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1. Abstract

4. Results
4.1.
4.1. CHL
CHL and
and CCL
CCL monthly
monthly decadal
decadal climatologies
climatologies
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4.2.
4.2. Pixel-wise
Pixel-wise significant
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changes of
of CHL,
CHL, CCL,
CCL, SST
SST and
and CF
CF

Apr
Mar
Jun

During the last decades, there has
been a significant warming trend over
the Arctic, corresponding in average to
approximately 5°C/century. Due to
combination of marine and terrestrial
abiotic factors the most evident
influence of the climate change on
aquatic ecosystems occurs in the
coastal zones.
The
The objective
objective of
of the
the presented
presented study
study was
was to
to detect
detect decadal
decadal changes
changes of
of water
water
quality
quality parameters
parameters based
based of
of consistent
consistent satellite
satellite observations
observations of
of coastal
coastal aquatic
aquatic
ecosystems
ecosystems of
of the
the Nordic
Nordic Seas
Seas and
and relate
relate observed
observed trends
trends to
to changes
changes in
in essential
essential
climate
climate variables.
variables.
We
We focus
focus our
our research
research at
at the
the region
region shown
shown on
on the
the map.
map. Satellite
Satellite data
data acquired
acquired
during
during the
the first
first ten
ten years
years of
of SeaWIFS
SeaWIFS operation
operation (1998
(1998 –– 2007)
2007) were
were analyzed
analyzed in
in
the
the following
following steps:
steps:
A)
A) An
An archive
archive of
of consistent
consistent satellite
satellite observations
observations of
of the
the Nordic
Nordic Sea
Sea coastal
coastal waters
waters
quality
quality was
was created;
created;
B)
B) Remote
Remote sensing
sensing data
data were
were processed
processed with
with the
the developed
developed bio-optical
bio-optical
algorithms
algorithms for
for retrieving
retrieving water
water quality
quality parameters
parameters (chlorophyll-a,
(chlorophyll-a, total
total
suspended
suspended matter,
matter, dissolved
dissolved organic
organic carbon,
carbon, coccoliths)
coccoliths) with
with account
account for
for the
the
local
local hydro-optical
hydro-optical conditions;
conditions;
C)
C) An
An archive
archive of
of essential
essential climate
climate variables
variables (sea
(sea surface
surface temperature,
temperature, cloudiness,
cloudiness,
wind
wind speed)
speed) was
was created
created ;;
D)
D) Significant
Significant decadal
decadal changes
changes of
of water
water quality
quality parameters
parameters were
were detected
detected and
and
related
related to
to the
the observed
observed changes
changes of
of the
the essential
essential climate
climate variables
variables
It
It was
was found
found that
that statistically
statistically significant
significant change
change of
of chlorophyll
chlorophyll (decrease
(decrease by
by
~80%
~80% in
in April
April –– June
June in
in the
the Northern
Northern Sea
Sea and
and increase
increase by
by ~70%
~70% in
in July
July in
in the
the
Barents
Barents Sea)
Sea) is
is reciprocally
reciprocally proportional
proportional to
to SST.
SST. Statistically
Statistically significant
significant change
change
of
of coccoliths
coccoliths (decrease
(decrease by
by ~50%
~50% in
in July
July in
in the
the Barents
Barents Sea
Sea and
and increase
increase by
by ~30%
~30%
in
in August
August –– September
September in
in the
the Barents
Barents Sea
Sea and
and in
in the
the Norwegian
Norwegian Sea)
Sea) is
is
proportional
proportional to
to SST.
SST.
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2. Data sources
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GLOBCOLOUR
GLOBCOLOUR [4km]
[4km] (http://www.globcolour.info/):
(http://www.globcolour.info/):
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Fully normalized
normalized water
water leaving
leaving radiance
radiance at
at 412,
412, 443,
443, 490,
490, 510,
510, 555,
555, 670,
670, nm
nm
Chlorophyll-a
Chlorophyll-a (CHL)
(CHL)
Cloud
Cloud Fraction
Fraction (CF)
(CF)
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PATHFINDER
PATHFINDER 55 [4km]
[4km]
(http://www.nodc.noaa.gov/SatelliteData/pathfinder4km/):
(http://www.nodc.noaa.gov/SatelliteData/pathfinder4km/):
Sea
Sea Surface
Surface Temperature
Temperature (SST)
(SST)
oo
Blended
Sea
Winds
[0.25
Blended Sea Winds [0.25 ]]
(http://www.ncdc.noaa.gov/oa/rsad/seawinds.html):
(http://www.ncdc.noaa.gov/oa/rsad/seawinds.html):
Wind
Wind Speed
Speed (W)
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4.3.
