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productivity on the shelves

Jinlun Zhang,"' Carin Ashjian,> Robert Campbell,” Victoria Hill,* Yvette H. Spitz,” and Michael Steele'
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[1] A coupled biophysical model is used to examine the impact of the great Arctic cyclone
of early August 2012 on the marine planktonic ecosystem in the Pacific sector of the Arctic

Ocean (PSA). Model results indicate that the cyclone influences the marine planktonic
ecosystem by enhancing productivity on the shelves of the Chukchi, East Siberian, and
Laptev seas during the storm. Although the cyclone’s passage in the PSA lasted only a few
days, the simulated biological effects on the shelves last 1 month or longer. At some locations
on the shelves, primary productivity (PP) increases by up to 90% and phytoplankton biomass
by up to 40% in the wake of the cyclone. The increase in zooplankton biomass is up to 18%
on 31 August and remains 10% on 15 September, more than 1 month after the storm. In the
central PSA, however, model simulations indicate a decrease in PP and plankton biomass.
The biological gain on the shelves and loss in the central PSA are linked to two factors. (1)
The cyclone enhances mixing in the upper ocean, which increases nutrient availability in the
surface waters of the shelves; enhanced mixing in the central PSA does not increase
productivity because nutrients there are mostly depleted through summer draw down by the
time of the cyclone’s passage. (2) The cyclone also induces divergence, resulting from the
cyclone’s low-pressure system that drives cyclonic sea ice and upper ocean circulation, which
transports more plankton biomass onto the shelves from the central PSA. The simulated
biological gain on the shelves is greater than the loss in the central PSA, and therefore, the
production on average over the entire PSA is increased by the cyclone. Because the gain on
the shelves is offset by the loss in the central PSA, the average increase over the entire PSA is
moderate and lasts only about 10 days. The generally positive impact of cyclones on the
marine ecosystem in the Arctic, particularly on the shelves, is likely to grow with increasing
summer cyclone activity if the Arctic continues to warm and the ice cover continues to shrink.
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1. Introduction

[2] A key feature of the Arctic atmospheric circulation is
a prominent summer maximum in cyclone activity, which
is associated with the influx of lows generated over the Eur-
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asian continent and cyclogenesis over the Arctic Ocean
resulting from differential atmospheric heating between the
Arctic Ocean and snow-free land [Serreze and Barrett,
2008]. Over the past several decades, there has been a gen-
eral increase in the frequency and intensity of cyclones in
the Arctic and a northward shift in storm tracks during
summer and in other seasons [e.g., Serreze et al., 2000;
Orlanski, 1998; McCabe et al., 2001 ; Zhang et al., 2004;
Sepp and Jaagus, 2011]. From 1948 to 2002, the number
and intensity of cyclones entering the Arctic from midlati-
tudes in summer has increased [Zhang et al., 2004], sug-
gesting a northward shift in summer storm tracks. These
changes in cyclone activity are associated with other
ongoing physical changes [Hassol, 2004; IPCC, 2007],
including increasing surface air temperature and upper
ocean heat content [Rigor et al., 2000; Serreze et al., 2000,
2007; Polyakov et al., 2007; Steele et al., 2008] and
decreasing sea ice extent and thickness, leading to a signifi-
cant reduction in Arctic sea ice volume [e.g., Meier et al.,
2007; Comiso, 2012; Kwok and Rothrock, 2009; Kwok
et al., 2009; Schweiger et al., 2011; Zhang et al., 2012].
The increase in summer cyclone activity is likely to change
environmental conditions in the Arctic Ocean, and there-
fore, affect marine primary production [e.g., Hassol, 2004].
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Figure 1.

Grid configuration and bathymetry of the coupled three-dimensional pan-arctic biology/sea

ice/ocean model; bathymetry contours of 400, 800, 2200, and 3600 m are plotted. The areas enclosed by
thick black lines are defined here as the Pacific sector of the Arctic Ocean (PSA). The PSA is defined
such that it includes most of the regions affected by the cyclone with sea level pressure (SLP) under
1000 hPa on 7 August 2012. A black cross is plotted at the location with the lowest SLP on that date,
representing the center of the August cyclone. The Chukchi, East Siberian, and Laptev seas and Canada
and Eurasian basins are marked by CS, ESS, LS, CB, and EB, respectively. Also marked are four loca-

tions for detailed analysis (section 3.3).

Thus, it is important to enhance our understanding of
whether and to what extent summer Arctic cyclones affect
the marine planktonic ecosystem.

[3] The strong 2012 summer cyclone provides an oppor-
tunity to examine the impact of cyclones on the ecosystem.
Captured by NASA satellite images, the summer cyclone
swept over much of the Pacific sector of the Arctic (PSA;
Figure 1) in early August 2012 (http://earthobservatory.
nasa.gov/IOTD/view.php ?id=78808). Dubbed “The Great
Arctic Cyclone of August 2012” by Simmonds and Rudeva
[2012], the storm was unprecedented in extent, intensity, and
depth. It formed on 2 August in Siberia, made its way into
the PSA, and intensified substantially during 6-8 August
before subsiding, as shown in the NCEP/NCAR reanalysis
[Kalnay et al., 1996] of surface wind speed and sea level
pressure (SLP; Figure 2). The minimum central pressure of
the cyclone was well below 1000 hPa and surface winds
exceeded 14 m s~ ! in some locations (Figure 2) [Simmonds

and Rudeva, 2012], which is within the 99th percentile for
August winds in the PSA [Zhang et al., 2013]. In addition,
the wind circulation in the low-pressure system was strongly
cyclonic [Parkinson and Comiso, 2013].

