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Abstract

The area of Arctic sea ice has dramatically decreased, and the length of the open water season has increased;
these patterns have been observed by satellite remote sensing since the 1970s. In this paper, we calculate the net
primary productivity (NPP, calculated by carbon) from 2003 to 2016 based on sea ice concentration products,
chlorophyll a (Chl a) concentration, photosynthetically active radiation (PAR), sea surface temperature (SST), and
sunshine duration data. We then analyse the spatiotemporal changes in the Chl a concentration and NPP and
further investigate the relations among NPP, the open water area, and the length of the open water season. The
results indicate that (1) the Chl a concentration increased by 0.025 mg/m? per year; (2) the NPP increased by 4.29
mg/(m?.d) per year, reaching a maximum of 525.74 mg/(m?2-d) in 2016; and (3) the Arctic open water area
increased by 57.23x10% km?/a, with a growth rate of 1.53 d/a for the length of the open water season. The annual
NPP was significantly positively related to the open water area, the length of the open water season and the SST.
The daily NPP was also found to have a lag correlation with the open water area, with a lag time of two months.
With global warming, NPP has maintained an increasing trend, with the most significant increase occurring in the
Kara Sea. In summary, this study provides a macroscopic understanding of the distribution of phytoplankton in
the Arctic, which is valuable information for the evaluation and management of marine ecological environments.
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1 Introduction

The extent of Arctic sea ice has rapidly declined in recent
years (Cavalieri et al., 2003; Kinnard et al., 2006; Stroeve et al.,
2007; Deng, 2014). The Fifth Assessment Report of the Intergov-
ernmental Panel on Climate (IPCC) noted that the rate of the re-
duction in Arctic sea ice has reached (-48.0+3.0)x103 km?/a (Eis-
enman et al., 2014), and the extent of multi-year ice decreased by
nearly 30% from 2002 to 2010 (Ke et al., 2013). At the same time,
the open water area has increased over a large range, and the
length of the open water season has rapidly increased (Pabi et al.,
2008; Arrigo and Van Dijken, 2011). These changes not only af-
fect atmospheric and oceanic circulation in the Northern Hemi-
sphere (Aagaard and Carmack, 1989) but also affect marine eco-
systems (Ning et al., 1995; Rees, 2011; Kohlbach et al., 2016).
Oceanic primary productivity, which is an important parameter
used to describe marine ecosystems, has also increased, and a re-
latively strong correlation exists between the growing trend of
oceanic primary productivity and the increasing trend of open
water area (Arrigo and Van Dijken, 2011).

Scholars in China and other countries have conducted ex-
tensive relevant studies on oceanic primary productivity. Pabi et

al. (2008) analysed the primary productivity of the Arctic Ocean
from 1998 to 2006 and derived a mean primary productivity (cal-
culated by carbon) for the entire Arctic of (419+33) Tg/a; the
newly increased open water area resulted in relatively high annu-
al productivity. Arrigo and Van Dijken (2011) found that the net
primary productivity (NPP) of the total oceanic phytoplankton
increased by 20% from 1998 to 2009 (in the range of 441-585
Tg/a), and the growth was most significant in the Kara Sea and
Siberia Sea areas. Further analysis with a time series extending to
2012 indicated that the NPP rapidly increased in the Arctic
Ocean, especially on the interior shelves in waters near the shelf
break where the nutrient levels increased significantly (Arrigo
and Van Dijken, 2015).

Using basic sea surface temperature (SST), salinity and
primary productivity data acquired at observation stations, stud-
ies on the distribution characteristics of chlorophyll a (Chl a)
concentrations and primary productivity in the Bering Sea indic-
ated that the primary productivity of the continental shelf area
was higher than that of the deep-sea area, and the mean primary
productivity in the observation region was (0.50+0.23) mg/(m3-h)
(Liu et al., 2011). Le et al. (2014) analysed Chl a concentrations
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and primary productivity using data obtained from an in situ in-
vestigation in the Chukchi Sea and adjacent sea areas during the
fifth Chinese Arctic Scientific Expedition. The results indicated
that the peak Chl a concentrations and primary productivity val-
ues in 2012 appeared in the continental shelf area of the Chukchi
Sea. Obvious regional features were observed due to the influ-
ence of factors such as nutritive salt.