4.3. Zones
Zones

3. Methods

3.2.
3.2. Zoning
Zoning
The
The water
water quality
quality (CHL,
(CHL, TSM,
TSM, CCL,
CCL, DOC)
DOC) and
and weather
weather (SST,
(SST, CF,
CF, W)
W)
parameters
parameters are
are highly
highly variable
variable both
both in
in space
space and
and time.
time. Our
Our task
task was
was to
to estimate
estimate
statistically
statistically significant
significant trends
trends not
not influenced
influenced by
by seasonal
seasonal dynamics.
dynamics. We
We divided
divided of
of
the
the area
area of
of interests
interests into
into zones
zones and
and the
the annual
annual cycle
cycle into
into subseasons
subseasons with
with the
the
following
following procedure:
procedure:
A)
A) trends
trends of
of every
every variable
variable in
in each
each pixel
pixel and
and for
for every
every month
month were
were calculated;
calculated;
B)
B) significance
significance of
of each
each trend
trend was
was estimated;
estimated;
C)
C) zones
zones and
and subseasons
subseasons where
where the
the trends
trends were
were significant
significant were
were identified;
identified;
D)
D) magnitude
magnitude and
and the
the reasons
reasons of
of the
the observed
observed trends
trends in
in each
each zone
zone was
was evaluated
evaluated
and
and analyzed.
analyzed.
3.3.
3.3. Pixel-wise
Pixel-wise trend
trend calculation
calculation
In
In each
each pixel
pixel the
the trend
trend of
of each
each variable
variable was
was calculated
calculated using
using data
data from
from 55 xx 55
pixels
pixels floating
floating window.
window. The
The window
window was
was moved
moved with
with 22 pixels
pixels step
step so
so the
the
resolution
resolution of
of the
the resulted
resulted image
image was
was 22 times
times coarser.
coarser. Values
Values from
from pixels
pixels were
were
compared
compared with
with the
the mean
mean and
and ifif the
the deviation
deviation exceeded
exceeded three
three standard
standard deviations
deviations
they
they were
were considered
considered as
as outliers
outliers and
and removed
removed from
from averaging.
averaging. For
For calculating
calculating aa
trend
trend for
for each
each month
month only
only data
data from
from the
the same
same month
month from
from all
all ten
ten years
years of
of
satellite
satellite observations
observations were
were taken.
taken.
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3.5.
3.5. Identification
Identification of
of zones
zones and
and subseasons
subseasons
For
For twelve
twelve months
months and
and for
for seven
seven variables
variables (CHL,
(CHL, TSM,
TSM, DOC,
DOC, CCL,
CCL, SST,
SST, CF,
CF, W)
W)
we
we have
have generated
generated 84
84 maps
maps with
with significant
significant decadal
decadal changes.
changes. Due
Due to
to cloudiness
cloudiness
and
and low
low sun
sun zenith
zenith angle
angle in
in the
the north
north during
during almost
almost half
half of
of the
the year
year –– from
from
October
October to
to March
March some
some low
low quality
quality remote
remote sensing
sensing data
data were
were excluded
excluded from
from
analysis.
analysis.
