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AbsTRACT

High-level primary production (PP) sustainability in the Antarctic coastal polynyas has not been adequately addressed. 
We investigated the relationship between the Antarctic coastal polynyas phytoplankton biomass (as reflected by Chl-a) and 
the cloud cover, which dominantly influences the light conditions. Phytoplankton biomass in Antarctic coastal polynyas 
showed a robust correlation with the photosynthetically active radiation (PAR) and the cloud fraction. However, a different 
relationship was observed between the phytoplankton biomass and the PAR. This relationship depended on both the ultra-
violet (UV) radiation and the geographical location of the coastal polynyas. High intensity UV radiation is suspected to be 
an inhibitor of phytoplankton biomass. This indicates that the phytoplankton biomass is effectively limited by light intensity, 
which can be reduced by clouds, particularly mid- and high-level clouds, but it is not limited by light under high-level UV 
radiation exposure conditions.
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1. InTRoduCTIon

The Antarctic coastal polynyas are essential sentinels 
of the Southern Ocean ecosystem because they are the first 
polar marine system to be exposed to increasing solar radia-
tion during springtime. They are clearly associated with the 
complex ocean and atmosphere processes, such as the ocean 
to atmosphere heat fluxes (Minnett and Key 2007), CO2 ex-
change (Sweeney et al. 2000), the carbon cycle (Becquevort 
and Smith 2001), the ocean circulation (Buffoni et al. 2002), 
biological carbon pump, and high primary production (PP) 
(Arrigo and van Dijken 2003; Lee et al. 2012).

Phytoplankton in the Southern Ocean are major drivers 
of global carbon cycling, accounting for ~2 PgC of annual 
PP (Yager et al. 2012). Phytoplankton growth is governed 
by the availability of light and nutrients with other factors 
such as wind, precipitation, and regional climatic conditions 
influencing the upper water column (Mitchell and Holm-
Hansen 1991; Alderkamp et al. 2011; Venables et al. 2013). 
Particularly, PP in coastal polynyas around the Antarctic 

continent is approximately four-fold higher than that in all 
of the Southern Ocean laying over 50°S (Yager et al. 2012). 
The light condition has been considered one of the major 
factors that strongly influence Southern Ocean phytoplank-
ton productivity (Venables and Moore 2010). Most studies 
on phytoplankton productivity around the Southern Ocean 
focused principally on the effects of different light condi-
tions (Robinson et al. 1997; Arrigo and van Dijken 2003; 
Van Leeuwe et al. 2005; Kropuenske et al. 2009; Arrigo 
et al. 2010). Light intensity over the Southern Ocean de-
pends strongly on cloud distribution with clouds frequently 
extending over the polynyas.

The cloud fraction in polar regions has a major effect 
on the solar radiation flux that reaches the sea surface. The 
cloud fraction specifically influences the incidence of pho-
tosynthetically active radiation (PAR) that considerably in-
fluences phytoplankton growth. The amount of cloud cover, 
the types of clouds, the precipitation and the surface tem-
perature all influence the amount of ground level ultraviolet 
(UV) radiation by absorbing and reflecting the solar radia-
tion (Josefsson and Landelius 2000). However, there have 
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been no investigations that analyzed the direct influence of 
cloud cover on phytoplankton abundance.

In this paper, we assessed the potential importance of 
the cloud fraction as a major controlling factor for the phy-
toplankton biomass in Antarctic coastal polynyas as well as 
the suggested cloud cover as an integrated parameter rep-
resenting the overall light conditions (e.g., PAR and UV). 
Antarctic coastal polynyas are the ideal laboratory to evalu-
ate variations in phytoplankton biomass caused by changes 
in cloud cover because they are biological hot spots in the 
Southern Ocean and have shown diverse amounts of chloro-
phyll a (Chl-a) and PP (Arrigo and van Dijken 2003; Arrigo 
et al. 2010).

2. METhods

We analyzed the relationship between cloud fractions 
over the Antarctic coastal polynyas and the proxies for phy-
toplankton biomass: Chl-a and PP.

