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Canada Basin, especially in the Beaufort Gyre. Thus, in
spring, the availability of the limiting nutrient, nitrate, for
new production is low. For example, observations from the
Beaufort Shelf in the late 1980s showed that nitrate levels
in the upper halocline increased from zero to !4 mmol/m3

between fall and late winter [Carmack et al., 2004]; east of
the Northwind Ridge nitrate levels were <0.5 mmol/m3

during fall and early winter in 1993 [Sherr et al., 2003];
in the western Canada Basin nitrate levels in surface
waters ranged from 1–4 mmol/m3 between January and
June during the 1997–98 SHEBA program [McLaughlin
et al., 2004]; and SBI observations to the north and
northeast of Barrow Canyon in May–June 2002 and in
2004 were less than 0.1 mmol/m3 [Codispoti et al., 2005,
2009]. Nitrate concentrations are also low because of the
anticyclonic Beaufort Gyre and the near!decadal residence
times of the upper halocline which allows biological pro-
cesses to remove nutrients from the photic zone through
the sinking of particles [Codispoti et al., 2005]. Thus
nitrate concentrations, significantly less than those found
in underlying Pacific!origin winter water (!15 mmol/m3),
are quickly drawn down to zero following the summer
bloom and therefore any further new production occurs just
below the nitracline as evidenced by the ubiquitous sub!

surface chlorophyll maximum [Codispoti and Richards,
1971; Carmack et al., 2004; Hill and Cota, 2005; Nishino
et al., 2008; Tremblay et al., 2008; Jackson et al., 2010b;
Popova et al., 2010].

2. Observations

[5] Horizontal maps of salinity at 30 m depth, overlain
with dynamic height contours, illustrate that Canada Basin
interior waters have freshened between 2003 and 2009, and
that salinity has decreased from S > 29 to S ! 27 (Figure 1a).
Salinities of 28 or less were first observed in 2007, coin-
ciding with the lowest sea!ice extent on record [National
Snow and Ice Data Center, 2007]. From 2007 to 2009 the
area comprised of low salinity waters expanded, spreading
south and westward over the central southern Canada Basin.
The dynamic height also increased !25% during this time,
from 0.65 m to 0.85 m, showing both the acceleration of the
Beaufort Gyre and the accumulation of freshwater.
[6] Vertical profiles of salinity from 2003–2009 show that

the winter mixed layer has become progressively fresher
and that the depth of the winter halocline at S = 30, which
separates the wintertime mixed layer from underlying
Pacific Summer Water, has increased, for example by 15 m
at Station CB2 (Figure 2a, see Figure 1a for location). The

Figure 1. (a) Map of salinity at depth 30 m in the Canada Basin, 2003–2009. The colour scale on the right indicates salin-
ity values. Grey lines are contours of dynamic height, calculated with 800 m as the reference depth. Station locations are
identified by small black dots and the heavy black dot denotes the location of Station CB2 referred to in the text. Station
CB2 was selected because the data was typical of data collected within the Beaufort Gyre. (b) Map of depth at salinity S =
33.1, characteristic of the core of nutrient!bearing Pacific Winter Water. The color scale on right indicates depth.
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depth of S = 33.1, which defines the core of the nutrient!
bearing Pacific Winter Water, also markedly increased from
150 m in 2003–2006 to over 200 m in 2008 and 2009
(Figure 1b). As a result of both the freshening and deep-
ening, the overall stratification has increased. To quantify
the effect of upper!ocean freshening, the contribution of
salinity to stratification Ns is calculated:

Ns ! g!dS=dz" #1=2

where g is gravity, b is the coefficient of haline contraction,
S is salinity and z is depth. The value of Ns, averaged over
the depth range (5–100 m) for each year at all stations
deeper than 1600 m and located within the geographic area
bounded by 72.5–78.2°N and 153.5–139°W, increased 25%
between 2003 and 2008, with the maximum being observed
in 2007 (Figure 2b). The decrease in 2009 is due to data
being collected one month later than in previous years,
when sea ice formation had already begun to erase evidence
of sea ice meltwater and shows the importance of collecting
data at time!series stations at the same time of year.
[7] One consequence of winter halocline deepening in the

basin interior is the corresponding deepening of the summer
nutricline and chlorophyll maximum. For example at CB2a
(south of CB2), continuous profiles of nitrate show the
depth at which nitrate is no longer limiting increased !20 m
between 2007 and 2009 (Figure 3a) and the chlorophyll
maximum increased by !15 m. The mean depth of the
chlorophyll maximum, calculated at all stations in the same

