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Abstract Photosynthetically Available Radiation (PAR) is an important bio-op-
tical parameter related to marine primary production. PAR is usually measured
by a broadband sensor and can also be calculated by multispectral data. When the
PAR is calculated by multispectral data in polar region, four factors are possible
error sources. PAR could be overestimated as the wavelengths of multispectral
instrument are usually chosen to evade main absorption zones of atmosphere.
However, both PARs calculated by hyperspectral and multispectral data are con-
sistent with an error less than 1%. By the fitting function proposed here, the
PAR calculated by multispectral data could attain the same accuracy with that by
hyperspectral data. To calculate the attenuation rate of the PAR needs PAR, .
the PAR just under the surface. Here, an approach is proposed to calculate
PAR, by the best fit of the irradiance profile of 1-5 m with a content attenuation
coefficient under surface. It is demonstrated by theory and observed data in dif-
ferent time at same location that the attenuation coefficient of PAR is independent
of the intensity of radiation. But under sea ice, the attenuation coefficient of PAR
is a little bit different, as the spectrum of the light has been changed by selective
absorption by the sea ice. Therefore, the difference of inclusions inside the sea ice
will result in different PAR, and impact on the attenuation of PAR. By the re-
sults of this paper, PAR can be calculated reliably by multispectral data.

Key words PAR, marine optics, field observation, multispectral, solar radia-
tion.
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1 Introduction

Photosynthesis is a process by which the plant fixes carbon dioxide and produces
dry substance by the action of solar energy. The Photosynthetically Available Radia-

tion (PAR) is the part of the solar energy utilized by chloroplast of the plant for pho-

(1]

tosynthesis The main assimilative wavelength is 400—700 nm, about half of the

2.3]

The spectral domain of PAR is the main scope of
4,5]

arriving solar radiation energy"

the solar radiation through the ocean" PAR is an optical parameter mutually in-
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teractions with phytoplankton. The spatial distribution of PAR as the energy source
of primary production influences the reproduction of the phytoplankton. On the other
hand, the distribution of the phytoplankton changes the absorption of light in the sea-
water, which in turn influences the vertical distribution of PAR""". The profiling of
the PAR is used to reveal the intensity of PAR in different levels, and the data is ben-
efit to study the vertical distribution of the algae and primary production®. The
main components in the atmosphere to absorb the solar radiation in the scope of
400—700 nm are oxygen and ozone, basically independent to the vapor and CO,"".
In the ocean, PAR is mainly influenced by phytoplankton. As the species of phyto-
plankton in different region are not the same, the spectral component of PAR be-
comes regionally distinct™".

PAR sensor is usually optical ones with broadband to receive the light in the
scope of 400—700 nm, which could be used alone or with the other instrument sys-
tem"'”!. Besides, the spectral data could be integrated to calculate PAR. The spectral
data includes multi-spectral and hyperspectral data. The hyperspectral instruments
are prismatic to gain the hundreds of spectral data which is with narrow bands and
covers all of the wavelengths. The numerous bands are benefit to calculate PAR to

H . However, the spectral

gain the same spectral response of the broadband sensors
instruments with the multi-sensors and filters are usually equipped with some select-
ed wavebands to fit the atmospheric transmission window to avoid the absorption
zones. The multi-spectral instruments are with high sensitivity to facilitate the opti-

221, but it might bring errors by their

cal measurement for weak light in deeper ocean
limited wavebands. There are three significances to calculate PAR by multi-spectral
instruments. Firstly, the successful calculation of PAR by multi-spectral data increa-
ses the datasets of PAR in favor of the ecological study. Secondly, the use of the
PAR sensor usually is not calibrated by the surface measurement, and the PAR un-
derwater recorded cannot exclude the impact from the cloud. fog. and the other fac-
tors to cause the change of PAR during measurement. Whereas the underwater
multi-spectral data are well corrected by the simultaneous observation on the surface,
and the calculated PAR might be more reliable. Thirdly, the multi-spectral data can
be used to find out the components of PAR in different wavebands, which is benefit
to reveal the action of PAR on the different species of phytoplankton with separate
absorption abilities. Morel and Smith (1974) defined the three kinds of water types
by the wavelength Ay at the maximum intensity at specific depth of the sea. The
first type of water is blue water, and the scope of the Ay is 440—475 nm. The
Type II water is blue-green color with the Ajn. in 475-—515 nm. The Type III water
is green water with Ay,. beyond 515nm. The sensitive connection of spectral instru-
ments and the phytoplankton enable us to reveal the spectral components of PAR in
different types of water.