[4] By the time the storm reached the Arctic, the sea
ice cover was much thinner than in previous years
[Zhang et al., 2013]. The thin ice cover has less
mechanical strength and is more susceptible to changes
in wind forcing than a thicker ice cover. The intense
storm winds sped ice movement, enhanced vertical tur-
bulent fluxes of momentum, and increased vertical diffu-
sivity, producing strong mixing in the ocean surface
mixed layer [Zhang et al., 2013]. Given this, we ask:
What was the impact of the storm on the marine plank-
tonic ecosystem in the Arctic Ocean? To address this
question, we conducted numerical experiments using the
coupled Pan-arctic Biology/Ice/Ocean Modeling and
Assimilation System (BIOMAS).
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Figure 2. NCEP/NCAR reanalysis surface wind speed during 4—11 August 2012. The black and white
lines are NCEP/NCAR reanalysis sea level pressure (SLP, in hPa) contours with contour interval of 10
hPa. The black contour is the 980 hPa SLP contour and the white contours are with SLP greater than 980
hPa. The numbers of four locations detailed for analysis (section 3.3) are shown in (d).

2. Model Description

2.1. Model Elements

[s] BIOMAS is a coupled biophysical model [Zhang
et al., 2010] that has three model elements: a sea ice
model, an ocean circulation model, and a pelagic biological
model. The pelagic biological model is an 11-component
marine pelagic ecosystem model that includes two phyto-
plankton components (diatoms and flagellates), three zoo-
plankton components (microzooplankton, copepods, and
predator zooplankton), dissolved organic nitrogen, detrital
particulate organic nitrogen, particulate organic silica,
nitrate, ammonium, and silicate (Figure 3) [Zhang et al.,
2010; also see Kishi et al., 2007]. Values of key biological
parameters used in the model are listed in Zhang et al.
[2010]. The ocean circulation model is based on the Paral-
lel Ocean Program (POP) developed at Los Alamos
National Laboratory [Smith et al., 1992]. The POP ocean
model is modified so that open boundary conditions can be
specified [Zhang and Steele, 2007]. The sea ice model is a
12 category thickness and enthalpy distribution (TED) sea
ice model [Zhang and Rothrock, 2003 ; Hibler, 1980]. It is
adopted from the Pan-arctic Ice/Ocean Modeling and
Assimilation System (PIOMAS) [Zhang and Rothrock,
2003].

2.2. Model Configuration and Experiments

[6(] The BIOMAS model domain covers the Northern
Hemisphere north of 49°N (Figure 1). The BIOMAS finite-
difference grid is based on a generalized orthogonal curvi-
linear coordinate system with the “north pole” of the
model grid placed in Greenland. The model has a mean
horizontal resolution of about 22 km for the Arctic,
Barents, and GIN (Greenland-Iceland-Norwegian) seas,
and Baffin Bay (Figure 1). To better resolve the mixed

layer and the pycnocline, the ocean’s vertical dimension
has 30 levels of different thicknesses, with 13 levels in the
upper 100 m and the top six of them being 5 m thick.

[71 The modification of the POP ocean model to allow
open boundary conditions enables BIOMAS, a regional

"""""" * Sinking
* Vertical Migration

Detritus

Figure 3. Schematic of the BIOMAS ecosystem model
[Zhang et al., 2010]. Marked are two phytoplankton com-
ponents (diatoms, flagellates), three zooplankton compo-
nents (small zooplankton/microzooplankton, copepods,
predator zooplankton), dissolved organic nitrogen (DON),
detrital particulate organic nitrogen (detritus), particulate
organic silica (opal), nitrate (NO3), ammonium (NHy), and
silicate (Si(OH),). Solid black arrows indicate nitrogen
flows and blue arrows indicate silicon flows. The black dis-
continuous arrows are flows to the dissolved organic matter
and the blue discontinuous arrows are the flows to
ammonium.
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model, to be one-way nested to a global-coupled sea ice-
ocean model [Zhang, 2005]. The global model’s outputs of
ocean velocity, temperature, salinity, and sea surface height
are used as open boundary conditions for the southern
boundaries of the BIOMAS domain along 49°N. In addi-
tion, the nitrate and silicate along the open boundaries and
in their vicinity are restored to monthly climatology data
from the World Ocean Atlas 2005 [Garcia et al., 2006] by
the same method as Zhang et al. [2010].

