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Abstract Usable solar radiation (USR) represents spectrally integrated solar energy in the spectral range
of 400-560 nm, a domain where photons penetrate the most in oceanic waters and thus contribute to pho-
tosynthesis and heating at deeper depths. Through purely numerical simulations, it was found that the dif-
fuse attenuation coefficient of downwelling USR (K4(USR), m™") is nearly a constant vertically in the upper
water column for clear waters and most turbid waters. Subsequently an empirical model was developed to
estimate K4(USR) based on the diffuse attenuation coefficient at 490 nm (K,(490), m~'). We here evaluate
this relationship using data collected from a wide range of oceanic and coastal environments and found
that the relationship between K,(490) and K;(USR) developed via the numerical simulation is quite robust.
We further refined this relationship to extend the applicability to “clearest” natural waters. This refined rela-
tionship was then used to produce sample distribution of K;(USR) of global oceans. As expected, extremely
low K4(USR) (~0.02 m~ ") was observed in ocean gyres, while significantly higher Kz(USR) (~5.2 m ') was
found in very turbid coastal regions. A useful application of K4USR) is to easily and accurately propagate
surface USR to deeper depths, potentially to significantly improve the estimation of basin scale primary pro-
duction and heat fluxes in the upper water column.

1. Introduction

The availability of solar radiation in the upper ocean is important for both physical and biological proc-
esses. To quantify this amount of solar energy, conventionally the photosynthetic available radiation (PAR,
quanta m 25~ ') has been used [Kirk, 1994; McCree, 1981], which represents radiant energy in the spectral
range of 400-700 nm. In order to study heat transfer and phytoplankton dynamics in the oceans, it is nec-
essary to know the intensity of PAR and its spatial distribution, both horizontally and vertically. In the past
decades, a simple expression has been widely used to model the penetration of PAR from surface to depth
[Buiteveld, 1995; Kara et al., 2005; Murtugudde et al., 2002; Paulson and Simpson, 1977], which is commonly
expressed as:

PAR(z)=PAR(0") - exp [—K4(PAR) - Z] (M

where PAR(07) is the PAR value just beneath the water surface, and K4(PAR) (m ') is the diffuse attenuation
coefficient of PAR.

Although PAR(0™) and K4(PAR) of the oceans have been produced as stand-alone products from satellite
ocean color remote sensing [Frouin and Pinker, 1995; Frouin et al., 2012; Wang et al., 2009], numerous studies
have shown that K4(PAR) cannot be treated as a depth-independent property [Lee, 2009; Morel, 1988; Smith
et al., 1989]. Lee [2009] showed that K4(PAR) of oceanic waters will vary by almost three folds from surface
to the bottom of the euphotic zone due to the strong absorption by water molecules in the longer wave-
lengths. Thus, significant errors in the estimation of PAR at depth would be resulted if a vertically constant
K4(PAR) is used, and subsequently inaccurate response of phytoplankton [Mobley et al., 2015; Penta et al.,
2008].

To overcome the limitations associated with K4(PAR), Lee et al. [2014] proposed a new radiometric term named
as the usable solar radiation (USR, W m ™), which is defined to represent the spectrally integrated solar irradiance
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in the spectral window of 400-

Table 1. List of Data Set, Measurements, and Number of Samples . . ) ) .
P 560 nm. Light in this window contrib-

Measurements Used Number of

Data Set in This Study Location Measurements (N) utes the most to phytoplankton pho-
South-Pacific —Eq(4,2) South Pacific Gyre 36 tosynthe5|s and ca'n penetrjdte much
CLT2005 —Eq(2,2) Chesapeake Bay 54 deeper than PAR in oceanic waters,
CLT2006 —Eq(42) Chesapeake Bay 136 thus it is useful and important to
CLT2007 —E4(42) Chesapeake Bay 69 . . .
ECOMON —Eq4z)  Continental Shelf of Middle 25 have an accurate estimation of USR in
Atlantic and Gulf of Maine the upper part of the global oceans.
Sortiel —Eq(A42) MOBY 30 o o .
Sortie2 —Eq4(4,2) Scripps Pier of San Diego 17 Slmllarly as the deSCprtIOh of verti-
CLv7 —Eq(4,2) Middle Atlantic Bight 54 cal variation of PAR (equation (1)),

e @IS the change of USR with depth can

also be described as

USR(z)=USR(0™) - exp [~K4(USR) - 2] 2)

