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Abstract

Ultraviolet (UV) radiation has a significant influence on marine biological processes and primary productivity;
however, the existing ocean color satellite sensors seldom contain UV bands. A look-up table of wavelength-
integrated UV irradiance (280–400 nm) on the sea surface is established using the coupled ocean atmosphere
radiative transfer (COART) model. On the basis of the look-up table, the distributions of the UV irradiance at
middle and low latitudes are inversed by using the satellite-derived atmospheric products from the Aqua satellite,
including aerosol optical thickness at 550 nm, ozone content, liquid water path, and the total precipitable water.
The validation results show that the mean relative difference of the 10 d rolling averaged UV irradiance between
the satellite retrieval and field observations is 8.20% at the time of satellite passing and 13.95% for the daily dose of
UV. The monthly-averaged UV irradiance and daily dose of UV retrieved by satellite data show a good correlation
with the in situ data, with mean relative differences of 6.87% and 8.43%, respectively. The sensitivity analysis of
satellite inputs is conducted. The liquid water path representing the condition of cloud has the highest effect on
the retrieval of the UV irradiance, while ozone and aerosol have relatively lesser effect. The influence of the total
precipitable water is not significant. On the basis of the satellite-derived UV irradiance on the sea surface, a
preliminary simple estimation of ultraviolet radiation’s effects on the global marine primary productivity is
presented, and the results reveal that ultraviolet radiation has a non-negligible effect on the estimation of the
marine primary productivity.
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1  Introduction
The ultraviolet radiation (UVR), with wavelengths between 10

and 400 nm, is an important component of solar radiation (Hou
et al.,  2012).  Owing to the selective absorption of  the UVR by
ozone, only the longer wavelength UVR (>280 nm) can travel to
the  earth’s  surface.  In  studies,  the  UVR  was  divided  into
wavelength-integrated UVA (315–400 nm) and UVB (280–315
nm) (Jin et al., 2009). Although the intensity of the UVR on the
ground accounts for only 0.71%–0.86% (UVB) and 15.5%–17.8%
(UVA) of the visible radiation (≈400–700 nm) on the ocean sur-
face (Gao et al., 2007a), the photon energy of the UVR is much
higher, causing severe damage to phytoplankton. The UVR has
been reported to affect aquatic ecosystems and the carbon cycle.
For example, the high-intensity UVR can damage the photosyn-
thetic pigments of phytoplankton cells (Pang et al., 2010), inhibit

the photosynthetic ability of phytoplankton (Li et al., 2011), in-
duce cell mortality (Agustí and Llabrés, 2007), and reduce the
marine primary productivity (MPP) (Häder, 2011), etc. The inhib-
itory effect of the UVR on the carbon fixation of the surface phyto-
plankton can be up to 29% in the South China Sea (Li et al., 2011).
On the other  hand,  the UVA can enhance the productivity  of
phytoplankton under low solar irradiance or strong vertical mix-
ing conditions where microplankton is dominant (Nilawati et al.,
1997; Barbieri et al., 2002; Li and Gao, 2013). Experiments around
Nan’ao Island show that the MPP in the tropical coastal sea can
be  increased  by  about  13%  induced  by  the  UVR  (Gao  et  al.,
2007b). However, most of the existing satellite remote sensing
models of the MPP only take account of the photosynthetically
active radiation (PAR) (the wavelength-integrated solar visible
radiation from 400 to 700 nm), and the effects of the UVR are ignored.
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Fig. 1.   Locations of in situ data stations. 

The data from ocean color satellite sensors, e.g., the moder-
ate resolution imaging spectroradiometer (MODIS) and the sea-
viewing wide field-of-view sensor (SeaWiFS), currently used for
estimating MPP provide no information in the ultraviolet (UV)
bands,  with  412  nm  being  the  shortest  wavelength  detected.
However, as a sensor used for atmospheric studies, the ozone
monitoring instrument (OMI) on board the “Aura” satellite can
provide UV irradiance products, but it can only observe at the
satellite’s  passing  time  (about  13:45  local  time)  and  specific
wavelengths (305, 310, 324 and 380 nm). In addition, the total
ozone mapping spectrometer (TOMS) on board the “Nimbus-7”
can measure the erythemal UV irradiance (the potential for bio-
logical damage due to the solar radiation, which can be calcu-
lated by using the UV irradiance reaching the surface of the earth
and weighted by model values of susceptibility of Caucasian skin
to sunburn (erythema)). Therefore, there is still no satellite that
provides information about daily dose of UV (the diurnally integ-
rated amount of the UV radiation), especially the wavelength-in-
tegrated daily dose of UV at 280–400 nm, which is needed in the
study of the MPP (Tanskanen et al., 2006; Torres et al., 2007). To
quantitatively evaluate the effects of the UVR on the MPP on a
global scale, the global distribution of the UVR on the sea surface
needs to be retrieved using satellite remote sensing data.

