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Abstract

The diffuse attenuation coefficient (K;) for downwelling irradiance is calculated from solar irradiance data
measured in the Arctic Ocean during 3rd and 4th Chinese National Arctic Research Expedition (CHINARE),
including 18 stations and nine stations selected for irradiance profiles in sea water respectively. In this study,
the variation of attenuation coefficient in the Arctic Ocean was studied, and the following results were ob-
tained. First, the relationship between attenuation coefficient and chlorophyll concentration in the Arctic
Ocean has the form of a power function. The best fit is at 443 nm, and its determination coefficient is more
than 0.7. With increasing wavelength, the determination coefficient decreases abruptly. At 550 nm, it even
reaches a value lower than 0.2. However, the exponent fitted is only half of that adapted in low-latitude ocean
because of the lower chlorophyll-specific absorption in the Arctic Ocean. The upshot was that, in the case
of the same chlorophyll concentration, the attenuation caused by phytoplankton chlorophyll in the Arctic
Ocean is lower than in low-latitude ocean. Second, the spectral model, which exhibits the relationship of
attenuation coefficients between 490 nm and other wavelength, was built and provided a new method to
estimate the attenuation coefficient at other wavelength, if the attenuation coefficient at 490 nm was known.
Third, the impact factors on attenuation coefficient, including sea ice and sea water mass, were discussed.
The influence of sea ice on attenuation coefficient is indirect and is determined through the control of enter-
ing solar radiation. The linear relationship between averaging sea ice concentration (ASIC, from 158 Julian
day to observation day) and the depth of maximum chlorophyll is fitted by a simple linear equation. In
addition, the sea water mass, such as the ACW (Alaskan Coastal Water), directly affects the amount of chlo-
rophyll through taking more nutrient, and results in the higher attenuation coefficient in the layer of 30-60
m. Consequently, the spectral model of diffuse attenuation coefficient, the relationship between attenua-
tion coefficient and chlorophyll and the linear relationship between the ASIC and the depth of maximum
chlorophyll, together provide probability for simulating the process of diffuse attenuation coefficient during
summer in the Arctic Ocean.
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1 Introduction

Because of high latitude and perennial thick sea ice, in
the Arctic Ocean, solar radiation penetrating into ocean as a
decisive source supporting the life of marine organism (Plat
and Rao, 1975) is so weak that the primary productivity (PP)
in this region was quite low and the biological process was
inactive, as illustrated in previous studies (Wheeler, 1997).
But now, these opinions have been challenged. Sea ice in the
Arctic Ocean is undergoing an unprecedented reduction in
the last decade, especially in summer. In 2012, the sea ice
area reached its historical minimum (http://nsidc.org/arctic-
seaicenews/2012/09/arctic-sea-ice-extent-settles-at-record-
seasonal-minimum/), causing an ever increasing fraction of
the sea surface, providing better condition for solar radiation
and increasing the habitat suitable for phytoplankton growth
(Pabi et al., 2008). The result is that more solar radiance pen-
etrates into seawater and PP in present is increasing abruptly.
It was reported that biomass was greatest (>1 000 mg/m3, cal-
culated by carbon) near the ice/seawater interface and was

associated with large nutrient deficits in the upper 25-30 m
of the water column beneath the ice (Arrigo et al., 2012) and
satellite-based estimates of annual primary productivity over
nutrient-rich Arctic continental shelves may be underestimated
by up to 10-fold (Chen et al., 2002).