[s] BIOMAS is first integrated from 1970 to 2011,
driven by daily NCEP/NCAR reanalysis surface atmos-
pheric forcing. The atmospheric forcing consists of surface
winds, air temperature, specific humidity, precipitation,
evaporation, and downwelling longwave radiation and
cloud fraction. Cloud fraction and surface air temperature
are used to calculate surface downwelling shortwave radia-
tion following Parkinson and Washington [1979]. Initial
conditions for the BIOMAS integration consist of 1 January
1970 fields of sea ice and ocean state variables obtained
from a PIOMAS integration that starts from 1948 [Zhang
et al., 2008] and January mean climatology fields of nitrate
and silicate from the World Ocean Atlas 2005 [Garcia
et al., 2006]. Initial conditions also include a uniform dis-
tribution (0.02 mmol N m™>; 0.02 mmol Si m ) of plank-
ton and other biogeochemical components in the upper 200
m following Zhang et al. [2010].

[o] After the initial integration from 1970 to 2011, four
model experiments were conducted to assess the impact of
the intense August 2012 cyclone on the marine planktonic
ecosystem. (1) A control run (CNTL) continues model
integration of 2012 using the regular 2012 NCEP/NCAR
reanalysis forcing that includes the August cyclone (Figure
2). (2) A model sensitivity integration (SENS) of 2012
uses the same NCEP/NCAR reanalysis forcing as the
CNTL run except the cyclone is removed from the wind
forcing, the main effect of the cyclone. This is done by
reducing wind speed by 50% during 5-9 August [Zhang
et al., 2013], which largely removes the cyclone effects in
the wind forcing. (3) The third model experiment (CLIM)
is similar to the SENS run except that daily average wind
fields over 20002011 are used during 5-9 August.
Because of the use of climatological mean (over the recent
past) wind forcing, no cyclone effects exist in the CLIM
run. (4) The fourth model experiment includes 12-member
ensemble simulations (ENSE) of 5 August 2012 onward.
Each of the 12 ensemble simulations uses the NCEP/
NCAR reanalysis wind and thermal forcing from one of
the past 12 years (2000-2011) and starts with the same
initial conditions at the end of 4 August 2012 created by
the CNTL simulation. Thus, the ENSE runs represent the
weather and climate variability in the recent past without
the presence of the 2012 cyclone. No data assimilation
was conducted in this study to create physically consistent
CNTL, SENS, CLIM, and ENSE runs with and without
the cyclone influence.

[10] A comparison between SENS and CLIM shows that
the simulated ecosystem results from these two runs are
rather close, generally within 2%. This suggests that the
methods used to remove the cyclone wind forcing from
these two runs yield similar effects on the ecosystem.
Therefore, only the results from the CNTL, SENS, and
ENSE runs are presented.

3. Results

3.1.

[11] To estimate the impact of the cyclone on the marine
planktonic ecosystem, BIOMAS must simulate the ecosys-
tem in the PSA with some skill. Here we compare the
CNTL-simulated monthly mean surface chlorophyll a (chl
a) with the Moderate Resolution Imaging Spectroradiome-
ter (MODIS)-Terra observed monthly composite surface
chl a for ice-free areas during June 2012 to September
2012 (Figure 4). Note that the basic currency of the biologi-
cal model component is nitrogen (mmol N m ™), which
needs to be converted to carbon (C) and chl a for model-
data comparisons. We follow Lavoie et al. [2009] to use a
fixed C:N (mol:mol) ratio of 106:16 [Redfield et al., 1963]
and a fixed N:chl a (wt:wt) ratio of 8.75:1 for the unit con-
versions. The comparison shows that the model captures
the basic spatial pattern of MODIS observations in the
months before and after the August cyclone in the open
water areas of the PSA. Model results and observations
show generally higher chl a concentration in the coastal
areas and on the Chukchi, Beaufort, and East Siberian
shelves (Figure 4). Although model results are generally
within the range of the MODIS observations in the open
water areas of the PSA, the model underestimates or over-
estimates surface chl a from time to time and from location
to location. Specifically, the model overestimates surface
chl a in the open water areas of the Chukchi, East Siberian,
and Laptev seas in July and August, but underestimates sur-
face chl a in the Laptev Sea in September. The discrepan-
cies may be linked to model overestimation or
underestimation of snow/ice and nutrient distributions and
to uncertainties in model parameters such as phytoplankton
photoinhibition and photochemical reaction coefficients
and zooplankton grazing and mortality rates [Zhang et al.,
2010].

[12] The model generates high surface chl a concentra-
tion in some ice-covered areas where MODIS chl a data are
nonexistent because data retrievals are hindered by the ice
cover (Figures 4a—4d). The simulated high under-ice chl a
concentration occurs mainly on or near the shelves in the
PSA (Figure 4c). This is no surprise; observations of a
massive under-ice phytoplankton bloom in the northern
Chukchi Sea were made during a 2011 field campaign asso-
ciated with ICESCAPE (Impacts of Climate on the Eco-
Systems and Chemistry of the Arctic Pacific Environment)
[Arrigo et al., 2012]. In addition, the model shows rela-
tively low under-ice chl a concentration in most of the Can-
ada Basin, which agrees qualitatively with the chl a
observations reported by Nishino et al. [2013].

