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A pilot satellite-based investigation of modulations exerted upon mixed-layer phyto-
plankton fields by cyclones was performed for the first time across a selected part of
the Arctic Ocean, the Barents Sea (BS). Resorting to a synergistic approach, cyclones
were first identified from NCEP/NCАR data for the summer period during 2003–2013,
and their propagation throughout the BS was further surveyed. The above-water wind
force was retrieved from QuikSCAT data. These data were further accompanied by
ocean colour data from SeaWiFS and MODIS to examine the spatial and temporal
distributions of surficial phytoplankton chlorophyll concentration (chl) dynamics along
the trajectory of the cyclone’s footprint across the sea. Sea surface temperature was
retrieved from MODIS data. The specific trajectory of cyclone passage across the BS
area, depression depth, and wind speed proved to be conjointly the main factors
determining the sign, amplitude, and duration of modulations of phytoplankton chl.
The spaceborne data obtained over more than a decade indicate that, on balance, the
cyclone passage led to increase in chl within the cyclone footprint area. On average,
this increase did not exceed 1–2 μg l–1, which is nevertheless appreciable given that
the mean chl within the cyclone footprint rarely exceeded 1 μg l–1. However, chl
enhancement within the footprint area lasted only within the range of a few days to
a fortnight, with the footprint area generally accounting for about 14% of the BS
area. During the vegetation season (April–August, rarely till mid-September), the
number of cyclones prone to optical and infrared remote sensing was about 2–3. In
light of the above, arguably the cyclones studied are hardly capable of boosting
annual primary productivity in the BS. Moreover, it can be conjectured that the
same conclusion can be drawn with respect to the pelagic Arctic tracts that are
generally less productive and more extensively cloud-covered than the BS.
However, this supposition requires further studies in order to advance our under-
standing of the actual role of cyclones in modulation of Arctic Ocean productivity
and ecosystem functioning.

1. Introduction

Among the variety of environmental effects produced by ongoing climate change, sig-
nificant variations in both primary productivity and time- and area-integrated marine
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production are becoming increasingly evident (Greene and Pershing 2007; Pabi, van
Dijken, and Arrigo 2008; Arrigo et al. 2012; Bélanger, Babin, and Tremblay 2013;
Petrenko et al. 2013). Undoubtedly, amply documented shifts in primary production
(PP) are a reflection of serious alterations occurring in the ecosystems of the world’s
oceans (Grebmeir et al. 2006; Loeng and Drinkwater 2007; Byju and Kumar 2011; Yu
et al. 2013). Revealed over a wide variety of marine/oceanic regions, these alterations are
driven by a host of climate change-related mechanisms hitherto insufficiently understood
(Hanshaw, Lozier, and Palter 2008).

Deep baric formations in the atmosphere have been demonstrated capable of markedly
affecting PP variations across oceanic/marine tracts (Chang, Chung, and Gong 1996; Lin
et al. 2003; Davis and Yan 2004; Tang et al. 2004a, 2004b, 2006; Walker, Leben, and
Balasubramanian 2005; Zhao and Tang 2006; Rao, Smith, and Ali 2006; Zheng and Tang
2007; Zhao, Tang, and Wang 2008, 2009; Toratani 2008; Byju and Kumar 2011; Sarangi
2011; Lin 2012; Chung, Gong, and Hung 2012; Chen and Tang 2012; Tang and Sui 2014).

The atmospheric impact on PP is evidenced by a number of satellite-based studies
employing synergistic approaches. These studies seemingly indicate that the increase in
phytoplankton biomass provoked by cyclones can arise from a variety of waterborne
processes (Le Fouest et al. 2011). Predominantly, investigations of cyclone impacts have
been conducted over low-latitude waters in the northern hemisphere: the Western North
Pacific (reportedly, the area with the highest incidence of tropical cyclones (Webster et al.
2005; Ying et al. 2012)), and, more specifically, the South China Sea as well as the Indian
Ocean (Bay of Bengal and Eastern Arabian Sea) and northern Atlantic Ocean (Gulf of
Mexico and the 24–38° N latitudinal belt). This interest in specifically studying low-latitude
marine/oceanic tracts is accentuated by expectation that the incidence of tropical cyclones
will steadily rise with ongoing climate warming (Knutson et al. 2010; Ying et al. 2012).

There are reasons to assume that the effect of deep cyclones on PP in the Arctic Ocean
can also be appreciable/consequential (Le Fouest et al. 2011), regardless of the fact that it
is a somewhat low-production region among the world’s oceans (Arrigo and van Dijken
2011). We are unaware, however, of any satellite-based investigations of this phenomenon
at these latitudes.

Although Arctic Ocean ecosystems are subject to atmospheric and hydrodynamic
forcing of a different nature (Bobylev, Kondratyev, and Johannessen 2003), identification
of the specific role of deep cyclones in PP variation and quantification of the ensuing
consequences is a feasible task due to the specific spatial and temporal scales inherent in
this driving mechanism. Indeed, when studying, for example, the Nordic seas, the relevant
scales are of a few hundred kilometres and a few days, which are not characteristic of
many other examples of external forcing (Yu 2009).