Zones
Zones were
were identified
identified in
in the
the visual
visual analysis
analysis with
with the
the following
following rules:
rules:
A)
A) Pixels
Pixels with
with significant
significant decadal
decadal change
change should
should form
form aa distinct
distinct zone
zone where
where the
the
sign
sign and
and the
the magnitude
magnitude is
is similar
similar for
for every
every pixel;
pixel;
B)
B) The
The distinct
distinct zone
zone should
should be
be located
located in
in nearshore
nearshore area
area (<
(< 200
200 km);
km);
C)
C) Zones
Zones with
with significant
significant decadal
decadal change
change of
of water
water quality
quality variables
variables (CHL,
(CHL, TSM,
TSM,
CCL,
CCL, DOC)
DOC) should
should be
be co-located
co-located with
with zones
zones with
with significant
significant change
change of
of weather
weather
variables
variables (SST,
(SST, CF,
CF, W).
W).
D)
D) If
If zones
zones with
with similar
similar sign
sign and
and magnitude
magnitude were
were found
found on
on consecutive
consecutive months
months at
at
the
the same
same location
location then
then itit was
was assumed
assumed that
that this
this is
is one
one zone/subseason.
zone/subseason.
The
The map
map of
of the
the identified
identified zones
zones is
is shown
shown in
in Section
Section 4.3.
4.3.
3.5.
3.5. Zone-wise
Zone-wise trend
trend calculation
calculation
Calculation
Calculation of
of trends
trends for
for each
each zone
zone was
was the
the same
same as
as pixel-wise
pixel-wise trend
trend calculation.
calculation.
As
As example,
example, trends,
trends, calculated
calculated for
for the
the Zone
Zone 44 are
are shown
shown in
in Section
Section 4.4.
4.4.
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Monthly means of variables in the Zone 4
(blue dots) and corresponding trend-lines
(black line). Error-bars show standard
deviations from averaging over the zone. Xaxis — months from the begining of 10-years
period, Y-axis — variable value.
Other zones are not shown due to lack of
space.
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3.4.
3.4. Estimating
Estimating trend
trend significance
significance with
with the
the Student
Student criterion
criterion
The
The sample
sample of
of values
values selected
selected from
from pixels
pixels from
from aa given
given floating
floating window
window and
and for
for
aa given
given month
month was
was divided
divided into
into 15
15 independent
independent subsamples.
subsamples. AA first
first order
order
polynomial
polynomial describing
describing the
the trend
trend was
was estimated
estimated for
for each
each subsample.
subsample. Coefficients
Coefficients
of
of 15
15 polynomials
polynomials were
were averaged
averaged and
and standard
standard deviation
deviation was
was found.
found. If
If the
the
standard
standard deviation
deviation of
of averaged
averaged polynomial
polynomial coefficient
coefficient was
was 33 times
times less
less than
than the
the
mean
mean then
then the
the coefficient
coefficient is
is significantly
significantly different
different from
from zero
zero and
and the
the trend
trend is
is
significant
significant with
with level
level of
of confidence
confidence pp =
= 0.99.
0.99.
Maps
Maps of
of significant
significant decadal
decadal change
change of
of CCL,
CCL, CHL,
CHL, SST
SST and
and CF
CF for
for each
each month
month
calculated
calculated with
with pixel-wise
pixel-wise trends
trends are
are shown
shown in
in Section
Section 4.2.
4.2. Non
Non significant
significant
trends
trends are
are masked
masked with
with gray
gray color.
color.
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First,
First, the
the polynomials
polynomials describing
describing the
the trend
trend were
were calculated
calculated from
from values
values of
of all
all
pixels
pixels within
within aa floating
floating window.
window. Next,
Next, the
the polynomials
polynomials were
were used
used to
to estimate
estimate the
the
change
change of
of the
the variable
variable over
over aa decade.
decade. The
The value
value of
of the
the decadal
decadal change
change was
was for
for
each
each month,
month, for
for each
each pixel
pixel was
was put
put on
on aa map.
map.
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4.4.
4.4. Trends
Trends for
for Zone
Zone 44 (Barents
(Barents Sea,
Sea, July)
July)
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Zones of significant variable change, that
were defined using procedure described in
Section 3.5. The table shows
corresponding subseasons and observed
significant changes of the variables.

3.1.
