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Abstract In this study, we examined the interannual variability of net community production (NCP) in
the Western Antarctic Peninsula (WAP) using in situ O2/Ar-NCP estimates (2008–2014) and satellite data
(SeaWiFS and MODIS-Aqua) from 1997 to 2014. We found that NCP generally first peaks offshore and
follows sea-ice retreat from offshore to inshore. Annually integrated NCP (ANCP) displays an
onshore-to-offshore gradient, with coastal and shelf regions up to 8 times more productive than offshore
regions. We examined potential drivers of interannual variability in the ANCP using an Empirical Orthogonal
Function (EOF) analysis. The EOF’s first mode explains �50% of the variance, with high interannual
variability observed seaward of the shelf break. The first principal component is significantly correlated with
the day of sea-ice retreat (R 5 20.58, p< 0.05), as well as the Southern Annular Mode (SAM) and El Ni~no
Southern Oscillation (ENSO) climate indices in austral spring. Although the most obvious pathway by which
the day of sea-ice retreat influences NCP is by controlling light availability early in the growing season, we
found that the effect of day of sea-ice retreat on NCP persists throughout the growing season, suggesting
that additional controls, such as iron availability, are preconditioned or correlated to the day of sea-ice
retreat.

1. Introduction

The Western Antarctic Peninsula (WAP) region of the Southern Ocean (refer to Appendix A for acronyms
and abbreviations) has undergone significant climate change over recent decades [Ducklow et al., 2007;
Vaughan et al., 2003]. Since 1950, the annual mean air temperature has increased by approximately 28C and
winter air temperature by about 68C [King, 1994; Vaughan et al., 2003], leading to an earlier sea-ice retreat
and a later sea-ice advance [Stammerjohn et al., 2008a, 2008b]. These environmental changes have resulted
in a shift of phytoplankton from large diatoms toward small flagellated cryptophytes [Montes-Hugo et al.,
2009], variation in the abundance of Antarctic krill [Steinberg et al., 2015], and a decline in Ad�elie penguins
near Palmer Station [Clarke et al., 2007; Ducklow et al., 2007]. The extent to which these changes in sea-ice
and ecosystem dynamics alter carbon export production remains unclear.

Several methods have been employed at the WAP to study carbon export production, including sediment
traps [Ducklow et al., 2008, 2006], 234Th [Buesseler et al., 2010], and 15N methods [Weston et al., 2013]. Alter-
natively, carbon export production can be indirectly estimated using the O2/Ar method [Huang et al., 2012;
Tortell et al., 2014]. The O2/Ar method estimates biological oxygen (O2) saturation based on the similar solu-
bility properties of O2 and argon (Ar). Multiplying the biological O2 by a gas exchange velocity leads to an
estimate of net community production (NCP) which is defined as the difference between net primary pro-
duction (NPP) and heterotrophic respiration (HR). At steady state and when averaged over appropriate
scales, NCP approximates carbon export production [Brix et al., 2006; Eppley and Peterson, 1979; Sarmiento
and Gruber, 2006].

The spatial and temporal resolution provided by the various in situ methods presented above is however
not sufficient to characterize the seasonal cycle of carbon export production over the entire WAP region.
On these spatial and temporal scales, NCP can be estimated based on empirical or mechanistic relationships
between NCP and ocean-color parameters such as chlorophyll a concentration ([Chl]) and particulate
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organic carbon concentration
([POC]) [Cassar et al., 2015; Huang
et al., 2012; Reuer et al., 2007]. For
example, Chang et al. [2014]
and Li and Cassar [2016] recently
estimated NCP for the Southern
Ocean and the global oceans
using in situ O2/Ar-NCP estimates
and various statistical methods
including Artificial Neural Net-
works (ANNs), Support Vector
Regression (SVR), and Genetic Pro-
gramming (GP). Although these
approaches estimate NCP rela-
tively well, uncertainties remain
significant, in part due to factors
controlling NCP varying from one
area to another. Some of these
uncertainties can be reduced by
developing regional algorithms.

In this study, we used satellite
observations to investigate the
mechanisms driving seasonal and

interannual variability in NCP at the WAP. To that end, we first build a satellite-NCP algorithm specific to the
WAP region. We develop an NCP-[Chl] regression using in situ [Chl] and O2/Ar-NCP estimates. We derive a
time series of monthly NCP (MNCP) and annually integrated NCP (ANCP), using the NCP-[Chl] regression
and satellite-[Chl] algorithms specifically calibrated using in situ observations collected as part of the Palmer
Long-Term Ecological Research (Pal-LTER) program [Ducklow et al., 2007]. Finally, we decompose ANCP into
spatial (Empirical Orthogonal Function, EOF) and temporal (Principal Component, PC) components through
an EOF analysis, and compare the temporal component to sea-ice dynamics, sea surface temperature (SST),
photosynthetically active radiation (PAR), and the Southern Annular Mode (SAM) and El Ni~no Southern
Oscillation (ENSO) climate indices.