With the drastic reduction in Arctic sea ice, the development
of Arctic ship channels has been promoted, and the Arctic Re-
search Expedition and commercial transportation have been fur-
ther improved. The Arctic has abundant resources and enorm-
ous economic benefits and has gradually become the focus of the
Arctic countries and even the key issue related to the future de-
velopment of the world. China is increasing its cooperation with
Arctic countries. The atmosphere and sea exchange, the ecolo-
gical environment, sea ice changes, and resource development
and utilization have become the focus of future research in the
Arctic. Extensive development in this region will surely result in a
series of ecological problems. Arctic ecology is fragile; once des-
troyed, its recovery would be very difficult. As an important para-
meter of marine ecosystems, studies on the spatiotemporal vari-
ations in the NPP and associated factors are helpful for under-
standing marine ecosystems and the characteristics of environ-
mental change; moreover, such studies can provide data to sup-
port the monitoring and prediction of marine phytoplankton
blooms and other phenomena and even provide decision sup-
port for ecological management (Zhou et al., 2003). At present,
there is little knowledge of the large-scale NPP in the Arctic since
most studies on oceanic primary productivity have been conduc-
ted in offshore areas; few studies have focused on Arctic primary
productivity. These limited studies were mostly conducted in the
Bering Sea and Chukchi Sea, and the data were collected during
the Chinese Arctic Scientific Expedition. These data show the
variations in elements over only a specific period in the summer,
and a long-term series for the entire Arctic is lacking. Although
remote sensing data accuracy is not as high as that of field obser-
vation data, a long-term dataset on the variation in the Arctic can
be obtained only through a remote sensing approach.

The present study analyses the spatiotemporal variations in
Chl a in the Arctic based on the National Ocean & Atmosphere
Administration (NOAA) monthly mean SST reanalysis data from
2003 to 2016, monthly mean Chl a concentration and photosyn-
thetically active radiation (PAR) data from MODIS (Aqua), and
monthly mean sunshine duration data provided by the European
Center for Medium-Range Weather Forecasts (ECMWF). We use
remote sensing data to obtain NPP for the Arctic and analyse its
spatiotemporal variation and use sea ice concentration data to
obtain a long-term series of the variation in the open water area
and the length of the open water season. We further investigate
the relations among NPP, open water area, and length of the
open water season in the Arctic.

2 Data and methods

2.1 Study area

In addition to polar regions within the Arctic Circle (66°34'-
90°N), the study area in the Arctic also includes the marginal
seas, inland seas, straits, and bays outside the Arctic Circle that
are covered by sea ice (Deng, 2014). According to the division
method of Cavalieri and Parkinson (2012), we divide the study
area into nine sea areas (Fig. 1): Gulf of St. Lawrence, Baffin
Bay/Labrador Sea, Hudson Bay, Greenland Sea, Kara and Bar-
ents Seas, Seas of Okhotsk and Japan, Bering Sea, Canadian Ar-
chipelago, and the Arctic Ocean.
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Fig. 1. Location map of the study area in the Arctic.
2.2 Data

2.2.1 Chl aconcentration and PAR

Chl a concentration and PAR data are both acquired from
MODIS (Aqua) level-III monthly mean data provided by the
NASA'’s Ocean Color Processing Center (https://oceancolor.gsfc.
nasa.gov). Further product information can also be found on this
website. MODIS is one of the main sensors on the Terra and
Aqua satellites. These two satellites coordinate with each other,
and they can repeat observations of the entire earth surface every
1-2 d. The data were formally published in April 2000. The time
covered by the MODIS/Aqua data is from July 4, 2002 to present.
The Ocean Biological Processing Group (OBPG) completed all
water colour reprocessing tasks for MODIS-Aqua water colour
dataset in June 2015 (Meister and Franz, 2014). In this paper, we
select the Chl a concentration and PAR data with a spatial resolu-
tion of 9 kmx9 km from January 2003 to December 2016.

2.2.2 S§T

The SST data are from the Optimum Interpolation Sea Sur-
face Temperature V2 (OL.v2 SST) dataset provided by the Earth
System Research Laboratory of NOAA (https://www.esrl.noaa.gov/
psd/data/gridded/data.noaa.oisst.v2.html). The OL.v2 SST data-
set includes the weekly, monthly, and monthly long-term mean
data of the global SST, and the spatial resolution is 1°x1° (Reinart
etal., 2001). The time series is from 1981 to present. Optimum In-
terpolation Sea Surface Temperature (OISST) analysis is pro-
duced weekly on a one-degree grid. This analysis uses in situ and
satellite SSTs plus SSTs simulated by sea ice cover. The satellite
SST data are adjusted for biases using the methods of Reynolds
(1988) and Reynolds and Marsico (1993). The monthly NOAA OL
v2 SST product is obtained by a linear interpolation of the weekly
OlI data to obtain daily data and then averaging the daily values
within a month (Maheshwari et al., 2013). The monthly and
weekly mean SST data have the same format and spatial resolu-
tion. Compared to OISST, the OLv2 SST analysis exhibits a mod-
est improvement, especially at high latitudes (Reynolds et al.,
2002). We select the monthly SST data from January 2003 to
December 2016.