The Chl-a and PP for 37 coastal polynyas are available 
from Arrigo and van Dijken (2003) (Figs. 1a and b). Briefly, 
we used the 5-year January Chl-a and PP mean for each 
coastal polynya because more than 50% of the peak PP oc-
curs in January. The Chl-a information was taken from the 
SeaWiFS (Sea-Viewing Wide Field-of-View Sensor) 8-day 
Level 3 binned files using the OC4v4 algorithm (O’Reilly 
et al. 1998). The PP was determined using a function of the 
spectral downwelling irradiance, water temperature and 

Chl-a, as developed by Arrigo et al. (1998).
We derived information on PAR and cloud fractions us-

ing the Modern-Era Retrospective analysis for Research and 
Applications (MERRA) climatology developed by NASA 
(Rienecker et al. 2011). The horizontal resolution of the data 
sets are 1° × 1.25°, and each parameter was calculated for 
the January monthly mean from 1997 to 2001 over the pre-
defined coastal polynyas. We used the 5-year mean of each 
data set to minimize any influence of seasonal sea ice dy-
namics or interannual variation in environmental conditions 
on phytoplankton biomass. The interannual variability of the 
external factors contains influence of El Niño Southern Os-
cillation (ENSO) and Southern Annual Mode (SAM).

The MERRA PAR product has been successfully used 
to investigate biogeochemical aspects of various ecosys-
tems (Yuan et al. 2011; Cai et al. 2014; Sindelarova et al. 
2014; Yue et al. 2015). Additionally, we compared it with 
observational PAR obtained by the SeaWiFS satellite from 
1998 to 2001 for all 37 polynyas. In 81% of the polynyas 
the correlations (r) between the two data sets were greater 
than 0.25 and the mean correlation was 0.54 ± 0.45. Thus, 
we believe that the MERRA PAR product has a robust posi-
tive correlation with the observations over Antarctic coastal 
polynyas during our investigation period (1997 - 2001).

Because Naud et al. (2014) reported that the MERRA 
data set significantly underestimates cloud fractions over 
the Southern Ocean, we used both MERRA and ERA-inter-
im (Dee et al. 2011) cloud fraction data sets in the analyses 

(a) (b)

(c) (d)

Fig. 1. Histograms of (a) Chl-a (green bars), (b) PP (red bars), (c) total cloud fractions (blue bars: ERA-interim, orange bars: MERRA), and (d) PAR 
(red bars) in the 37 Antarctic coastal polynyas. (Color online only)
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(Fig. 2). The horizontal resolution of the ERA-interim cloud 
fractions is 0.75° × 0.75° and the data subset periods are 
the same as those from the MERRA cloud. Although the 
MERRA cloud fractions underestimates over the Southern 
Ocean, the cloud fractions over the Antarctic coastal region, 
where most polynyas are distributed, exhibited similar dis-
tributions in the two data sets (MERRA and ERA-interim), 
except for some polynyas in West Antarctica.

The MERRA and ERA-interim data provides total cloud 
fractions and also cloud fractions at three different heights. 
Hence, four different kinds of cloud fraction information 
from each climatology data set enabled us to examine the 
cloud height effect on the phytoplankton biomass. Based on 
the atmospheric pressure, the cloud fraction height data are 

defined as low-level cloud (1 - 0.8 sigma; sigma = pressure 
/ surface pressure), mid-level cloud (0.8 - 0.45 sigma), high-
level cloud (< 0.45 sigma) in ERA-interim, and low-level 
cloud (> 700 hPa), mid-level cloud (700 - 400 hPa), high-
level cloud (< 400 hPa) in MERRA (Fig. 2).

