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Abstract Incubation experiments have shown that ultra-
violet radiation (UVR) has significant influences on marine
primary production (MPP). However, existing satellite
remote sensing models of MPP only consider the effects of
visible light radiation, ignoring the UVR. Additionally, the
ocean color satellite data currently used for MPP
estimation contain no UV bands. To better understand
the mechanism of MPP model development with reference
to satellite remote sensing, including UVR’s effects, we
first reviewed recent studies of UVR’s effects on
phytoplankton and MPP, which highlights the need for
improved satellite remote sensing of MPP. Then, based on
current MPP models using visible radiation, we discussed
the quantitative methods used to implement three key
model variables related to UVR: the UVR intensity at the
sea surface, the attenuation of UVR in the euphotic layer,
and the maximum or optimal photosynthetic rate, con-
sidering the effects of UVR. The implementation of these
UVR-related variables could be useful in further assessing
UVR’s effects on the remote sensing of MPP, and in re-
evaluating our existing knowledge of MPP estimation at
large spatial scales and long-time scales related to global
change.
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1 Introduction

Marine primary production (MPP) is defined as the daily
carbon fixation mass of phytoplankton per unit area (e.g.,
mg C/(m?-day)) within the euphotic layer, a layer
corresponding to a penetration depth of 1% of surface
radiation (Behrenfeld and Falkowski, 1997a). MPP
represents the ability of phytoplankton to produce organic
compounds from inorganic materials, which is the basis of
the marine food chain and carbon fixation in marine
ecosystems. The major environmental factors influencing
MPP are light, temperature, nutrients, mixed layer depth,
and the grazing of organisms such as zooplankton. Among
these factors, light is a critical one as it drives photosynth-
esis. Light can influence the physiological activity of
phytoplankton and affect photosynthetic efficiency.

In previous studies, the photosynthetically-available
radiation (PAR) in remote sensing models of MPP only
considered the visible light from solar radiation (400700
nm) (Behrenfeld and Falkowski, 1997a; Campbell et al.,
2002; Friedrichs et al., 2009). However, numerous studies
have shown that solar ultraviolet radiation (UVR, 280—
400 nm) can also significantly affect MPP (Behrenfeld,
1990; Gala and Giesy, 1991; Vincent and Roy, 1993;
Helbling et al., 1994; LokaBharathi et al. 1997; Hiriart,
2000; Helbling et al., 2001; Tedetti and Sempére, 2006;

Singh et al., 2011). With the current increasing attention *

directed to climate change, more studies have been carried
out to understand UVR’s effects on MPP. A recent paper
published in Nature Climate Change by Gao et al. (2012)
showed that at the current rate of anthropogenic CO,

emission, ocean acidification and an increase in sea surface -

radiation (including UVR) could reduce the carbon fixation
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capability of phytoplankton and could lead to species
evolution of phytoplankton communities.

Generally, UVR can negatively inhibit the growth of
phytoplankton (Villafafie et al., 2003; Héder and Sinha,
2005), destroy photosynthetic pigments in the cells (Pang
et al., 2010), and reduce the rate of carbon fixation. For
example, the inhibitory effect of enhanced UVB on
phytoplankton primary productivity has been indicated in
the Southeast Pacific (Behrenfeld, 1990); and up to a 29%
reduction of surface carbon fixation by UVR has been
shown in the South China Sea (Li et al., 2011). On the
other hand, UVR can positively increase the coastal MPP
under low solar irradiance or strong vertical mixing
conditions (Helbling et al., 2003; Gao et al., 2007a, b; Li
and Gao, 2013). For example, Barbieri et al. (2002) found
that UVR increases the MPP of post-bloom phytoplankton
assemblies by up to 25% when the PAR irradiance was 2
W/m?. Thus, the effects of UVR should be considered in
the estimation of satellite-derived MPP and its impact on
global MPP should be evaluated, especially for the
assessment of long-term variation in global MPP and
MPP responses to climate change.

Satellite remote sensing of MPP is critical for studying
the marine carbon cycle at the global scale over long time
periods. Since the successful launch of the first satellite
ocean color sensor (the Coastal Zone Color Scanner,
CZCS) in 1978, MPP estimation has been one of the main
goals of ocean color remote sensing (IOCCG, 2008).
However, the current ocean color satellites for MPP
estimation do not collect information in the UV bands,
with their shortest wavelength generally at 412 nm.
Moreover, the development and validation of MPP remote
sensing models has been based on field measurements,
which used phytoplankton incubated in polycarbonate or
glass containers, and such containers prevent the penetra-
tion of UVR (Helbling et al., 1994). Thus, the assessment
of UVR influence on the accuracy of satellite remote
sensing MPP estimation is a challenging and ongoing field
of research, which needs more field data as well as newer
MPP models.