The atmospheric radiative transfer models have also been
used to estimate the UV irradiance arriving at the sea surface us-
ing the known composition of the atmosphere (Herman et al.,
1999; Vasilkov et al., 2001; Ahmad et al., 2003; Smyth, 2011). On
the basis of the radiative transfer model, the global distribution of
monthly integrated UV-erythemal irradiance (290–400 nm) on
the  earth’s  surface  was  estimated,  by  including  total  ozone
amount, cloud transmittance, aerosol amount, surface reflectiv-
ity of the solar UV radiation backscattered from the earth’s atmo-
sphere, and the extraterrestrial solar irradiance in the calculation
(Herman et al., 1999), but such a calculation is quite complicated
and inefficient. To improve the computational efficiency, Ahmad
et al. (2003) established a look-up table of the surface UVR in-
tensity based on the ozone concentration, the cloud reflectivity,
the aerosol optical thickness, and the solar zenith angle, and cal-
culated the surface UV irradiance at the local noontime. Smyth
(2011) retrieved the sea-surface UV irradiance at noon through a
look-up table,  and estimated the daily dose of  UV at separate

wavelengths (305, 325, 340 and 380 nm) by assuming that the in-
tensity  of  UVR during the day changes following a sinusoidal
function. However, the diurnal variation of the UV irradiance un-
der the influence of weather/cloud variation also has a great ef-
fect on the photosynthesis of phytoplankton.

With the aim to future analysis of the UVR’s effect on MPP es-
timation, we develop a method to retrieve the wavelength-integ-
rated UV irradiance (280–400 nm) on the sea surface by using
satellite  atmospheric  data.  First,  a  look-up  table  of  the
wavelength-integrated UV irradiance was established using the
coupled ocean atmosphere radiative transfer (COART) model. It
was then used to retrieve the global distribution of the sea-sur-
face UV irradiance using the solar zenith angle, the aerosol optic-
al thickness at 550 nm, the ozone amount, the liquid water path,
and the total precipitable water at middle and low latitudes. All of
these inputs used in the inversion can be obtained by satellite re-
mote sensing. Second, the satellite-retrieved UV irradiance was
validated using the in situ data and finally the sensitivity of the
UV irradiance on the different components of the atmosphere
was analyzed.

2  Data

2.1  In situ sea-surface UV irradiance data
Two in situ data sets were used in this study (Fig. 1). The in

situ data of 2006 were obtained from the World Ozone and Ultra-
violet Radiation Data Center (WOUDC, red stations in Fig.  1).
Most observing data from the WOUDC stations did not contain
the  complete  wavelength  from  280  to  400  nm.  In  all  of  the
nearshore WOUDC stations, there are only two stations which
measure the UV irradiance from 280 to 400 nm; one is the San
Diego Station (32°45′58″N, 117°11′42″W) on the west coast of the
USA,  and  the  other  is  the  Ushuaia  Station  (54°49 ′19″S,
68°19′23″W) in Argentina. The instrument used at these two sites
is a surface biospherical UV scanner (SUV-100), working in the
spectral mode, with 2 nm intervals from 280 to 400 nm. The fre-
quency of measurement was about 15 min. In this study, we used
the integrated irradiance from 280 to 400 nm.

The in situ data of 2011 are obtained from the station (24°N,
118°E) at  Xiamen University  in China,  with an Eldonet  broad
band filter radiometer (blue station in Fig. 1). This equipment has
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three channels: PAR (400–700 nm), UVA (315–400 nm), and UVB
(280–315  nm)  irradiance  and  measures  the  light  levels  every
second but records the means over each minute.

2.2  Satellite data
Satellite products used in this paper were mainly from the

MODIS and the atmospheric infrared sounder (AIRS), which are
both on board the “Aqua” satellite. The aerosol optical thickness

and liquid water path products were from the MODIS, while the
ozone amount and the total  precipitable water were from the
AIRS.  Details  of  the satellite  products  can be seen in Table 1.
Among them, the products with lower spatial resolution (1°× 1°)
were used to retrieve the ocean surface UV irradiance, while the
product with a resolution of 1 km×1 km was used in the valida-
tion of satellite-derived surface UV irradiance.