2.2.3 Sunshine duration
The sunshine duration data are from the ECMWF. ERA-Inter-
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im is a reanalysis of the global atmosphere covering the data-rich
period since 1979. It provides reanalysis data, such as surface net
solar radiation, rainfall data, wind data and so on. The sunshine
duration provided by ERA-Interim (http://apps.ecmwf.int/data-
sets/data/interim-mdfa/levtype=sfc/) is defined as the length of
time when the solar radiation on the plane vertical to the direc-
tion of the sun is greater than or equal to 120 W/m? (https://soft-
ware.ecmwf.int/wiki/display/TIGGE/Sunshine+duration). In this
paper, we accumulate daily data to obtain monthly mean data.
The principle is to acquire the daily mean by taking the mean of
two periods from 0000 and 1200 UTC (Universal Time Coordin-
ated) every day, thereby acquiring the monthly mean sunshine
duration. The spatial resolution is 0.75°x0.75°. The unit is
seconds, and it is divided by 3 600 to convert the unit to hours.

2.2.4 Sea ice concentration

The sea ice concentration refers to the percentage of the area
accounted for by sea ice in a sea area (Comiso et al., 1997). The
sea ice concentration data were provided by the United States
National Snow and Ice Data Center (NSIDC) (http://nsidc.org/
data/search) by adopting the NASA Team algorithm (Cavalieri et
al., 1984; Swift and Cavalieri, 1985; Swift et al., 1985; Gloersen and
Cavalieri, 1986). We select sea ice concentrations from product A
(Nimbus-7 SMMR DMSP SSM/I-SSMIS passive microwave data)
for the period from January 1982 to December 2014 and product
B (near-real-time DMSP SSMIS daily polar gridded sea ice con-
centrations) for the period from January 2015 to December 2016.
These products have spatial resolutions of 25 kmx25 km, and the
temporal resolution is divided into once every day and once
every other day, with both being provided in a Tagged Image File
Format (TIFF).

2.3 Methods

2.3.1 Data preprocessing

The sea ice concentration data are grey values, ranging from 0
to 255. A value of 255 represents no data, 254 represents a contin-
ent, 253 represents a continental contour or coastline, and 251
represents a data gap near the North Pole. We presume that the
sea ice concentration near the North Pole is 100%. First, the con-
tinents and the continental contours are extracted, and then all
remaining pixel values are divided by 251 to convert the grey val-
ues to 0%-100%, which is used to represent the sea ice concentra-
tion. Before we analyse the relationship between the area and
length of open water season and the NPP, we transform all data
in NC format to TIF format. All data are transformed to the North
Pole azimuthal projection, which is the same projection used for
the sea ice concentration, and are resampled to 25 kmx25 km us-
ing the bilinear interpolation method. After these processes, the
pixel locations of the different datasets are made consistent for
further processing and analysis.

2.3.2 Open water area and length of open water season

Based on the definition of sea ice area, the open water area is
calculated by summing the areas of the pixels where the sea ice
concentration is less than or equal to 15%, which are calculated
by multiplying the pixel area (25 kmx25 km) by the concentra-
tion of open water (100% minus sea ice concentration). Because
the data from December 3, 1987, to January 12, 1988, are missing,
we use the data before and after this time period to interpolate
the missing points.

We use the B (multi-year average maximum of open water
area) minus the C (multi-year average minimum) to obtain the
multi-year average amplitude A (i.e., A = B-C) between 1982 and
2016. The threshold equals C plus 50% of the A. Therefore, the

date of sea ice retreat would be the date when open water first ex-
ceeded the threshold. Similarly, we define the date when open
water first fell below the threshold as the date of sea ice advance
(Arrigo and Van Dijken, 2011). We subtract the date of ice retreat
from the date of sea ice advance to obtain the length of the open
water season (Arrigo and Van Dijken, 2011; Li and Ke, 2017).