2. Materials and Methods

2.1. Study Area
Our study area ranges from 608S to 708S in latitude and 808W to 508W in longitude (Figure 1). The area
includes the Pal-LTER grid region which has been extensively investigated since 1990s [Ducklow et al.,
2007]. Based on distance from the coast [Martinson et al., 2008], the study area was divided into a less pro-
ductive Permanently Open Ocean Zone (POOZ) (>500 km), a relatively productive Southern Antarctic Cir-
cumpolar Current Front Zone (SACCFZ) (200–500 km) and a highly productive Shelf Zone (SZ) (<200 km)
[Smith et al., 2008; Treguer and Jacques, 1992]. Offshore regions consist of POOZ and SACCFZ. Each region
was further subdivided into southern (south of Pal-LTER grid line 250), middle (between Pal-LTER grid lines
250 and 600) and northern (between Pal-LTER grid lines 600 and 1000) sectors, leading to nine subregions.
In order to detect secular trends in ANCP in the northern and southern regions, we divided the northern
and middle sectors following Montes-Hugo et al. [2009], with the middle and southern sectors divided fol-
lowing Smith et al. [2008]. We defined the SACCFZ to be 100 km wider than Smith et al. [2008] so that
regions with high ANCP variability were included in the SACCFZ (see section 3).

2.2. In Situ Measurements
In situ [Chl] measurements were collected during the annual Pal-LTER cruises in January and early February
from 1993 to 2015. These measurements were downloaded from http://pal.lternet.edu/. Averaged [Chl]
above a 10 m depth for each depth profile was matched to daily remote sensing reflectance just above
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Figure 1. Study area (extended Pal-LTER region). Red and blue symbols represent the
locations of in situ [Chl] samples matched to SeaWiFS and MODIS-Aqua observations,
respectively. Heavy dashed line is the approximate location of the Southern Antarctic
Circumpolar Front (SACCF) [Orsi et al., 1995]. Gray dashed line separates the WAP region
into nine subregions. Thin gray lines represent 250 m-increment isobaths, which collapse
into a thick gray line at the shelf break (750 m deep).
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water surface (Rrs(k)), yielding match-ups of 145 and 99 for SeaWiFS and MODIS-Aqua, respectively (Figure 1).
These match-ups were used to develop satellite-[Chl] algorithms specific to the WAP region.

Published and new O2/Ar-NCP estimates collected between 2008 and 2014 were used to train our algo-
rithms. Oxygen saturation reflects physical and biological processes. Because Ar has similar solubility prop-
erties to O2, the ratio of O2 and Ar (O2/Ar) can be used to isolate the O2 saturation associated with
biological processes [Craig and Hayward, 1987; Cassar et al., 2011], from which NCP can be derived using a
gas exchange rate parameterized as a function of wind speed [Reuer et al., 2007]. We matched our in situ
mixed-layer-averaged [Chl] to O2/Ar-NCP estimates to update the regression from Huang et al. [2012], yield-
ing 175 match-ups.

2.3. Satellite Data and Climate Indices
2.3.1. Ocean Color and Photosynthetically Active Radiation (PAR)
We used daily and monthly SeaWiFS (1997–2010) and MODIS-Aqua (2002–2015) level-3 Rrs(k) and PAR data
with a spatial resolution of 0.0838 3 0.0838, downloaded from NASA’s ocean color website (http://ocean-
color.gsfc.nasa.gov/). Downloaded Rrs(k) include bands 412, 443, 490, 510, 555, and 670 for SeaWiFS and
bands 412, 443, 469, 488, 531, 547, 555, 645, 667, and 678 for MODIS-Aqua. Daily Rrs(k) data were matched
to [Chl] measurements for algorithm development, and monthly Rrs(k) data were used to derive NCP time
series.
2.3.2. Sea Ice
We estimated sea-ice dynamics from a satellite daily sea-ice concentration data product (1990–2012) which
uses a polar stereographic projection with a grid cell size of 25 km 3 25 km (NASA’s Scanning Multichannel
Microwave Radiometer (SMMR) and the Defense Meteorological Satellite Program’s (DMSP) Special Sensor
Microwave/Imager (SSM/I); downloaded from the EOS Distributed Active Archive Center (DAAC) at the
National Snow and Ice Data Center, University of Colorado in Boulder, Colorado (http://nsidc.org)). From
daily sea-ice concentrations, we derived three sea-ice characteristics: day of sea-ice advance, day of sea-ice
retreat, and ice-free days. Day of sea-ice advance is defined as the first day when sea-ice concentration is
>15% for 5 consecutive days. Day of sea-ice retreat is defined as the last day when sea-ice concentration is
above 15% for 5 consecutive days, and ice-free days are defined as the number of days with sea-ice concen-
tration �15% between day of sea-ice retreat and day of sea-ice advance [Stammerjohn et al., 2008a].
2.3.3. Wind Speed
Cross-Calibrated Multi-Platform (CCMP) ocean surface wind vectors with a spatial resolution of 0.258 3 0.258