The main reason of the change of primary productivity in
the Arctic Ocean is the increase of solar radiation entering into
sea water. In addition, the feedback of primary productivity,
including phytoplankton, enables to redistribute the increased
solar radiation, and finally change the physical properties of
the upper ocean (Dickey and Chang, 2001). The phytoplankton
modified upper layer seawater temperature by absorbing solar
heat flux (Morel, 1998). Many researchers attempted to quantify
this kind of biophysical effect. Siegel et al. (1995) observed that
in the equatorial Pacific Ocean phytoplankton blooms could in-
crease the heating rate of the mixing layer by 0.13°C/month and
reduce the penetrative heat flux by 5.6 W/m? at depth of 30 m.
Sathyendranath et al. (1991) estimated a maximum biological-
ly-induced heating rate of 4°C/month by using satellite data in
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the Arabian Sea. Manizza et al. (2005) quantified the feedbacks
on phytoplankton biomass for the global ocean using an ocean
general circulation model (OGCM) coupled to an ocean biogeo-
chemistry model. Some important doubts were answered such
as that phytoplankton biomass amplifies the seasonal cycle of
temperature, mixed layer depth and ice cover by roughly 10%
and at mid and high latitude, sea surface warms by 0.1-1.5°C in
spring and summer, and cools by 0.3°C in fall and winter .

The diffuse attenuation coefficient for dowelling irradiance,
K, is a key parameter during quantifying the feedback of phy-
toplankton biomass on the physical property of sea water. It is
also used in other fields including turbidity of sea water (Jer-
lov, 1976; Kirk, 1994), photosynthetic process of phytoplankton
(Marra et al., 1995; McClain et al., 1996), and heat transfer in
upper ocean (Chang and Dickey, 2004; Lewis et al., 1990; Morel
and Antoine, 1994). Although it depends on both the material
in the water and the geometry of the ambient light field. K is
often insensitive with shining conditions and is considered to
present a quasi-inherent optical property (Kirk, 1994). In addi-
tion, using phytoplankton chlorophyll a to present the optical
attenuating material in the ocean is also very necessary.

The bio-optical method based on the relationship between
bio-optical parameter and phytoplankton provides the con-
venience for study on primary productivity. But in the Arctic
Ocean, comparing with low latitude ocean, the relationship
between optical parameter and phytoplankton has not been
known because of the absent observation. In previous studies,
only few observations were focused on chlorophyll’s distribu-
tion and IOP (inherent optical parameter). For example, Liu et
al. (2008) investigated chlorophyll a in the Chukchi Sea, Chuk-
chi Plateau, the continental slop area, the Mendeleev ridge and
the Canada Basin using the data obtained by the Arctic cruise of
China in 2003. It is showed that chlorophyll a concentrations at
20-30 m depth in the subsurface water were higher than those in
the surface and under layer (Liu et al., 2008). Wang et al. (2005)
addressed the bio-optical property in the Beaufort and Chukchi
Seas. Both total particulate and phytoplankton absorption at
443 nm were closely correlated with chlorophyll concentration

(Wang et al., 2005). Matsuoka et al. (2007) studied the absorp-
tion of colored dissolved organic matter (CDOM) in the Chuk-
chi Sea. As the most important feature, total non-water absorp-
tion here is dominated by CDOM, which is significantly higher
than those in other regions (Matsuoka et al., 2007).
Comprehending IOP of sea water is able to enhance the un-
derstanding of the apparent optical parameter (AOP). In this
study, considering the influence of the incident solar flux on the
physical property of sea water, such as the process of heating,
current, the process of sea ice melting and so on, the apparent
optical property such as diffuse attenuation coefficient (K) is
studied. Because of the scarce observation and low cognition
on apparent optical property in the Arctic Ocean, it is necessary
to enhance the comprehension upon diffuse attenuation coeffi-
cient in high latitude area. So, we will attempt to establish the re-
lationship between chlorophyll concentration and attenuation
coefficient, and discuss the mechanism of the spatial and tem-
poral change of attenuation coefficients of downwelling irradi-
ance on the basis of the analysis of solar irradiance measured in
Chinese National Arctic Research Expedition (CHINARE).

2 Data processing and method

Bio-optical observation was carried out on R/V Xuelong (an
icebreaker of China) during the 3rd and 4th CHINARE in Au-
gust. At this time, sea ice was melting and the marine biologi-
cal process was very active. Eighteen optical stations in the 3rd
CHINARE and nine optical stations in 4th CHINARE are chosen,
respectively, distributing from 72-80°N and 172-145°W, locat-
ing in the Chukchi Sea, Chukchi Cap, the Continental Slop, the
Northwind Escarpment and west of the Canada Basin (Fig. 1).