Model-Data Comparisons

3.2. Spatial Patterns of Cyclone Effects

[13] By 4 August 2012, just before the cyclone entered
the PSA, the simulated nutrients in much of the surface
waters in the Arctic Ocean were already depleted because
of summer nutrient drawdown [e.g., Gosselin et al., 1997
Lee and Whitledge, 2005 ; Tremblay et al., 2008 ; Codispoti
et al., 2005, 2009]. Surface nitrate concentration at this
time is nearly zero in most of the Arctic except in some
areas on the shelves of the East Siberian and Laptev seas,
in the Eurasian Basin, and near the Canadian Archipelago
(Figure 5a). The relatively high surface nitrate
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Figure 4. Model (CNTL)-simulated monthly mean and MODIS-Terra observed monthly composite
surface concentration of chl a for June to September 2012. The white line represents satellite observed
ice edge defined as 0.15 ice concentration. There are no MODIS chl a data under ice (dotted areas).
MODIS chl a data are available from http://oceancolor.gsfc.nasa.gov/. Satellite ice concentration data

are from http://nsidc.org/data/nsidc-0081.html.

concentration in part of the East Siberian and Laptev seas
may explain why model results and observations show
higher surface chl a there (Figures 4e—4f). Simulated sur-
face nitrate concentration on the East Siberian shelf, how-
ever, would continue to decrease (not shown here)
throughout the summer to approach the low levels observed
by Anderson et al. [2011]. Consistent with the summer
observations reported by Codispoti et al. [2013], nitrate
also persists in some areas in the Eurasian Basin and near
the Canadian Archipelago, where the simulated under-ice
chl a concentration is up to 3 mg m > in August 2012 (Fig-
ure 4e).

[14] The simulated spatial distribution of nitrate in the
upper 100 m of the ocean on 4 August 2012 shows gen-
erally high concentrations on the shelves of the Chukchi,
East Siberian, and Laptev seas, moderate concentrations
in the Eurasian Basin, and low concentrations in much of
the Canada Basin (Figure 5b). The high concentration on
the shelves is likely due to upwelling in the shelf break

Nitrate Nitrate
08/04/20. per-10, 08/04/201.2_upper-100
3 0

00 1.2 24 3648 6.0

mmolNm=3 (0) mmolNm=* (b) gCm~%yr~!

PP
08/04/2012_upper-100

regions that brings nutrient-rich waters from deep off-
shore basins onto the shelves [e.g., Carmack and Wass-
mann, 2006; Carmack et al., 2006; Pickart et al., 2009,
2011, 2013; Codispoti et al., 2005, 2013] and nutrient-
rich Pacific waters entering through Bering Strait [e.g.,
Codispoti et al., 2005; Grebmeier and Harvey, 2005].
Low concentrations in the Canada Basin are due to
Ekman convergence and downwelling resulting from the
predominant anticyclonic ocean circulation of the Beau-
fort gyre as well as to biological depletion in the upper
portion of the depth interval. Recent observations indicate
increases in Ekman convergence and downwelling and
freshwater input in the Canada Basin in association with
increasing sea ice retreat and melt [McLaughlin and Car-
mack, 2010] that are linked to an intensified Beaufort
gyre [e.g., Proshutinsky et al., 2009; Yang, 2009], which
enhances ocean stratification and deepens the nutricline
in the Canada Basin [e.g., McLaughlin and Carmack,
2010; Nishino et al., 2011, 2013].

Phytoplankton
08/04/2012_upp 00,
0

12 24 ;,?_9 60

20 400

Zooplankton
08/04 /2012 _upper_100;
o 8 16 32 40

Figure 5. CNTL-simulated nitrate in the upper (a) 10 m and (b) 100 m of the Arctic Ocean, and (c) pri-
mary productivity (PP), (d) phytoplankton, and (e) zooplankton in the upper 100 m on 4 August 2012
just before the storm. Four locations for detailed analysis (section 3.3) are marked in each map.
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Figure 6. Simulated difference in PP, phytoplankton, and zooplankton in the upper 100 m of the ocean
between the CNTL and SENS runs over the period 5 August 2012 to 15 September 2012.

[15] Simulated spatial patterns of primary productivity
(PP) and phytoplankton (sum of diatoms and flagellates)
biomass on 4 August 2012 resemble closely the patterns of
nitrate concentration in the upper 100 m, with relatively
high concentrations on the shelves and low concentrations
in the Canada Basin (Figures 5b—5d). This is consistent
with observations that summer phytoplankton growth is
limited largely by nitrogen availability [e.g., Gosselin
et al., 1997; Lee and Whitledge, 2005; Tremblay et al.,
2008; Codispoti et al., 2005, 2009]. Like the phytoplankton
biomass, the simulated zooplankton (summation of micro-
zooplankton, copepods, and predatory zooplankton) bio-
mass on 4 August 2012 is low in the Canada Basin and
relatively high on the shelves, with the highest value on the
Chukchi shelf (Figure 5e). Simulated zooplankton biomass
is low in the Canada and Eurasian basins that are generally
covered by thicker, more compact ice. Under-ice zooplank-
ton growth is limited by food availability because under-ice
phytoplankton blooms in the areas of thicker, more com-
pact ice generally form later in the season and are of
smaller magnitude than in the shelf regions with thin ice or
open water [e.g., Zhang et al., 2010; Jin et al., 2012;
Popova et al., 2012].