This review study is intended to direct future work more
systemically toward remote sensing estimation of MPP
with the consideration of UVR’s effects. In Section 2, we
review recent studies of UVR’s effects on phytoplankton
and MPP. In Section 3, we discuss the temporal and spatial
variation of MPP under the effects of UVR, which further
highlights the need for improved satellite remote sensing
of MPP estimation. In Section 4, we review and discuss
quantitative methods used to implement three key UVR-
related variables in MPP models, namely, the UVR
irradiance at the sea surface, the attenuation coefficient
of UVR in the water column, and the maximum or optimal
photosynthetic rate, based on existing MPP models.
Finally, we present our summary and prospects in
Section 5.
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2 UVR’s effects on MIPP

UVR has two parts, UVA (315-400 nm) and UVB (280
315nm). UVB photons have higher energy, and have a
larger influence on the biological activity of marine
phytoplankton per unit intensity compared to UVA (Cullen
et al., 1992; Wu and Gao, 2011). Based on biological
weighting functions, the inhibition of carbon fixation rate
caused by energy per unit wavelength at 280 nm (UVB) is
about 1 million times higher than the inhibition caused by
radiation with wavelengths longer than 320 nm (UVA)
(Wu and Gao, 2011). However, the integrated intensity of
UVA that arrives at the Earth’s surface at noon is about 20
times higher than the integrated intensity of UVB. Thus,
UVA’s impact on phytoplankton is also substantial (Wang
et al., 1999; Tedetti and Sempéré, 2006).

UVB and UVA intensities account for only 0.71%—
0.86% and 15.5%—17.8% of the visible radiation at the
ocean surface, respectively (Gao et al., 2007a). However,
the light at these wavelengths has more complicated effects
on phytoplankton than visible light, because of its
significantly higher photon energy. Generally, the main
factors controlling the physiological response of phyto-
plankton to UVR include the intensity of UVR, the state of
ocean mixing, and the composition of the phytoplankton
community (Li, 2006). Thus, we will discuss these factors
one by one.

2.1 Effects of UVR intensity

Light intensity is one of the most important factors
controlling the effects of UVR on MPP. UVR’s inhibitory
effects on MPP generally take place under high light
conditions, although the threshold depends on the
phytoplankton species. Barbieri et al. (2002) reported
that UVR reduced the MPP of phytoplankton assemblages
collected during the bloom by around 16% when the light
irradiance was 66 W/m?, and reduced the MPP during the
post-bloom by 13%—15% when the light intensity was
higher than 16.5W/m?. On the other hand, UVR
noticeably increased MPP when the light irradiance was
lower (Barbieri et al., 2002), and such an effect has only
been found in large phytoplankton species (Li and Gao,
2013). Moreover, research has shown that phytoplankton
may be capable of photosynthetic carbon fixation when
exposed to UVR alone (Gao et al., 2007b; Li and Gao,
2013). Chen and Gao (2011) studied the influence of UVR
on MPP at different levels of seawater acidification, and
found that UVR combined with an increase in seawater
CO, promoted the growth of red tide by alga (Phaeocystis
globosa) under low solar irradiance levels, with a daily
average light intensity of 67.8 W/m?.
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2.2 Effects of ocean mixing

Mixing in the water column can influence UVR’s effects
on MPP in a complex way. Mixing can change the vertical
path and speed of phytoplankton in the mixed layer, which
consequently affect both the quantity and quality of light
received by phytoplankton. Meanwhile, mixing can also
affect species composition and nutrient level in the
euphotic layer, and consequently affects UVR-induced
impacts (Helbling et al., 1994; Helbling et al., 2003; Li et
al., 2013).

A study by Helbling et al. (1994) in the Antarctic Ocean
showed that UVR improves integrated MPP under the
strong mixing condition at relatively low irradiance.
However, in the coastal water of the South China Sea, it
was found that UVR (mainly UVA) increases MPP in well-
mixed water masses with light intensities even higher than
300 W/m? (Helbling et al., 2003). In a coral reef area of the
South China Sea, inhibitive effects of UVR on phyto-
plankton assemblage were found to be reduced in the
moderately-mixed condition as compared with the strati-
fied condition (Li et al., 2013). Some reports indicated that
due to the acclimation to lower mean irradiance, the carbon
fixation of phytoplankton taken from the deeper water was
more vulnerable to the inhibitive effects of solar UVR than
that taken from the surface water under the same light
intensity (Helbling et al., 1994; Yuan et al., 2007).