The optical instruments, PRR-800 and PRR-810, were de-
ployed to measure the downwelling irradiance (E,) in seawater
and the downwelling irradiance (E)) in air, respectively. These
instruments have 18 wavelengths (313, 380, 412, 443, 490, 510,
520, 532, 555, 565, 589, 625, 665, 683, 710, 765, 780 and 875 nm).
The wavelengths of the instruments are always chosen to avoid
the absorption bands of atmosphere from ultraviolet to near
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Fig.1. Stations map of the 3rd (a) and 4th (b) CHINARE cruise in the Beaufort Sea and Chukchi Sea.
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infrared. The PRR-800 was deployed by a hydrological winch
located at ship’s starboard side. Meanwhile, the PRR-810 was
fixed on the middle shipboard, about 2 m above the deck. Opti-
cal casts were normally deployed to the depth of 70-100 m, and
tilt angle of the instrument was less than 5°.

The observed data including the downwelling irradiance
in seawater and the reference irradiance at surface are always
used to calculate diffuse attenuation coefficient (K;). According
to the NASA ocean optics protocols for satellite ocean color re-
mote sensing (Mueller et al., 2002), we have

E,(z,2) = Ed(o,z)exp“Kd(z,/l)dz} , M
or
—jKd (z.4)dz=In[ E,(2,4) |~ In[E,(0", )], @

0

where z is the depth, 1 is the wavelength, K,(z, /) is the diffuse
attenuation coefficient of sea water, and 0~ represents the loca-
tion just below sea surface.

Using the K-analysis method (Mueller et al., 2002), the local
E,(z,2) at the central depth z_, could be considered as a constant
and be estimated from the data between z_+Az. That is

In[ £, (z,2)]=In[ E,(z,,2) ]~ (z=2,)K 4 (2), ®)

where the intercept In[Ey(z,,, )] and the slop K, (1) are un-
known and can be obtained by using least square method. Az
could be chosen arbitrarily. A larger Az will result in a smoother
attenuation coefficient, but will reduce the vertical resolution
and lose small scale information. However, if Az is too small,
the result will appear strong noise. Smith suggested that Az
should be chosen on the basis of the type of sea water (Smith
and Baker, 1984, 1986). In near shore waters, the value should
be as large as possible to eliminate the impact of the noise on
the attenuation coefficient, and in open water, the value should
be as small as possible (Mueller et al., 2002). Here, the Az value
is chosen as 6 m. The least square method is used to calculate
the diffuse attenuation coefficient (Zhao and Wang, 2010). From
Eq. (3), we have

(z—z,)In[E (z,1)/ E\(z,,,A)]

2
Kdm (/1)_ Z(Z_Zm)z . )

Prior to using the least square method, the irradiance data
are examined carefully and the abnormal signals should be
eliminated. Then, the irradiance is averaged in 1 m interval.

A COMPACT-CTD made by ALEC Company in Japan was at-
tached and deployed together with these optical instruments,
to measure sea water temperature, salinity and chlorophyll
concentration. The diffuse attenuation coefficient, tempera-
ture, salinity and chlorophyll concentration are averaged in
1 m interval, too.

3 Results and discussion

3.1 Relationship between chlorophyll concentration and at-

tenuation coefficient

In oceanic Case I seawater, the diffuse attenuation coef-
ficient is mainly influenced by attenuation coefficient of pure
water (K) on the one hand, and “biological compartment” on
the other hand (Morel and Maritorena, 2001). The chlorophyll a
concentration, denoted by Chl g, is often the only index which
can be used to quantify the biogenic content (Morel and Mari-
torena, 2001). In 1988, Morel developed a bio-optical model of
Case I water for describing the relationship between K and Chl
a, in which K (2) is expressed in power function of Chl a (Morel,
1988):