Here USR(07) is the subsurface downwelling usable solar radiation, while K,(USR) is the attenuation coef-
ficient of the downwelling USR. Based on numerical simulations by Hydrolight, Lee et al. [2014] found
that K4(USR) is nearly a constant vertically for almost all oceanic waters. Therefore it would be quite com-
putationally effective for the generation of USR of the global oceans if USR(0™) and K4(USR) are produced
from satellite ocean color remote sensing. USR(0™~) depends on solar elevation and atmospheric proper-
ties, which is out the scope of this study. For K,(USR), through numerical simulations it was found that
K4(USR) of oceanic waters can be well estimated from the diffuse attenuation coefficient of downwelling
irradiance at 490 nm (K,;(490), m~ ). But these K,(USR) characteristics were derived purely from numeri-
cal simulations [Lee et al., 2014], it is important and necessary to verify these characteristics with meas-
urements made in the real world. Here we use vertical profiles of downwelling irradiance measured in
both oceanic and coastal environments to test and refine the relationships proposed in Lee et al. [2014].
We further produced global distribution of K;(USR) from MODIS as examples of basin-scale satellite
products.

Locations

2. Data and Method

2.1. Filed Measurements

The in situ data used to validate
the numerical simulations con-
sisted of eight data sets (see
Table 1 and Figure 1 for sum-
mary and location, respectively)
obtained from SeaBASS (http://

60°N

40°N

20°N
e seabass.gsfc.nasa.gov/), and all
3 hyperspectral irradiance (E,4(/))
s o° measurements were obtained by
- Satlantic hyperspectral radiome-
ter. Here is a brief summary of
— this data set.
South-Pacific 5
© CLT2005 o8 1. The South-Pacific data set (36
A& CLT2006 %o
CLT2007 oo E,(A) profiles) collected around
0% O ECOMON the South Pacific Gyre with
% Sortie K4(490) in a range of ~0.017-
\/ Sortie2 1 .
. oLy 0.14 m~ . This data set repre-
oy o o o Py - o sents the “clearest” natural
Longitude waters on the Earth [Claustre
and Maritorena, 2003; Morel
Figure 1. Locations of measurements used in this study. et al, 2007b];

KD(USR) OF THE GLOBAL OCEANS 3229


http://seabass.gsfc.nasa.gov
http://seabass.gsfc.nasa.gov

@AGU Journal of Geophysical Research: Oceans 10.1002/2015JC011528

2. The data set of 259 E,(1) profiles
obtained in the Chesapeake Bay
(CLT2005, CLT2006, and CLT2007)
with K4(490) varied from ~0.04 to
18m~

/ 3. The ECOMON data set of 25 E,(4)

/ profiles obtained in the continental

/ shelf from the north of Cape Hatte-

ras, NC to the western half of

| Georges Bank and a portion of the
Gulf of Maine, with K,(490) in a
range ~0.08-0.37 m™;

4, Sortie 1 (March 2007) of 30 E4(/)
profiles measured at the MOBY

7 (marine optical buoy) site with
K4490) ranging from ~0.02 to
031 m ', and Sortie 2 (January
2008) of 17 E4(4) profiles measured
at the Scripps Pier of San Diego, CA
with K4(490) ranging from ~0.10 to
0.17m™'; and

5. Finally, the CLV7 data set (CLiVEC
7) of 54 E4(/A) profiles obtained

. from the cruise for the project

entitled Impacts of Climate Vari-

—E,490,2)
USR(z)

N
(=}
T

Depth (m)

w
o
T

0.1 1 10 100 1000 10000 ability on Primary Production and
USR(2) (uw/cm2) or E (490,2) (uw/cmz) Carbon Distributions in the Middle

d Atlantic Bight and Gulf of Maine

(CLiVEC), with a mean K4(490)

value of ~0.15m™ .