were downloaded from https://podaac.jpl.nasa.gov/[Atlas et al., 2011]. This surface wind product blends
data from multiple satellites, providing high temporal resolution (6 h) and a long time series (1987–2011) of
wind speed. We used CCMP wind product to examine the relation of sea-ice dynamics to wind speed. We
used NCEP Reanalysis wind speed to calculate piston velocities for NCP calculations [Kalnay et al., 1996].
2.3.4. Sea Surface Temperature (SST)
Monthly SST was derived from satellite SST acquired by AVHRR (1997–2007) and MODIS-Aqua (2008–2015).
AVHRR monthly SST was calculated from daily values with a spatial resolution of 4 km 3 4 km at the equa-
tor (http://www.nodc.noaa.gov/SatelliteData/pathfinder4km/). MODIS-Aqua monthly SST with a spatial reso-
lution of 0.0838 3 0.0838 was downloaded from NASA’s ocean color website (http://oceancolor.gsfc.nasa.
gov/).
2.3.5. Climate Indices
Monthly Ni~no 3.4 indices (as indicators of ENSO activity) were downloaded from https://iridl.ldeo.columbia.
edu/. The Ni~no 3.4 index is calculated from averaged equatorial Pacific SST anomalies in the region between
58N and 58S in latitude, and between 1708W and 1208W in longitude [Cane et al., 1986]. Monthly SAM index
time series were downloaded from http://www.nerc-bas.ac.uk/icd/gjma/sam.html [Marshall, 2003]. The SAM
index is defined as the difference in zonal mean sea level pressure (SLP) between 408S and 658S [Gong and
Wang, 1999].

2.4. Algorithm Development
2.4.1. Pal-LTER Region-Specific Satellite-[Chl] Algorithm (Pal-[Chl])
As shown by O’Reilly et al. [1998], Kahru and Mitchell [2010], and Johnson et al. [2013], the standard satellite-
[Chl] algorithms (OC4v6 and OC3Mv6) underestimate true [Chl] by a factor of two to three in the Southern
Ocean. To improve the regional satellite-[Chl] estimation, we developed Pal-LTER region-specific satellite-
[Chl] algorithms (Pal-[Chl]) for SeaWiFS (Pal-[Chl]s) and MODIS-Aqua (Pal-[Chl]m).
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Our Pal-[Chl]s and Pal-[Chl]m have the following form: log10 Chl½ �ð Þ5Slope�log10 MBRð Þ1Intercept, where MBR
stands for maximum band ratio. Considering that match-ups for SeaWiFS and MODIS-Aqua are limited and
are of unequal size in each region, we inferred model constants (slope and intercept) using a Bayesian hier-
archical model which allows information sharing:

log10 Chl½ �ð Þi;j;k � Normal bj;k log10 MBRÞi;j;k ; d
2

� ��
(1)

where subscripts i, j; and k represent indices of samples, satellite sensors (SeaWiFS and MODIS-Aqua)
and regions, respectively. bj;k is a 132 vector that consists of model slope and intercept parameters.
log10ðMBRÞi;j;k is a 231 vector with the last component equal to 1. Model parameters have the following
prior distributions bj;k � Normal l;

P
ð Þ, l � Normal l0;

P
0

� �
,
P21 � Wishart a0; b0ð Þ, and d � uniform 0; 100ð Þ,

where l0,
P

0, a0 and b0 are constants. In order for model parameters to be mainly data driven, we used weakly
informative priors. The posterior distributions of parameters were approximated using a sequence of random
samples simulated through a Markov chain Monte Carlo (MCMC) method. The sequence contains 10,000 itera-
tions to ensure convergence. To eliminate the influence of initial values, the last 5000 samples (burn-in 5 5000)
were used to summarize posterior distributions.
2.4.2. Derivation of Satellite-NCP Algorithm and Time Series
With all other factors equal, a relation between NCP and [Chl] is to be expected as NCP5NPP2

HR5l� Chl½ �� C
Chl½ �2HR, where l and C are phytoplankton growth rate and carbon content, respectively. We tried

three independent methods to calculate the relation of NCP to [Chl]. First, following the equation developed by
Huang et al. [2012], i.e., log10 NCPð Þ50:79 60:06ð Þlog10 Chl½ �ð Þ11:39 60:03ð Þ; n592; R250:66ð Þ, we derived an
updated NCP model based on an ordinary least squares (OLS) regression of in situ [Chl] and historical and new
O2/Ar-NCP estimates (2008–2014). Second, in light of the significant uncertainties in O2/Ar-NCP estimates in low-
value regions [Jonsson et al., 2013], we developed another NCP model using robust Bayesian analysis with
e-contaminations (hereafter denoted as e-contamination) [West, 1984]. Finally, to take into account the fact that
the functional relationship between NCP and [Chl] could vary across regions, we developed an NCP model using
a Bayesian hierarchical model:

log10 NCPð Þi;k � Normal bk log10 Chl½ �ð Þi;k ; d
2

� �
(2)

The format, distributions, parameters, and procedures are similar to the ones for Pal-[Chl].