[16] On 5 August 2012, the storm moved into the Arctic
Basin from Siberia. The CNTL simulation including the
cyclone wind forcing compared with the SENS run without
the cyclone indicates that the storm caused an increase in
the simulated PP in the Chukchi, East Siberian, and Laptev
shelves and in part of the Eurasian Basin (Figure 6a) where
wind speed increased (Figure 2b). The cyclone intensified

substantially during 6—8 August (Figures 2c—2¢); the model
simulates a strong increase in PP in much of the shelf areas,
the Eurasian Basin, and even in some areas near the Cana-
dian Archipelago (Figure 6b). The increase in PP in those
areas remains strong on 9 August (Figure 6¢) but starts to
fade (Figure 6d) as the cyclone passes its peak and begins
to weaken (Figures 2f-2h). The simulated increase in PP
on the shelves and in part of the deep basins during the
storm leads to an increase in phytoplankton biomass (Fig-
ures 6f—61). A phytoplankton increase on the shelves and in
part of the deep basins in turn leads to an increase in zoo-
plankton that graze on phytoplankton (Figures 6k—6n). By
15 September, there is almost no increase in PP on the
shelves (Figure 6¢). There is still an increase in phytoplank-
ton biomass on most of the shelves, but the increase is
diminished by mid-September (Figure 6j). The increase in
zooplankton biomass appears to be more persistent than
that in phytoplankton biomass (Figure 60).

[17] The simulated increase in PP on the shelves and in
some areas in the deep basins in the PSA during the storm
is due to an increase in the availability of nutrients in the
upper 10 m in those areas (Figures 7a—7d). The simulated
increase in the nitrate concentration generally occurs in the
areas of strong winds (Figures 2b—2f) that strengthen sea
ice speed [Zhang et al., 2013] and surface ocean circulation
(Figures 8a—8c), enhancing vertical mixing in the upper
ocean. The enhanced mixing is reflected in an increased
vertical diffusivity in the upper 15 m of the ocean (Figures
8e—8g) at locations affected by the cyclone. Depending on
the wvertical turbulent fluxes of momentum, vertical
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Figure 7. Simulated difference in nitrate in the upper (a—d) 10 m and (e—h) 100 m of the Arctic Ocean
between CNTL and SENS runs over the period 5-11 August 2012.

diffusivity is calculated based on the KPP (K-profile
parameterization) of oceanic boundary layer mixing
[Large et al., 1994]. Strong winds and rapid ice move-
ment tend to amplify the vertical momentum transfer,
which leads to larger vertical diffusivity in the ocean sur-
face mixed layer and hence stronger vertical mixing
[Zhang et al., 2013].

08,/05/2012

08/07,/2012

[18] The increase in nitrate concentration in the upper 10
m is linked to the increase in vertical diffusivity. On 5
August 2012, just as the storm is moving into the PSA,
larger vertical diffusivity is simulated in the surface mixed
layer in coastal areas of the Chukchi, East Siberian, and
Laptev shelves where strong winds are driving the surface
ocean waters faster (Figures 2b, 8a, and 8e¢). As a result of

08/09/2012 08/11/2012

Surface water 3saeed ( m ‘s!

Surface water 3saeed ( m ‘sz

Surface woterisaeed fm‘s! Surface woterisaeed fm‘sz

Figure 8. Simulated surface ocean velocity (vector) and (a—d) speed (colors) and (e~h) mean vertical
diffusivity in the upper 15 m of the Arctic Ocean over the period 5—11 August 2012. The white lines are
NCEP/NCAR reanalysis sea level pressure (SLP) contours with contour interval of 10 hPa. One of every

100 surface ocean velocity vectors is plotted.
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Figure 9. Simulated difference in the convergence of (a—d) ocean velocity U, (jf Loom — V - udz), (e-h)

phytoplankton ([* .. —V - (

uP)dz), and (i-1) zooplankton ([°

1oom — V - (uZ)dz) in the upper 100 m of

the Arctic Ocean between the CNTL and SENS runs over the period 5-11 August 2012, where u is ocean
velocity vector, P and Z are phytoplankton and zooplankton concentrations, and z is depth. The CTNL-
simulated convergence fields of these variables are generally close to the difference fields in magnitude

and spatial pattern and are therefore not shown.

stronger mixing, nitrate concentration increases in the
coastal areas (Figure 7a). During 6—8 August, as the storm
intensifies over most of the PSA (Figures 2c—2¢), vertical
diffusivity and nitrate concentration in the upper ocean
increase (Figures 8f and 7b). The areas of increasing diffu-
sivity and nitrate concentration follow the SLP contours in
areas of strong winds and fast moving surface waters.
There is little increase in nitrate concentration, however, in
the upper 10 m of the Canada Basin (Figure 7b) even
though large vertical diffusivity in the surface mixed layer
is simulated. There, the nitrate in the upper 10 m is
depleted by summer drawdown before the cyclone’s pas-
sage (Figure 5a) and the average nitrate concentration in
the upper 100 m is low (Figure 5b), so there is no resupply
to the upper 10 m during the mixing.