Figure 2. Example profiles of USR and E,(490).

In summary, a total of 435 downwel-
ling E4(/) (~350-700 nm, ~3 nm resolution; ~0.1 m depth resolution for most measurements) profiles were
compiled from these measurements. After visually inspecting their quality, 14 measurements of E4(1) pro-
files were removed from further analysis, because of obvious and severe random noises in the E,(4) profiles
that were likely due to strong wave focusing effects; therefore it leaves 421 E4(4) profiles (Table 1) for this
effort. Figure 2 presents an example of profiles of USR and E4(490) of this data set.

To evaluate how K4 (USR) changes with depth, depth-averaged K4(USR) between 0~ and a certain depth z,
K4USR, z), was computed by linear fitting the logarithm of USR(z) between 0™ and z.

In [USR(z)]=—K4(USR, z) - z+In [USR(07)] 3)

For each station, we used a parameter, coefficient of variation (CV) of K4(USR) (CVi.s) among the K4(USR, z) val-
ues, to characterize the vertical variability of K;(USR, z). CVys, is defined as the ratio of the standard deviation
to the mean value. To reduce the effect of wave focusing on the calculation of CVy, for each profile the first
K4(USR) was calculated from 0~ to 5% of Z;’f% ( ;‘f% representing the depth where USR(z) is of 1% of USR(0™)).
Therefore, for each station generally more than 95% of USR(z) data were used to calculated K4USR, z) and
CVyusr. Additionally, averaged K,(USR) of the upper water column is calculated by curve fitting the USR vertical
profile between 0~ and Z;‘;{% with equation (3), with Z;’(‘){% representing the depth where USR(z) is 10% of
USR(0™). Similarly, averaged K4(490) of the upper water column is also calculated following the same scheme.

2.2, Satellite Data
To produce sample maps of K;(USR) of the global oceans, MODIS-Aqua monthly remote sensing reflec-
tance (Rrs) with a 4 km spatial resolution was downloaded from the NASA Ocean Color website (http://
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(a) oceancolor.gsfc.nasa.gov/).

50 ' ' K,(490) was estimated from
the total absorption (a) and
40 N=421 L backscattering (b,) following
® Lee et al. [2013], which were
derived from Rrs using the
quasi-analytical algorithm
(QAA) [Lee et al., 2002]. Finally
K4(USR) was calculated from
K4(490) using the empirical
model obtained in this study.

30+

20+

CV of K d(USR, z), >0 [%]

101
0- 3. Results
0.01 1 3.1. Vertical Variability of
Kd(490) (m™) K4(USR)

The distribution of CVi.s from
. . (ll)) . all 421 E4() profiles is shown
70 in Figure 3. Values of K;(490)
60 L ranged from ~0.017 to
= 401 18 m~' for this data set,
50 Mean Value= 6.69% r which covers nearly the range
» Median Value=4.67% of all natural waters. Generally,
2 40 I it is found that CVi is less
530 | than 30%, with an averaged
4 CViusr @s 6.7%, and in particu-
20 - lar more than 85% of the data
points having CVy,, less than
10 III I 12%, echoing the finding of
0 Il-ll-.-- ; —_ quite uniform Ky(USR) in the
0 10 20 30 40 upper water column [Lee et al.,
CV of Kd(USR, z) [%] 2014]. CVgys is found slightly
larger (~8.3% on average) for
Figure 3. (a) Coefficient of variation (CV) of vertically varying attenuation coefficient K4490) less than 0.2 m71,
(K4(USR, 2)) for all measurements; (b). Histogram of CV for all measurements. probably a result of strong