geographic area defined above, increased from !50 m in
2003–2005 to over 65 m in 2008 and 2009 (Figure 3b). Two
methods were used to estimate the nitrate concentration at
the depth of the chlorophyll maximum for each year from
the 2003–2009 nitrate bottle data: the first applied a cubic
spline curve fit with AKIMA modifications and the second
determined the depth!axis intercept from the shape of the
profile. These plots were compared to the ISUS continuous
nitrate plots at selected stations: the first method under-
estimated the depth by !8 m and the second overestimated
the depth by 4 m. Despite these depth differences which
occur in a highly!variable region of the water column, the

Figure 2. (a) Profiles of salinity at station CB2, 2003–2009.
(b) Time!series plot of basin!averaged values of the contribu-
tion of salinity to stratification Ns where Ns = (gbdS/dz)1/2,
g is gravity, b is the coefficient of haline contraction, S is
salinity and z is depth. The equation for the black line is:
y = 0.93x!1850.5 with an R2 = 0.70. Data from stations
with bottom depths greater than 1600 m and located from
72.5–78.2°N and 153.5–139°W were included in the
basin!averaged calculations for each year.

Figure 3. (a) Continuous profiles of nitrate (ISUS data)
at Station CB2a in 2007 (green) and 2009 (red), bottle
data are indicated by circles. (b) Time!series plot of
basin!averaged values of the depth of the chlorophyll
maximum. (c) Time!series plot of the basin!averaged
nitrate concentration at the depth of the chlorophyll
maximum. The nitrate concentration at each station was
determined by fitting a cubic spline fit using AKIMA modi-
fications to the bottle data (red circles) and by determining
the depth!axis intercept (blue diamonds). Data from sta-
tions with bottom depths greater than 1600m and located
from 72.5–78.2°N and 153.5–139°W were included in the
basin!averaged calculations.
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Deepening	  of	  the	  nutricline	  and	  chlorophyll	  
maximum	  in	  the	  Canada	  Basin	  interior,	  2003–
2009	  (Fiona	  A.	  McLaughlin	  and	  Eddy	  C.	  
Carmack)	  

Salinity	  

Depth	  
of	  33.1	  
salinity	  



Exceptional melt pond occurrence in the years 2007 and 2011
on the Arctic sea ice revealed from MODIS satellite data

Anja Rösel1 and Lars Kaleschke1
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[1] Melt ponds contribute to the ice-albedo feedback as they reduce the surface albedo of
sea ice, and hence accelerate the decay of Arctic sea ice. Here, we analyze the melt pond
fraction, retrieved from the MODIS sensor for the years 2000–2011 to characterize the
spatial and temporal evolution. A significant anomaly of the relative melt pond fraction
at the beginning of the melt season in June 2007 is documented. This is followed by
above-average values throughout the entire summer. In contrast, the increase of the relative
melt pond fraction at the beginning of June 2011 is within average values, but from
mid-June, relative melt pond fraction exhibits values up to two standard deviations above
the mean values of 30 ! 1.2% which are even higher than in Summer 2007.

Citation: Rösel, A., and L. Kaleschke (2012), Exceptional melt pond occurrence in the years 2007 and 2011 on the Arctic sea ice
revealed from MODIS satellite data, J. Geophys. Res., 117, C05018, doi:10.1029/2011JC007869.

1. Introduction

[2] In the Arctic summer, melt ponds commonly occur on
Arctic sea ice and cover up to 50–60% of the sea ice area
[Fetterer and Untersteiner, 1998; Eicken et al., 2004]. Melt
ponds are defined as an accumulation of meltwater on sea ice,
mainly due to melting snow, but in the more advanced stages
also due to the melting of sea ice. The distribution on the ice,
the size and the depth of the ponds, as well as the color is very
variable and depending on topography, surface and atmo-
spheric conditions. On the flat topography of first-year ice
it is possible that the melt pond fraction rises up to 90%
[Perovich et al., 2011b].
[3] Literature values of spectral and total albedo for vari-

ous Arctic surface types, acquired on field campaigns and
measurements, range from 0.06 for open water over 0.29 for
mature melt ponds to 0.87 for new snow [e.g., Grenfell and
Maykut, 1977; Grenfell and Perovich, 1984; Warren, 1982;
Perovich, 1996; Perovich et al., 2002b; Brandt et al., 2005].
[4] To study the spectral behavior of melt ponds and their