3. REsulTs And dIsCussIon

We found large variations in cloud cover over the South-
ern Ocean and Antarctic coastal regions (Fig. 2). The latitudi-
nal gradient of the total cloud fraction is classified by approx-
imately 65°S, which represents the highest cloud fraction. 
Low-level clouds were distributed mainly over high latitudes 
(above 65°S), where most coastal polynyas are located. The 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 2. Maps displaying the locations of the 37 Antarctic coastal polynyas (Arrigo and van Dijken 2003) and the cloud fractions. The 5-year (1997 
- 2001) January mean cloud fractions of high-, mid-, and low-level clouds, as defined by the ERA-interim and MERRA climatologies are displayed 
in (a) - (c) and (d) - (f) respectively. The total cloud fractions are displayed in (g): ERA-i and (h): MERRA. The 37 coastal polynyas around the Ant-
arctic continent are presented in (i). Note, the definition of cloud height is different between ERA-i and MERRA (see Fig. 3). (Color online only)
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total cloud fractions around coastal polynyas varied from 0.34 
- 0.80 with ERA-interim, and from 0.45 - 0.70 with MERRA. 
They also show that the total cloud fractions over the Western 
Antarctic continent were relatively smaller than those over 
the Eastern Antarctic continent. The cloud fractions varied by 
cloud height (low-, mid-, and high-level clouds) as well. The 
mean cloud fractions over the polynyas were 0.58, 0.34, 0.34, 
and 0.21 (ERA-interim) and 0.58, 0.32, 0.36, and 0.24 (MER-
RA) for total, low-, mid-, and high-level clouds, respectively. 
High-level clouds are generally more transparent than low- 
and mid-level clouds which are denser than the high-level 
clouds (Josefsson and Landelius 2000).

The Chl-a in Antarctic coastal polynyas, which reflects 
the spatial variation in phytoplankton biomass, ranged from 
0.2 - 6.9 mg m-3, with the highest value appearing in the 
Amundsen Sea polynya (Fig. 1a). The mean Chl-a of the 
coastal polynyas of West Antarctica was 2.9 mg m-3, thus 
three times higher than that of the coastal polynyas of East 
Antarctica.

The total Antarctic coastal polynyas cloud fractions 
exhibited high spatial variation in response to the PAR. 
A strong negative correlation was found between the total 
cloud fraction and the PAR (r = -0.7, p < 0.01), indicating 
that greater cloud fractions were associated with lower PAR 
conditions, especially around polynyas in the Antarctic Pen-
insula (8 - 10) and Henry Bay (30 - 32) polynyas (Fig. 1b).

Because notable influences of total cloud fraction to the 
solar radiation have been analyzed by previous studies (Bais 
et al. 1993), it may be useful to understand the changes in 
light conditions by analyzing the cloud fractions at different 
heights’ (Fig. 3). The variation in the total cloud effect was 
clearly associated with the cloud fractions of three different 
heights and was strongly correlated with the variation in both 
the mid- and low-level cloud fractions (r = 0.8, p < 0.01). 
Thus, this indicates that mid- and low-level clouds predomi-
nantly effect the variation in PAR.

Along with temperature and dissolved nutrients, light 
is considered the “master” abiotic property controlling the 
phytoplankton biomass in the ocean. However, we found 
that the Chl-a and PAR did not exhibit a meaningful rela-
tionship (Figs. 1a and 3). Light clearly did not limit phyto-
plankton growth in the Antarctic coastal polynyas because 
the photon flux densities during January were greater than 
those needed to saturate photosynthesis (Hiscock et al. 
2008). In spring and summer the sea ice is much thinner 
than in winter, and 89% of the coastal polynyas reach their 
peak open water extent between January and March (Arrigo 
and van Dijken 2003). Even if one-half of the surface irradi-
ance was attenuated by ice, enough light would penetrate to 
force photosynthesis (Smith et al. 2000).