2.3.3 Vertical generalized productivity mode

Based on the normalized chlorophyll concentration, sun-
shine cycle, and optical depth, a light-dependent vertical gener-
alized productivity mode (VGPM) was established to estimate the
oceanic primary productivity (Behrenfeld and Falkowski, 1997).
We use the VGPM to estimate the oceanic NPP, and the equation
used is as follows:

B PAR
NPP = 0.661 25 x P, X PAR 141

X Zey X Cpy X dl, @))
where Z, represents the euphotic depth (Reinart et al., 2001; Li
etal., 2009), and NPP represents the daily NPP from the surface
to euphotic depth Z, .. Pf;)t
PAR is the surface photosynthetically active radiation; C,, is the
Chl a concentration at the depth of the highest photosynthesis
rate, which can be replaced with the surface Chl a concentration;
and dl is the sunshine duration.

According to Eq. (1), the acquisition of NPP is related to five
variables, and C,; can be replaced with the surface Chl a concen-
tration. The euphotic depth can be calculated with the method
proposed by Morel and Berthon (1989), and its expression is de-
scribed below.

is the highest photosynthesis rate;

(Zeu>102),
(Zews102), @

eu—

200.0 x (Cror) "%
568.2 x (Cror) "™

where C;q is the euphotic Chl a concentration, and it is calcu-
lated as follows:

CTOT:{

Equation (3) is the algorithm used by the VGPM to calculate
the euphotic Chl a concentration, but this equation is from a
model established for mid- and low-latitude sea areas. Based on
the data from 309 stations in mid- and high-latitude sea areas,
Morel and Berthon (1989) performed additional simulations to
obtain the equation for Cy that is suitable for mid-high-latit-
ude sea areas:

40.2 x (Chl)0.507 (Cm}l.o) N
38.0 x (Ch1)0'425 (Cni<1.0). 3)

Cror= 37.9 x (Cu)"**. 4)

After calculating the euphotic Chl a concentration based on
Eq. (4), we substitute the calculated result into Eq. (2) to com-
pute the euphotic depth in the Arctic.

The empirical model that is most often used to estimate Ptﬁn
(Eppley, 1972; Yin et al., 2012) is based on its relation with tem-
perature, and its expression is as follows:

1.13 (T<~-1.0),
PS = 4.09 (T>28.5),
Py (—1.0 <T<285), (5)
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where T'is the sea surface temperature and -1.0<7<:28.5.

Pf;;: 1.295 6 +2.749 x 10 ' x T+6.17 x 107 2x T?—
2.05 x 1072xT342.462 x 10 3x T*—1.348 x 10~ x
T°+3.4132 x 107°xT%-3.27 x 1078 xT7. 6)
3 Results

3.1 Spatiotemporal variation in Chl a

June is the month with the highest Chl a concentration in the
Arctic. Therefore, we use the Chl a concentration data from June
of each year to obtain Fig. 2. The black in the map indicates no
data, which mainly resulted from sea ice cover or cloud cover.
The large area of no data in the Arctic Ocean is mainly due to sea
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ice cover, so the sensor cannot obtain Chl a information under
sea ice. Generally, the Chl a concentration is relatively low in the
sea area far from land, and the concentration in this area is
between 0 and 1.00 mg/m3. The area with a Chl a concentration
of less than 0.5 mg/m3 in the Gulf of St. Lawrence is relatively
large. The peak Chl a concentration appears in the marginal sea
area, which is mostly the continental shelf region, and the max-
imum reached 94.00 mg/m?3 in 2016. As the time passes, the Chl a
maximum increases. Because of cloud cover and other reasons,
no Chl a data are observed in the southern parts of the Bering Sea
(Fig. 2). The areas of the Greenland Sea and Baffin Bay/Labrador
Sea with Chl a concentrations higher than 5 mg/m? increased
significantly in June 2016. In June, the mean Chl a concentration
in the Arctic generally exhibited an upward trend, reaching a
maximum of 2.25 mg/m3 in 2015.
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Fig. 2. Spatial distribution of Chl a in the Arctic in June every other year from 2004 to 2016.

The Arctic Chl a concentration fluctuates from year to year
but exhibits a somewhat stable and slowly increasing trend, and
the rate of increase is 0.025 mg/m? per year (Fig. 3). Due to the in-
fluence of the ambient environment, the variation in the Chl a
concentrations in the different sea areas exhibits regional charac-
teristics. Among all sea areas, the Chl a concentration is the
highest in the Kara and Barents Seas, and the increasing trends
are most obvious in these areas. The Chl a concentration is low-
est in the Canadian Archipelago, where the variation is relatively
gentle (Fig. 4).