influence on the declining surface albedo during summer,
several field experiments and ship observations took place on
various locations of the Arctic [e.g., Perovich et al., 2002a,
2002b; Sankelo et al., 2010; Nicolaus et al., 2010; Itoh et al.,
2011].
[5] The existence of melt ponds on Arctic sea ice causes a

decrease of the surface albedo from a range of 0.8–0.9 to a
range of 0.3–0.6 due to a higher absorption of the incoming
radiation. This effect initiates additional heat uptake [Curry
et al., 1995; Perovich and Tucker, 1997]. Therefore, melt
ponds have a significant influence on the amount of sea ice
melt [Perovich et al., 2002a; Tschudi et al., 2008], on Earth’s

radiation balance [Maslanik et al., 2007; Perovich et al.,
2007; Nicolaus et al., 2010], and the potential loss of a
multiyear ice coverage [Maslanik et al., 2007; Perovich
et al., 2007; Nicolaus et al., 2010; Kwok and Untersteiner,
2011; Serreze and Barry, 2011]. Melt ponds absorb more
solar radiation than unponded sea ice, promoting further
localized melting [Ehn et al., 2011]. Furthermore, the trans-
mission of incident irradiance through ponded ice is up to an
order of magnitude greater than through bare ice [Frey et al.,
2011; Ehn et al., 2011].
[6] A quantification of the overall distribution of melt

ponds would be helpful to constrain the role of sea ice for
the Arctic amplification and Earth’s climate system [e.g.,
Holland et al., 2006; Eisenman and Wettlaufer, 2009; Notz,
2009; Serreze, 2011; Serreze et al., 2011; Kurtz et al., 2011;
Perovich et al., 2011a]. Until now, statements about the melt
pond distribution in the Arctic can only be made from the
attempts to model melt ponds [Lüthje et al., 2006; Pederson
et al., 2009; Scott and Feltham, 2010; Skyllingstad et al.,
2009; Flocco et al., 2010]. A realistic presentation of melt
pond fractions in the Arctic is only be possible with obser-
vations on a large scale over at least one melting period.
Therefore, it is important to use remote sensing techniques
that are applicable to detect the evolution of melt ponds. To
survey melt ponds Arctic-wide, approaches regarding the
use of satellite data have been developed by Markus et al.
[2003]; Tschudi et al. [2008]; Rösel and Kaleschke [2011]
and Rösel et al. [2012].
[7] A scientific debate is ongoing with respect to the role of

clear skies anomalies. For example, Schweiger et al. [2008]
and Lindsay et al. [2009] demonstrated with experiments
from a dynamic ice-ocean model that the negative cloud
anomaly over the Arctic in 2007 did not contribute sub-
stantially to the record sea ice extent minimum of the same
year. In contrast, analysis from observations and reanalysis
data reveal in a significant impact of negative cloud cover
anomalies on the surface energy budget [e.g.,Kay et al., 2008;
Walsh et al., 2009; Perovich et al., 2008; Howell et al., 2010].
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[19] Figure 3a illustrates multiannual mean relative melt
pond fractions of the Arctic Ocean and the individual annual
cycles for 2000 to 2011. The relative mean melt pond fraction
shows a strong increase in June with a maximum of 30%
lasting from the end of June until the beginning of August.
Seasonal cycles of the years 2007 and 2011 both begin below
the average curve of relative melt pond fraction. With the
beginning of June, relative melt pond fraction in 2007 has
its highest increase and rises above average values. A first
maximum of relative melt pond fraction in 2007 is reached in
mid-June, which is followed by above-average values in July
and August. In contrast to 2007, relative melt pond fraction in
2011 shows a smoother increase at the beginning of the melt
season and exceeds the mean values in mid-June. From this
point in time the curve of 2011 remains up to two standard

deviations above average (30 ! 1.2%) and even above the
high values of 2007.
[20] Figure 3b depicts absolute melt pond areas for all

years of the Arctic region. There is evidence that annual sea
ice extent has a strong influence on total melt pond area. Both
years, 2007 and 2011 begin below the average curve of total
melt pond area due to negative sea ice extent anomalies.
Additionally, strong increases of melt ponds in June and
their early occurrence (Figure 3a) have a severe influence on
total melt pond area (Figure 3b). The observed maximum
melt pond area in 2011 is 2.5 million km2 and amounts
0.4 million km2 more than the average maximum of all years.
The 2007 maximum, with 2.4 million km2, lies slightly lower
than 2011 between the maximum of 2011 and the average
value of 2.1 million km2. Note that until the 2007 maximum

Figure 2. Comparison of the spatial melt pond fraction from the data sets of (left) June 18 2007 and (right)
June 18 2011.