Furthermore, ocean mixing can change the nutrient level
in the water column, which makes UVR’s effects on MPP
more complicated. Many studies showed that phytoplank-
ton are more sensitive to UVR when their habitats are
nutrient limited. For example, Litchman et al. (2002) found
that UVB caused more than a 1.5-fold greater additional
inhibition of nitrogen-limited (N-limited) compared to N-
repleted dinoflagellates. Helbling et al. (2013) reported that
an increased phosphate concentration in vertically mixed
water stimulates a seriously different response to UVR by
phytoplankton assemblies from clear water and those from
opaque water. Li and Gao (2014) observed that UVA and
UVB induced 2.8% and 3.1% additional inhibitions of N-
limited than N-sufficient diatoms, respectively.

2.3 Effects of phytoplankton species

UVR’s effects on MPP also vary with the community
structure of phytoplankton (Li et al., 2009). Microphyto-
plankton (> 20 um) can synthesize UV-absorbing com-
pounds, which can protect the cells against the damages
from UVR (Garcia-Pichel, 1994; Li, 2006). In conditions
with highly-varied or low-light intensity, UVA increased
the carbon fixation rate of microphytoplankton from the
coastal waters and thus increased MPP (Helbling et al.,
2003; Gao et al., 2007b; Li et al., 2011). Wang et al. (2002)
studied the UVB sensitivity of seven phytoplankton
species, and found that the most sensitive species is
green algae, followed by diatoms, and then by chryso-
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phytes. These differences may result from variation in UV-
absorbing compounds produced, and from antioxidant
protection mechanisms used by phytoplankton species.
Zhang et al. (2005) reported that when the UVB intensity
was constant (0.0125 W/m?), a low dose of UVB improved
the growth of Alexandrium and Skeletonema costatum;
however, the UVB took on an inhibitory role when the
dose of UVB was continuously increased. For Hefero-
sigma akashiwo, however, UVB was always inhibitory.

In summary, there are many studies of UVR’s effects on
phytoplankton and MPP. Since the effects of UVR on MPP
are closely related to the habitats of the phytoplankton, the
experiments require that the target organisms are exposed
to a light field as realistic to solar radiation as possible.
Hence, according to the light source, the majority of these
methods can be categorized as artificial radiation methods,
supplemented UV-B or UVR methods, simulated in situ
incubations, and in situ incubations (Villafaiie et al., 2003).
Outcomes from these experiments are the foundation for
the development of UVR-relative MPP models. However,
incubation experiments are limited in spatial and temporal
variation, and need to be validated on regional and global
oceans on a long term scale. More work needs to be
conducted before it could be applied to the satellite remote
sensing.

3 Spatial-temporal variation in UVR’s
effects on MPP

Spatial variation in UVR irradiance at sea surface is closely
related to the spatial distributions of solar zenith angle,
cloud, aerosol, and ozone in the atmosphere (Herman et al.,
1999; Ahmad et al., 2003). Due to the relatively high mean
solar zenith angle in the equatorial regions, the UVR
intensity at the ocean surface in these areas is high all year
round. However, the highest UVR irradiance at the ocean
surface during the year is found in the subtropical regions
where sunny weather is more frequent (Herman et al.,
1999).

There are differences in the effects of UVR on MPP
between the coast and open oceans. According to recent
field-based studies, the phytoplankton in the open ocean
suffer more UVR impacts due to its deeper penetration
depth, although their cellular repair processes may have
adapted to high and stable levels of UVR intensity (Tedetti
and Sempéré, 2006; Villafaiie et al., 2003). Experiments
carried out in the South Pacific Ocean showed that the
inhibitory effects of UVB on MPP were greater at high

latitudes than at low latitudes ( < 30°S), which might result -

from wide inter-species differences of phytoplankton in
terms of UVB tolerance (Behrenfeld et al., 1993). In
contrast, the hydrodynamic environment in the coastal
ocean is complicated due to strong vertical mixing. The

cell size of dominant phytoplankton species in the coastal :

ocean is generally larger than that in the open ocean (Li et
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al., 2011); and large-size phytoplankton cells can synthe-
size and commutate UV-absorbing compounds (Garcia-
Pichel, 1994). This can not only protect the cells from
UVR damages under higher light intensity but also helps
them to energize photosynthesis under relatively lower and
varying light intensities, thus increasing MPP (Li, 2006;
Gao et al., 2007b). However, the process of synthesizing
UV-absorbing compounds could cause energy loss in
phytoplankton cells, which is unfavorable for their growth
and reproduction (Calkins and Thordardottir, 1980).
Overall, the effects of UVR on MPP in the coastal ocean
may be much more complicated than in the open ocean.