3.2 Net primary productivity

The monthly mean NPP in the Arctic from 2003 to 2016 exhib-
its a rapid increase from February to April, and the rate of in-
crease slows in May. The NPP reaches the annual maximum in
June and then decreases from June to February of the following
year, and the rate rapidly declines from July to October. The NPP
reaches the annual minimum in February of the following year

(Fig. 5).
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Fig. 3. Variation in the annual Chl a concentration in the Arctic
from 2003 to 2016. x means year.
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Fig. 4. Variation in the Chl a concentrations for the nine sea
areas of the Arctic from 2003 to 2016.
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Fig. 5. Monthly averaged NPP in the Arctic.

We select the NPP in June 2004, 2006, 2008, 2010, 2012, 2014 and
2016 for the spatial distribution and trend analysis. The range of
NPP range in the Arctic is relatively high and ranges from 0 to
1 000 mg/(m?-d), and the highest values are located in the region
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near the continent, such as the Obskaya Guba. With time, the re-
gion where NPP is between 500 and 2 000 mg/(m?-d) increases,
and the region where NPP is between 0 and 500 mg/(m?-d) de-
creases in the Arctic. The region where NPP is below 500 mg/(m?-d)
decreases, and the region where NPP is above 500 mg/(m?-d) in-
creases in the Kara and Barents Seas, especially in 2016. The NPP
in Baffin Bay/Labrador Sea mainly ranges from 0 to 500 mg/(m?-d)
in June 2004, but in recent years, the region where NPP is bet-
ween 700 and 2 000 mg/(m?.d) increased significantly (Fig. 6).

The inter-annual variability of the NPP fluctuated greatly, and
it declined considerably in 2007 and 2012. The open water area
increased in 2012, but the length of the open water season de-
creased. These changes may have an impact on the decrease in
the NPP in 2012. The Arctic NPP generally exhibits an increasing
trend, and it increases at a rate of 4.29 mg/(m?-d) per year on av-
erage (Fig. 7). The Arctic NPP reached its maximum in 2016, at
525.74 mg/(m?-d).

3.3 Open water area and length of the open water season

The open water area and the length of the open water season
in the Arctic continued to increase from 2003 to 2016 (Fig. 8). The
mean open water area is 12.9x10¢ km?, and the mean length of
the open water season is 160.14 d. The open water area is largest
(2.47x10° km?) in the Greenland Sea and is smallest in the Cana-
dian Archipelago (0.08x106 km?). The longest length (312.86 d) of
the open water season is in the Gulf of St. Lawrence, and the
shortest (62.93 d) is still in the Canadian Archipelago (Table 1).
The open water area and the length of the open water season in
the Arctic reached the maximums in 2016 (Fig. 8) at 13.52x106 kim?
and 182 d, respectively. The growth rates are 57.23x103 km?/a
and 1.53 d/a, respectively. The largest contributions to the in-
creasing open water area and the length of open water season oc-
cur in the Kara and Barents Seas, where the growth rates are
29.28x103 km?/a and 6.45 d/a, respectively, followed by the Arc-
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Fig. 6. Spatial distribution of the NPP in the Arctic in June every other year from 2004 to 2016.
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tic Ocean, where the growth rates are 22.99x103 km?/a and 2.18 d/a,
respectively. Unlike the growing trends in the other eight sea
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Fig. 7. Variation in the NPP in the Arctic from 2003 to 2016. x
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areas, the open water area and the length of the open water sea-
son in Baffin Bay/Labrador Sea generally exhibit decreasing
trends at -6.40x10% km?/a and -1.89 d/a, respectively (Fig. 9).
This result shows a general trend where the open water area or
the length of the open water season increases in the Arctic;
however, some spatial differences exist in the nine partitions of
the Arctic.

4 Discussion

4.1 Relationship between the NPP and open water

The NPP in the Arctic reaches a maximum (873.31 mg/(m?2-d)
in June and a minimum (158.49 mg/(m?2-d)) in February (Fig. 10).
The open water area begins to increase in March and reaches its
peak in September. The lag correlation analysis of the NPP and
open water area shows that when the open waters lag two
months behind the NPP, the correlation coefficient is highest at
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Fig. 8. Variations of open water area (a) and length of the open water season (b) for the Arctic from 2003 to 2016. x means year.