The sensors in multi-spectral instrument are usually not enough. For example,
there are 18 wavebands in the Profiling Reflectance and Radiometer system (PRR-
800) with the bandwidth of 10 nm. It covers 180 nm, one third of 400—700 nm is
not covered™®, which would bring some error if it is used to calculate the PAR by in-
terpolation. The waveband of the instrument is always chosen to avoid the absorption
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zone of atmosphere, which might overestimates the calculated PAR and the irradi-
ance needs to be calibrated before using.

In the polar region, the arriving solar radiation is quite different from that in
mid-latitude. Under the very low solar altitude condition, the arriving PAR down to
the surface decreases by the longer light path, thicker optical thickness, and in-

H4 0 The ice cover will impact strongly on the measured re-

creased vapor absorption
sult. These issues will be discussed in detail in this paper to provide the solution the-

oretically and applicably for PAR calculation.
2 The applicable theory to calculate PAR by multi-spectral data

There are two kinds of measurements of PAR, for scalar irradiance and cosine
irradiance. The response of biomass for light during photosynthesis is mainly a scalar
irradiance in which only the radiation intensity is considered, independent of the di-
rection of incident light. Thus, PAR is defined as the integral of the radiance for
spherical solid angle of 4%, i.e. links to

2 1

Where L is the radiance with the unit pW cm ? « nm ' « sr '; Q is the solid angle, 0
and ¢ is the zenith and azimuth of the radiance flux. The other is cosine irradiance,
which is measured by a sensor with the flat quantum response. The response of the
sensor is proportional to the cosine of the zenith, similar to the radiation arriving at a

plant on a horizontal plane. i.e. links to
J L(67¢7A)C056dﬂ (2)
4r

Therefore, one must know what kind of instrument or PAR is used. The under wa-
ter sensors for PAR measurement are usually flat quantum response ones, which will
be discussed in this paper.

According to the definition of the optics. the integral of radiance for the 2z space

is called as the downwelling irradiance"**.

Ed(k) :J‘ Iz((?,@?A)COS@dQ (3)

1 1 1

*nm

2

The unit of E, is the unit of flux Wem 2 enm 'orJem %+ s

PAR has two kinds of computation systems. One is the energy system, which is

integrated directly by E,. The other is quantum system to calculate the photosyn-

—2 —1[16]

thetically quantum flux density with the unit of mol * m ™% ¢ s . The conversion

between them is: photons per Mole is the Avogadro number (A, =6. 02X 10* photon
« mol™"); A, XPAR(Q) is the photons arriving at unit area per unit time. The ener-
gy of a photon is e=hc/A, where h is the Planck number (=6.63X10 * J « s), ¢ is
the velocity of light, and A is the wavelength of light. Therefore, the total energy per

2 1

unit area and time (J * m ® +s ' « nm ') of the light with the wavelength A can be

expressed as
Ahc PARD

. =E,(Q (D
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Integral for the scope of 400—700 nm, the PAR could be calculated by

700 700

PAR — J PAR(VDdA = L J AE., (D) dA 5)
100 A'Uhc 100
1

The unit of PAR is pmol *m * s ', orpE+m 7+ s ',

It is implies from Eq. (5) that the precision of PAR calculation is mainly related
to the measured irradiance. Otherwise, there are some factors regarding the radiation
spectrum and shining condition might influence the accuracy of calculated PAR,
which will be discussed in detail in this study.