We derived a time series of satellite MNCP and ANCP for 1997–2014 using the algorithms described above.
NCP images were smoothed with a 0.4158 3 0.4158 window using the criterion that a pixel with >1/3 of its
neighbors covered by sea ice or clouds was ignored. ANCP was estimated from austral spring to the subse-
quent winter with most of the NCP signal observed during the September to April growing season.

2.5. Empirical Orthogonal Function (EOF) Analyses
We decomposed the ANCP time series into spatial (EOFs) and temporal (PC) components through an EOF
analysis. Assuming that NCP is lognormally distributed as [Chl] [Loch, 1966], we log-transformed ANCP,
removed the linear trend by subtracting a linear fit to the ANCP time series from each pixel, and calculated
ANCP anomalies by removing the climatology estimated from ANCP in 1997–2014. Finally, we applied an
EOF analysis to the time series of ANCP anomalies.

3. Results

3.1. Relationship Between In Situ [Chl] and O2/Ar-NCP Estimates
NCP predicted by Bayesian hierarchical model is highly correlated to O2/Ar-NCP estimates (R2 5 0.57,
n 5 175), with large scatter observed in low-value regions (Figure 2). As determined using the Bayesian hier-
archical model, the relationship between NCP and [Chl] varies between regions (Table 1), with steepest and
flattest slopes in the offshore regions and middle SZ, respectively. However, the three statistical methods
employed (i.e., OLS, e-contamination and Bayesian hierarchical model) result in similar equations. The mean of
model coefficients for the Bayesian hierarchical model is close to those of OLS (log10 NCPð Þ50:80 60:06ð Þ
log10 Chl½ �ð Þ11:36 60:03ð Þ), e-contamination (log10 NCPð Þ50:75 60:04ð Þlog10 Chl½ �ð Þ11:41 60:02ð Þ) and the
algorithm developed by Huang et al. [2012] (log10 NCPð Þ50:79 60:06ð Þlog10 Chl½ �ð Þ11:39 60:03ð Þ), where the
values in the parentheses represent one standard deviation. The consistency between algorithms implies that
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the functional relationship between in situ
[Chl] and O2/Ar-NCP estimates is robust and
stable over multiple years. Although the
Bayesian hierarchical model captures part of
the regional variations in the relationship
between NCP and [Chl], estimating NCP
using subregion algorithms does not signifi-
cantly improve predictions, indicating that
parameters other than [Chl] also control
NCP variability or that uncertainties in in situ
observations preclude further improve-
ments. As such, for simplicity we derived the
satellite time series of NCP using the mean
coefficients from the Bayesian hierarchical
model.

To assess which variables are the best pre-
dictors of NCP, we also conducted a vari-
able selection analysis using a stochastic
search variable selection (SSVS) [George

and Mcculloch, 1993] with the following in situ variables: [Chl], [POC], sea surface salinity (SSS), mixed layer
depth (MLD), PAR, and SST. We found that NCP is best predicted by [POC] and SSS, followed by [Chl]. Cassar
et al. [2015] recently highlighted a strong relationship between NCP and [POC] in the Australian sector of
the Southern Ocean. In the supporting information, we present a satellite-[POC] algorithm specific to the
Pal-LTER region. We opt to use Pal-[Chl] instead of [POC] algorithms for NCP reconstruction because satellite
estimates of [Chl] are more accurate than [POC].

3.2. Pal-LTER Region-Specific Satellite-[Chl] Algorithm (Pal-[Chl])
Our satellite-[Chl] algorithms (Table 1) predict [Chl] relatively well and are arguably comparable or better
than the standard satellite-[Chl] algorithms (OC4v6 and OC3Mv6), and other Southern Ocean algorithms
[Dierssen and Smith, 2000; Johnson et al., 2013] (Figure 3). The underestimation of [Chl] in the Southern
Ocean by OC4v6 and OC3Mv6 is rectified by the other algorithms to various degrees. However, uncertain-
ties remain significant especially for higher values, which are mainly observed in the coastal region where
other optically active components may not covary with [Chl] (i.e., Case 2 waters) [Morel and Prieur, 1977].
Although differences in the model coefficients for each region are observed (Table 1), subregion models do
not significantly improve [Chl] estimates. Therefore, for simplicity we used mean model coefficients to
derive our [Chl] time series. We note that the algorithm of Dierssen and Smith [2000] was tuned using in situ
Rrs(k) which have lower uncertainties than satellite data. Although their algorithm was developed for Sea-
WiFS, it performs well when applied to MODIS-Aqua.
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Figure 2. O2/Ar-NCP measurements and predictions by the Bayesian hier-
archical algorithm. ‘‘Coastal’’ represents region �50 km from the coast. Axes
are logarithmic.