In contrast, we found a negative correlation between 
Chl-a and the high-level cloud fraction (r = -0.3, p < 0.05). 
We suspect that the high-level cloud cover affects the ex-
tent of UV radiation. UV is readily scattered or absorbed 
by high-level clouds before reaching the mid- and low-level 
clouds, while PAR is affected mostly by mid- and low-level 
clouds because the UV wavelength (~300 nm) is shorter 
than that of PAR (~500 nm). Also, UV radiation is known 
to cause damage in a variety of marine organisms (Karentz 
1991). It can reduce the photosynthetic rate (Helbling et al. 
2003), and damage cellular components such as proteins 
(Sass et al. 1997) and DNA molecules (Buma et al. 2003). 
In particular, phytoplankton photosynthesis in surface wa-
ters is strongly affected by UV radiation, which has deleteri-
ous effects on nutrient uptake (Fauchot et al. 2000), growth 
(Villafañe et al. 2003), toxin production, fatty acid composi-
tion (Goes et al. 1994), and species composition (Beardall et 
al. 2009; Fu et al. 2012). Photosynthesis of Antarctic phy-
toplankton is also inhibited by ambient UV radiation (Neale 
et al. 1998), and thus UV is associated with adverse impacts 
on PP in near-surface waters in the marginal ice zone (Smith 
et al. 1992).

Fig. 3. Cloud fractions of high-level clouds (purple), mid-level clouds (blue), and low-level clouds (grey) around the Antarctic coastal polynyas. The 
left and right panels were derived using ERA-interim and MERRA, respectively. The definition of cloud heights in ERA-interim is 0.45 ≥ sigma 
(high), 0.8 ≥ sigma > 0.45 (middle), and 1 > sigma > 0.8 (low); sigma = (pressure / surface pressure) and that in MERRA is 400 hPa ≥ pressure 
(high), 700 hPa ≥ pressure > 400 hPa (middle), and pressure > 700 hPa (low). (Color online only)
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The 5-year erythemal UV radiation average around the 
Southern Ocean clearly exhibited spatial variations (Fig. 4). 
Generally, the UV levels over polynyas located in the At-
lantic or Indian Ocean sector are stronger than those over 
polynyas in the Pacific Ocean sector. Because sea ice and 
snow cover as well as cloud cover influence the scattering 
and reflection of UV, the strength of surface UV may have 
a nonlinear relationship with the presented erythemal UV. 
Qualitative analysis is however possible using 5-year mean 
values. Phytoplankton in coastal polynyas in the Atlantic 
or Indian Ocean sector is exposed to stronger UV radiation 
in January. Thus, different from the PAR condition which 
barely limits PP in polynyas, the phytoplankton biomass 
could present different biological response patterns with 
analyses combined with a high-level UV condition.

We categorized the coastal polynyas into two geo-
graphically continuous groups to explore the phytoplankton 
response to PAR under different UV radiation conditions. 
Group 1 contained coastal polynyas 1 - 10 and 29 - 37 and 

Group 2 contained coastal polynyas 11 - 28. These groups 
were primarily separated based on the different UV radiation 
strengths over the polynyas (Fig. 4). In addition, any statis-
tical bias raised by a difference in the sample number was 
minimized by choosing a similar number of polynyas in each 
group. Group 1 polynyas are placed in relatively low UV con-
ditions (62.8 ± 14.1 mW m-2) and Group 2 polynyas are placed 
in relatively high UV conditions (70.2 ± 17.6 mW m-2).

Figure 5 shows the different relationships between 
the phytoplankton biomass and PAR for each group. 
Group 1 polynyas (red dots) showed a robust positive cor-
relation between the phytoplankton biomass and PAR 
(r = 0.51, p < 0.05), whereas Group 2 polynyas showed 
strong negative correlations (r = -0.56, p < 0.05) (Table 1). 
The phytoplankton biomass of Group 2 was limited from  
0.2 - 3 mg m-3, whereas that of Group 1 was more broadly 
distributed from 0.2 - 7 mg m-3. The positive overall correla-
tion in Group 1 was clearly influenced by the two high-level 
Chl-a polynyas (Fig. 5 left panel), and thus the exclusion of 

Fig. 4. Map of ultraviolet (UV) radiation (MERRA reanalysis climatology) around the Antarctic continent. (Color online only)