The monthly-averaged surface PAR from the MODIS was also

Table 1.  Details of satellite products

  Total precipitable
water/kg·m–2

Ozone amount/Dobson Aerosol optical thickness (550
nm)/dimensionless

Liquid water path/g·m–2

Data source Aqua/ARIS Aqua/ARIS Aqua/MODIS Aqua/MODIS

Spatial resolution 1°×1° 1°×1° 1°×1° Level 3: 1°×1°

        Level 2: 1 km×1 km

Products level Level 3: daily and monthly Level 3: daily and monthly Level 3: daily and monthly Level 3: daily and monthly

        Level 2: daily

gathered to make a comparison with the distribution of the sur-
face  UVR.  The spatial  resolution of  satellite-derived PAR is  9
km×9 km. For the direct comparison between the PAR and the
UVR, the satellite-derived PAR (Einstein/(m2·d–1)) needs to be
converted to the same unit (W/m2) of the UVR as Eq. (1) (Frouin
and Pinker, 1995):

PA R =
D irr

khc

0:7Z
0:4

I( )d ; (1)

where Dirr is the photoperiod (s), which is determined by the sol-
ar zenith angle at a certain location and date; k is the Avogadro
constant (≈6.022×1023); h is Planck’s constant (6.63×10–34 J·s); c is
the speed of light in a vacuum (3×108 m/s) and I(λ) is the PAR ir-
radiance  (W/m2).  Because  the  PAR  from  the  satellite  is
wavelength integrated, λ is set as the middle wavelength (550 nm)
of the PAR.

All the satellite products were downloaded from the follow-
ing NASA website (http://oceancolor.gsfc.nasa.gov).

3  Retrieval method for sea-surface UV irradiance

3.1  Generating the look-up table by the radiative transfer model
The absorption, scattering, and transmittance of the solar ir-

radiance through the atmosphere can be calculated by the radi-
ative transfer model. In this paper, the COART model developed
by Jin and Stamnes (1994) was used in the establishment of the
sea-surface UV irradiance look-up table. The COART simulates
the absorption and scattering caused by atmospheric molecules,
aerosols, ozone, clouds, as well as particles and dissolved sub-
stances in water, which can be used to calculate the irradiance
and radiance at any level of the atmosphere and ocean in both
narrow  band  (spectrum)  and  broad  band  (integrated
wavelength) between 200 and 100 000 nm (Jin et al., 2006).

Ozone can absorb the UV radiation strongly, especially UVB
(Wang et al., 1999); the intensity of the UVB on the ground is less
than 1% that of the total solar radiation on the top of the atmo-
sphere (Pang et al., 2010). The attenuation of the UVA on the oth-
er hand is mainly caused by the scattering of atmospheric mo-
lecules, aerosols,  and clouds (Guo et al.,  2002).  Therefore, we
chose the input parameters for the atmospheric conditions for
the generation of the sea-surface UV irradiance look-up table to

be the ozone amount, the aerosol optical thickness at 550 nm, the
liquid water path, and the total precipitable water. In this study,
our target  area is  between 60°N and 60°S.  The types of  atmo-
sphere are set as tropical, middle latitude summer, and middle
latitude winter. The aerosol type in the troposphere is set as the
maritime aerosol. Compared with the large variation of aerosols
in the troposphere, the aerosols in the stratosphere are relatively
stable. Therefore, the type of stratospheric aerosol is set as back-
ground in the COART model, and cloud is set as isotropic. In ad-
dition,  because the effects of  ocean surface roughness on the
downward radiation in the atmosphere are negligible (Jin et al.,
2006), a flat surface is adopted in the COART model, and the radi-
ation is considered completely absorbed by the sea water.

Table 2 shows the details of the input parameters for the gen-
eration of the look-up table. The outputs are the wavelength-in-
tegrated irradiance of the UVA and the UVB.