Although achievable, the above task must be considered challenging because of the
high incidence of heavy cloud conditions over ice-free tracts of the Arctic (Chernokulsky
and Mokhov 2012). This necessitates the application of spatio-temporal averaging of data
in the visible which, inevitably, will affect the spatio-temporal resolution of spaceborne
images and thus complicate the quantitative assessment of cyclonic impact on PP.
Obviously, a reasonable trade-off should be found to overcome this impediment.

Since, in comparison with low-latitude productive waters, variation in PP levels in the
Arctic is relatively small, the retrieval error can be significant (Petrenko et al. 2013) and
this imposes strict requirements of the inference of the desired information. A solid
statistical substantiation of the data is a prerequisite in this case.

To increase the analytical capacity of the research, a synergistic approach is required
in order to consider not solely the ocean colour data (from which phytoplankton
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chlorophyll concentration (chl) and PP are retrievable), but also sea surface temperature
(SST) and near-surface winds, as well as currents, frontal zones/zones of convergence and
divergence, the bathymetry of the target region, and meteorological data on the baric
fields.

Below we present the results of our pilot study aimed at revealing and quantitatively
assessing the impact of cyclones on phytoplankton chl and SST spatial and temporal
variation in the Arctic. At this stage of the research, the target region was confined to the
Barents Sea (BS) and the period covered was 2003–2013. This areal limitation did not
permit us to make any generalized conclusions regarding the role of cyclones in PP
dynamics across the whole of the Arctic Ocean; we intend to address this at subsequent
stages of the research.

2. A concise overview of previous studies

Storm-induced perturbations in the thermohydrodynamic state of the upper ocean were
revealed and theoretically investigated in the 1960s (Leipper 1967). In the early 1980s,
airborne means were employed to study the aftermath of hurricane passage – first and
foremost, spatio-temporal changes in SST.

By the early 1990s, spaceborne thermal remote sensing had largely replaced aeroplane-
based observation. In the early 2000s, a synergistic remote-sensing approach began to be
exploited to widen the range of variables characterizing this multifaceted phenomenon, when
phytoplankton biomass dynamics was found to be one of the most important and highly
consequential after-effects of hurricane translation over oceanic/marine tracts (Robinson 2004).

As mentioned above, previous studies of storm-driven impacts on the upper ocean
were almost entirely confined to low latitudes, which are the realm of tropical cyclones/
hurricanes/typhoons (Tang and Sui 2014). The latitudinal belt within which investigations
have mostly been performed extends between 4° N and 30° N (see relevant references in
the Introduction) with the only exception being the Sea of Okhotsk (45–50° N), which has
also been studied in connection with the invasion of tropical cyclones (Permyakov et al.
2005; Kawai and Wada 2011; Akmaykin et al. 2013; Salyuk, Golik, and Stepochkin
2014). Similar reports from the southern hemisphere oceans are scarce and mainly target
various issues relating to SST (see, e.g. Price, Sandford, and Forritall 1994; Dare and
McBride 2011; Jullien et al. 2012).

The studies cited above reveal that maximum rainfall and SST cooling are, respec-
tively, on the left and right sides of the cyclone track. Moving cyclones cause (1)
subduction of the upper quasi-homogeneous layer down to several tens of metres; (2)
deepening of mixed-layer depth; (3) a rise in PP and CO2 efflux (outgassing) from the
ocean to the atmosphere; and (4) elevation of sea surface.

These perturbations are thought to be driven by a variety of mechanisms: (1) wind
mixing (followed by upward Ekman pumping); (2) transient upwelling; (3) entrainment;
(4) movement of subsurface chl to the ocean upper layer; and (5) rapid ventilation of the
thermocline and nutricline.

The level of perturbation caused by moving tropical cyclones is case/area-specific and
varies within a wide range. Thus the increase in chl, and correspondingly PP, reported from
the North Atlantic (Hanshaw, Lozier, and Palter 2008) was insignificant, whereas in the
Northwest Pacific typhoon activity contributed 0.4–40% of summer/fall production (Siswanto
et al. 2007). In 2012, also in the North Atlantic, PP reportedly increased by 0.15% due to
cyclones. Interestingly, Lin (2012), investigating 11 cyclones, found that the most severe
cyclone produced no increase in PP. Byju and Kumar (2011) communicated their finding that
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a hurricane in the Bay of Bengal led to a relatively low increase in chl (~0.5 mg m−3) but a
twofold increase in PP. Rao, Smith, and Ali (2006) reported an approximate cumulative
fivefold increase in PP in the same area due to cyclones, with increase in chl varying from
four- to ninefold. A 2.5- to 3-fold increase in chl was established by Walker, Leben, and
Balasubramanian (2005) in the Gulf of Mexico. Babin et al. (2004) previously determined that
within the subtropical coastal zone of the USA, chl increased in the range 5–91% due to strong
cyclones. In the South China Sea, increases of 30- to 40-fold, and even 60-fold, in chl were
recorded, with PP increments during typhoon periods being 3.5% (Lin et al. 2003; Zheng and
Tang 2007; Zhao and Tang 2006; Zhao, Tang, andWang 2008). Kawai andWada (2011) found
that in the waters south of Japan, in the Sea of Okhotsk and in the regions between 35° N and
45° N, especially in the Kuroshio–Oyashio Extention (KOE) region, the contribution of
cyclones to annual increase in chl was generally small: cyclone-induced chl increase accounted
for only a small percentage of total chl increase in some areas. However, short-term increases
accompanied by cyclones provoked 10–30% of the accumulated chl increase, or more, in the
South China, East China, Yellow, and Japan Seas as well as in the Sea of Okhotsk.