[19] The simulated spatial patterns of the storm-induced
change in nitrate concentration in the upper 100 m show a
decrease over most of the shelves because of increases in
PP there (Figures 6a—6d), which draws down nutrients,
including those that are mixed upward from the lower por-
tion of the water column. (The water column is often less

than 100 m over the shelves.) As mentioned earlier, it is
the higher nitrate concentrations in the surface waters
(Figures 7a—7d) that fuel this increase in PP, while at the
same time the total nitrate in the upper 100 m is drawn
down and incorporated into increased phytoplankton bio-
mass (Figures 6f-6i). The spatial patterns also show an
increase in simulated nitrate concentration in the upper
100 m in the central PSA where the storm was centered
(Figures 7f=7h). This is because the cyclone results in a
strong cyclonic surface ocean circulation (Figures 8a—8c),
which leads to strong divergence in the central PSA and
corresponding convergence in the adjacent areas, includ-
ing some of the shelf regions (Figures 9a—9c). The ele-
vated divergence in the central PSA, often dominated by
Ekman convergence and downwelling when there are no
cyclones, likely causes upwelling in that region, leading to
an increase in nitrate concentration over the upper 100 m
(Figures 7f-7h), but not as shallow as the upper 10 m
(Figures 7a—7d). This explains the low phytoplankton
growth/PP during the storm in the central PSA (Figures
6a—6d).
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[20] Except in the deep Canada Basin the model simu-
lates significant under-ice phytoplankton and zooplankton
biomass in some areas of the central PSA, particularly in
the areas near the shelves (Figure 5). The storm-induced
divergence moves the phytoplankton and zooplankton
away from the central PSA, yielding a lower phytoplankton
and zooplankton biomass than had the cyclone not occurred
(Figures 9¢-9g and 9i-9k), into adjacent areas including
most of the shelf regions, yielding an increase in plankton
biomass there (Figures 6e—6i). The storm-induced diver-
gence also transports nitrate from the central PSA to the
adjacent areas, but this transport is unnoticeable (not
shown) because nitrate is largely depleted in most of the
upper ocean of the central PSA in early August (Figure 5a).

3.3. Evolution of Cyclone Effects

[21] The enhancement of biological production on the
shelves at the expense of the central PSA is further illus-
trated by the vertical profiles and evolution of the ecosys-
tem variables at four locations. Location 1 is roughly at the
center of the August 2012 cyclone’s low-pressure system in
the deep Canada Basin with weak winds, location 2 is in
the deep Canada Basin with strong winds during the storm,
location 3 is on the Chukchi shelf, and location 4 is near
the shelf break of the East Siberian Sea (Figures 1 and 2d).
Locations 2, 3, and 4 are in the areas of strong winds during
the storm.

[22] At the eye of the storm with weak winds (location
1), the model simulates near-zero vertical diffusivity (back-
ground value) [Zhang and Steele, 2007] throughout the
water column on 7 August 2012 (Figure 10a), indicating lit-
tle ocean mixing. On 7 August during the cyclone or on 27
August after the cyclone’s passage, the nitrate concentra-
tion in most of the upper water column simulated by CNTL
with the cyclone wind forcing is not much different from
that simulated by SENS without the cyclone forcing (Fig-
ure 10c). However, the CNTL-simulated PP and plankton
biomass are lower than the SENS results; the differences,
though, are small, generally within 10% (Figures 10e, 10g,
101, 11a, 11c, and 11e).

[23] The differences between the CNTL and SENS runs
are generally small also at location 2, which is in the deep
Canada Basin as well, but in the zone of strong winds. The
strong winds and rapid movement of ice [Zhang et al.,
2013] and surface waters (Figures 8a—8c) result in strong
ocean mixing, mainly in the upper 10 m with large vertical
diffusivities (Figure 10b). Strong mixing in the surface
ocean mixed layer, however, increases nitrate concentration
and PP in the upper 10 m very little (Figures 10d and 10f)
because the surface waters are depleted by summer draw-
down (Figure 5a). Location 2 is also in the divergence zone
(areas of blue color in Figure 9b), so the simulated PP and
zooplankton during the storm (CNTL) are lower than if the
cyclone had not occurred (SENS; Figures 11b and 11f).
The CNTL-simulated phytoplankton is, however, not lower
than the SENS run during the storm (Figure 11d), which is
likely due to a decrease in zooplankton biomass (Figure
11f) and reduced grazing pressure on phytoplankton.

[24] Locations 3 and 4 are located on or near the shelves
in the zone of strong winds. Strong ocean mixing (Figures
8f, 12a, and 12b) increases nitrate concentration in the sur-
face waters (Figures 7b—7d and 12c—12d). The divergence

induced by the cyclone in the central PSA transports more
biomass onto the shelves (Figure 9) and locations 3 and 4;
the CNTL-simulated PP and phytoplankton biomass in the
surface waters as well as in the upper 100 m are much
higher than the SENS simulations (Figures 12e—12h). The
simulated PP and phytoplankton biomass peak prior to the
cyclone’s passage into the PSA, but the differences in PP
and phytoplankton biomass in the upper 100 m between the
CNTL and SENS runs at locations 3 and 4 are as high as
90% during the storm (Figures 13a—13d). However, the dif-
ferences become smaller over time as PP and phytoplank-
ton biomass decrease into early autumn.