3 The error and calibration of PAR calculated by multi-spectral data

Owing to the wavebands of the multi-spectral instruments is always selected to
evade the spectral absorption zones of atmosphere, the calculated PAR integrated by
the irradiances within 400—700 nm could be overestimated. The main issue using
multi-spectral data to calculate PAR is the error level and the efficiency of its calibra-
tion. The PAR calculated by hyperspectral data are adopted as a standard to compare
with the PAR calculated by multi-spectral data. First, the hyper-spectral data are
used to obtain PAR. Then, the eighteen wavebands corresponding to the multi-spec-
tral instrument are sought out to calculate PAR again. The error is estimated from
both PARs.

The hyper-spectral instrument is Profiler-II produced by Satlantic Inc. » which is
used to measure water irradiance in the July of 2008 during the ninth cruise of Cana-
dian “Circumpolar Flaw Leads Study (CFL)” program. Twelve wavebands that are
corresponding to the wavebands of PRR-800 are selected from the 89 wavebands in
the scope of 400—700 nm. They are 412, 443, 490, 510, 520, 532, 555, 565, 589,
625, 665 and 683 nm. The different coverage of the multi-and hyper-spectral data is
plotted in Fig. 1.
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Fig. 1  Different coverage of multispectral and hyperspectral data. Curve denotes the hyperspectrum

measured by Profiler-11, and the histogram denotes the multispectrum selected by PRR-800.
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We first calculate PAR by Eq. (5) using the hyper-spectral data in the scope of
400-700 nm. The calculated PAR is completely consistent with the PAR the instru-
ment provided by the same algorithm. Then, the data for the twelve wavebands are
used to calculate PAR to find out the difference between them. Let subscript i de-
notes the result of multi-spectral data and %/ denotes the result with hyper-spectral da-
ta, the Eq. (6) comes into existence in a width of a multi-spectrum band.

a A Eu A = D Ea M (AL, = D) AR (6)

k k
The parameter «; is used to express the difference of PAR calculated by multi- and
hyper-spectral data. Eq. (5) could be change to as

700

AE,(2,0dA &~ D AE .My = D adEy A, <)
400 k !
The a;, is related to the choice of wavebands, an instrument-dependent parameter,

which is difficult to calculate by Eq. (7) as A, might not nicely equals to the sum of
Ad,. Therefore, the average a, possibly a depth-dependent parameter, is chosen to
replace «; by

DA A
3

- ZAiEd; AA;

The data in clear water Sﬁould be chosen to calculate @« by Eq. (8) to gain a result

(400 nm << A << 700 nm) €))

a

with larger depth to attain a better calibration.

Eight profiles data of the CFL cruise are used to estimate « in Fig. 2. The maxi-
mum relative error is less than 0. 01. The results could be fitted for two segments
(1—11 m and 11—30 m) by quadratic functions for the whole depth by the least
squares method.
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Fig. 2 Vertical profile of a. Measured « at eight stations of CFL cruise(thin line) and fitting result by Eq. (9).
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a, =0.9947 — 0.0014z+ 1. 1292 X 10*2*
a; =0.9839 +8.8308 X 107'2— 9. 4936 X 10 °%* 9
Calculated by multi-spectral irradiance data, simply by multiplying PAR with a. The
a depends mainly on the choice of the wavebands, and might be little difference in dif-
ferent regions.

4 Determination of the surface PAR and the attenuation coefficient

When the PAR is acquired, the attenuation coefficient of PAR can be calculated
by the Ocean Optics Protocols of NASAM, which is expressed by
PAR(2) =PAR(z,)exp[— k, (z — 2, ] (10)

The attenuation coefficient varied with depth by the least squares method is
23 (z—2,)In[PAR(2)/PAR(z,) ]

Dr— 2,

Based on Eq. (11), the vertical attenuation depth, a depth when the PAR becomes ¥
percentage could be found out. The calculation is quite simple, but the PAR,, the

ko (—4dm<z<+4m (1D

PAR just under the sea surface must be accurately determined. If the error for PAR,
is expressed by APAR,, the depth to be determined will have an error of Az. From