Water cooling due to cyclone passage varied within the range −2 to –9°C: −2.5 to
−6°C in Northwestern Pacific (Lin 2012), –1 to −2°C in the Arabian Sea (Byju and
Kumar 2011), −2 to –3°C in the Bay of Bengal (Rao, Smith, and Ali 2006; Sarangi 2011),
−3 to −7°C in the Gulf of Mexico (Walker, Leben, and Balasubramanian 2005), and −5 to
−9°C in the South China Sea (Zheng and Tang 2007; Lin et al. 2003).

The lag time between cyclone passage and ensuing SST and chl reaction ranged
between 3 and 9 days: 7–9 days in the North Pacific (Akmaykin et al. 2013); 7 days
near the Pearl River estuary and in the Bay of Bengal (Zhao, Tang, and Wang 2009; Rao,
Smith, and Ali 2006); 3–4 days in the Arabian Sea (Byju and Kumar 2011); 3–4 days in
the Gulf of Mexico (Walker, Leben, and Balasubramanian 2005); and 3–6 days in the
South China Sea (Lin et al. 2003).

The duration of the effect was also found to be highly variable, ranging between under
2 weeks to one month (Akmaykin et al. 2013; Babin et al. 2004; Lin et al. 2003; Zhao,
Tang, and Wang 2009; Kawai and Wada 2011).

Perturbations of SST and chl fields increase with the strength of the above-water wind
(V); Akmaykin et al. (2013) reported that this effect became noticeable at V > 33 m s–1;
Hanshaw, Lozier, and Palter (2008) found that an increase in wind speed in the North
Atlantic from 16 to 54 m s–1 resulted in a chl response 15% greater; Babin et al. (2004)
reported for the Sargasso Sea that an increase in wind speed from 40 to 60 m s–1 led to a
20% higher chl response.

Summing up the findings reported in the publications discussed above, it is possible to
generalize that the conditions favouring the impact of hurricanes on SST and chl are: deep
atmospheric depression (950–980 mb); strong, sustained winds above the water surface;
low cyclone translation velocity; large cyclone size; absence of warm eddies within the
trajectory of the cyclone’s footprint; low mixed-layer depth (MLD); and low depths of
thermocline and nutricline. The impacts are reduced if two cyclones move consecutively.

This very brief overview demonstrates that the interplay of both atmospheric and
oceanic hydrodynamic conditions explains the actual changes in both SST and chl to the
impact of very strong storms.

3. The BS: a general description

The BS is a marginal sea of the Arctic Ocean located off the northern coasts of Norway
and Russia (see Figure 1). The BS is bordered by the shelf edge of the Norwegian Sea to

1924 E. Morozov et al.
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the west, the archipelagos of Svalbard to the northwest, Franz Josef Land to the northeast,
and the Novaya Zemlia, with the central point located at 75° N 40° E. The morphometry
of the BS is very uneven: the average depth is ~300 m plunging to a maximum of 600 m
in the major Bear Island trench.

Due to its geographical layout and specific morphometric features, the BS plays an
exceptionally important role in determining the general thermohydrodynamic and hydro-
biological conditions across the Arctic Basin (Skagseth et al. 2008).

There are three main types of water mass in the BS: warm, salty Atlantic water
(temperature > 3°C, salinity > 35 psu) from the North Atlantic drift, cold Arctic water
(temperature < 0°C, salinity < 35 psu) from the north, and warm, but not very salty,
coastal water (temperature > 3°C, salinity < 34.7 psu).

Figure 1. The principal system of currents in the BS. Red, blue, and green arrows denote water
flows of Atlantic, Arctic, and coastal zone origin; dotted lines correspond to subsurface currents
(Jakobsen and Ozhigin 2011). 1, 2, 3, 4, and 5 designate, respectively, the shelf edge of the
Norwegian Sea, the Svalbard Archipelago, Franz Josef Land, the Novaya Zemlia, and the central
point of the BS. 6, trough of St. Anna; 7, Bear Island; 8, Barents Gates; 9, the Kola Peninsula.
Numbers in small font are depths in metres.

International Journal of Remote Sensing 1925
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The BS is characterized by a relatively shallow shelf and fairly complex hydrography:
it is subjected to the very strong dynamic influence of both the Arctic Basin and the
Atlantic waters, and thus constitutes an arena of very intricate hydrodynamic interactions
of water currents (Figure 1). The main water exchange route is between the Barents Gates
and the Saint Anna Trough.

Between the Atlantic and polar waters, a front called the Polar front (PF) is a
permanent feature. In summer it is located at 78–80° N extending amid the BS between
the Svalbard Islands and the southern coast of Novaya Zemlia. In the western parts of the
sea (close to Bear Island), this front is determined by the bottom topography and is
therefore relatively sharp and stable from year to year, while in the east (towards Novaya
Zemlia) it can be quite diffuse and its position may vary considerably over time. In spring,
the PF structure is frequently affected by mesoscale eddies typically 25–40 km, with water
vertical velocity measuring 20 md−1.