Table 1. Coefficients of NCP and Satellite-[Chl] Algorithms for Individual Regionsa

Algorithm Coefficients Southern Shelf Middle Shelf Northern Shelf Offshore Coastal Mean

NCP
Slope 0.73 (0.14) 0.69 (0.13) 0.73 (0.16) 0.84 (0.15) 0.71 (0.09) 0.75 (0.14)
Intercept 1.29 (0.08) 1.42 (0.05) 1.26 (0.11) 1.29 (0.09) 1.43 (0.05) 1.33 (0.10)

Pal-[Chl]s

Slope 22.62 (0.66) 22.41 (0.30) 22.74 (0.47) 22.49 (0.34) 22.53 (0.29) 22.62 (0.28)
Intercept 0.74 (0.24) 0.66 (0.10) 0.75 (0.17) 0.62 (0.13) 0.75 (0.10) 0.76 (0.10)

Pal-[Chl]m

Slope 21.95 (0.25) 22.26 (0.33) 21.95 (0.48) 22.08 (0.33) 21.76 (0.26) 21.95 (0.21)
Intercept 0.33 (0.10) 0.43 (0.06) 0.30 (0.18) 0.29 (0.11) 0.36 (0.09) 0.30 (0.06)

aThe NCP algorithms have the form: log10 NCPð Þ5Slope � log10 Chl½ �ð Þ1Intercept. Satellite-[Chl] algorithms have the form:

log10 Chl½ �ð Þ5Slope � log10 MBRð Þ1Intercept, where MBR5 max Rrs 443ð Þ
Rrs 555ð Þ ;

Rrs 490ð Þ
Rrs 555ð Þ ;

Rrs 510ð Þ
Rrs 555ð Þ

n o
for SeaWiFS and MBR5 max Rrs 443ð Þ

Rrs 547ð Þ ;
Rrs 488ð Þ
Rrs 547ð Þ

n o

for MODIS-Aqua. ‘‘Offshore’’ represents POOZ and SACCF regions. ‘‘Coastal’’ denotes coastal region (�50 km from coast). ‘‘Mean’’ repre-
sents the mean of coefficients for five regions. Values in parentheses represent one standard deviation.
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3.3. NCP Reconstruction From Satellite Data
3.3.1. NCP Climatology
High NCP generally proceeds from offshore to onshore regions roughly following the climatology of sea-ice
retreat (Figure 4). In the POOZ, NCP is generally low during the entire growing season potentially due to
deep mixed layers and/or low iron availability. In the SACCFZ, NCP is high during sea-ice retreat between
October and December and becomes low thereafter. In the SZ, NCP peaks in December-January, and
remains high thereafter. SZ also displays higher NCP in the austral summer than offshore regions (POOZ
and SACCFZ). In the austral summer after sea-ice retreat, a north-south gradient in NCP is observed in the
SZ, with high values in the southern portion of the WAP (e.g., Marguerite Bay and Marguerite Trough).

Overall, we find that the SZ and more specifically regions associated with submarine canyons (e.g., Margue-
rite Trough) are up to 8 times more productive than the offshore regions (POOZ and SACCFZ) (Figure 5).
The longer growing season and difference in NCP phenology in the north likely explain the weaker north-
south gradient in the ANCP compared to the MNCP climatology. NCP for each month are presented in the
supporting information.
3.3.2. NCP Spatiotemporal Variability
The first EOF mode explains �50% of ANCP variance and shows large regional differences (Figure 6a). We will
only analyze the first PC and EOF hereafter. High values in the EOF represent high interannual variability (IAV),
such as in the southern and middle SACCFZ. Conversely, low values in the EOF represent low IAV, such as in
the POOZ. In the SZ, the IAV of ANCP is heterogeneous, with high values around the head of Marguerite
Trough and low values in the north and in Ryder Bay. For simplicity, we hereafter define the high IAV region
(contoured area in Figure 6a) as a high temporal variability (HTV) region, roughly bounded by the climatology
of the Southern Antarctic Circumpolar Current Front (as defined by Orsi et al. [1995]) (Figure 1). We note that
our estimates of IAV are normalized to the climatology (see section 2.5).
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The first PC of ANCP varies, with low values in 1997 and 2002 and high values in 2005 and 2006 (Figure 6b).
High values in the PC correspond to high ANCP in the HTV region (and vice versa). Large phytoplankton
blooms are observed from November to January in 2005 and 2006, whereas there are no blooms for the
whole growing season in 2002 in the HTV region (see supporting information). To find the potential drivers
of ANCP IAV, we compared the first PC with the SAM and Ni~no 3.4 climate indices and found significant cor-
relations in particular months and seasons (Table 2). For example, we found that in austral spring the first
PC is negatively correlated to the Ni~no 3.4 climate index and positively correlated to the SAM climate index
(Table 2 and Figure 7). The first PC shows the highest correlation with average SAM in October and Novem-
ber (R 5 0.7, p< 0.01). This time window (October and November) includes the date of sea-ice retreat in the
HTV region (Figure 4). Following these results, we compared MNCP in each subregion during years with
positive and negative average SAM in October and November. We found that, in the SZ and SACCFZ, NCP is
generally higher in positive SAM years than negative SAM years (Figure 8), with the largest difference
observed in the southern and middle SACCFZ. Maintaining the time series will be important to assess
whether these results are significant.