In addition to spatial variation, there is temporal
variation in UVR’s effects on MPP, including seasonal,
inter-annual, and long-term changes. Due to the seasonal
changes of the solar incidence and ozone content in the
atmosphere, there is strong seasonal variation in UVR
intensity at the sea surface (Frederick et al., 1989; Herman
et al.,, 1999). The underwater transmission of UVR also
varies with season due to the seasonal variations in water
turbidity. Moreover, phytoplankton species may also vary
with season due to the change in nutrient level induced by
mixing or riverine input, which results in seasonal
variation in the sensitivity of phytoplankton to UVR (Wu
et al., 2010; Mizubayashi et al., 2013).

For a global warming scenario over a long time scale,
the UVR intensity at sea surface is likely to increase due to
the decline of the stratosphere ozone layer (Madronich et
al., 1998), or decrease due to the increase of cloud cover
(He et al., 2013). Global warming could also decrease the
mixed layer depth (Huot et al., 2000) and may enhance
UVR’s impacts on MPP, especially in the area under ozone
hole (Helbling et al., 1994). Biologically-oriented research
initiated in 1987 into the impacts of UVR on Antarctic
phytoplankton showed that primary production rates
decreased due to the effects of UVR, particularly due to
the shorter wavelengths of UVR (El-Sayed et al., 1990).
Thus, long-term monitoring of the effects of UVR on MPP
on a global scale is necessary (Behrenfeld et al., 1993), and
observations from satellite remote sensing could be used as
a very powerful tool.

4 Satellite remote sensing of MPP
considering UVR’s effects

4.1 Principle of remote sensing models of MPP

The main objective of MPP estimation by remote sensing
is to establish the relationship between MPP and the factors
that influence phytoplankton photosynthesis. So far,
several MPP models using visible PAR have been
reviewed (Behrenfeld and Falkowski, 1997a; Campbell
et al., 2002; Carr et al., 2006). Here, we briefly discuss the
general principle of MPP models as a foundation for
further discussion on the development of MPP models that
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include UVR’s effects.

The early empirical MPP models were established
through simple statistical regression between in situ MPP
and chlorophyll a (chla) concentration (Lorenzen, 1970;
Eppley et al., 1985). With increasing knowledge of the
physiological processes of phytoplankton photosynthesis,
more analytical models of MPP were proposed, which took
factors such as biomass and photosynthetically available
radiance (PAR) into account, along with transfer or yield
functions that described physiological responses of the
measured chla to light, nutrients, temperature, and other
environmental variables. Some models included vertical
distributions of these properties within the euphotic layer
(Campbell et al., 2002; Carr et al., 2006). However, there
have been no truly analytical models to date; all extant
models depend on empirical parameterizations to some
extent (Carr et al., 20006).

Based on implicit levels of mathematical integration,
Behrenfeld and Falkowski (1997a) classified MPP models
into four groups (Table 1), namely, wavelength-resolved
models (WRM), wavelength-integrated models (WIM),
time-integrated models (TIM), and depth-integrated mod-
els (DIM). All of these models include contributions from
depth-integrated primary production, surface phytoplank-
ton biomass, photo-adaptivity, euphotic depth, and irra-
diance-dependence (Behrenfeld and Falkowski, 1997a).
The widely used vertically generalized production model
(VGPM) is a depth-integrated model, in which PAR has a
relatively minor effect on MPP variability (Behrenfeld and
Falkowski, 1997b). However, for MPP models based on
the photosynthesis vs. irradiance response curve (PvsE
curve) and wavelength-resolved or wavelength-integrated
models, PAR has a significant effect on MPP (Carr et al.,
2006).