K, (A) = g(A)[Chla” + K, 5)

where x(1) and e(7) are the regression coefficients. As lower limit
of K, K, is well approximated by

K. ~a +ib_, ©)

K,,=K,~-K, @
where a,, and b,, are the absorption and scattering coefficients

of optically pure seawater, respectively. The K values used in
the present study (Table 1) were derived from those proposed

Table 1. Comparison of (1) and e(1) calculated by Eq. (5) with Morel’s result (Morel and Maritorena, 2001)

Waveband/nm K, /mt e(d) 1) R2
In this paper 412 0.00795 0.349 0.161 0.723
443 0.00955 0.398 0.108 0.719
490 0.01660 0.412 0.058 0.494
510 0.03385 0.472 0.043 0.370
520 0.04214 0.458 0.040 0.342
532 0.04560 0.397 0.039 0.303
555 0.06055 0.292 0.033 0.191
565 0.06505 0.241 0.033 0.160
Morel and Maritorena (2001) 415 0.007 65 0.65555 0.12332 —
445 0.00990 0.67443 0.10560 —
490 0.01660 0.68955 0.07242 —
510 0.03385 0.68567 0.05943 —
520 0.04214 0.68015 0.05341 —
530 0.04454 0.67224 0.04829 —
555 0.06053 0.64204 0.03996 —
565 0.06507 0.63000 0.03750 —
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by Smith (Smith and Baker, 1984).

In the Arctic Ocean, owing to the observation area covered
by sea ice and far away from the offshore, the oceanic water is
very clear and is concluded to be Case I water on the basis of the
classification proposed by Jerlov (Jerlov, 1976). So in this study,
the above model, denoted by Eq. (5), is applied firstly in the Arc-
tic Ocean to exhibit the impact of chlorophyll on diffuse attenu-
ation coefficient of downwelling irradiance. The power function
fit curves for K at eight wavelengths with Chl a were given in
Fig. 2. The attenuation coefficient of optical pure sea water (K)
used, regression coefficients y(1) and e(%), as well as the deter-
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mination coefficient acquired by power function fitting method
are listed in Table 1.

As shown in Fig. 2, the values of determination coefficient
(R?) at 412 and 443 nm are more than 0.70 and are larger than
those at other wavelength, and the values at long-wave bands
are smaller, especially at 555 and 565 nm only 0.191 and 0.190,
respectively. Beyond 600 nm, because the relationship between
K,(2) and Chl a does not well match the power function model
(5), the values of determination coefficient are not showed. The
regression coefficient y(1) shows a downward trend within the
range of 0.03 to 0.16, similar to the result of Morel and Maritore-
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Fig.2. The relationship of chlorophyll a concentration with K., at 412, 443, 490, 510, 520, 532, 555 and 565 nm. The blue points are
the observation data and the red lines are the fitted power function.
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na (2002); and the regression coefficient e(’) shows an increase
process in the beginning and a decrease process after that,
within the range of 0.24 to 0.48. This tendency is similar to the
result of Morel and Maritorena (2001), however, the magnitude
of e in this study is only a half of that in their study.

The best fitting for the relationship between diffuse attenu-
ation coefficient and chlorophyll concentration takes place at
443 nm, which is just located at the strong absorption band of
chlorophyll. In the Arctic Ocean, phytoplankton as the chloro-
phyll carrier inevitably influences the spectral diffuse attenua-
tion coefficients. As reported in previous study, both total par-
ticulate and phytoplankton absorptions at 443 nm were closely
correlated with chlorophyll concentration (Wang et al., 2005).
Although the diffuse attenuation coefficient is not equal to the
absorption coefficient, it is largely determined by the absorp-
tion coefficient of water in Case I sea water (Mobley, 1994).

