength of the Chukchi Sea.

5. Conclusions

[16] Our findings have three major implications. First, they
show that the strength of the CO2 sink in the Chukchi Sea is

Table 1. Comparison of Monthly Averaged Sea-Air CO2 Flux
Estimates (mmol C m�2 d�1)a

2011 2012 Bates [2006]

Sep 7.1 ±7.8 �10.1 ±4.4 �40.1
Oct �1.8 ±8.2 �10.3 ±8.3 �33.0
Nov �0.9 ±6.0 �15.4

aComparison of autumn sea-air CO2 fluxes estimated along the ship’s tracks
of this study with estimates from Bates [2006]. The averages and standard de-
viations of sea-air fluxes from this study were calculated from all fluxes in the
area per month. The estimates from Bates [2006] were based on linear interpo-
lations of observations taken in 2002 between July/August and May/June sea-
air CO2 fluxes, which were calculated from discrete total alkalinity and
dissolved inorganic carbon measurements made in discrete water samples.

HAURI ET AL.: CO2 OUTGASSING IN THE CHUKCHI SEA

5935

http://samos.coaps.fsu.edu


substantially lower than previously thought, on a scale of rel-
evance to the global carbon cycle. Second, they call for a
reassessment of the importance of the continental shelf car-
bon pump hypothesis in the Chukchi Sea [Bates, 2006], in
which shelf-to-basin subsurface transport of carbon is the pri-
mary fate of remineralized CO2. Finally, sparse spatial and
seasonal data may not be sufficient to accurately constrain
carbon budgets in regions with dynamic physical and biolog-
ical processes, and we therefore advocate for more compre-
hensive sampling and mechanistic studies of carbon cycling
in these regions.
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