In addition to the classification defined by Behrenfeld
and Falkowski (1997a), there is another kind of classifica-
tion based on phytoplankton mass, namely, the chloro-
phyll-based model (Chl-bPM), which includes pigment
concentration (Marra et al., 2003), phytoplankton absorp-
tion-based model (AbPM) (Lee et al., 1996; Marra et al.,
2003; Hirawake et al., 2011), and phytoplankton carbon-
based model (CbPM) (Behrenfeld et al., 2005) (Table 1).
The differences between these models are in the expression
of biomass and its corresponding physiological variables.
The majority of the models in Behrenfeld and Falkowski’s
(1997a) classification system are chlorophyll-based.
Rather than using the concentration of chla or photosyn-
thetic pigments as the core of an MPP model, phytoplank-
ton absorption based models (AbPM) concentrate on the
quantum yield rate of photosynthesis, which can reduce
uncertainties from satellite-derived c/l/a estimation and the
bias in sea surface temperature-derived values of the
optimal photosynthetic rate of chla-normalized productiv-
ity (Hirawake et al., 2011). Instead of relating MPP to chla
and the maximum or optimal photosynthetic rate, phyto-
plankton carbon-based model (CbPM) relates MPP to
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Table 1 Typical MPP models of satellite remote sensing
Types* Normal formula Source
WRM A=T700nm z=z,, t=sunset
PP = PAR(Atz) X Chla(z) x a*(Az) X ¢(At,z)dAdtdz—R
A=400nm z=0 t=sunrise
WIM Z=Z,, t=sunset
pp= | PAR(t,2) x Chla(2) x ¢(1.z)didz—R Behrenfeld and Falkowski (1997a)
z=0 r=sunrise
TiM PP= [ PAR(z) x Chla(z) x P"(z)dz
z=0
DIM PP = f[PAR(0)] x Chla x PL,, x DL X Z,,
VGPM PP = [0.66125 x PAR(0) /(PAR(O) 141 ) | x Chla x Pby, x DL % Z,, Behrenfeld and Falkowski (1997b)
AbPM PP — J‘ PAR(0) X a,,(z)  (z)dz Marra et al., (2003)
z=0
CbPM PP = [PAR(0) /(PAR(O) + 41 ) ] X Congto X 1 X Zoy Behrenfeld et al., (2005)

* Abbreviation of each model can be found in the main text. PP is the daily primary production within the euphotic layer; R is the respiration of phytoplankton; PAR is
the solar irradiance, yvhere PAR(0) is the value at ocean surface and PAR(z) is the value at depth z; chla is the chlorophyll a concentration; Cppy, is the carbon biomass
of phytoplankton; a  is the chlorophyll-specific absorption coefficient; a,, is the absorption coefficient by phytoplankton; ¢ is the quantum yield of photosynthesis;
P”op, is the maximum carbon fixation rate of phytoplankton; P’(z) is the carbon fixation rate of phytoplankton at depth z;  is the phytoplankton growth rate; z,,, is the

euphotic depth; and DL is the length of the day.

phytoplankton carbon biomass and phytoplankton growth
rate, which removes the need for parameterizing the
maximum or optimal photosynthetic rate with an empirical
temperature-dependent function or a globally parameter-
ized scheme of biogeochemical provinces (Behrenfeld et
al., 2005). Nonetheless, phytoplankton carbon biomass
and growth rate must still be estimated from a satellite-
derived chlorophyll-to-carbon ratio, which has highly
dynamic variation and is species-dependent. These
simplifications in modeling will naturally result in
uncertainties.

To date, there have been four runs of the primary
production algorithm round robin (PPARR) to determine
the accuracy of MPP models for predicting depth-
integrated primary production. According to the results
of the second and third PPARR (Campbell et al., 2002;
Carr et al., 2006), the performance of MPP models was
independent of the algorithms’ complexity, and instead
largely depended on the accuracy of model input data,
especially the parameterization of the maximum or optimal
photosynthetic rate. Therefore, Carr et al. (2006) suggested
that any further progress in MPP modeling required an
improved understanding of the effect of temperature on
photosynthesis, especially in diverse regions, for a global
estimation and better parameterization of the maximum
photosynthetic rate.

4.2 Retrieval of UVR-related variables involved in MPP
remote sensing models

Recall that the existing MPP models mostly use the PAR of
visible light (e.g., 400—700 nm), and seldom consider

FES-13477-LT.3d 2/11/014 16:16:22

UVR. Therefore, we must re-evaluate MPP estimation at
large scales by satellite remote sensing. This is challenging
because the current ocean color data used for MPP
estimation contains no information in the UV bands. As
such, the retrieval of UVR information is critical for new
estimation of MPP, which considers the effects of UVR.
Since the MPP models structured for satellite remote
sensing using the visible PAR have been widely tested, in
the following sections we only discuss the quantitative
methods used to implement three key variables in the MPP
models, which are affected by UVR, namely, the UVR
irradiance at the sea surface (Eyyr), the attenuation
coefficient of UVR (kyygr) in the water column, and the
maximum or optimal photosynthetic rate (Plo’p,). Figure 1
shows the sketch of quantitative implementation of these
three UVR-related key variables.