Table 2.  Input parameters in COART model for the generation of
the UVR look-up table

Parameters Range Step

Solar zenith angle/(°) 0–85 5

Ozone amount/atm-cm 0.10–0.50 0.05

Aerosol optical thickness (550 nm) 0.0–0.5, 0.6, 0.7 0.05

Total precipitable water/g·cm–2 0–6 1

Liquid water path/g·m–2 0–350 50

 
3.2  Retrieval method using satellite data

To calculate the surface UV irradiance, the solar zenith angle
of each satellite pixel and the type of atmosphere are calculated,
firstly, on the basis of geographical position and observing time
of  satellite.  In  the  Northern  Hemisphere,  the  summer  atmo-
sphere is considered to last from April to September, with the rest
of the year considered to be the winter atmosphere; note that
seasonal setting for the Southern Hemisphere is the opposite of
that for the Northern Hemisphere. Therefore, maps of the sur-
face  UV  irradiance  are  obtained  by  inputting  the  satellite
products of the aerosol optical thickness (550 nm), the ozone
amount, the liquid water path, and the total precipitable water
from the same day along with the solar zenith angle into the look-
up table.  In the inversion,  any invalid inputted data from the
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ds =

vuut[1= (n ¡ 1)]
nX

i=0

(E rs¡ E is)
2

dm =

nX
i=1

j(E rs¡ E is) =E isj

①  The calculation of  the standard deviation is  ,  where Ers  and Eis  are  UV irradiance of  satellite

inversion and ground measurement, respectively; n is the number of calculations.

② The calculation of the mean relative difference is , where Ers and Eis are UV irradiance of satellite inversion

and ground measurement, respectively; n is the number of calculations.

daily atmospheric products are replaced by monthly-averaged
data for the same pixel.

Note that the unit of ozone amount inputted into the look-up
table is atm-cm; however, the unit of the satellite-derived ozone
amount is Dobson. Unit conversion is needed before using the
satellite product of the ozone amount, by using Eq. (2):

1 atm¡cm = 1 000 Dobson: (2)

In the inversion of the daily UVR dose, atmospheric condi-
tions are assumed to be constant during the day. Atmospheric
products at the satellite’s passing time are inputted into the look-
up table, while the solar zenith angle is calculated for each pixel
every half an hour from sunrise to sunset. The UV irradiance is
inversed at each solar zenith angle so as to describe the diurnal
variation of the sea-surface UVR. Then, the daily dose of UV at
each pixel is calculated by integrating the discrete UV irradiance
in the day length.

3.3  Satellite results
With the generated look-up table and the satellite-derived at-

mospheric products, the monthly-averaged UV irradiance and
the PAR irradiance on the ocean surface were produced,  and
here we use the data from 2006 as an example (Fig. 2). Globally,
the surface UV irradiance and the PAR irradiance range from 0 to
40 W/m2 and from 0 to 300 W/m2, respectively. The averaged sur-
face UV irradiance accounts for about 10% of the averaged sur-
face PAR irradiance. Compared with the distribution of the PAR
on the sea surface, the geographical distribution of the UVR is
more variable because it is more sensitive to the attenuation of
the atmosphere.

Temporally, the distributions of the surface UV and PAR irra-
diance have a significant seasonal variation correlated closely
with the solar zenith angle, which is a major factor in controlling
the seasonal solar distribution. The transmission path of the sol-
ar radiation in the atmosphere becomes longer with an increase
in the solar zenith angle (July for the Northern Hemisphere and
January for the Southern Hemisphere), and the attenuation of the
solar radiation caused by ozone, water vapor, clouds, and aero-
sols increases, resulting in small surface UV and PAR irradiance.

Geographically, both the spatial variations of the UV irradi-
ance and the PAR are related to the spatial distribution of the at-
mospheric composition. In the tropical ocean, the UV and the
PAR irradiance are high over the entire year. However, the re-
gions with the highest UV and PAR irradiance are located in the
subtropics, where the frequency of clear days is high.

Globally,  the geographical distribution of the PAR is more
continuous. The areas with the highest PAR irradiance are mainly
in the open ocean (the middle of the Pacific, the Atlantic, the Ara-
bian Sea and the Indian Ocean) and the annual averaged PAR ir-
radiance is higher in the Southern Hemisphere. Compared with
the PAR, the geographical distribution of the UVR is relatively
scattered, the regions with the highest surface UV irradiance in

the Northern Hemisphere summer (July) are the Arabian Sea, the
South China Sea, and the western coastal oceans of America and
Africa. For the corresponding conditions during the Southern
Hemisphere summer (January), the regions with the highest UV
and PAR irradiance are the western seas of Africa, South Amer-
ica, and Australia and the eastern sea of Africa. These regions are
located in the subtropics, where the frequency of clear days is
high. In addition, because there are more clear days in April than
in October, the UV irradiance in April in the tropical ocean is rel-
atively higher, which is consistent with the analysis of previous
research (Herman et al., 1999).