wave focusing effects in oce-
anic waters where the effect of wave focusing can reach deeper waters due to relatively low K,(490) val-
ues. Separately, the distribution of CV of K4(PAR) (CVypa,) from all 421 E4(4) profiles is shown in Figure 4.
For the same data set, the values of CVip,r generally spanned a range of ~5%-80% with an averaged
CVipar as 22.8%, and 85% of CVipar are within ~25%. Such observations and comparisons confirm the
finding in Lee et al. [2014] that K,(USR, z) can be regarded as a constant vertically for oceanic waters
and most turbid waters, but not K,(PAR). Because USR(0™) can be adequately generated from satellite
ocean color measurements, USR(z) can thus be easily calculated based on equation (2) when K4(USR) is
known.

3.2. Model to Estimate K;(USR)

A model has been developed to quickly estimate K (USR) with K,(490) as the input [Lee et al., 2014],
basically to take advantage the availability of K,(490) as a standard product from satellite ocean color
remote sensing. This empirical relationship between K,(490) and K,(USR) is evaluated with in situ meas-
urements compiled in this effort. Similarly to previous studies in modeling K4(PAR) [Morel et al., 2007a;
Pierson et al., 2008; Saulquin et al.,, 2013; Wang et al., 2009; Zaneveld et al., 1993], we here used a power
function to empirically describe the relationship between K;(490) and K4(USR) for K,(490) >0.1 m~'. On
the basis of the compiled data (Table 1), it was found that K (USR) would be overestimated by this
empirical model for K,(490) <0.1 m~ . The reason for such a deviation is not clear yet, although this
characteristics was also found in the relationship between K,(PAR) and K,(490) [Morel et al., 2007a].
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100

CV of K (PAR, 7), 2>0 [%]

Numbers

K (USR) (m

80 1

60 1

401

201

N=421

N=421
Mean Value= 22.83%
Median Value= 12.72%

CV of K (PAR, 7) [%]

Figure 4. As Figure 3 but for K4PAR, 2).

>OO

O%0

South-Pacific N=36
CLT2005 N=54
CLT2006 N=136
CLT2007 N=69
ECOMON N=21
Sortiel N=30
Sortie2 N=17
CLV7 N=54

e
L

Lee's Model (2014)
K (490)>0.1 m’!

K (490)<0.1 m’!

0.01
0.01

0.1

K (490) m™

1

Figure 5. Models between K;(490) and K,4(USR). The red line represents the model shown

in Lee et al. [2014]. The gray line represents the model for K4(490) > 0.1 m~" and black line

for K,(490) <0.1 m~ .

Similarly to the K4PAR) model
developed by Morel et al.
[2007a], a two-segment model
was used instead to cover
waters with the lower and
higher K,(490) values (Figure
5), which is:

K4(USR)=0.91 - K,(490)*%
for K4(490) > 0.1 m™",

R2=0.99, MAPE=3.2%
(4a)

and

K4(USR)=0.0062+1.16 - K4(490)
—0.00018 - [K4(490)] ",
for K;(490) < 0.1 m™ 1,

R*=0.99, MAPE=3.1%
(4b)

where MAPE represents mean
absolute  percentage error

n
(MAPE=1 21 |22, X is meas-
=

ured value and x, is estimated
value). It was found that the
model performed very well over
the entire range of K,(490) (or
K4USR)) encountered in this
study. And the model is very close
to the model of Lee et al. [2014]
for K4(490)>0.1 m~", but it dif-
fers a lot for K,(490) < ~0.04m™"
(Figure 5). This difference is likely
because the synthetic data set
used in Lee et al. [2014] has fewer
data points to cover low K;(490)
values. In addition, field E4(/) cov-
ered much wider range of sky
conditions, but the sky radiance
in the numerical simulations was
set cloud free with a uniform sky,
which may also affect the model
parameters.