4.2.1 Estimation of UVR irradiance at sea surface (Eyvr)
Before arriving at the sea surface, solar radiation is
subjected to scattering and absorption in the atmosphere by
air molecules, water vapor, ozone, aerosols, and clouds.
Among them, ozone is primarily responsible for the
absorption of UVR. Attenuation of UVR in the atmosphere
is closely related to the radiation’s wavelength. Scattering
by atmospheric molecules and aerosols is greater for UVB
than for UVA (Guo et al., 2002); moreover, UVB is
strongly absorbed by ozone and the UVB irradiance
reaching the Earth surface accounts for less than 1% of the
total solar irradiance (Pang et al., 2010).

In addition to direct field measurements, satellite remote
sensing is an important way of monitoring UVR in real-
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Satellite-derived atmospheric products
(aerosol, cloud, ozone, water vapor, etc.)

Satellite-derived ocean color products
(CDOM, chlorophyll, suspended matter etc.)

Other satellite-derived products
(PAR, SST, etc.)

[ Radiative transfer model ]

E(0", UVR)

E(0 , UVR)

1) Radiative transfer model;

2) Empirical relationship
between the optical properties
of UVR and the visible light;

1) Empirical relationship
between the satellite-derived

properties and P, -UVR;

opt

2) In situ measured P, -UVR;

E(z, UVR)

Papr—UVR

Satellite remote sensing estimation of MPP considering the effects of UVR

Fig. 1 A sketch of the quantitative implementation of three key UVR-related variables (shown in red color) in MPP models. The boxes
in green color show the current methods used in the literature (seen in Section 4.2); boxes in light blue are the relative satellite products

which can be used as model inputs.

time. However, the ocean color satellites currently used for
MPP remote sensing provide no information in the UV
bands, with 412nm being the shortest wavelength
detected. Thus, UVR information is usually inferred
from atmospheric satellites. The first satellite that mea-
sured UVR on the Earth’s surface was the Nimbus-4,
which was launched by NASA in 1970. The Solar
Backscatter Ultraviolet Spectrometer sensor (SBUYV)
onboard the Nimbus-4 had 12 channels in the UVR
range (250-339.8 nm), designed to retrieve the vertical
profile of ozone in the atmosphere. Its successors, the Total
Ozone Mapping Spectrometer (TOMS) onboard the
Nimbus-7 and the Ozone Monitoring Instrument (OMI)
onboard the Aura satellite were launched in 1978 and
2002, respectively. The UVR intensity data retrieved by
the TOMS is the daily erythemal dose, whereas the OMI
detects the spectral UV irradiance at four separate
wavelengths (305 nm, 310 nm, 324nm, and 380 nm)
during the satellite’s transittime (near 1:30 PM at local
time) (Tanskanen et al., 2006). Although the sensors using
UVR channels are mainly designed to monitor the
variation of ozone in the atmosphere, they can also be
used to study the effects of UVR on Earth surface ecology.
Using the water Inherent Optical Properties (IOP) data
from the Sea-viewing Wide Field of View Sensor
(SeaWiFS), Vasilkov et al. (2001) studied the transmission
of UVR in seawater and measured destructive effects of
UVR on the DNA of phytoplankton using the UVR data
from the TOMS. Currently, the OMI can only measure the
surface intensity of UVR at the satellite’s transit time,

FES-13477-LT.3d 2/11/014 16:16:22

which cannot fully satisfy the requirement of daily
irradiance for MPP estimation.

The atmospheric radiative transfer model can simulate
the transmission of UVR in the atmosphere, and can
provide a good estimation of the UVR intensity at the
Earth’s surface. For example, Briihl and Crutzen (1989)
used a two-stream radiative transfer model to calculate the
transmission of UVR. Based on the Discrete Ordinates
Radiative Transfer model (DISORT) for the atmosphere
(Jin and Stamnes, 1994), Jin et al. (2006) developed a
Coupled Ocean and Atmosphere Radiative Transfer
(COART) model, which can be used to simulate the
transferring process of solar radiation in the atmosphere as
well as in the ocean, with wavelengths from 200 nm to 100
pm. Combining an atmospheric radiative transfer model
with satellite-derived atmospheric data was a feasible
method for estimating UVR irradiance at the sea surface
(Herman et al., 1999; Vasilkov et al., 2001; Smyth, 2011).
Based on a radiative transfer model, the global maps of
monthly-mean integrated UV erythemal irradiance (290—
400 nm) at the Earth’s surface were estimated using the
atmospheric information retrieved by the TOMS (Herman
et al., 1999). To improve computation efficiency, Ahmad et
al. (2003) established a look-up table of surface UVR
intensity under different solar zenith angles, aerosol optical
thicknesses, ozone concentrations, and cloud reflectivity
using a radiative transfer model. Based on the look-up
table, they estimated the surface UVR irradiance at the
satellite’s transit time of the Nimbus 7/TOMS. Similarly,
Smyth (2011) retrieved the sea surface UVR intensity at
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noon through a look-up table, and further estimated the
daily UV dose at four individual wavelengths (305 nm,
325nm, 340nm, and 380nm) by assuming that the
intensity of UVR changes following a sine function during
the day. Recently, we have developed a look-up table of
wavelength-integrated UVR irradiance using the COART
model, which considers the variation in solar zenith angle,
acrosol optical thickness at 550 nm, ozone amount, liquid
water path, and total precipitable water (manuscript under
preparation); and because all of the inputs for the look-up
table can be obtained from satellite remote sensing, we can
achieve near real-time monitoring of daily wavelength-
integrated UVR for MPP estimation.