We also conducted an EOF analysis of annually averaged NCP (as opposed to annually integrated NCP) to
account for the effect of changes in number of ice-free days. For example, 1 year’s average NCP may be
very low, but integrated NCP high if the number of ice-free days is long. Annually averaged NCP shows
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similar EOF and PC patterns to those shown
by ANCP (Figure 6). EOF analysis of summer-
integrated NCP also yielded similar results
(see supporting information).

4. Discussion

4.1. NCP Estimation
The uncertainties in our satellite-NCP esti-
mates mainly originate from the regression
between in situ O2/Ar-NCP estimates and
[Chl], as well as the uncertainties in satel-
lite-[Chl] estimates. The regression between
O2/Ar-NCP estimates and [Chl] is based on
the assumption that NCP solely depends
on [Chl] and that this dependence does not
vary in time or space. However, NCP is also
associated with other factors such as SST,
phytoplankton physiological status, and
community structure [Boyd and Trull, 2007;
Huang et al., 2012; Laws et al., 2000; Rivkin
and Legendre, 2001]. There are also uncer-
tainties associated with O2/Ar-NCP estimates
(e.g., steady state assumption, and gas
exchange parameterization) [see Bender et al.,
2011; Cassar et al., 2014; Jonsson et al., 2013].
For example, the assumption of steady state
may be violated during vigorous blooms in
the early growing season (Figure 2). Previous
studies also observed strong seasonality in
the NCP [Bushinsky and Emerson, 2015;
Emerson, 2014; Fassbender et al., 2016;

Ostle et al., 2015; Palevsky et al., 2016]. Net heterotrophy and entrainment of newly exported production back into
the mixed layer, more commonly observed in the fall and winter [Bushinsky and Emerson, 2015; Emerson, 2014;
Fassbender et al., 2016; Kortzinger et al., 2008; Ostle et al., 2015; Palevsky et al., 2016], are not captured by our
current algorithms. Therefore, our ANCP is different from the one presented in previous studies [Bushinsky and
Emerson, 2015; Emerson, 2014; Palevsky et al., 2016] and may overestimate NCP in the late part of growing season
(i.e., austral autumn).

Although regional algorithms developed in this study and by Dierssen and Smith [2000] can predict [Chl] rel-
atively well, large scatter is observed and significantly limits the accuracy of our satellite-NCP estimates. Our
satellite-[Chl] algorithms were calibrated using in situ [Chl] mostly obtained from the shelf and coastal
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regions. More in situ [Chl] measurements
are required to validate the transferability
of our regression to the offshore regions.
In addition, our in situ O2/Ar-NCP esti-
mates and satellite measurements are
only relevant to the mixed layer and first
optical depth, respectively, missing pro-
duction below the mixed layer (e.g., deep
chlorophyll maximum) and under sea ice
[Korb et al., 2004; Moline and Prezelin,
2000].

4.2. NCP Biogeography
In the WAP region, phytoplankton growth
rate is thought to be largely controlled by
iron [Garibotti et al., 2005, 2003; Huang
et al., 2012; Martin and Gordon, 1988; Mar-
tin et al., 1990], light availability [Mitchell
et al., 1991; Nelson and Smith, 1991], and/
or grazing [Ainley et al., 2007; Bernard
et al., 2012; Frost, 1991; Frost and Franzen,
1992; Garzio et al., 2013; Holm-Hansen and

Huntley, 1984]. The iron sources in this region are mainly from sea-ice meltwater [Lannuzel et al., 2007,
2008], glacial discharges [Dierssen et al., 2002], and/or vertical mixing of subsurface waters [Ducklow et al.,
2007; Martinson et al., 2008; Tagliabue et al., 2014]. The light regime is also affected by sea-ice dynamics, gla-
cial melt, and melt-freeze changes in water column stratification [Mitchell and Holm-Hansen, 1991; Saba
et al., 2014; Smith and Nelson, 1986; Venables et al., 2013]. For example, Saba et al. [2014] and Venables et al.
[2013] found that later sea-ice retreat is associated with higher in situ [Chl] in January in the SZ. They
hypothesized that later sea-ice retreat shields the water column from wind mixing, and that the meltwater
stratifies the water column therefore allowing phytoplankton to remain in the upper water column under
favorable light conditions.