4  Validation and discussion

4.1  Validation of satellite-derived ultraviolet irradiance
For accurate comparison, the satellite-retrieved UV irradi-

ance  and  the  in  situ  data  must  be  matched  in  both  time  and
space. Here, the matching criteria are that (1) the time interval
between the satellite observation and the in situ measurement
should be less than 7.5 and 2.0 min according to the field-meas-
ure frequency,  respectively,  and (2) the distance between the
satellite image pixel and the in situ station should be less than 10
km.

It should be noted that although the field measurements are
continuous during the day, the measured frequency is about 15
and 1 min for the data in 2006 and 2011, respectively. Therefore,
the observation time between the in situ  data and the satellite
data cannot match exactly. On the other hand, compared with
the in situ data measured at one spot, the satellite data are area-
averaged values determined by the spatial resolution of the satel-
lite products. To improve the spatial resolution, we use Level 2
products of the liquid water path (representing the cloud condi-
tion) with higher spatial resolution (1 km×1 km) in the validation.
In addition, because the spatial variations of the aerosol optical
thickness, the ozone amount and the total precipitable water are
relatively low, Level 3 products of these parameters (1°×1°) were
used in the validation.

The validation results at San Diego (USA), Ushuaia (Argen-
tina), and Xiamen University (China) are shown in Fig. 3. The
temporal variation of the satellite-derived UV irradiance and the
in situ measurement are consistent over the whole year. Overall,
the inversed UV irradiance and in situ values are consistent, with
a standard deviation① and mean relative difference② of 10 W/m2

and 24.74%, respectively, at San Diego (Figs 3a and b), and 14.92
W/m2 and 20.74%, respectively, at Xiamen University (Fig. 3e and
f). The satellite-derived UV irradiance is, overall, less than that of
the in situ observation at Ushuaia, with standard deviation and
mean relative difference of 11 W/m2  and 38.06%, respectively
(Figs 3c and d). Some of the large deviation may result from the
temporal and spatial mismatch between satellite and in situ ob-
servations. Although we have restricted the distance between the
ground station and satellite data to be 10 km, the ground meas-
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Fig. 2.   The distribution of the inversed monthly-averaged UV irradiance (left hand side) and PAR irradiance (right hand side) on
the ocean surface in 2006. Figs 2a, b, c, and d show the results of January, April, July, and October, respectively.

 

urement usually corresponds to a much smaller area. The mis-
match in space would induce errors in the comparison, espe-
cially when fractus clouds exist.  On the other hand, when the
weather is changing quickly, the mismatch in time can also lead
to large deviation in the comparison.

Since the mismatch is random, time-averaged or time-integ-
rated quantitative analysis may reduce the uncertainties (Her-
man et al., 1999; Wang et al., 2001). Figure 4 shows the comparis-
ons of the surface UV irradiance of a rolling average of 10 and 30
d. The satellite estimations closely follow the fluctuation of the
ground  measurement  at  San  Diego  and  Xiamen  University.
However, the satellite results at Ushuaia are obviously less than
the ground observations. Comparing with the rolling average of
10 d for  the ground observations,  the standard deviation and
mean relative difference of satellite results are 4.16 W/m2  and

8.23% for San Diego, 8.3 W/m2 and 35.46% for Ushuaia, and 7.05
W/m2  and 10.54% for Xiamen University, respectively. For the
data with a rolling average of 30 d, a good linear relationship was
found between the satellite results and the ground observations
with an r-square value of 0.95, 0.83 (Fig. 4d) and 0.96, standard
deviations of 2.75, 8.11 and 5.49 W/m2, and mean relative differ-
ences of 6.57%, 40.24% and 9.66%, for San Diego, Ushuaia, and
Xiamen University, respectively. The large difference at Ushuaia
might be caused by applying the middle latitude atmosphere to
the high latitude region of Ushuaia. In fact, the attenuation of the
UVR in the middle latitude atmosphere is higher than that in the
high latitude atmosphere. Thus, using the middle latitude atmo-
sphere in the inversion of the UV irradiance at Ushuaia may res-
ult in a systematic underestimation of the satellite-derived UV ir-
radiance.

4.2  Sensitivity analysis
In order to understand the influence of the accuracies of dif-

ferent inputted atmospheric parameters on the retrieved UVR,
we conducted a sensitivity analysis. The atmosphere type was set
as mid-latitude summer. First, the standard UV irradiance was

retrieved by using the annual mean values of the solar zenith
angle,  the total  precipitable  water  (TOW),  the ozone amount
(OA), the aerosol optical thickness (550 nm) (AOT), and the li-
quid water path (LWP), at San Diego (Table 3). Then, we changed
one of the inputted parameters each time with a step of 20% and
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Fig. 3.  The annual variation of satellite-derived (remote sensing) UV irradiance (Ers) and in situ UV irradiance (Eis) for San Diego,
USA (a and b); Ushuaia, Argentina (c and d) and Xiamen University in China (e and f). Note that the latitude of Ushuaia is high
(54°49′19″S), and data are missing during the Southern Hemisphere winter because of the polar night (Julian days 105–235 d, Fig.
3c).