4.2.2 Estimation of UVR attenuation in seawater (kyyr)

As mentioned in Section 4.1, MPP is calculated by
integrating the daily carbon fixation of phytoplankton
within the euphotic layer. Thus, vertical distributions of
relative properties in the water column are needed for
calculating MPP. One of the considerations is the under-
water transmission of UVR irradiance, which is deter-
mined by the optical properties of various components,
including pure water, particles, and color dissolved organic
matter (CDOM). Combining scattering and absorption in
the water, the attenuation coefficient of seawater is a key
variable that quantitatively describes the variation of
radiation in the water, which changes substantially with
wavelength. It is well known that UVR attenuates more
rapidly than visible light, and that UVB attenuates more
rapidly than UVA due to its higher absorption by water
molecules and CDOM (Li, 2006; Gao et al., 2007b; Tedetti
et al., 2007).

Traditionally, the diffuse attenuation coefficient of PAR
at visible wavelengths (kpagr) is used in the estimation of
MPP. In some cases, kpar Was used to estimate the depth of
the euphotic layer (Barber et al., 1997; Lee et al., 2007).
kpar 1S a wavelength-integrated and depth-dependent
value, which is calculated using the PAR profile. For
simplicity, the depth-averaged kpar Was used to character-
ize the attenuation of PAR in the whole euphotic layer (Lee
etal., 2005; Lee, 2009). However, the depth-averaged kpar
ignores the variation in the PAR spectrum, the response of
phytoplankton to different wavelengths and the variation
of kpar with depth. The diffuse attenuation coefficient of
UVR (kyvyr) is also needed for obtaining the full UVR
profile in the water column when studying the effects of
UVR on MPP (Booth and Morrow, 1997).

Generally, two methods are used to estimate kyvr. One
is to establish the relationship between kyyr and kpyz. For
example, Hojerslev and Aas (1991) found that there was a
good linear relationship between the diffuse attenuation
coefficients at 310 nm and 450 nm. More recently, Smyth
(2011) established empirical relationships between the
absorption coefficient at 443 nm and the downward
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attenuation coefficient of UVR at 305 nm, 325 nm, 340
nm, and 380 nm. The other method is based on a complex
underwater radiative transfer model, taking into account
the absorption and scattering properties of different water
components (Vasilkov et al., 2001, 2005). Vasilkov et al.
(2001) calculated the radiative transfer process in the ocean
using the Quasi-Single Scattering Approximation (QSSA)
method that was a fast computational model allowing the
estimation of UVR penetration into the water column on a
global scale. To improve the accuracy of the process,
Vasilkov et al. (2005) generated a look-up table based on
chlorophyll a concentration using the radiative transfer
theory to calculate the underwater UVR irradiance. Up to
now, although there are a few studies on kyygr, radiative
transfer models containing UVR may make it possible to
estimate the underwater profile of UVR using ocean color
satellite data.

4.2.3 Parameterization of carbon fixation rate with the
effects of UVR (ngt)

To date, the inversion of maximum or optimal photosyn-
thetic rate (Pf)’p,) has been largely based on sea surface
temperature or radiation intensity (Megard, 1972; Behren-
feld and Falkowski, 1997b; Ishizaka et al., 2007).
However, there are a few studies on the parameterization
of ng, with UVR’s effects (Popr.uvr)-

Empirical relationships between the intensity of UVR
and the effects of UVR on MPP have been developed
based on field measurements. By analyzing in situ data
from the South Pacific, Behrenfeld et al. (1993) found that
the inhibitive effect of UVB on MPP was a linear function
of UVB dose. Li et al. (2011) refitted the MPP model of
Eilers and Peeters (1988) using in situ data from the South
China Sea, and established a model for the estimation of
phytoplankton carbon fixation rate, which contains the
effects of UVR.