As the PF enhances the vertical and horizontal mixing in the region, and hence
channels the nutrients up to the euphotic zone, it is a site of high biological activity
largely explaining that, compared with other marine waters of similar latitude, the BS is a
relatively productive high-latitude marine ecosystem.

Tidal/ebbing water motion is significant in the BS, with the tidal amplitude and
current direction varying greatly. The atmospheric cyclonic activity over the BS is very
pronounced throughout the year.

A significant part of the BS is annually ice-free. In winter (March is the coldest month
in the BS basin), the ice edge is located at ~75° N in the northern and western BS
confines. However, in the eastern periphery zone, the ice frontier turns abruptly to the
south reaching the Kola Peninsula coast. This pattern persists till April and even May.
During March an inflow of warm, saline Atlantic water with the Norway Current and their
blending with cold and less saline Arctic waters makes this sea very sensitive to atmo-
spheric, hydrodynamic, and, ultimately, climate change forcing (Reigstad et al. 2002) (see
Figure 2). In June–September the ice edge has a latitudinal placement closer to ~77–80° N
(Jakobsen and Ozhigin 2011).

The climatic index of the BS reveals significant inter-annual variation and a non-linear
trend. However, over the last three to four decades there is a distinct trend of climate
warming (Jakobsen and Ozhigin 2011).

In regard to the hydrobiology at low trophic levels, phytoplankton development does
not last long (April–August, very rarely till mid-September); the phytoplankton composi-
tion is rather variable. Depending on the ice regime, daylight duration, and availability of
nutrients, the phytoplankton community encompasses algae from classes of
Bacillariophyta (predominantly), but also Haptophyta, Dynophyta, as well as dinoflagel-
lates (Ceratium).

Over recent decades there have been regular reports (although not necessarily each
year) on blooms of a coccolithophore, Emiliania huxleyi, in the central and southern
regions of the BS. These blooms were observed most frequently in August. They play
a very import role in forming inorganic carbon pools in the BS (Smyth, Tyrrel, and
Tarrant 2004; Petrenko et al. 2013), and are thought to be among relevant climate
change factors.

The BS surface chl during the vegetation period (April–August, rarely till mid-
September) is generally below 1.0–1.5 μg l–1 except for the marginal ice zone (MIZ),
where it can be in the range ~5 to 15 μg l–1 and even higher (Engelsen et al. 2002).

SST across the BS during the warm period generally varies longitudinally: the
climatological values of SST in June are about −2ºC at the northern boundary of the BS

1926 E. Morozov et al.
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and +5 to +6ºC within the Norwegian and Russian coastal zones of the Kola Peninsula
(NOAA ATLAS 2004), whereas in September the respective values are 0ºC and +7
to +8ºC (NOAA ATLAS 2004; NODC 2014).

4. Sources of data

The occurrence of cyclones moving across the BS was determined using the reanalysis
data on the geopotential of the 1000 mbar isobaric surface (http://www.esrl.noaa.gov/psd)
from the National Centers for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) (Kalnay et al. 1996).

Satellite data on wind speed and direction over the ocean are derived from the
National Aeronautics and Space Administration (NASA) based on QuikSCAT data
(http://winds.jpl.nasa.gov/missions/quikscat/index.cfm). The spatial resolution of the
QuikSCAT and NCEP/NCAR data are, respectively, 25 km and 2.5° (~275 km), with a
revisiting frequency of about twice and four times per day, respectively. At wind speeds in
the range 3–30 m s–1 the accuracy of wind speed and direction is reportedly ~10% (i.e.
better than 2 ms−1), and 20º, respectively (Callahan and Lungu 2006).

Ocean colour data were downloaded from three satellite sensors: Sea-viewing Wide
Field-of-view Sensor (SeaWiFS) and Moderate-Resolution Imaging Spectroradiometer
(MODIS, on Aqua & Terra; http://oceancolor.gsfc.nasa.gov) at spatial resolutions of 1.0
and 1.1 km, respectively, and revisiting frequencies of 2–3 and 4–6 times per day for
SeaWiFS and MODIS, respectively. Ocean colour data from SeaWiFS and MODIS
(conjointly on Aqua and Terra) were blended daily to obtain a composite image for
each specific day. The accuracy of chl data (restored with the standard OC4 and OC3

Figure 2. Mean median position of the ice edge in the BS during the first (a), second (b), third (c),
and fourth (d) quarters. Period of averaging: 1951–2008 (Jakobsen and Ozhigin 2011).

International Journal of Remote Sensing 1927
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algorithms, see below) is reportedly ~30% (O’Reilly et al. 1998). To obtain seasonal chl
variation, chl data were averaged in each pixel over 10 days through the vegetation period
for the entire BS. The accuracy of chl data retrieved with the BOREALI algorithm
(Korosov et al. 2009) for areas of coccolithophore blooms is assessed as ~35%
(Petrenko et al. 2013).