Figure 3. (a) Multiyear mean relative melt pond fraction (black line) with standard deviation (dashed line)
and (b) mean sea ice area covered with melt ponds (black line) with standard deviation (dashed line) for the
time period 2000–2011 relative to the sea ice area for the entire Arctic. The light gray lines display the
development of melt ponds for the single years. The years 2007 (red) and 2011 (magenta) are highlighted
for comparison.
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How will this large scale ice melting and changes of 

water properties (light, temperature, mixing, etc) 

affect the ecosystem? 
 
 



BIOMAS’ Circulation Model and Grid 

physical	  open	  boundary	  condiGons	  imposed	  
from	  a	  global	  model	  run	  

Parallel	  ocean	  and	  sea	  ice	  model	  
(Zhang/Rothrock	  2003).	  
	  
	  	  	  	  =>	  MulG-‐category	  thickness	  
and	  enthalpy	  distribuGon	  sea	  ice	  
model.	  
	  
	  	  	  	  =>	  POP	  (parallel	  ocean	  
program)	  ocean	  model	  
	  	  	  	  	  	  	  	  	  (Smith	  et	  al.	  1992).	  
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Schematic of BIOMAS’ Pelagic Ecosystem Model 

Zhang	  et	  al.	  (2010)	  –	  based	  on	  Nemuro	  



Changes in PP and plankton 
in the Arctic Ocean 

Satellite	  derived	  PP	  values	  are	  from	  	  
Pabi	  et	  al.	  2008	  and	  Arrigo	  et	  al.	  2008	  

Is the trend the same for 
all the Seas? 

Is that due to a longer 
growing season? If not, then 

why? 



Arctic Regions for Analysis Purpose 



Start	  and	  End	  of	  Growing	  Season	  (10%	  above	  Phytoplankton	  Winter	  Value)	  
Beaufort	  Sea	  

Chukchi	  Sea	  

Diatom	   Flagellate	   Chlorophyll	  

Yea
r	  

1988	   2010	  

Da
y	  



Trend of Yearly Maximum (day (black), magnitude (red)) for the Beaufort Sea 



Maximum of Biomass and Primary Productivity, and Minimum of 
Nitrate – Change in Day from 1988 to 2010  

Chlorophyll -21 -21 -17 -8 -13

Flagellate -17 -19 -10 -7 -13

Diatom -18 -23 -21 -11 -12

Microzoo -16 -8 -17 -17 -27

Copepod -12 -10 -9 -8 -24

Predatory Zoo -4 -3 -28 -3 -15

PP -31 -17 -15 -5 -9

Ammonium -26 -13 -2 3 -23

Min Nitrate 100m -12 2 16 5 5

Min Nitrate 5m -12 -2 -1 1 -4

 Nordic SeaChukchi Sea Beaufort Sea Arctic Deep Basin Canada Arch.

Change	  in	  Gming	  of	  the	  secondary	  producer	  biomass	  	  is	  largest	  in	  deep	  basin,	  especially	  
for	  the	  predatory	  zooplankton	  
	  Nitrate	  minimum	  happens	  earlier	  at	  the	  surface	  but	  later	  at	  depth	  in	  the	  Beaufort	  Sea	  
and	  Deep	  Basin	  

Change	  in	  Gming	  of	  max.	  PP	  is	  the	  largest	  in	  the	  Chukchi	  Sea	  and	  the	  largest	  change	  in	  Gming	  
of	  phytoplankton	  happens	  in	  the	  Beaufort	  Sea	  



Maximum of Biomass and Primary Productivity, and Minimum of 
Nitrate – Change in value from 1988 to 2010  

Chlorophyll 24% 12% 20% 57% 17%
Flagellate 12% 39% 129% 149% 20%
Diatom 31% -2% -10% 20% 14%
Microzoo 9% 33% 79% 64% 11%
Copepod 8% 12% 69% 84% 19%
Predatory Zoo 11% 10% 88% 90% 6%
PP 20% 21% 36% 113% 19%
Ammonium -99% -10% 36% 108% 9%

Min Nitrate 100m -100% -28% -16% 12% -5%
Min Nitrate 5m 26% -114% -93% -39% -29%

 Nordic SeaChukchi Sea Beaufort Sea Arctic Deep Basin Canada Arch.