The analysis shows that the biggest difference between the
regression coefficients, observed in low latitude ocean and in
the Arctic Ocean respectively, is the magnitude of e(4), which
exhibits the special biological optical property of sea water in
the Arctic Ocean. Bio-optical properties of sea water in the Arc-
tic Ocean were reported to be significantly different from those
at lower latitudes (Wang et al., 2005; Mitchell, 1992; Arrigo et
al., 1998; Cota et al., 2003). The difference of biology was mainly
attributed to the presence of large-size and highly packaged
phytoplankton such as diatoms, resulting in lower chlorophyll-
specific absorption. As a result, the higher chlorophyll a con-
centration only induced the smaller attenuation coefficient in
the Arctic Ocean than in low latitude ocean.

The difference of regression coefficients must be noticed
in simulating heating process generated by solar radiation in
ocean. If the difference is ignored in the heating process of oce-
anic sea water, sea water absorbing more heat leads more sea
ice melting.

Simultaneously, although the determination coefficients at
wavelength more than 500 nm are low, and the relationship (Eq.
(5)) cannot be obtained, the energy attenuation is very impor-
tant to simulate the heating process by solar radiation. Another
model will be described in following section to solve this prob-
lem.

3.2 The spectral model of diffuse attenuation coefficient in the
Arctic Ocean
According to Jerlov (1974), the diffuse attenuation coeffi-
cient for downwelling irradiance, K;(2) at any wavelength can
be described by a linear function of K (4,) with a reference
wavelength /. Austin and Petzold (1981) proposed the follow-
ing linear model:

Ky (D) - K, (D) =MDIK(4)-K, (4], ®)
where M(2) is the slope, 4,=490 nm.

The linear model provides an efficient way to estimate the
diffuse attenuation coefficient at wavelength more than 500
nm.

In this study, a modified model is shown as follows:

Ky(D=M (A)x K (4)+1(2), )

where the parameters M and I can be acquired by using the lin-

ear regression method. They with the determination coefficient
together were shown in Fig. 3.

In spectral range of 412 to 589 nm, all determination coeffi-
cients (R?) are above 0.65. The maximum value of R?is at 510 nm.
At longer wavelength, because of the small determination coef-
ficient, the relationship for the spectral attenuation coefficient
is not shown in Fig. 3. The tendency of M()) is decreasing with
increasing wavelength in the range less than 589 nm, which is
similar to the conclusion from other reports (Austin and Pet-
zold, 1981).

The spectral model provides a convenient way to calculate
the spectral attenuation coefficient at the range of 400 to 600
nm in the Arctic Ocean. Because of the lower determination co-
efficient, the attenuation coefficient at wavelength greater than
500 nm is hard to be simulated. This section provides a more
accurate way. Firstly, the attenuation coefficient at 490 nm is
obtained according to Eq. (5), which gives the relationship be-
tween K;(490) and Chl a. Secondly, the attenuation coefficients
at the range of 400 to 600 nm are calculated through this spec-
tral model (Eq. (9)). Compared with the direct calculation from
chlorophyll a by using Eq. (5), this indirect calculation by using
Eq. (9) is more precise.

Thoroughly understanding the characteristics of K;(1) would
improve greatly our knowledge on underwater light field. The
chlorophyll a concentrations in the Arctic Ocean were always
changing at any time, and the influence of this variation on light
field in sea water is profound and has not been reported. If the
spatial and temporal variety of chlorophyll a is known, from
Egs (5) and (9), we can obtain more accurate spectral attenu-
ation coefficient, and finally the important process of heating
sea water by solar radiation in OGCM in the Arctic Ocean can
be known strictly. Under sea ice rapidly melting condition, the
phytoplankton chlorophyll has especially important influence
on sea ice melting, and this needs further study.