A PAR(2) =—F%,PAR(2) Az (12)
When taking PAR(z) =yYPAR, . the error of the attenuation depth becomes,
1 APAR,
Az = y 7PARO (13)

Eq. (13) indicates the following issues. (1) The error for attenuation depth will
increase when the bias of PAR, increases. (2) The error for attenuation depth will be
larger when the water is clear with a smaller %,,. (3) The error for attenuation depth
is proportional to the relative error of PAR,. When the PAR, is larger in the clear
day, the depth error to be determined will be smaller as the relative error of PAR,
becomes smaller. The error of the attenuation depth will be larger in the cloudy day
or at the morning and evening. For example, if the attenuation coefficient is 0. 06,
the relative error of PAR, is 30% , the error of attenuation depth will be 5 m.

However, the real PAR, entering the sea surface is difficult to determine. The
surface unit of the instrument measures the PAR arriving onto the sea surface, but
most arrived PAR does not enter the ocean, part of them returns to the space. The
albedo, the reflected PAR might be helpful to solve the problem, but ships usually
do not equipped with albedo sensor as the albedo is difficult to measure from a ship
condition by the impact of ship hull. And also the incident irradiance recorded by the
surface unit is sometimes quite different from that recorded by underwater unit as the
illumination for both units might be inconsistent, especially in the case to deploy the
underwater unit from a hole of ice. Therefore, the PAR, nearly can not depend on
the surface unit, but only on the underwater PAR data itself.

The PAR, calculated by the irradiance under surface within several meters is

strongly interfered by the waves''"'. Sometimes, PAR, is extrapolated from the PAR
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in 510 m under the sea surface. Usually the extrapolation produces great errors as
it attenuated exponentially. The near surface attenuation coefficient could be extrapo-
lated by Eq. (11) under 4 m, and then the PAR, could be calculated by Eq. (10).
But the attenuation coefficient extrapolated based on the data under 4 m might not
suit the surface situation, as the biological activity on the upper several meters may
cause stronger attenuation'!’.

In view of the advantage of the possible methods, we decide to calculate PAR, by
the attenuation coefficient of PAR in a smaller depth. Adjusting the depth scope to as
1 m<<z<{5 min Eq. (11), k, is confirmed to be the vertical attenuation coefficient in
the near surface level. Then, PAR, is obtained by the least squares method as

PAR, — (ﬂPAR,) " exp(3k,) (14)
i=1

The PAR, calculated by Eq. (14) is shown in Fig. 3, in which the PAR, links
well with the PAR in the upper layer water. PAR, is a physical parameter that is es-
timated by various methods and cannot be examined by field experiment in a rough
sea condition, It is still impossible to indicate which method is the best one. Howev-
er, if the attenuation coefficient in the upper ocean could be supposed as a constant,
the obtained PAR, by the least squares method of Eq. (14) should be the optimal.

PAR (micro E-cm™2.571)
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10
Fig. 3 PAR, calculated by multispectral data of Bering Sea cruise in 2008.

Numbers are the station numbers and dots indicate the estimate.

Based on the estimation for PAR, , the attenuation depth of PAR can be calculat-
ed by Eq. (13). Fig. 4 shows the depths when PAR attenuated to 50% ., 30%, 12%,
5%, and 1% according to the demand of the ecological study during the Bering Sea
cruise in 2008 spring, showing the difference in different locations.
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Fig.4 Attenuation depths of PAR. Upper figure is the thirteen stations during the Bering Sea cruise of
2008, and the lower figure shows the attenuation depths of PAR at the levels of 50%, 30%,
12%, 5% and 1%.

5 Influence of radiation condition on the observed PAR

The value of the PAR is changing with intensity of the incident radiation, but
the attenuation coefficient of PAR calculated by Eq. (11) should be determined by
the optical property of the seawater, independent of intensity of the incident radia-
tion. In such a way, the attenuation coefficient of PAR could be applied to estimate
accurately the photosynthesis in the ocean. The influence of the radiation variation on
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the attenuation coefficient of PAR can be estimated theoretically by differential of

Ak m

1 Z(zzm)[A PAR(2) _APAR@,”)J (15)

TGt PAR(z)  PAR(z,)

Substituting Eq. (10) into Eq. (15), it can be seen that Ak, =0 always exists,
which illustrates the attenuation coefficient as an optical property of seawater is inde-
pendent of the solar radiation.