Table 1. The change of open water area (106 km?) and length of the open water season (d) in the nine sea areas of the Arctic and

entire Arctic from 2003 to 2016

Open water area/10® km? Length of open water season/d
Mean Standard deviation Mean Standard deviation
Gulf of St. Lawrence 0.83 0.02 312.86 31.80
Baffin Bay/Labrador Sea 2.39 0.06 194.57 18.14
Hudson Bay 0.53 0.04 153.21 8.95
Greenland Sea 2.47 0.04 174.14 36.12
Kara and Barents Seas 1.58 0.17 158.21 36.07
Seas of Okhotsk and Japan 2.31 0.04 275.93 16.84
Bering Sea 2.18 0.07 235.21 23.35
Canadian Archipelago 0.08 0.02 62.93 18.34
Arctic Ocean 0.72 0.16 91.07 13.41
Arctic 12.90 0.33 160.14 9.99
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Fig. 9. Variations of open water area (a) and length of the open water season (b) for the nine sea areas of the Arctic from 2003 to 2016.
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approximately 0.84. This result means that when NPP reaches its
maximum, the open water area continues to increase. This pat-
tern is probably due to the abundance of nutrients in the Arctic in
February when the phytoplankton abundance begins to increase,
which can affect the absorption of heat by the sea (Wang, 2011);
then, the SST as well as the air temperature begins to rise. As a
result, sea ice melts, and the open water area begins to increase.
In June, the NPP reaches its maximum, and nutrients are con-
sumed quickly. As the NPP begins to decrease, both the SST and
the open water areas continue to increase. In the different sea
areas, the time when the NPP reaches its peak value is concen-
trated in May, June or July. Except for the Bering Sea and Gulf of
St. Lawrence, the time of the NPP peak in all sea areas is earlier
than that for the open water area. In the Bering Sea, the Gulf of St.
Lawrence, and the Seas of Okhotsk and Japan, the open water
area does not exhibit an obvious peak, and the variation is gentle
in the summer and fall seasons (Fig. 11). These sea areas are loc-
ated at relatively low latitudes. The open water area is relatively
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extensive, and the changes in the summer and autumn are not
considerable. The Hudson Bay, the Canadian Archipelago, and
the Arctic Ocean are dominated by sea ice, and open water areas
begin to appear in May. At the same time, the NPP appears in
these three sea areas in March or April. In the other sea areas, a
relatively high proportion of open water is present throughout
the year.

The annual NPP per unit area in the Arctic is 173.66 g/(m?-a),
and it is smallest in the Canadian Archipelago (45.82 g/(m?2-a)),
followed by that in the Arctic Ocean (84.41 g/(m?-a)) (Table 2).
The annual NPP per unit area is greater than 100 g/(m?-a) in the
other sea areas, and it is highest in the Gulf of St. Lawrence at
278.63 g/(m?2-a). The total annual NPP of the entire Arctic is as
high as 2 241.22 Tg/a. Because the total area is small, the total an-
nual NPP is still lowest in the Canadian Archipelago at 3.52 Tg/a.
Because of the low latitude, the total annual NPP is highest in the
Seas of Okhotsk and Japan at 505.90 Tg/a.

In the Arctic, a significant positive correlation exists between
the open water and total annual NPP (Fig. 12), but the correla-
tions differ in various sea areas (Table 3). A significant positive
correlation exists between the open waters of the Bering Sea and
the annual NPP in the unit area because the Bering Sea is located
at a relatively low latitude where the SST is relatively high, the
open water area is relatively large and the length of the open wa-
ter season is relatively long. The Chl a concentration and PAR are
relatively high, and the annual NPP per unit area is maintained at
arelatively high level. The overall variations in the open water
area and the length of the open water season and the annual NPP
per unit area are small and relatively stable from 2003 to 2016.
Except for the Baffin Bay/the Labrador Sea and the Greenland
Sea, where there is no significant relation between open water
and the total annual NPP, the correlations are significant for the
other sea areas (Table 3). This result indicates that the annual
NPP variation in the Baffin Bay/Labrador Sea and the Greenland
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Fig. 11. Annual cycle of open water area and mean NPP for the nine sea areas of the Arctic from 2003 to 2016.
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Sea does not have a considerable relation with the variation in
open water area. The same result was obtained by Arrigo and Van
Dijken (2011). We can speculate that the annual NPP variation is
possibly dominated by other factors.

The variations in both open water areas and total annual NPP
are roughly the same and generally exhibit increasing trends
from 2003 to 2016 (Fig. 13). The open water area was relatively
large in 2007, 2012, and 2016 (Fig. 13a), the length of the open
water season was relatively long in 2006, 2010, 2012 and 2016
(Fig. 13b), and the total annual NPP was relatively high in 2006,
2011, and 2016. The open water area, the length of the open wa-
ter seasons and the total annual NPP all reached a maximum in
2016. This result indicates that the increase in open water area or
the length of the open water season can affect the NPP of phyto-
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plankton and provide the appropriate living environments for the
growth of phytoplankton. However, this result does not mean
that when the open water area is increasing and the length of the
open water season is long, the NPP should certainly increase.
There must also be enough nutrients, Chl a, PAR, suitable tem-
peratures and sufficient sunshine duration. In addition, there is a
lag relationship between the NPP and open water area. When lag
accumulation occurs, the times at which peak values occur will
be interlaced. Therefore, the times when the open water and NPP
reach their maximum values will not completely correspond.