3.3 The influence of sea ice on attenuation coefficient

The growth of phytoplankton, as chlorophyll’s carrier, is
controlled by the amount of solar radiation entering into sea
water and local nutrient concentration together. And the solar
radiation entering into sea water is determined by the percent-
age of sea ice cover. The lower sea ice concentration is, the more
solar radiation enter the ocean. So the less ice cover can pro-
mote higher primary productivity. In the Arctic Ocean, the nu-
trient in sea water surface layer is limited and isn’t continuously
supplied to phytoplankton. In the absence of the supplement of
nutrient from rivers, ocean current from eutrophic water, such
as Pacific inflow, can bring lots of nutrient into the Arctic Ocean
and tremendously alter the local physical property of sea water
and significantly promote the growth of phytoplankton. In this
section, only the influence of sea ice cover is discussed. The in-
fluence of ocean current will be discussed in the next section.

The influence of sea ice concentration on attenuation co-
efficient is not direct. Sea ice variation can indirectly influence
the concentration of chlorophyll, and finally change the attenu-
ation coefficient, through the way of changing the amount of
downwelling irradiance.

In order to characterize the impact of sea ice on the chloro-
phyll, the Bremen University’s ice concentration data retrieved
using AMSR-E observations were used in this study. The spa-
tial resolution is 6.25 km. The average sea ice concentration of
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Fig.3. The relationship of the diffuse attenuation coefficient at 412, 443, 510, 520, 532, 555, 565 and 589 nm with K, in 490 nm. The
black cross are the observation data and the red lines are the fitted simple linear function.

four points around the observation site is regarded as the sta-
tion’s sea ice concentration. The sea ice concentrations from the
153rd Julian day (June 1) to observation day were averaged as
the average sea ice concentration (ASIC) shown in Table 2. Oth-
er parameters were listed in Table 2 as well, such as the depth
with maximal chlorophyll a concentration.

Table 2 shows that the ASIC has negative correlation with
the depth of maximal chlorophyll. At Sta. 059, the ASIC is 95%,
and the corresponding depth is 15 m. At Sta. 048, the ASIC is
36%, and the corresponding depth is 77 m. The result of linear
regression between ASIC (denoted by C,q,) and the depth with
maximal chlorophyll (denoted by H, /) is shown in Fig. 4, and

the expression equation is shown as follows:

Hey, =—51.4xCyg +80.3 . (10)

This suggests that if the ASIC is more than 80%, the depth
with maximal chlorophyll a concentration is much shallow. If
the ASIC is smaller, the depth with maximal chlorophyll a is
generally greater than 50 m. These results describe the monthly
variation of the profile of chlorophyll caused by the monthly
variation of sea ice concentration.

The ASIC is the most important factor limiting the amount
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Table 2. The maximal chlorophyll a concentration, depth with maximal Chl a, and average sea ice concentration (ASIC)

Station No. Maximal chlorophyll/pg-L-! Depth at maximal chlorophyll/m ASIC/%
041 0.89 60 31
047 0.63 56 29
048 0.74 77 36
049 1.78 52 36
050 1.15 61 41
051 1.72 50 48
052 1.16 56 50
053 1.28 59 47
054 0.96 66 47
055 0.78 62 65
056 0.88 55 78
057 0.96 45 79
058 1.25 21 87
059 2.17 15 95
061 0.76 53 62
062 0.71 42 60
063 1.35 24 60
064 0.77 43 63
069 1.12 50 45
070 0.92 68 43
071 1.44 56 68
072 1.47 45 80
073 1.42 40 86
074 1.29 34 85
075 0.08 33 94
076 0.48 38 93

Depth at maximum chlorophyll concentration/m

H

Chla ASIC

=-51.4xC, . +80.3

IllIIIIIIIIIIIIIlIIIlIIIlIIIlIIIlIIIlIIllIIlIIIlIIIIIIlIIIIIIIlIIIlIIIlIIIlIII
20 30 40 50 60 70 80 90 100
Average sea ice concentration/%

Fig.4. The relationship between the average sea ice
concentration and the depth with maximum chloro-
phyll concentration. The red line is the fitted line by
simple linear function.

of solar radiation penetrating into sea water generally. If the
ASIC is large, the amount of solar radiation penetrating into sea
water is small. The ASIC also stands for the sequence of melting
sea ice due to that the direction of melting sea ice is northward
in the melting period in the Arctic Ocean, so the larger ASIC, the
earlier the time for sea ice melting in the north, and vice versa.
So, the Eq. (10) also exhibits the temporal variation of the

profile of chlorophyll. In the beginning, when sea ice begins
to melt, the phytoplankton grows up in the surface layer, and
the depth with maximal chlorophyll concentration is near the
surface. As time goes by, after the nutrient in the surface layer
is exhausted, the phytoplankton inevitably ingests nutrient to-
ward the deeper ocean, leading the change of the depth with
maximal chlorophyll concentration.