Huang et al. [2012] found that Fv/Fm measurements reveal a negative onshore-to-offshore gradient, indicat-
ing that iron availability decreases with distance from shore. This onshore-to-offshore decline pattern in dis-
solved iron largely controls the spatial pattern of our ANCP. The timing of our peak in NCP generally follows
ice edge, suggesting an influence of sea-ice meltwater on light and/or iron availability.

Submarine canyons are hypothesized to steer iron-rich and warm Upper Circumpolar Deep Water (UCDW)
into the shelf and coastal regions [Schofield et al., 2013]. We found that NCP is generally higher in some sub-
marine canyon regions than in the adjacent regions (Figures 4 and 5). Our result is consistent with that of
Kavanaugh et al. [2015] who compared biological and physical parameters above and adjacent to canyons.
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scale.

Table 2. Correlation Coefficients Between the First PC of ANCP and SAM
and ENSO Climate Indicesa

Climate Index
First PC Versus

Month/Season Ni~no 3.4 SAM

6 20.46 0.10
7 20.51 20.15
8 20.55 20.23
9 20.54 0.14
10 20.50 0.65
11 20.52 0.48
12 20.49 0.00
13 20.49 0.04
14 20.48 0.00
15 20.56 20.28
16 20.46 20.41
17 20.30 20.06
6–8(Winter) 20.52 20.15
9–11(Spring) 20.52 0.63
12–14(Summer) 20.49 0.01
15–17(Autumn) 20.49 20.46

aThe first column shows the month/austral season of climate indices for
the correlation analyses, with numbers >12 representing months in the
subsequent year. Correlations that exceed the 0.05 and 0.01 significance
levels are in bold and italicized bold, respectively.
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Our algorithm also predicts enhanced NCP around the submarine canyon next to Renaud Island where an
Ad�elie penguin colony is observed. We note that NCP patterns do not exactly match the canyons in some
regions, likely because of the influence of other factors such as lateral advection. A more careful examina-
tion of the role of canyons in fueling NCP hotspots will be the subject of a future study.

4.3. NCP Interannual Variability and Climate Indices
ANCP in the WAP region is believed to be controlled in large part by sea-ice dynamics which in turn are
conditioned by large-scale atmospheric circulation [Stammerjohn et al., 2008a]. In order to study the effect
of large-scale forcings on ANCP, we first examined the association of sea-ice dynamics to the SAM and Ni~no
3.4 climate indices and then explored the IAV in sea-ice dynamics and ANCP.
4.3.1. Climate Indices and Sea Ice
Our updated results support previous studies [Massom et al., 2006; Stammerjohn et al., 2008a] that stronger
northerly winds result in an earlier sea-ice retreat and a later sea-ice advance (Table 3). Positive phases in
SAM or negative phases in ENSO are associated with low SLP around the Amundsen Sea and intensified
northerly winds that transport heat and momentum to the WAP region, leading to an earlier sea-ice retreat
and a later sea-ice advance [Massom et al., 2006; Stammerjohn et al., 2008a].
4.3.2. NCP Interannual Variability
Over the timescale of our study, we do not observe a long-term trend in sea ice or ANCP. Our results are
however consistent with sea ice governing interannual variability and seasonality of NCP in the WAP region
[Ross et al., 2008; Smith et al., 1995, 2008; Vernet et al., 2008]. We also find a statistically significant trend of
decreasing austral spring-averaged NCP in all subregions, except the southern sector of the SZ (Figure 9). In
the HTV region, higher ANCP is observed in years with higher SST (R 5 0.66, p< 0.01), longer growing sea-
sons (R 5 0.49, p 5 0.06), and an earlier sea-ice retreat (R 5 20.58, p< 0.05). Similar results for annually inte-
grated NPP in the WAP have recently been reported by Moreau et al. [2015]. Years with more ice-free days
and higher ANCP display higher midsummer NCP (e.g., 2005 and 2006) (Figure 10), suggesting that other
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factors (e.g., iron and light) preconditioned by or associated with the length of the growing season have
ramifications throughout the growing season.

In order to explore this further, we look at IAV in the light regime in the HTV region. Like Tortell et al. [2014]
who used in situ observations, we found an association between NCP and surface PAR in the HTV region in
the austral summer (R 5 0.59, p< 0.01; see supporting information figure). Unfortunately, we do not have a
good proxy for IAV in MLD which is likely a more dominant control on light availability.