Fig. 5. Scatter plots of PAR vs. Chl-a in the 37 Antarctic coastal 
polynyas. Group 1 (red crosses) includes values for polynyas 1 - 10 
and 29 - 37, and Group 2 (blue crosses) represents values for polynyas 
11 - 28. (Color online only)

coefficient sE t p

Group 1
slope (a) 1.6 0.6 2.4 < 0.05

y-intercept (b) 116.7 1.7 67.9 < 0.01

Group 2
slope (a) -3.2 1.6 -2.1 < 0.05

y-intercept (b) 128.8 1.9 68.4 < 0.01

Table 1. Linear regression (PAR = b + a * Chl-a) results that 
compare the phytoplankton biomass (Chl-a) and the PAR. Coeffi-
cients, error estimates (standard error, SE), and the p value for the 
response of the PAR to the phytoplankton biomass.
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these two will present no correlation. Phytoplankton pho-
tosynthesis is generally considered to have a strong light 
dependence. Thus, a positive correlation between the PAR 
and phytoplankton biomass is expected in regions with lim-
ited light. If light is not a limiting factor for phytoplankton 
growth, no correlation will be found. This implies that, un-
der low UV radiation, the phytoplankton biomass increases 
with or is insensitive to enhanced light intensity in coastal 
polynyas (Group 1). However, under high UV radiation the 
phytoplankton biomass is suppressed by UV radiation in the 
coastal polynya (Group 2).

In Group 1 polynyas, the phytoplankton biomass was 
robustly associated with the total cloud fraction and the 

cloud fractions of high- and mid-level clouds (Fig. 6). This 
presents a trend opposite that between the total cloud frac-
tion and PAR, as shown in Figs. 1c and d. Also, the relation-
ships analyzed by either ERA-interim or MERRA climatol-
ogy produced similar results. Clouds play a role in blocking 
the PAR incidence arriving at the sea surface, which affects 
the phytoplankton biomass. As shown in Fig. 6, the cor-
relations between Chl-a levels and the cloud fractions of 
mid- and high-level clouds were significant, which implies 
that the influence of such clouds on phytoplankton is more 
important than that of low-level clouds. Meanwhile, even 
if the phytoplankton biomass of Group 2 showed a strong 
negative relationship with the PAR, Chl-a did not relate to 

Fig. 6. The relationships between Chl-a and total, high-, mid-, and low-level cloud fractions in 37 Antarctic coastal polynyas analyzed using (a) 
ERA-interim and (b) MERRA data. The red and blue crosses indicate the data from Groups 1 and 2, respectively. (Color online only)

(a)

(b)
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the cloud fractions. Thus, the lack of relationship between 
Chl-a and cloud fractions in Group 2 polynyas suggests that 
the adverse effects of UV radiation overwhelm the influ-
ence of clouds on the PAR.

4. ConCludInG REMARks

In this study, we explored a novel hypothesis that cloud 
fractions can be an important factor that regulates phyto-
plankton production in the high-latitude coastal polynyas in 
the Southern Ocean. The high intensity light associated with 
low cloud cover can significantly increase phytoplankton 
production in Antarctic coastal polynyas. Antarctic coastal 
polynyas can be referred to as a high nutrient and high chlo-
rophyll environment (HNHC). They have often been influ-
enced by the availability of iron from coastal sediments/
upwellings (Tagliabue et al. 2009), sea ice (Edwards and 
Sedwick 2001), dust (Jickells et al. 2005), iceberg-rafted 
debris (Raiswell and Canfield 2012), and subglacial melt-
water that is discharged from the ice sheet (Wadham et al. 
2010). Considering the high-nutrient concentration and the 
availability of iron, the light condition (both PAR and UV) 
might be a controlling factor for phytoplankton production 
in these areas. In addition, our results suggest that spatially 
sustained high intensity UV radiation would limit the phyto-
plankton biomass. Therefore, UV radiation and cloud frac-
tions at different cloud heights could be essential factors 
that explain the phytoplankton biomass in Antarctic coastal 
polynyas.

This study thus suggests that cloud cover and its height 
can be used as an effective factor to estimate the PP of 
polynyas in the Southern Ocean. Cloud cover data closely 
influences and represents the light condition in the polynyas, 
which simultaneously hinders the amount of PAR and UV 
that reach the surface. These effects vary depending on the lo-
cation of the polynya and the heights of the overlying clouds. 
Thus, highly productive polynyas can be found at locations 
placed under optimal cloud cover conditions.
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