They found that UVR could decrease sea surface
primary production by 20.8% in coastal waters and by
26.7% in offshore waters.

Based on the effects of UVR on phytoplankton,
biological weighted function models have been developed
to estimate the effects of UVR on phytoplankton carbon
fixation rate (Cullen et al., 1992; Neale et al., 1998; Yuan et
al., 2007):

PP = PE(1— ¢ Fran/Es) : (1)
’ 1 + Ei*nh
. 400nm
Einh = EparEpar + Z e(A)E(A)AA 2)
A=280nm

where P? is the carbon fixation rate; E.,, is the inhibitive
effect of radiation on phytoplankton production; P5 is the
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maximum carbon fixation rate; Epar and Eg represent the
intensity of instant PAR and that of PAR when photo-
synthesis is at saturation, respectively; E(A) is the radiation
irradiance at the band of 4; Epay is the average influence of
PAR on phytoplankton; and &(A) is the effect of UVR on
phytoplankton production.

On the basis of the biological weighted function model,
Yuan et al. (2007) established a model of ;. to describe
vertical variation in the effects of UVB on MPP by
defining the attenuation coefficient of E;,, in the euphotic
layer, and found that the inhibitive rate of UVB on
phytoplankton in lower layers was higher than that in
surface layer. Although the biological weighted function
model could accurately describe the influence of UVR on
MPP, it requires more in situ data.

5 Summary and prospects

The influence of UVR on MPP involves complex
photosynthetic processes, and is modulated by many
other factors. To date, most studies have been based on
field data taken from limited stations in short duration
experiments. There are a few MPP models that incorporate
UVR’s effects, but the effects of UVR on the accuracy of
existing satellite-derived MPP measurements remain
poorly understood. Based on reviews of recent studies
regarding UVR’s effects on MPP and existing remote
sensing models of MPP, we discussed quantitative methods
used to implement three UVR-related key variables.

Due to the lack of information on UV bands in the
current ocean color satellite sensors, a feasible way to
gather the information could be to combine satellite-
derived atmospheric information with an atmospheric
radiative transfer model to estimate the UVR irradiance
at sea surface (Herman et al., 1999; Vasilkov et al., 2001;
Smyth, 2011). Similarly, for the attenuation of UVR in
water column, an ocean radiative transfer model can be
combined with the ocean optical properties derived from
ocean color data (Vasilkov et al., 2001, 2005). The
parameterization of the maximum or optimal photosyn-
thetic rate from remote sensing is the most critical and
challenging issue in MPP modeling (Behrenfeld and
Falkowski, 1997a; Carr et al., 2006). However, due to
the complexity of UVR’s effects on phytoplankton carbon
fixation, no analytical models of the maximum or optimal
photosynthetic rate considering UVR’s effects have been
developed yet, and more efforts are needed with adequate
in situ data.

Overall, photosynthesis of phytoplankton and marine
primary production are influenced by both visible light and
UVR. The development of an MPP model for satellite
remote sensing that considers UVR is still at an early stage.
One way to re-evaluate MPP with the consideration of
UVR would be to replace key variables in an existing MPP

FES-13477-LT.3d 2/11/014 16:16:23

model with those UVR-related variables, and consider
their significance carefully. By doing this, we still cannot
provide a new MPP model, but we could provide some
assessments of UVR’s effects on MPP estimation, to some
extent, in the first stage. To implement the suggestions for
MPP model improvement raised by the PPARR3 (Carr et
al., 2006), more in situ data are required, ideally combined
with ancillary data such as nutrients and community
structure. Specific concerns for future progress include the
improved formulations of the quantum yield and of the
light field, and more data on the vertical distribution of
chlorophyll. At the global scale and in the context of long-
term change, the effects of UVR on the estimation of MPP
should not be ignored, but the significance of UVR’s
effects still needs to be carefully assessed. For the next
generation of ocean color satellite missions, information in
the UV bands will be available with higher signal-to-noise
ratio than that in the current atmospheric satellite data. For
example, the Pre-Aerosol, Clouds, and ocean Ecosystem
(PACE) mission by NASA, which is planned to be
launched around 2020, has three UV bands at 350 nm,
360 nm, and 380 nm. The next-generation Chinese ocean
color satellites of HY-1C and HY-1D will have two UV
bands at 355nm and 385nm. Those UV bands can be
useful for the estimations of UVR’s distribution in
seawater and primary production.
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