The variation of the attenuation coefficient of PAR with solar radiation could be
acquired by repeated observation at a same place. But the repeated observations are
rare as limited ship time. Even if there are such opportunities, error arisen from the
ship drifting might not be neglected. Two repeated measurements in Canadian Basin
are shown in Fig. 5: one was at Station CB5BR (75°27.66'N, 156°17. 11'W) of 2006
and the other was at Station CB-4 (5°00. 28'N, 149°59. 61'W) of 2009, with the time
intervals of 4.8 and 2.5 hours, respectively. The intensity of PAR during the first
cast increased at 7 m depth arisen by sea ice shading, but impacted little on the atten-
uation coefficient (Fig. 5a). In Fig. 5b, the attenuation coefficient somehow appeared
wavelike swing in vertical direction, possibly because of the ship drifting or over
weak light. However, the average value was close to that of the first cast. It is veri-
fied that the varying intensity of PAR from changing radiation exerts little influence
on the attenuation coefficient of PAR.

PAR (micro E-m™2.s71) PAR (micro E-m=2.s"1)
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Fig. 5 PAR and its attenuation coefficients measured at different time. (a) Observations at Station
CB5BR(75°27. 66'N, 156°17. 11' W) with the interval of 4. 8 hrs; (b) Observations at Station
CB-4 (75°00. 28'N, 149°59. 61'W) with the interval of 2. 5 hrs. Thick and thin lines are the re-
sults from the first and second casts, respectively. Solid lines denote measured PAR, and dashed

lines are the attenuation coefficient of PAR.
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The theoretical solution (Eq. 15) and observed results (Fig. 5) all support such
a conclusion that the attenuation of PAR is close to an optical property of seawater,
controlled by the inclusions in the water and nearly independent of the illumination
condition. This conclusion sometime is instructive for the field observation. We
could observe the irradiance no matter what the light condition is, such as the direc-
tion of incident light, the shading by cloud, fog or ship.

6 Influence of sea ice on PAR

In ice covered situation, the optical observation is usually conducted in a piece of
emerging open water cut by ship. The measured irradiance in fact is not the radiation
entered into the seawater under ice covered condition. One may ask that can the at-
tenuation of PAR calculated by the newly entered solar radiation represent the ice
covered situation. Or, in another words, can the attenuation coefficient measured in
factitiously opened water represent the real attenuation when ice covered? Thereby, a
comparison is necessary to measure one cast from the ship through emerging open
water and the other cast from an ice hole for ice covered water in the same location.
It is difficult to find out such data as the observation is quite rare for two casts
through ice and ship in the same station.

On the station MK10 during a cruise on Bering Sea in March of 2008, we con-
ducted an optical observation on the ice at 23:33 (UTC) of March 22, and then re-
turned to the ship to conduct another observation on the ship at 02:31 (UTC) of
March 23. The movement of the ship within three hours was neglectable. The com-
parison between the two casts of PARs is plotted on Fig. 6. The under ice PAR was
measured through 0. 68 m ice and 0. 04 m snow, and the light through the attenua-
tion of sea ice was weak. The time for ship observation was close to the evening, so
the PAR was weak, but little bite stronger than that under sea ice. The two attenua-
tions were little bit different with a relative error of 12%, the attenuation measured
from the ship was weaker.

The main cause to generate the relative error was sea ice that reduced the solar
radiation spectrally. The attenuation of sea ice for the solar radiation is"'®

E, = (1—a)Egpexp(—dh) (16)
where h is ice thickness. The downwelling irradiance E,, and the spectral albedo «
were observed through the surface unit, and the transmission irradiance E, through
sea ice were measured by a under ice instrument. The attenuation coefficient ¢ of so-
lar radiation through sea ice is

77i E(I
5= hln[(l_a)EJ (17

The spectral attenuation coefficient through sea ice is plotted in Fig. 7. The attenua-

tion of sea ice for solar radiation is selective, obviously attenuated in the waveband

greater than 600 nm. which changes the solar spectrum arriving under sea ice'’".