[25] The increase in the zooplankton biomass follows the
increase in phytoplankton food availability at locations 3
and 4 (Figures 13e—13f). The simulated zooplankton
increase occurs immediately after the storm when the simu-
lated phytoplankton biomass increases strongly. The zoo-
plankton increase in turn reduces phytoplankton through
grazing. This may explain, in part, the fluctuations of the
differences in PP and phytoplankton between the CNTL
and SENS runs after the storm (Figures 13a—13d). The gen-
eral increase in food availability and enhanced divergence
results in positive differences (CNTL — SENS) in zooplank-
ton at locations 3 and 4 (Figures 13e—13f and 12i—12j). The
zooplankton difference at location 4 reaches a maximum of
18% on 31 August and remains at 10% on 15 September
(Figure 13f). Increased zooplankton grazing on phytoplank-
ton in the CNTL run decreases phytoplankton during much
of September at location 4, up to 17% compared to the
SENS run (Figure 13d).

[26] To assess how unusual the storm-induced changes
on the shelves are, we compare the CNTL-simulated
changes in chl a during the storm (in 5-10 August 2012)
with the ENSE simulation results for locations 3 and 4
(Figure 14). Because ENSE consists of 12-member ensem-
ble simulations of 5 August 2012 onward using the reanaly-
sis atmospheric forcing from the past 12 years (2000—
2011), the changes in chl a during 5-10 August 2012 may
be considered to represent the “normal” variability in the
recent years without the cyclone effects. Figure 14 shows
that chl a biomass would normally decrease at locations 3
and 4 during 5-10 August (also see Figures 13¢ and 13d).
The average decrease over all the 12 ensemble members
(2000-2011) is 17% at location 3 and 5% at location 4.
However, with the cyclone effects, the CNTL-simulated
decrease at location 3 is only 1%. Moreover, CNTL simu-
lates an increase of 28% at location 4 (Figure 14). This sug-
gests that the cyclone-induced changes in chl a biomass are
quite different from normal variability in recent years.

[27] Averaged over the entire PSA (Figure 15) CNTL
simulations show, during passage of the storm, enhanced
ocean mixing in mainly the upper 10 m of the PSA (Figure
15a). Nitrate concentration is higher in the upper 10 m but
generally lower at depth (Figure 15b). The increased nitrate
concentration in the surface waters generally leads to
higher PP, phytoplankton, and zooplankton (Figures 15¢—
15e). On average over the entire PSA, however, the
increase in PP and plankton in the upper 100 m is only
prominent during and immediately after the storm (Figures
16a—16¢), even though the model simulates a generally
strong and lasting (1 month or slightly longer) biological
gain in some areas on the shelves. The gain on the shelves
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Figure 10. CNTL-simulated and SENS-simulated vertical profiles of (a and b) vertical diffusivity, (c
and d) nitrate, (¢ and f) PP, (g and h) phytoplankton, and (i and j) zooplankton before (4 August 2012),
during (7 August), and after (27 August) the cyclone in the upper 50 m of the water column at (left) loca-
tion 1 and (right) location 2.

may be partially cancelled by the biomass loss in the cen- [28] Averages over the entire PSA also demonstrate the
tral PSA. As a result, the storm increases biological produc- seasonal cycles in abundance and production: nutrients
tion only for a short period of time on average over the (here nitrate) peak in early June, both primary production
entire  PSA (Figures 16a—16c) while drawing down and phytoplankton peak in July and decline through August
nutrients simultaneously (Figure 16d). into September and later (and draw down nitrate), while
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upper 100 m of the water column at locations 1 and
SENS*100%. The vertical dotted and dashed lines
respectively.

zooplankton continue to increase in biomass through
August, appropriately lagging the phytoplankton biomass
(Figure 16). The immediate response to the storm mimics
this cycles, with a zooplankton increase lagging the phyto-
plankton increase in timing and magnitude. The biological
response to the storm in the absence of advection is illus-
trated by the percent difference of the system components
(Figure 16). Primary productivity increases almost immedi-
ately, while the response in phytoplankton biomass peaks
several days later, and it takes 8—10 days before the zoo-
plankton response reaches its peak. In addition, the peak
magnitude of the response is greatest for PP (16%), less for
phytoplankton biomass (6%), and least for zooplankton
(3%). This increase in the delay and a decrease in the mag-
nitude of the response with increasing trophic level mimic
the seasonal production cycle.