In addition to ocean colour data, MODIS sensors also provide SST data at spatio-
temporal resolution equalling that used for chl fields. The SST data daytime error is
assessed at 0.65–0.70 K (Hosoda et al. 2007).

5. Methodology

5.1. Algorithms

5.1.1. Chl standard retrieval algorithm

The concentration of chl was retrieved using the NASA standard algorithms OC4 for
SeaWiFS (O’Reilly et al. 1998) and OC3 for MODIS Aqua and Terra (O’Reilly et al.
2000). These are modified cubic polynomial functions based on the band ratio paradigm
and employing remote-sensing spectral reflectance in the visible and near infrared chan-
nels as the input parameter. The NASA data reprocessed only recently were employed in
the present study: reprocessed R2012 and R2010 in the case of MODIS-Aqua, and
MODIS-Terra and SeaWiFS, respectively (http://oceancolor.gsfc.nasa.gov/WIKI/
OCReproc.html).

5.1.2. SST standard retrieval algorithm

To determine SST, ‘window-split’ retrieval algorithms were employed. These are based on
the difference between the satellite-observed water surface apparent (brightness) tempera-
ture, Ti determined in two several spectral channels centred at 11 µm (T11) and 12 µm (T12).
The NASA algorithm is a four-term expression with proportionality coefficients c1 – c4:
SST = c1 + c2T11 + c3(T11 − T12) + c4[(secɸ − 1)(T11 − T12), where ɸ is the satellite zenith
angle (http://yyy.rsmas.miami.edu/groups/rrsl/pathfinder/Algorithm/algo_index.html#algo-
pathsst and http://modis.gsfc.nasa.gov/data/atbd/atbd_mod25.pdf) (Robinson 1994).

5.1.3. Wind speed standard retrieval algorithm

The concept of wind speed measurements is based on the backscattering of QuikSCAT-
transmitted microwave pulses by the water surface. The backscattered microwave signal is
modified by the wind-roughened surface in a certain (logarithmic) proportion to the wind
speed and direction. Application of inverse modelling allows retrieval of the desired wind
parameters (e.g. Gaston and Rodriguez 2008). The reported accuracy of wind speed
retrieval is given above.

5.1.4. BOREALI algorithm

It is known that at the final stage of the life cycle, E. huxleyi cells liberate into ambient
water millions of calcium carbonate plates (called coccoliths). Also, diatoms are known to
coexist in the E. huxleyi bloom area, although in quantities usually not exceeding 10% of
E. huxleyi biomass (Thiersten and Young 2004). Based on the Levenberg–Marquardt
multivariate optimization procedure (for reference, see Korosov et al. 2009), the

1928 E. Morozov et al.

D
ow

nl
oa

de
d 

by
 [

So
ut

h 
C

hi
na

 S
ea

 I
ns

tit
ut

e 
of

 O
ce

an
ol

og
y]

 a
t 2

2:
25

 0
9 

A
pr

il 
20

15
 

http://oceancolor.gsfc.nasa.gov/WIKI/OCReproc.html).
http://oceancolor.gsfc.nasa.gov/WIKI/OCReproc.html).
http://yyy.rsmas.miami.edu/groups/rrsl/pathfinder/Algorithm/algo%5Findex.html%23algo-pathsst
http://yyy.rsmas.miami.edu/groups/rrsl/pathfinder/Algorithm/algo%5Findex.html%23algo-pathsst
http://modis.gsfc.nasa.gov/data/atbd/atbd%5Fmod25.pdf


BOREALI algorithm employs a hydro-optical model accounting for the optical impact of
(1) the spectral optical properties of E. huxleyi cells and coccoliths, (2) diatoms, and (3)
water per se. The hydro-optical model is designed to make use of the relevant data
reported in the literature (for references, see Petrenko et al. 2013; Morozov et al. 2013).
This procedure thus assures a simultaneous retrieval of chl from both E. huxleyi and
coexisting diatoms as well as coccoliths. In our estimation of chl within E. huxleyi
blooms, the total chl of diatoms and coccolithophores was used.

A preliminary identification of E. huxleyi bloom occurrence was based firstly on the
turquoise colour of red–green–blue images in algal bloom areas, and secondly on the
analysis of the reflectance spectral features using the approach suggested by Morozov
(2013) and Morozov et al. (2013). The indicative signatures include (1) enhanced reflec-
tion in the blue part of the spectrum and (2) a major pick at ~510 nm (the value of
subsurface remote-sensing reflectance is > (0.05–0.07 sr−1)) followed by a secondary
maximum at ~555 nm and a rather rapid decline in the red.

5.2. Selection of cyclones suitable for analysis, and database development

Using the NCEP/NCAR data on the cyclone track, a strip of about 200 km width centred
at the cyclone’s ‘eye’ was selected from the colour image(s) of the BS and processed to
yield the chl and SST field within the strip. We then selected cases for which the cloud-
free area of the moving cyclone footprint strip (200 km wide) accounted for more than
20% of the total strip area. In addition, it was decided that the time of the cyclone passage
across the BS should not exceed 3 days because, in the case of more slowly moving
cyclones, the ensuing chl field modulation proved to be poorly identifiable.
Understandably, we considered only cyclones passing over the BS during the vegetation
period.