1

Otherwise, the attenuation coefficient in the figure is about 3.5 m ™', much greater
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Fig. 6 Observed results on ship (thick solid line) and on ice (thin solid line) at Station MK10 (62°11. 57’
N, 169°00. 56"W) on the Bering Sea 2008. Solid lines are measured PAR and the dashed lines are
the attenuation coefficient of PAR.
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Fig. 7 Spectral attenuation coefficient of sea ice for solar radiation calculated by Eq. (17).
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than that of 1.6 m ' we usually use™, because of the ice algae attached at the base

[21]

of the ice, which weakens the solar radiation penetrating the sea ice***. As a compar-

ison, the sea ice on the Bohai Sea contains many particles forming by suspended
22]

dust, which strongly attenuates the light of 400-500 nm"
nent of PAR changes after penetrating through various sea ices.

Therefore, the compo-

As illustrated in Section 5, the difference of PAR produced by radiation intensity
should not impact the attenuation of seawater. But when the arriving radiation spec-
trum alters, the attenuation coefficient of PAR will change accordingly, as the atten-
uation of water for each wavelength is different. Therefore, the attenuation of PAR
in the emerging open water is usually different with that in ice covered water. The
higher attenuation coefficient in the ice covered water is postulated to cause by the
changing spectrum of penetrated solar radiation. Depending on the unique pair of da-
ta, it is impossible to indicate sufficiently the difference of PARs in newly opened wa-

ter and under sea ice. More observations and studies are necessary in the future.
7 Results and discussion

Photosynthetical available radiation (PAR) is an important bio-optical parame-
ter, which is connected with the primary production process of marine phytoplank-
ton. PAR could be measured directly by the sensor with single waveband, and could
be also calculated by multi- or hyper-spectral data. The multispectral data can be
used not only for the calculation of PAR, but also to reveal the main spectral compo-
nents of PAR. Four factors that might produce the calculating error of PAR is stud-
ied in this study to ensure the multi-spectral irradiance data to be an reliable data
source of PAR.

Owing to the selected spectrums of multi-spectral sensors avoid the main atmos-
pheric absorption zones, the calculated PAR might be overestimated. In this study,
the PARs calculated by multi- and hyper-spectral data are verified to approach each
other with the relative error less than 1%. Based on the observations in Arctic O-
cean, two quadric functions are built to calibrate the calculated PAR by multi-spec-
tral data to attain the similar accuracy with that using hyper-spectral data.

The PAR just under the sea surface, PAR,, is not measurable in rough sea con-
dition, but is necessary for calculation of the attenuation coefficient. An approach is
proposed in this study to calculate the near surface attenuation coefficient first, which
is supposed to be a constant, and then to calculate the value of PAR, by the least
squares method using the observed PAR at 1—5 m. The acquired attenuation coeffi-
cient is the optimal estimation of the PAR, and connects well with the under water
PAR.

The observed PAR data in the same location but different time indicates that the
PAR is quite different with the distinct solar altitude. However, the relative error of
the attenuation coefficient of PAR is quite small showing that PAR is close to an opti-
cal property of seawater, nearly independent of the radiation intensity. Based on this
conclusion, the same PAR could be obtained in different time under distinct shining
conditions.
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Under the ice covered ocean, the ship measured PAR by the newly opened water
is not the one really enters into the water, which is different with the PAR directly
measured on the sea ice by a hole. Because of the selected absorption of sea ice for the
penetrated solar radiation, the component of PAR alters and the attenuation coeffi-
cient will change accordingly. Therefore, the sea ice will eventually influence the
component of irradiance and the attenuation of PAR.

Via the analysis for calculating PAR by multi-spectral data in polar region, the
problems we faced have been studied. It allows us to calculate PAR from multi-spec-
tral data and studies the spatiotemporal variation of PAR in the ice covered region.
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