4. Concluding Remarks

[29] The great Arctic cyclone of early August 2012
swept over the PSA at a time when primary productivity
(PP) and phytoplankton biomass are in decline after a peak
in July, particularly on the shelves. Nonetheless, the BIO-
MAS model results show that the cyclone impacts the eco-
system by enhancing productivity strongly on the shelves
during the storm. Although the passage of the cyclone in
the PSA lasted only a few days, the simulated biological
effects on the shelves last 1 month or longer into the late
summer and early autumn when biological processes
become severely limited by sunlight scarcity. In the central
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CNTL-simulated and SENS-simulated daily PP, phytoplankton, and zooplankton in the

2. The difference is calculated by (CNTL — SENS)/
represent 6 August 2012 and 15 September 2012,

PSA, however, PP and plankton biomass decrease during
and in the wake of the cyclone.

[30] The simultaneous biological gain on the shelves and
loss in the central PSA is linked to two key factors. One is
mixing: the cyclone’s strong winds lead to large diffusiv-
ities in the ocean surface layer over the shelf regions and
the deep basins that experience the forcing. The enhanced
ocean mixing increases nutrient availability and productiv-
ity in the surface waters on the shelves. The enhanced mix-
ing fails to increase nutrient availability in the surface
waters in the central PSA because nutrients to the depth of
mixing are mostly depleted by the time of the cyclone pas-
sage; the simulated nitrate concentration in the upper 100
m in the central PSA, including the Canada Basin, is also
much lower than on most of the shelves, owing to prevail-
ing Ekman convergence and downwelling linked to the pre-
dominant anticyclonic ocean circulation (Beaufort gyre).
As a result, productivity in most of the central PSA is not
enhanced by the strong ocean mixing driven by the intense
cyclone.

[31] The second factor is divergence: the cyclone trans-
ports more biomass (plankton) into the shelf regions from
the central PSA. The low-pressure system and strong
cyclonic circulation of sea ice and ocean surface waters in
the PSA, which is often dominated by anticyclonic circula-
tion, leads to divergence and upwelling in the central PSA.
Model simulations show significant under-ice phytoplank-
ton and zooplankton biomass in part of the central PSA,
particularly in the areas near the shelves. The divergence
tends to drive phytoplankton and zooplankton out of these
areas into the adjacent areas including the shelf regions.
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Figure 12. CNTL-simulated and SENS-simulated vertical profiles of (a and b) vertical diffusivity, (c
and d) nitrate, (e and f) PP, (g and h) phytoplankton, and (i and j) zooplankton before (4 August 2012),
during (7 August), and after (27 August) the cyclone in the upper 50 m of the water column at (left) loca-

tion 3 and (right) location 4.

This loss of plankton biomass in the central PSA is the
main reason for the decrease in productivity there. The
divergence increases plankton biomass on the shelves, con-
tributing to the increase in productivity there, in addition to
the contribution due to strong ocean mixing.

[32] The changes in PP and phytoplankton biomass on
the shelves fluctuate during and after the storm, which
reflects the complex nature of marine food-web dynamics.
Strong mixing in the ocean surface waters and divergence
in the central PSA increase PP and phytoplankton biomass
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respectively.

on the shelves, but the increased phytoplankton food avail-
ability and the same ocean divergence in the central PSA
increase zooplankton biomass on the shelves, which in turn
reduces phytoplankton growth through increased grazing.
This food-web dynamic causes the fluctuation in the
changes in PP and phytoplankton biomass during and after
the cyclone. Ultimately, it is zooplankton and organisms in
the upper trophic levels on the shelves that benefit the most
from the cyclone passage.

[33] The simulated biological gain on the shelves is
greater than the loss in the central PSA; net productivity
over the entire PSA is increased by the cyclone. However,
because the gain on the shelves is offset by the loss in the
central PSA, the average increase over the entire PSA is
moderate and lasts only about 10 days. Nevertheless, the
net productivity increase in the PSA confirms the statement
from the Nansen Center report that “The Arctic fertility is
spurred up by the cyclones,” [NIERSC, 2012], which is
based on satellite observations (of ocean color) showing
increased surface chl a in the Barents Sea after a cyclone
passage around 15 May 2003. Polar cyclones generally
increase marine biological productivity, just like cyclones
in other parts of the world ocean [e.g., Lin et al., 2003].
The generally positive impact of polar cyclones on the Arc-
tic marine planktonic ecosystem, particularly on the
shelves, is likely to grow with increasing summer cyclone
activity if the Arctic continues to warm and the ice cover
continues to shrink.

[34] Note that the model’s 22 km average resolution
would not adequately resolve mesoscale eddies, which are
important for shelf-basin exchange in the PSA [e.g., Spall

et al., 2008; Watanabe, 2011]. The intense cyclone may
cause baroclinic instability of the ocean flows in the Chuk-
chi and Beaufort shelf break regions, promoting the
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Figure 14. Change in chl a in the upper 100 m of the water
column at locations 3 and 4 in 5-10 August2012 simulated
by the 12 ENSE members forced by the reanalysis atmos-
pheric forcing from the past 12 years (2000-2011) and by
the CNTL run (2012). The dash line represents the average
change of the 12 (2000-2011) ensemble simulations.
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formation of eddies there. It is likely that the absence of
realistic eddies in the simulations may lead to an underesti-
mation of the cyclone impact on the ecosystem.
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