Similarly, we do not have IAV in iron observations and can only speculate on how iron availability may be
impacted by the number of ice-free days. As atmospheric deposition is limited in the HTV region [Cassar

Table 3. Correlation Between Climate Indices, Wind Speed, and Sea-Ice Dynamics in Each Subregiona

Subregion

Ni~no 3.4 SAM Wind Speed

Retreat Advance Retreat Advance Retreat Advance

POOZ
North
Middle 0.25 20.44 20.28 0.45 0.53 20.71
South 0.56 20.44 20.39 0.35 0.67 20.64

SACCFZ
North 0.36 20.44 20.27 0.41 0.50 20.85
Middle 0.62 20.43 20.44 0.43 0.70 20.78
South 0.40 20.43 20.37 0.36 0.78 20.32 (20.54)

SZ
North 0.36 20.36 20.33 0.44 0.56 20.58
Middle 0.51 20.61 20.27 0.18 0.53 20.38 (20.67)
South 0.35 20.69 20.46 0.04 0.76 0.04 (20.56)

aCorrelations that exceed the 0.05 and 0.01 significance levels are in bold and italicized bold, respectively. Only the meridional com-
ponent of wind speed is presented (northward is positive). Day of sea-ice retreat was compared to averaged climate indices/wind speed
in austral spring (September–November). Day of sea-ice advance was compared to averaged climate indices/wind speed in austral win-
ter (June–August), with values in parentheses representing correlation in austral autumn (March–May). We show these additional corre-
lations because sea ice advances in austral autumn in these regions [Stammerjohn et al., 2008a]. The northern sector of POOZ was not
covered by sea ice every year, and thus the correlation is not presented.
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et al., 2007], the main iron sources are
likely from ice melt and obduction of
subsurface iron-rich waters. In the Wed-
dell Sea, studies have found that weak-
ening winds can shift the boundary
current toward shore, increasing the
interaction between offshore waters and
the shelf [Thompson and Youngs, 2013;
Youngs et al., 2015]. In the WAP region,
IAV in northerly wind strength could influ-
ence the extent of interactions of the
boundary current with iron-rich shelf
waters. We hypothesize that years with
stronger winds and lower sea ice extent
could lead to increased winter mixing
and availability of iron in the HTV region
[Sokolov and Rintoul, 2007; Venables et al.,

2013], and/or directly through lateral advection [Graham et al., 2015; Sokolov and Rintoul, 2007]. However, more
observations will be required to assess the influence of sea-ice dynamics on iron supply and NCP in the WAP.

5. Summary and Conclusions

In this study, we used satellite data to examine interannual variability of NCP at the WAP. We derived a time
series of NCP (1997–2014) using newly developed regional satellite-[Chl] algorithms and an updated regres-
sion between in situ [Chl] and O2/Ar-NCP estimates. We find higher annually integrated NCP in the SZ, espe-
cially in submarine canyon regions (e.g., Marguerite Trough). NCP generally peaks around January/
November–December in the SZ/southern and middle SACCFZ, while NCP and its seasonal and interannual
variability are low in the POOZ. Annually integrated NCP in the southern and middle SACCFZ shows the
highest interannual variability, which is associated with sea-ice dynamics, SST, PAR, and the ENSO and SAM
climate indices.

The SAM index has intensified over the last 40 years. This trend is predicted to persist in the future [Marshall,
2003; Thompson et al., 2000], resulting in an earlier sea-ice retreat [Stammerjohn et al., 2008a, 2008b] and
enhanced NCP and surface biological carbon export. Although we do not observe a trend in annually inte-
grated NCP, we find a decreasing trend in austral spring-averaged NCP in all the subregions excluding the
southern sector of the SZ. Changes in the seasonality of NCP may have a large impact on higher trophic-level
organisms such as penguins which breed during specific seasons. It will be important to monitor future
changes in the region’s biological pump and its seasonality with the predicted strengthening of the SAM.

Appendix A: List of Acronyms and Abbreviations

Acronyms Description

[Chl] Chlorophyll a concentration

[POC] Particulate organic carbon concentration

ANCP Annually integrated net community production

Ar Argon

ENSO El Ni~no Southern Oscillation

EOF Empirical Orthogonal Function

HR Heterotrophic respiration

HTV High temporal variability

IAV Interannual variability

MBR Maximum band ratio

MCMC Markov chain Monte Carlo

MLD Mixed layer depth

MNCP Monthly net community production
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Figure 10. Multiyear arithmetic mean of MNCP in the high temporal variability
(HTV) region for years with ice-free days >10 days average (1999, 2005, 2006,
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2004, and 2012, blue line). Dashed-gray line represents climatology for 1997–
2014. Shaded area and the length of vertical lines represent one standard
deviation.
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NCP Net community production

NPP Net primary production

O2 Oxygen

OLS Ordinary least squares

Pal-[Chl] Pal-LTER region-specific satellite-[Chl] algorithm

Pal-[Chl]m Pal-[Chl] for MODIS-Aqua data

Pal-[Chl]s Pal-[Chl] for SeaWiFS data

PAR Photosynthetically active radiation

PC Principle component

POOZ Permanently open ocean zone

Rrs(�) Remote sensing reflectance just above water surface

SACCFZ Southern Antarctic Circumpolar Current Front Zone

SAM Southern Annual Mode

SLP Sea level pressure

SSS Sea surface salinity

SST Sea surface temperature

SSVS Stochastic search variable selection

SZ Shelf zone

UCDW Upper Circumpolar Deep Water

WAP Western Antarctic Peninsula

� Phytoplankton growth rate

C Phytoplankton carbon content
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