 

variation ranging from +80% to –80%.

Thus, the sensitivity (s) is calculated as follows:

s =

µ
E uvr1 ¡ E uvr2

E uvr2

¶
£ 100%; (3)

where Euvr1 is the changed retrieved UVR after changing one spe-
cific inputted parameter; Euvr2 is the standard UV irradiance with
the annual mean values.

The sensitivities of the retrieved UV irradiance to all inputted
parameters are shown in Fig. 5. The most sensitive parameters
are the solar zenith angle and the liquid water path. With the in-
crease of the solar zenith angle, the transmission path of radi-
ation in the atmosphere becomes longer and results in more atte-
nuation of the UVR. The liquid water path representing the cloud

condition can strongly absorb the UVR, and have a significant in-
fluence on the UV irradiation. The sensitivities of the retrieved
UV irradiance resulting from the variations of the ozone, the aer-
osol optical thickness (550 nm), and the total precipitable water
are much smaller (Fig. 5a). To further check the effects of these
three parameters, we calculate the sensitivities of the UV irradi-
ance with a liquid water path of 0 g/m2 and a solar zenith angle of
30° (Fig. 5b). The sensitivities range from –1.75% to 3% for the
ozone, –1.75% to 2% for the aerosol optical thickness (550 nm),
and less than 0.5% for the total precipitable water. Overall, the
high-varying cloud condition (the liquid water path) has remark-
able influence on the retrieval of the UV irradiance, and it needs
higher spatial and temporal remote sensing observations.
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Fig. 4.  Comparisons of 10 d (a, c and e) and 30 d (b, d and f) rolling averaged surface UV irradiance for San Diego, USA (a and b);
Ushuaia, Argentina (c and d) and Xiamen University in China (e and f). Ers  and Eis  are satellite-derived data and in situ  data,
respectively; SD is standard deviation; the black lines are 1:1 lines, and the red lines are linear regression lines.

 

Table 3.  Annual mean values of inputted parameters

Zenith angle/(°) TOW/kg·m–2 OA/Dobson AOT (550 nm) LWP/g·m–2

45 1.807 0 0.300 5 0.111 4 68.916 7

4.3  Diurnal variation
The diurnal variation of the UV irradiance on the sea surface

has a great effect on the estimate of the marine primary produc-
tion.  However,  a  satellite  can only provide local  atmospheric
products  at  its  passing  time,  and  the  sensitivity  analysis  has
shown that the variation of input parameters, especially the vari-
ation of the liquid water path, has a great effect on the retrieved
UV irradiance. As in the comparison in Fig. 3, we chose 3 d at
each ground station with relatively small and high relative differ-
ences of satellite-derived results to check the UV irradiance di-
urnal variation and the effects of the atmosphere on the valida-
tion (Fig. 6).

At San Diego, the relative differences between the satellite-
derived UV irradiance and the in situ data are 7.0%, 93.0% and
65.0% on Julian days 47, 288, and 361, respectively; at Ushuaia,
the relative differences on Julian days 15, 32, and 360 are 132.0%,
124.0% and 10.0%, respectively; at Xiamen University, the relat-
ive differences on Julian days 234, 244, 264 are 1.4%, 116.6%, and
1 186.4%, respectively. Obviously, the higher diurnal variation of
the surface UV irradiance corresponds to a larger relative differ-
ence between the satellite-derived UV irradiance and the in situ
data, and vice versa, indicating that the diurnal variations have a
remarkable effect on the validation of the satellite-derived UV ir-
radiance.
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Fig. 5.  The sensitivities of retrieved UV irradiance (s) to five inputted parameters (the variation of LWP, OA, TOW, and AOT ranges
between +80% and –80% with a step of 20%; the variation of the zenith angle ranges from 0° to 90° with a step of 10°) (a) and the
sensitivity to AOT, OA, and TOW with an LWP of 0 g/m2 and zenith of 30° in 2006 at San Diego, USA (b).

 

 
Fig. 6.  The diurnal variations of the in situ UV irradiance at San Diego, USA (a), Ushuaia, Argentina (b) and Xiamen University (c).