3.1. Water
Water quality
quality parameters
parameters retrieval
retrieval
The
The bio-optical
bio-optical algorithm,
algorithm, developed
developed at
at NIERSC
NIERSC was
was applied
applied for
for retrieval
retrieval of
of
four
four variables:
variables: concentrations
concentrations of
of chlorophyll-a
chlorophyll-a (CHL),
(CHL), total
total suspended
suspended minerals
minerals
(TSM),
(TSM), dissolved
dissolved organic
organic carbon
carbon (DOC)
(DOC) and
and amount
amount of
of coccoliths
coccoliths per
per liter
liter (CCL)
(CCL)
from
from ocean
ocean color
color remote
remote sensing
sensing data.
data. The
The algorithm
algorithm was
was supplemented
supplemented with
with the
the
hydro-optical
hydro-optical model
model developed
developed especially
especially for
for the
the North
North Sea
Sea at
at NERSC
NERSC and
and
expanded
expanded by
by adding
adding cross-section
cross-section of
of specific
specific backscattering
backscattering coefficients
coefficients of
of
coccoliths.
coccoliths.
Concentrations
Concentrations of
of CHL
CHL and
and CCL
CCL retrieved
retrieved with
with the
the bio-optical
bio-optical algorithms
algorithms and
and
averaged
averaged over
over ten
ten years
years for
for each
each month
month are
are shown
shown in
in Section
Section 4.1..
4.1.. Winter
Winter data
data
has
has low
low quality
quality and
and not
not shown.
shown. TSM
TSM and
and CDOM
CDOM do
do not
not change
change over
over aa decade
decade and
and
not
not shown.
shown.
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5. Conclusions
5.1.
5.1. Main
Main result.
result. Only
Only CHL
CHL and
and CCL
CCL exhibit
exhibit statistically
statistically significant
significant change
change in
in
some
some areas
areas of
of the
the Nordic
Nordic Seas
Seas during
during the
the 1998
1998 –– 2007
2007 period.
period. CHL
CHL is
is reciprocally
reciprocally
proportional
proportional to
to SST,
SST, while
while CCL
CCL is
is proportional
proportional to
to SST.
SST. Both
Both CHL
CHL and
and CCL
CCL are
are not
not
sensible
sensible to
to changes
changes of
of CF
CF or
or W.
W.
5.2.
5.2. Problems
Problems and
and future
future plans.
plans.
A)
A) The
The observed
observed relation
relation of
of CHL
CHL to
to SST
SST is
is not
not clearly
clearly understood.
understood. SST
SST role
role in
in the
the
Nordic
Nordic Seas
Seas coastal
coastal ecosystem
ecosystem will
will be
be studied
studied more
more thoroughly
thoroughly and
and more
more variables
variables
will
will be
be included
included in
in the
the analysis
analysis (AO
(AO and
and NAO
NAO indeces,
indeces, salinity,
salinity, nutrients,
nutrients, mixed
mixed
layer
layer depth).
depth).
B)
B) Usually
Usually center
center of
of intensive
intensive coccolithophores
coccolithophores bloom
bloom is
is masked
masked with
with the
the «Invalid
«Invalid
Refectance»
Refectance» flag.
flag. Therefore
Therefore we
we analyze
analyze dynamics
dynamics of
of only
only moderate
moderate CCL
CCL
concentrations.
concentrations. L1
L1 data
data will
will be
be used
used for
for estimating
estimating CCL
CCL concentrations
concentrations without
without
masking.
masking.
C)
C) L3
L3 data
data obtained
obtained from
from GLOBCOLOUR
GLOBCOLOUR are
are too
too coarse
coarse to
to study
study dynamics
dynamics of
of water
water
quality
quality parameters
parameters in
in large
large Norwegian
Norwegian fjords.
fjords. L2
L2 data
data from
from the
the NASA
NASA OceanColor
OceanColor
project
project will
will be
be used
used for
for that
that purpose.
purpose.
D)
D) Linear
Linear trends
trends sometimes
sometimes do
do not
not reflect
reflect the
the actual
actual interannual
interannual dynamics
dynamics of
of some
some
variables.
variables. The
The period
period of
of data
data analysis
analysis will
will be
be increased
increased up
up to
to 12
12 years
years (1998
(1998 ––
2009)
2009) and
and polynomials
polynomials of
of higher
higher orders
orders will
will be
be used.
used.
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