Actually, Eq. (10) expresses an important relationship be-
tween the amount of solar radiance entering into sea water and
chlorophyll. Nutrient is a main limiting factor at the surface,
whereas light may be a major limiting factor for phytoplankton
growth at the chlorophyll-maximum layer of open waters in the
deep Canada Basin (Sang and Whitledge, 2005). The fact is well
known that the depth of maximum chlorophyll should be where
both solar radiation and nutrient are plenteous. So, the tempo-
ral variation of chlorophyllin the Arctic Ocean is triggered by sea
ice melting and controlled by nutrient. The downward shifts of
depth with maximal chlorophyll change the profile of diffuse at-
tenuation coefficient and reassign the solar energy within 100 m,
finally alter the physical property of upper sea water.

3.4 The influence of Pacific inflow on attenuation coefficient

in the Arctic Ocean

Pacific inflow taking more nutrient and pouring into Arc-
tic Ocean has a greatly influence on the monthly variation of
chlorophyll’s profile in the Arctic Ocean. In previous studies,
the profile of attenuation coefficient is often used to deduce the
temporal and spatially variation of chlorophyll, but the com-
parison between the observations in different regions is hardly
undertaken. In this study, the optical thickness, denoted by 7, is
introduced by the integral of attenuation coefficient from z, to



60

z, as follows:

Ey(2,,4)
Ey(z,2)

The average attenuation coefficient X is obtained, as follows:

= exp{—]de (z',i)dz} =exp[-r (1)]. (11)

Zde (z.4)d
K==

575

12)

Optical thickness is a dimensionless parameter. It can express
the horizontal variation of diffuse attenuation coefficient. How-
ever, the vertical distribution is not compared in different range.

However, optical thickness divided by depth range, named
as average attenuation coefficient with the dimension of m,
and shown in Eq. (12), can express the vertical and horizontal
differences of the attenuation property of sea water. In Eq. (12),
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the depth z, and z, could be chosen arbitrarily. However, the
range between z, and z, chosen are determined by the vertical
profile of sea water mass. Here, the average attenuation coef-
ficient in 0-15 m, 15-30 m and 30-60 m were calculated, as
shown in Fig. 5.

In the northernmost parts of the observation region in Fig. 5,
the high average attenuation coefficient appears in 0-15 m and
15-30 m layers, where phytoplankton at surface is more active
than other region because of the beginning of sea ice melting.
Ice melting allows more sunlight entering into ocean, and phy-
toplankton biomass absorbs more energy to breed, resulting in
that the high attenuation coefficient appears in surface layer.

In 30-60 m layer, average attenuation coefficient along
Northwind Escarpment, such as at Sta. 072, is higher than in
Beaufort Sea, such as at Sta. 070. The difference between them
is more than 0.02 m~!. As shown in Fig. 6, the salinity profile of
Sta. 072 presents a great amount of the Alaskan Coastal Water
(ACW) in 30-60 m, which is warmer and contains more nutri-
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Fig.5. Average attenuation coefficient distribution at 443 nm in the 4th CHINARE. a. 0-15 m, b. 15-30 m, c. 30-60 m, and d. the

station map.
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Fig.6. The profiles of salinity and chlorophyll at Sta. 072 (a) and 070 (b) in the 4th CHINARE.

ent (Shi et al., 2004). However, in the same layer of the salin-
ity profile of Sta. 070, it is surface mixed water which is cool
and contains low nutrient concentration. The ACW containing
a great amount of nutrient feeds more phytoplankton, which
induces a significant increase of the diffuse attenuation coef-
ficient.