In the previous part, it was mentioned that SST is a paramet-
er that is often used to calculate the daily NPP, and it is an im-
portant factor that can affect the changes in Chl a concentration
and NPP. Similar to the relationship between NPP and open wa-

Table 2. The annual NPP per unit area and total annual NPP in the nine sea areas of the Arctic and entire Arctic from 2003 to 2016

Annual NPP per unit area/g-m2-a-!

Total annual NPP/Tg-a"!

Mean Standard deviation Mean Standard deviation
Gulf of St. Lawrence 278.63 16.05 231.20 16.25
Baffin Bay/Labrador Sea 137.55 10.49 328.76 25.37
Hudson Bay 102.81 12.96 54.37 9.14
Greenland Sea 102.45 5.93 253.32 15.62
Kara and Barents Seas 135.51 22.27 214.49 48.95
Seas of Okhotsk and Japan 218.49 11.82 505.90 33.43
Bering Sea 150.54 15.32 328.31 42.38
Canadian Archipelago 45.82 6.13 3.52 1.18
Arctic Ocean 84.41 9.81 60.63 16.42
Arctic 173.66 9.70 2241.22 159.24
2 800 2 800
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Fig. 12. Relationship between the total annual NPP and the open water area (a) and length of the open water season (b) in the Arctic

from 2003 to 2016.

Table 3. Correlation coefficient between the annual NPP (annual NPP per unit area and total annual NPP) and open water in the nine

sea areas of Arctic and the enti

re Arctic from 2003 to 2016

Annual NPP per unit area Total annual NPP
Open water area Length of open water season Open water area Length of open water season
Gulf of St. Lawrence 0.41 0.42 0.67" 0.60"
Baffin Bay/Labrador Sea -0.12 0.03 0.26 0.29
Hudson Bay 0.39 0.42 0.72" 0.72"
Greenland Sea 0.13 0.12 0.36 0.30
Kara and Barents Seas 0.25 0.46 0.65" 0.76™
Seas of Okhotsk and Japan 0.54" 0.36 0.72" 0.53"
Bering Sea 0.82" 0.84™ 0.89™ 0.87"
Canadian Archipelago 0.06 0.04 0.89™ 0.85™
Arctic Ocean 0.19 0.32 0.88™ 0.90™
Arctic 0.40 0.48 0.68™ 0.70™

Note: "p<0. 05; ™ p<0.01.
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ter, a significant positive correlation exists between the SST and
total annual NPP throughout the Arctic. In addition to the Baffin
Bay/Labrador Sea and the Greenland Sea, the annual NPP vari-
ation in the Seas of Okhotsk and Japan did not have a consider-
able relation with the variation in SST (Table 4). This result indic-
ates that SST is not a major factor driving the change in NPP in
these seas. The areas that are mainly dominated by changes in
SST are the Bering Sea and the Arctic Ocean. The results ob-
tained by Li and Ke (2017) showed that the change in open water
area lags behind the change in SST, and there is a high correla-
tion between them. Thus, we speculate that with the increase in
phytoplankton, photosynthesis produces more heat, the SST
rises, the open water area increases, and finally, the NPP is im-
pacted. This speculation also supports the finding that the times
when both the open water and NPP reach their maximum values
do not completely correspond.

Table 4. Correlation coefficient between the annual NPP (annu-
al NPP per unit area and total annual NPP) and SST in the nine
sea areas of Arctic and the entire Arctic from 2003 to 2016

Annual NPP per Total annual
unit area NPP
Gulf of St. Lawrence 0.57" 0.58"
Baffin Bay/Labrador Sea -0.20 0.09
Hudson Bay 0.56 0.80™
Greenland Sea 0.00 0.15
Kara and Barents Seas 0.53 0.82™
Seas of Okhotsk and Japan -0.09 -0.01
Bering Sea 0.91™ 0.94™
Canadian Archipelago 0.48 0.60
Arctic Ocean 0.31 0.87"
Arctic 0.41 0.56

Note: "p<0. 05; ” p<0.01.