Change	  in	  the	  secondary	  producer	  biomass	  	  is	  the	  largest	  in	  deep	  basin	  
Nitrate	  is	  decreasing	  at	  the	  surface	  (except	  in	  the	  Chukchi	  Sea)	  and	  over	  the	  first	  100m	  	  

Change	  in	  flagellate	  biomass	  and	  PP	  is	  the	  	  largest	  in	  the	  deep	  basin.	  Decrease	  of	  diatom	  
biomass	  in	  Beaufort	  and	  Deep	  Basin	  	  



Summer	  Mean	  Primary	  ProducPvity	  (mg	  C	  m-‐2	  d-‐1)	  (0-‐50	  m)	  

2001-‐2006	  1988-‐2000	  

2007-‐2011	  

• 	  	  Decrease	  of	  PP	  in	  Beaufort	  Gyre	  

• 	  	  Increase	  of	  PP	  on	  the	  shelves	  
(more	  of	  the	  western	  Chukchi	  Sea)	  



Summer	  Mean	  Chlorophyll-‐a	  (mg	  Chl	  m-‐3)	  (0-‐50	  m)	  

2001-‐2006	  1988-‐2000	  

• 	  	  Decrease	  of	  Chl	  in	  Beaufort	  Gyre	  

• 	  	  Increase	  of	  Chl	  on	  the	  shelves	  
(more	  of	  the	  western	  Chukchi	  Sea	  

2007-‐2011	  



2001-‐2006	  1988-‐2000	  

2007-‐2011	  

Summer	  Mean	  Total	  Zooplankton	  biomass	  (mmol	  N	  m-‐3)	  (0-‐50m)	  

Secondary	  producers	  appear	  to	  
follow	  same	  trend	  as	  the	  primary	  
producGon	  but	  not	  as	  rapidly	  



Summer	  Mean	  Total	  Nitrogen	  (mmol	  N	  m-‐3)	  (0-‐50m)	  

2001-‐2006	  1988-‐2000	  

2007-‐2011	  

• 	  	  Decrease	  of	  TN	  in	  Beaufort	  Gyre	  

• 	  	  Increase	  of	  TN	  on	  the	  shelves	  
(more	  of	  the	  western	  Chukchi	  Sea)	  



Summer	  Mean	  KinePc	  Energy	  (cm2	  s-‐2)	  (0-‐100m)	  

2001-‐2006	  1988-‐2000	  

2007-‐2011	  

• 	  	  Increase	  of	  KE	  at	  the	  shelgreak	  
and	  edge	  of	  the	  Gyre	  



Beaufort	  Gyre	  	  (>	  1000m)	  
	  

100	  m	  	  averaged	  current	  
EOF	  analysis	  



100	  m	  Integrated	  Total	  Nitrogen	  –	  Beaufort	  Sea	  –	  1988-‐2010	  

Amplitude	  



Conclusions	  and	  future	  research	  

• While	  we	   found	   that	   the	  maximum	  of	   producGvity	   occurs	   earlier	   and	   reaches	  
higher	  values	  in	  general,	  we	  did	  not	  find	  a	  significant	  trend	  in	  the	  start	  and	  end	  of	  
the	  growing	  season.	  

But	  
• The	  Gming,	  magnitude	  and	  pahern	  of	  cycles	  are	  changing	  differently	  from	  region	  
to	  region	  

• Plankton	  classes	  respond	  differently	  from	  region	  to	  region.	  Flagellate	  increase	  is	  
larger	   than	   diatom	   increase	   in	   general.	   Grazer	   increase	   is	   larger	   in	   the	   Deep	  
Basin.	  	  

• There	  is	  increase	  of	  total	  nitrogen	  over	  the	  shelves	  and	  shelgreak	  but	  decrease	  
at	   the	   center	   of	   the	   Beaufort	   Gyre.	   This	   decrease	   of	   nitrate	   could	   reduce	  
producGvity	  due	  to	  nitrogen	  limitaGon.	  On	  the	  edge	  of	  the	  gyre,	  there	  seems	  to	  
be	  an	  increase	  of	  plankton	  biomass.	  

• While	   trends	   can	   be	   found,	   the	   complex	   nature	   of	   the	   ArcGc	   Seas	   call	   for	  
cauGons	  when	  analyzing	  observaGons.	  
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