 
To quantitatively examine the diurnal variation of atmospher-

ic conditions on the estimation of the diurnal UV irradiance, the
liquid water path and the aerosol optical thickness (550 nm) from
the satellites  “Terra” (passing time approximately  10:30)  and
“Aqua” (passing time approximately 13:30) are used for compar-
ison (Fig. 7). The diurnal variation of the ozone amount and the
total precipitable water are ignored. During the hours of sun-
shine (the time of day length),  individual “Terra” and “Aqua”
data are used before 10:30 and after 13:30, respectively; a linear
interpolation is used for data between 10:30 and 13:30. Figure 7
shows  the  comparison  of  the  daily  dose  of  UV  between  the
ground observations and the satellite estimations at San Diego.

The standard deviations are 0.37 MJ/(m2·d) when using the data
from the two satellites (Fig. 7a), and 0.40 MJ/(m2·d) when using
only the “Aqua” data (Fig. 7b), with mean relative differences of
27.01% and 28.66%,  respectively.  On the 30  d  rolling  average
scale, the standard deviations are 0.10 MJ/(m2·d) when using the
data from the two satellites, and 0.12 MJ/(m2·d) when using only
the “Aqua” data,  with mean relative differences of  6.71% and
8.43%, respectively. Compared with the results when using only
the “Aqua” data, the validation results are better, and the mean
relative difference decreases 20.40% on the 30 d average scale by
using data from two satellites.

Figure 8 shows the annual variation of the daily dose of UV.
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Fig. 7.  Comparisons of the daily dose of UV between satellite inversion results (Ers) and in situ observations (Eis) in 2006. Inversion
results from “Terra” and “Aqua” satellite products (a) and inversion products from only the “Aqua” satellite data (b).

 

The retrieved results using different satellite data show similar
trends and good agreement with the field data in winter and early
spring.  During the summer months,  the fluctuation of the re-
trieved results around the in situ observation increases due to the
high frequency of cloudy days. Therefore, satellite products with
a higher temporal resolution are needed to improve the inver-
sion accuracy of the daily dose of surface UV.

5  Concluding remarks
A satellite retrieval method of the wavelength-integrated UV

irradiance at middle and low latitudes ocean surface was estab-
lished in this study. For fast calculation, a look-up table was gen-
erated using the radiative transfer model. All the inputted atmo-
spheric parameters in the look-up table can be obtained from
satellite products. On the basis of the generated look-up table,
the maps of the ocean surface UV irradiance were derived using
the atmospheric data from the “Aqua” satellite.

The time series of ground-based measurements of the sur-

face UV irradiance from the WOUDC in 2006 and from the data
measured at Xiamen University in 2011 were used to validate the
accuracy of the satellite-derived results. On a 10 d rolling average
scale, the mean relative differences of the retrieved UV irradi-
ance and the daily dose were 8.22% and 13.95%, respectively. On
a 30 d rolling average scale, the mean relative differences of the
retrieved UV irradiance and the daily dose were 6.57% and 8.43%,
respectively. The temporal variation between the satellite retriev-
als and ground observations is consistent over the whole year.
The cloud (represented by the liquid water  path)  is  the most
sensitive parameter affecting the accuracy of the ocean surface
UV irradiance inversion. Since the existing satellite with the sur-
face UV irradiance monitoring ability is mainly focused on the at-
mosphere, special ocean color sensors for monitoring the sur-
face UV irradiance with high signal to noise ratio and temporal
resolution will  be helpful  in research on the UVR’s effects  on
marine ecosystems and MPP.

Currently, Cullen et al. (2012) estimated a spectral depth-

 

 
Fig. 8.  The annual variation of daily dose of UV in 2006 at
San Diego, USA. The symbols are the daily dose, while the
lines indicate the 10 d smoothing averaged results, with
black, red, and blue indicating the UV irradiance of field
observation, UV irradiance retrieved by two-satellite data
(“Terra” and “Aqua”),  and single “Aqua” data,  respect-
ively.