4.2 Uncertainty of the NPP

To verify the credibility of our result, we compare the NPP in
the Greenland Sea to that found in other studies. The results ob-
tained by Arrigo and Van Dijken (2015) showed that the total an-
nual NPP in the Greenland Sea was 131.86 Tg/a from 2003 to
2012. Their study area included only the Greenland Sea within
the Arctic Circle, whereas our study includes the sea area covered
by sea ice outside the Arctic Circle. We recalculated the totally
annual NPP for the Greenland Sea within the Arctic Circle during
2003-2012. The value in the present study is 124.17 Tg/a, which is
slightly lower than that found in the previous study. The reason

for this difference is that the open water area in this study is less
than that in the study of Arrigo and Van Dijken (2015). The open
water area in the previous study is mainly between 1.5x108 km?
and 1.7x108 km?, while the open water area in this study is mainly
between 1.4x10° km? and 1.5x108 km?. These two results are not
considerably different, so we can conclude that the NPP results in
this paper are reasonable.

Because the NPP estimates are the result of several remote
sensing datasets, the uncertainty is also restricted by the uncer-
tainty of the remote sensing products (Mélin et al., 2016; Tao et
al.,, 2017). There are NPP gaps in some regions due to the lack of
Chl a and PAR data. Chl a and PAR are both MODIS products,
which are affected by cloud cover and precipitation (Fu et al.,
2009). Most sea areas and some of the marginal sea in the Arctic
Ocean do not have Chl a and PAR information due to sea ice cov-
er. The most possible reason for the missing Chl a and PAR data
in most of the marginal sea without sea ice is cloud cover. The
SST is the result of optimal interpolation, and the accuracy is in-
fluenced by the coverage of the original data and the interpola-
tion method. Sunshine duration is the result of a model based on
the measured data, and the model result is lower than the true
value. Therefore, the greatest impact on the NPP uncertainty
stems from the missing data caused by cloud cover or other reas-
ons and the data errors caused by the interpolation and model-
ling methods.

5 Conclusions

From 2003 to 2016, the spatial coverage of Chl a increased sig-
nificantly, and the Chl a concentrations increased in all areas.
The high Chl a concentrations are distributed throughout the sea
margins of the study area, especially on the continental shelf, and
low values are distributed in the Arctic Ocean or the sea areas
near the Pacific and Atlantic. The Chl a concentration reaches a
maximum in June of every year and declines to a minimum in
February. The Chl a concentration is highest in the Kara and Bar-
ents Seas, which make the largest contributions to the increase in
the Chl a concentration throughout the Arctic (with a rate of
0.07 mg/(m3-a)). The NPP variation is similar to the variation in
the Chl a concentration. The high daily NPP values are mainly
distributed at the border between sea areas and the continent.
The NPP increase is most obvious in the marginal region of the
Kara and Barents Seas. From 2003 to 2016, the daily NPP in the
Arctic exhibits an increasing trend, which reaches its maximum
in 2016.

From 2003 to 2016, the open water area and the length of the
open water season generally exhibited increasing trends. The
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changes in the Kara and Barents Seas and the Arctic Ocean make
large contributions to the growth in the open water area and the
length of the open water season in the Arctic. There is a lag rela-
tionship between the daily NPP and open water area (two
months). Significantly positive correlations exist between the
total annual NPP and the open water area, the length of the open
water season, and the SST in the Arctic. Except for the Greenland
Sea and Baffin Bay/Labrador Sea, the total annual NPP of the
other sea areas is significantly positively correlated with the open
water area and the length of the open water season. The open
water area, the length of the open water season, and the total an-
nual NPP all peaked in 2016. The open water area increased and
the length of the open water season became longer, creating a fa-
vourable environment for the increase in NPP. It should also be
noted that increases in NPP also require adequate levels of nutri-
ents, SST, Chl a, sunshine, PAR, and so on. Abundant nutrients
and sunlight, suitable temperatures and high Chl a concentra-
tions provide favourable conditions for the growth of phyto-
plankton, resulting in high NPP. These factors must work togeth-
er to produce NPP, and all of them are indispensable.

Factors that affect NPP are complicated and diverse, and
some influencing factors (e.g., nutritive salts) are not considered
because of data availability. As remote sensing techniques devel-
op, the remote sensing data will become more accurate. As the
Arctic expeditions continue to advance, more field measurement
data will be obtained for validation, and more accurate results for
the studies of Arctic NPP will be obtained. In future work, we will
focus on typical sea areas in the Arctic (such as the Kara and Bar-
ents Seas or the Bering Sea, where the changes are relatively ob-
vious), analyse the spatiotemporal variation in the NPP and the
relationship between the NPP and open water area, the length of
the open water season. Moreover, we will more deeply investig-
ate the internal driving mechanism of NPP changes.
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