So, sea current from the ACW brings more nutrients and
alters the attenuation coefficient. The influence of nutrient on
attenuation coefficient can be quantitatively investigated if we
know the accurate nutrient concentration and the correspond-
ing annual variation.

4 Conclusions

In this paper, the attenuation coefficient is calculated by
solar irradiance data, measured in the Arctic Ocean during the
3rd and 4th Chinese Arctic Research Expeditions containing 27
stations of irradiance profiles, to study arctic special biological
optical property. The following results are obtained.

Due to the Case I seawater in investigation region, the at-
tenuation coefficient of downwelling irradiance is mainly con-
trolled by chlorophyll concentration. The power function, de-
scribing the relationship between attenuation coefficient and
chlorophyll, built in previous study before 30 years, is first ap-
plied in the Arctic Ocean. We found that the best fit of regres-
sion coefficients took place at short wavelength such as 412 and
443 nm with determination coefficient of more than 0.70. The
regression coefficient y(4) shows a downward trend within the
range of 0.03 to 0.16, similar to that in Morel’s; the regression co-
efficient e(4) shows an increase process in the beginning and a
decrease process after that, within the range of 0.24-0.48. In the
red-yellow bands of solar irradiance, the determination coeffi-

cient is lower than 0.2. It is suggested that at long-wave bands,
the power function is not well to fit the relationship between
attenuation coefficient and chlorophyll.

The most important difference is that the e(4) is only half of
that adapted to low-latitude ocean, because of the different bi-
ology. The biology in the Arctic Ocean was mainly attributed to
the presence of large-size and highly packaged phytoplankton
such as diatoms, resulting in lower chlorophyll-specific absorp-
tion. The difference of e(/) between in the Arctic Ocean and low
latitude ocean should be considered carefully in bio-optical
model.

The spectral model of attenuation coefficient is built by us-
ing a linear equation. The attenuation coefficient at 490 nm
chosen acts as the reference coefficient, the attenuation coeffi-
cient at other wavelength is calculated from the linear equation.
All determination coefficient at wavelength lower than 600 nm
is more than 0.5. The spectral model provides a convenient way
to calculate the spectral attenuation coefficient at the range of
400 to 600 nm in the Arctic Ocean.

Sea ice concentration controls the amount of solar irradi-
ance penetrating into ocean, which determinates the depth of
the maximal chlorophyll together with nutrient supply. In this
study, an important relationship between the ASIC from 158
Julian day to observation day) and the depth with maximum
chlorophyll concentration is proposed, which may explain the
temporal variation of the profile of chlorophyll. In addition,
the average attenuation coefficient is calculated to investigate
the spatial variation of attenuation coefficient. In 30-60 m
layer, average attenuation coefficient along Northwind Escarp-
ment, such as at Sta. 072 with massive Alaskan Coastal Water
taking along more nutrient, is higher than in the Beaufort Sea,



62 WANG Weibo et al. Acta Oceanol. Sin., 2014,Vol. 33, No. 6, P. 53-62

such as at Sta. 070. The difference between them is more than
0.02m™.

Sea ice melting leads to more solar radiation entering into
ocean. Phytoplankton absorbs more solar energy and grows
rapidly, resulting in higher temperature in the upper ocean,
which in turn accelerates sea ice melting. However, the lower
nutrient concentration in surface water of Beaufort Sea pre-
vents phytoplankton reproduction, then the depth with maxi-
mal chlorophyll shifts into deeper layer. The spectral model of
diffuse attenuation coefficient describes relationship between
K, and chlorophyll; a linear equation is proposed to illustrate
the relationship between the ASIC (averaging sea ice concen-
tration) and the depth with maximum chlorophyll. Both of the
model and equations provide a way to simulate the change
process of diffuse attenuation coefficient during summer in the
Arctic Ocean.
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