 
integrated photosynthesis model with five biological weighting
functions for the inhibition of UVR and assess the global MPP by

using satellite retrieved chlorophyll. However, the most existing
satellite remote sensing of the marine primary production only
considers the effects of visible light radiation, ignoring the UVR.
With the availability of the satellite-derived UV irradiance, we
make a preliminary simple analysis of the effects of the UVR on
the primary productivity by only changing the surface irradiance
from the PAR to (PAR plus UVR) based on two MPP models (Ver-
tically Generalized Production Model (VGPM) and Honda–2009
model (Honda et al., 2009); and the equations can be found in
Appendix A). The results show that the UVR may increase the an-
nual productivity of phytoplankton by 0.07% (VGPM) and 6.54%
(Honda–2009 model) on average. Moreover, in some areas, the
increase  of  the  MPP  due  to  the  UVR  can  be  up  to  6.61%  and
75.39% through the use of the VGPM and Honda et al.’s (2009)
model,  respectively.  The  large  difference  between  these  two
models may result from the processing of surface irradiance in
the models. In the VGPM, the surface radiation irradiance is pro-
cessed in the form of E0/(E0+4.1) (Eq. (A1)). For the surface PAR
ranging from 0 to 300 W/m2 and UVR ranging from 0 to 40 W/m2,
the difference between the (PAR plus UVR) and the PAR is very
small (0.07%). However, in Honda–2009 model, the primary pro-
ductivity is a linear function of the surface solar irradiance (Eq.
(A2)). In this respect, the UVR has a non-negligible effect on the
estimation of the MPP. However, it must be noted that the main
factor affecting the primary productivity by the VGPM is the max-
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imum  carbon  fixation  rate  Pb
opt  (Behrenfeld  and  Falkowski,

1997), and here we only estimate the MPP by simply changing
the UVR-contained irradiance in the MPP model with the un-
changed Pb

opt. Recently, research has shown that the inhibition
effects of the UVA and the UVB on the carbon fixation rate of sea
surface phytoplankton ranged from –25.00% to 28.90% and 0.34%
to 26.50% with an increase in distance offshore (from about 50 to
650 km), respectively (Li et al., 2011). Unlike the 6.54% primary
production increment due to the UVR by only changing the sur-
face irradiance,  the UVR could improve the annual  averaged
primary productivity by 2.05% on average under the assumption
that the effects of the UVR and the PAR on phytoplankton pro-
ductivity are the same (Eq. (A3)). Very few models exist for the es-
timation of carbon fixation rate that consider the effect of the
UVR, which retrieve Pb

opt by using the sea-surface temperature or
surface PAR irradiance (Megard, 1972; Ishizaka et al., 2007). Ac-
tually, the intensity of UVR, the exposure period of phytoplank-
ton under UVR, and the species composition of the phytoplank-
ton community are the main factors controlling the physiologic-
al response of phytoplankton to the UVR (Wu and Gao, 2011; Li et
al., 2015). Therefore, more efforts should be made to establish the
regional primary productivity algorithm considering the UVR ef-
fects. Over a long time scale, the UVR intensity on the sea surface
is likely to increase due to the decline of the stratospheric ozone
layer (Madronich et al., 1998) or decrease due to the increase of
cloud cover (He et al., 2013) and the decrease of the atmospheric
concentrations of ozone depleting substances (McKenzie et al.,
2011); more satellite products are needed to monitor the long-
term effects of the UVR on the MPP on a global scale (Behrenfeld
et al., 1993).
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Appendix:
 
A.  Marine primary productivity models for the assessment of

effects of the ultraviolet radiation
Much research has involved remote sensing models of MPP

using  the  PAR  at  the  visible  light  (Campbell  et  al.,  2002;
Friedrichs et al., 2009). However, to the best of our knowledge,
few remote sensing models considering the effects of UVR have
never been reported. To evaluate the effects of the UVR on the
MPP, two models of the MPP were used by simply changing the
surface irradiance with and without the UVR, one is the widely
used VGPM (Behrenfeld and Falkowski, 1997) (Eq. (A1)), and the
other is the model of Honda et al. (2009) (Eq. (A2) and Eq. (A3)),
as follows:

MPP = Copt £ Z eu£ P b
opt £ D irr £ [0:661 2£ E 0= (E 0+ 4:1)] ; (A1)

MPP = C int £ E 0 £ ; (A2)

= 3:41(E 0)
¡0:68; (A3)

where Pb
opt is the maximum carbon fixation rate of phytoplank-

ton  in  the  euphotic  layer  (mg  C/((mg  Chl-a)·h));  Copt  is  the

chlorophyll a  (Chl-a) concentration at the depth of Pb
opt  ((mg

Chl-a)/m3); Zeu is the depth of the euphotic layer; Dirr is the sun-

shine period (day length); E0 is the daily photosynthetically act-

ive radiation at the sea surface (Einstein/(m2·d)); Cint is the integ-

rated  concentration  of  chlorophyll  a  in  the  euphotic  layer

(mg/m2); and Ψ is the utilization efficiency of solar radiation by

phytoplankton (mg C/((mg Chl-a)·(mol quanta))).
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