Ocean colour and infrared (IR) images were acquired and processed for periods of
5 days prior to the advent of the cyclone within the confines of the BS, and for about
10 days after definitive cyclone departure from the target marine zone. In the case of a
tandem cyclone arriving at the BS, the changes triggered by both were assessed in a
similar way but the period used for averaging was dependent on the time interval between
the passage of two baric formations.

To mitigate the screening effect due to cloudiness, the retrieved chl fields were
blended from the ocean colour sensors flying over the BS during the cyclone passage,
and averaging from once daily to every few days was performed; the exact time period of
averaging was prompted in each case by the specific features of cloud coverage.

The database collected also accommodated information about baric pressure/depres-
sion depth in the centre (the ‘eye’) of the cyclone, as well the speed and direction of
above-water surface wind at a height of 10 m. The entire spatio-temporal synchronized
data were used synergistically for further analysis.

6. Results and discussion

Nearly one hundred cyclones passing over the BS between early April and late
August–early September were registered for the period 2003–2013. As illustrated in
Figure 3, the monthly number of cyclones rarely exceeded three. Of the overall number
of cyclones (96) only 23 were suitable for analysis (according to the criteria specified in
Section 5.2).
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The geopotential height of the ‘eye’ of the 23 selected cyclones varied in the
range −187 to −9 GPM. The maximum wind speed above the water surface varied within
the range 13–30 m s–1 and the cyclone translation velocity ranged 3–28 m s–1. Figure 4
illustrates the zones of the cyclone tracks within which the cyclone parameters met the
requirements formulated in Section 5.2.

The direction of propagation of all 23 cyclones was predominantly from west to east.
Most traversed the BS within the region between southern Spitsbergen and the coastal
zone of the Kola Peninsula to eventually exit through a corridor extending from mid- to
southern Novaya Zemlya. A smaller number exited the BS waters, moving over the
summer PF zone (see Figure 4).

Figure 3. Monthly number of selected cyclones over the BS during the period 2003–2013.

Figure 4. Analysed parts of the considered cyclone tracks, within which the cyclone parameters
met the requirements formulated in Section 5.2. Dotted line denotes the summer location of the polar
front as reported by Reigstad et al. (2002) for July 1999.
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Our spaceborne estimations indicate that the intra-seasonal distribution of cyclone
incidence is relatively even – the major cases occur during July–September, but in the
latter half of September increase in chl is zero.

It was also found that the distribution of monthly chl averaged over the entire BS
exhibited one main peak in late May–early June and a secondary spike in August
(Figure 5). Thus, in our analyses we considered the cyclones passing over the BS between
April and mid-September assuming this time interval as the BS vegetation season. There
is just one caveat: the absolute values and the placement of the maximum in Figure 5 do
not account for chl abundance and temporal dynamics in immediate proximity to the ice
edge. This was done in order to avoid the inaccuracies inevitably arising from the
adjacency effect (Sterckx, Knaeps, and Ruddick 2011).

It was found for all (i.e. 23) selected cyclones that the fraction of the BS surface
covered by the strip of the moving cyclone footprint varied between 5% and 28%, with an
average value of about 14%.

Our analysis of chl and SST response to moving cyclones indicates that there are
two major types of variation pattern typical of the BS. The first of these is
characterized, first, by a decrease in chl followed by an increase (exemplified in
Figure 6).

As illustrated in Figure 7, the second pattern exhibits a brief increase in chl as well as
in SST that is succeeded, first, by a further increase in both variables then a decrease, and
finally a near restitution of initial values (i.e. prior to cyclone passage).

The incidence of responses of the first type is more frequent: 17 of the 23 cyclones
observed and analysed. For both response types with respect to the direction of cyclone
translation, a more intense surface chl enhancement (up to 25%) was observed in the
right-hand side of the footprint strip.

Statistical analysis of the multiple linear regression (MLR) model for chl
enhancement (+Δchl, μg l–1)) produced by moving cyclones indicates that it significantly
(p < 0.002) correlates with both depression depth (H, GPM) and cyclone translation speed
(V, m s–1) and with a coefficient of determination of 0.75 (RMSE = 0.029 (or 16.6%)):

þ Δchl ¼ 0:18þ 0:0052H � 0:0007V : (1)

Figure 5. Seasonal variation in chl averaged over 10 days and the entire BS area for the period
2003–2013.
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Figure 6. The Barents Sea, 13–14 April 2012. Spatial distribution of surface chl averaged within
the cyclone footstep area over (a) the days 1–5 prior to cyclone passage, (b) days 1–5 after the
cyclone passage, and (c) days 6–10 after the cyclone passage. (d) Illustrates the temporal variation
in, respectively, chl and SST; points A and B on the abscissa designate the period, respectively,
5 days prior to cyclone arrival and 5 days (from days 6–10) after cyclone departure.
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In the same vein, the timing of chl maximum formation (see Figure 7(a)) was signifi-
cantly (p < 0.0001) correlated with the H: the coefficient of determination was 0.56
(RMSE = 0.8 (or 47%)),

T ¼ 0:89þ 0:0187H : (2)

Figure 6. (Continued)

Figure 7. The Barents Sea, 11–12 July 2006. (a) Temporal variation in surface chl and SST
(spatio-temporal averaging is performed within the cyclone footstep area). Points A and B on the
abscissa designate, respectively, days 1–5 prior to cyclone arrival and days 6–10 after cyclone
departure. (b) Location of the cyclone on the bathymetric map; colourbar is in metres. (c) Cross-
section of water temperature along a line extending from Franz Josef Land to Novaya Zemlya (i.e.
the right-hand side of plate (d), which shows the location of the transect (red box)).
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In regard to response of the first type, the cyclone-driven enhancements of chl and SST
were in the range (1–2) μg l–1 (only rarely reaching 4 μg l–1) and 1°C, respectively.

The pattern of response of the first type (Figure 6) assumes that although the cyclone’s
arrival led (moment A in Figure 6) to inevitable mixing of surface and subsurface layers,
the thermal and productivity levels of water within this stratum are very close. However,
over the course of several days the cyclone-induced vertical mixing continued propagating
to a lesser extent with the result that a few days after cyclone onset, increased vertical
mixing brought deeper waters to the surface. On reaching the surface those deeper waters,
being rich in nutrients (Tremblay et al. 2013), represented ideal conditions of both
temperature and light availability. A couple of days were required for any appreciable
increase in surface PP, which is mirrored by a relatively short-lived spike in chl. The
duration of this spike was short: the pool of new nutrient resources was gradually depleted
(point B in Figure 6), with chl eventually at pre-cyclone values.

Ekman layer depth (h, m) can be estimated using the following relationship (Chen and
Tang 2012):

h ¼ 7:12� 1ffiffiffiffiffiffiffiffiffi
sinφ

p
� �

� Vmax; (3)

where φ = latitude (°) and Vmax = maximum wind speed (m s–1) at 10 m above sea level
within the footprint area.

For the cyclone parameters investigated, h varied between ~100 and ~230 m. These
assessments indicate that the BS cyclones were actually capable of acting as Ekman
pumps, entraining waters from very significant depths up to the surface.

Analysis of the trajectories of cyclones resulting in the first type of response showed
that all were located within the region encompassing currents originating from the
intrusion of Atlantic waters through the Barents Gates (point 8 in Figure 1) and propagat-
ing to the east across the BS. Generally, these currents reside in the top ~250 m layer
(Reigstad et al. 2002) and drive relatively warm and nutrient-enriched waters as compared
with both local BS and inflowing Arctic waters.

The suggested mechanism of the first type of response can be further underpinned
by considerations based on the Redfield ratio paradigm, according to which the
stoichiometric ratio of carbon, nitrogen, and phosphorus (C:N:P) found in phytoplank-
ton throughout the deep oceans is 106:16:1 (Redfield 1934). The BS nutrient pool is
known to be strongly nitrogen-limited (Jakobsen and Ozhigin 2011), as exemplified by
the results of the field campaigns of two consecutive years conducted by Reigstad
et al. (2002) along the Kola Transect: in March (the time when assumingly no
consumption does take place, and the nutrient abundance represents true winter
concentrations) the N:P ratio in the central BS and the MIZ constituted < 10.4:0.75
as compared with the aforementioned Redfield ratio (16:1), which provides a useful
screening criterion.

In the absence of data on biogeochemical shipborne measurements performed during
our decadal spaceborne observations of cyclone-driven effects, and in light of reported
studies (Jakobsen and Ozhigin 2011; Reigstad et al. 2002), we assume that the BS is
putatively N-limited.

Smith (2006), assuming the validity of the Redfield ratio and based on a cross-
ecosystem comparison of data obtained from 92 marine coastal zone systems worldwide,
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established a regression model for putatively N-limited sites. In the case of availability of
data on total phosphorus (TP), the regression equation is as follows:

logchl ¼ 0:99 logTP þ 0:11 r2 ¼ 0:74
� �

: (4)

To apply this relationship, we employed the aforementioned Kola Transect shipborne data
on TP (Reigstad et al. 2002). The results of our numerical assessments are exemplified in
the case displayed in Figure 6 for mid-April and the coastal zone waters of the BS. The
value of chl prior to the cyclone onset was about 0.6 μg l–1, and the TP value in surface
waters putatively constituted 0.4–0.5 μmolP l–1 (Reigstad et al. 2002, their Figure 4(b)).

The cyclone impact resulted in an increase in chl-a to ~1.0 μg l–1. As a result of
associated cyclone-driven vertical mixing (remember that, according to our estimations,
the cyclones considered in our study were strong enough to agitate the water column from
bottom to surface), the value of TP increased to ~0.7–0.8 μmolP l–1.

The application of Equation (4) to two time periods relating to the situation illustrated
in Figure 6, viz. (1) prior to the cyclone arrival and (2) the onset of chl maximum response
shows that the calculated values of chl were 0.58 and 0.97 μg l–1 as compared with the
remotely retrieved values of 0.6 and 1.0 μg l–1, respectively.

Thus, we believe that this example supports our spaceborne interpretation of the
nature/mechanism of surface chl modulation as an aftermath of the cyclone passage and
the ensuing water column vertical mixing.

Thus, instances of the first type of response are related to the mechanism sug-
gested above – cyclone-induced pumping of nutrient-rich waters of Atlantic origin to
the water surface followed by a relatively short-lived enhancement of phytoplankton
productivity in the upper layers lasting until the depletion of pools of nutrients brought
up from below. The sequence described is illustrated in Figure 6 (plates a–d). This
type of response can be expected to occur within the vast area of Atlantic waters
propagating across the southern and central BS (see Figure 2), and explains the
prevalence of the first type of response.

Observed only on limited occasions, the second type of response is thought to be
associated with situations where some cyclones propagating generally from south to
north across the BS eventually reach the PF (their position is illustrated in Figure 4 for
a specific year). When meeting the PF zone (compare Figures 4 and 7, plate b), the
cyclone trajectory overlaps the BS currents of Atlantic origin and a sequence of
dynamic processes unfolds. The water of Atlantic origin (its SST profile is illustrated
on the right-hand side of plate c, Figure 7) plunges under the surface layers of Arctic
water – a phenomenon well established for the BS (Jakobsen and Ozhigin 2011).
Because of subduction, warmer and more nutrient-rich waters are then located beneath
a ‘blanket’ of cold Arctic water. With the arrival of the cyclone, the submerged
Atlantic water is raised to the surface due to the aforementioned Ekman pumping
mechanism. Within 1–2 days the propulsion of submerged waters is manifested (see
Figure 7, plate a) through the enhancement of both chl and SST. However, within a
few days this temporary dual increase weakens, thermal and biological levels even-
tually returning to their initial values (point A in plate a, Figure 7). We do not have
any substantiated explanation for the minima in chl and SST that occurred on the
seventh day in that specific example. In other observed cases of the second type
response this feature did not appear.
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7. Concluding remarks

The results obtained from the present study indicate that the passage of cyclones at high
northern latitudes (with the BS as an example) results in a temporary enhancement of
phytoplankton chl, which is widely considered as a proxy of the primary productivity
level (e.g. Kirk 1983).

However, this general statement does not imply a close similarity between the major
features of response of high- and low-latitude waters to cyclone impacts (for the latter see
Section 2).

The common features are: (1) cyclones modify 2D thermal and hydrobiological fields
along the footstep trajectory; (2) the major impact is produced by cyclones with the
highest depression depth and low translation speed; and (3) a more intense surface chl
enhancement (up to 25%) was observed on the right-hand side of the footprint stripe, as
supported by previous studies in the northern hemisphere (e.g. Son et al. 2007).

The major specific features are the following: (1) there are two types of response to
cyclone impact in the BS – surface chl can increase but, in some specific instances, may
decrease while SST can remain either nearly intact or even increase; (2) surface chl and
SST increase is a short-term phenomenon (its duration is between a few days and two
weeks); and (3) the absolute values of cyclone-induced Δchl and, especially ΔSST, are
much lower than those generally reported for low latitudes (see Section 2).

Regarding the total seasonal impact of cyclones on PP in the BS, it should be
borne in mind that (1) the number of cyclones per vegetation season suitable for study
by ocean colour sensors proved to be generally about 2–3 or even less (as compared
with the total seasonal number); (2) increase in chl due to the cyclone impact covers a
wide range (on average, 0.2 µg l–1 and never exceeding ~0.4 µg l–1); and (3) the
average cumulative area covered by a translating footprint generally accounts for
about 14% of the BS area. Also, it should be taken into account that the rate of PP
is markedly less in the footprint cloudy areas than in sunlit areas in the wake of the
translating cyclone.

All the above limitations/uncertainties prevent any quantified assessment of the actual
impact of cyclones on PP of the BS based solely on 23 cases. However at the qualitative
level, our data seem to imply that cyclones are hardly essential boosters of PP in the BS.

A further substantiation of the above corollary concerning the influence of
cyclones on chl was obtained through a dedicated correlation analysis performed for
96 cyclones occurring over the vegetation period during the 11-year study (see
Figure 3). The repartition of 96 cyclones across the spaceborne observation period
was compared to the respective inter-annual variation in chl obtained in this study
from satellite data and averaged over the ice-free BS area. This analysis yielded a
coefficient of correlation as low as 0.35 (level of significance p > 0.1). We are of the
opinion that because the data analysed include not only those cases amenable to
optical remote sensing (i.e. 23 relatively cloud-free), but also cloudy cases unsuitable
for optical remote sensing, the results thus obtained better reflect the cause-and-effect
correspondence we were investigating. That is why we believe that this is a more
robust argument in favour of our above assumption that the inter-annual variation in
chl across the BS can be only peripherally affected by passing cyclones. Obviously,
other multiple forcing factors collectively control the observed inter-annual variation
in chl averaged over the BS.

It could be conjectured that the same conclusion might be made with respect to the
pelagic Arctic tracts, which are generally even less productive than the BS (Petrenko et al.
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2013) and for which cloudiness during the vegetation season is very frequent, heavy, and
extends over immense areas. However, this supposition certainly requires further study in
order to advance our understanding of the actual role of cyclones in modulations of Arctic
Ocean productivity and ecosystem functioning.
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