Note that both K4(490) and
K4USR) are apparent optical
properties [Preisendorfer, 1976]
that depend on the angular
distribution of the light field
[Kirk, 1991; Smith et al, 1989].
However, the interrelationship
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(a) Global K (USR) in January 2004 (m™) between K4(USR) and K4(490), as
90°N indicated in Lee et al. [2014], is

rather insensitive to the sun
zenith angle. Such a result pro-
vides a confidence in applying
the model of equation (4a) to
various light conditions.

4. Distribution of
K4(USR) of Global
Oceans and Its
Implications

Latitude

As examples, global distributions
of K4(USR) for January and July
— = = 2004 (see Figure 6) were pro-

Longitude duced by equation (4), respec-
tively, from MODIS monthly
composites of Rrs, with K;(490)
derived from a and b, using the
K4 model developed by Lee et al.
[2013], and a and b, calculated
from Rrs using QAA [Lee et al.,
2002]. As expected, K (USR) of
the global oceans has minimum
values (~0.02 m~") in the ocean
gyres, while much higher values
(as high as ~5.2 m™") for coastal
turbid waters. There are also
clear seasonal variations in
K4(USR) for both oceanic and
coastal regions.

(b) Global K_(USR) in July 2004 (m™")

90°N

Latitude

9055 0w 20 S0oW ® o' — W Historically, the euphotic zone
Longitude depth (Z,,) is used to repre-

I I e e Per of aver where

0.01 0.1 1 5 net photosynthesis is positive.
The practical definition of Z.,

Figure 6. Distribution of K,(USR) of the global oceans for the months of January and July is the depth where 1% of the

2004, respectively. . .
surface PAR remains [Kirk,

1994; Siegel et al., 2001]. Z,, is
not only a quality index of water clarity [Shang et al, 2011], used in some production models [Arrigo
et al., 1998; Behrenfeld and Falkowski, 19971, also an important parameter to get the integrated primary
production of the water column. By definition, PAR is the spectrally integrated radiation in the 400-
700 nm range, but the photons in the 600-700 nm range quickly disappear in the upper few meters,
thus only a portion of the surface PAR actually reaches deeper depths. USR, on the other hand, repre-
sents photons in the blue-green domain that are most important for phytoplankton photosynthesis and
photooxidation of color dissolved organic matter (CDOM) [Osburn and Morris, 2003]. It is thus interesting
to know the difference between the penetration depth of USR (ZJ) and the penetration depth of
PAR (Z59").

Similarly as the definition of the euphotic zone depth of PAR, we here define Z%*" as the depth where
1% of surface USR remains. With known K4(USR), Z55" = 4.6/K4(USR) (the value 4.6 comes from —In(0.01)),

and the global distributions of Z*" of January and July of 2004, respectively, are presented in Figure 7. It
is found that large portions of the oceans having ZJ" in a range of 100-250 m. For comparison Z5%" is
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(a) Global Z2*" in January 2004 (m) estimated from Z{T'= 4.6/
90N K4(PAR), with K,(PAR) calcu-
lated from K4(490) following
the K4(490)-K4(PAR) relation-
ship of Morel et al. [2007a]. Fig-
ure 8 shows the global
distribution of the depth dif-
ference between Z" and ZP%"
(Zesr-zpan). It is found that the
largest difference (~100 m)
between Z%%" and Z£I" occurs
in ocean gyres (Figure 8). For
some turbid inland and estua-
rine waters, since it is the
shorter wavelengths contrib-

30°N

Latitude

0w g > ute most to both K,(PAR) and
Longitude K4USR),  the  difference
between Z%" and Z£)" tends to
(b) Global Z2*" in July 2004 (m) be small.
9ONR Normally surface USR is about

0.65 of surface PAR. If PAR(0) is
1 Einst/m?/d, the above results
indicate that for a water body
with ZJ%" as 250 m there are still
1% USR at 250 m, but it is
~0.08% of surface PAR at this
depth if it is estimated based
on the model of a vertically
constant K4(PAR) (equation (1)).
This is an increase of about
seven folds of photons at such
a depth, and these “new found
light” may help to explain the

Latitude

9Forw 120°W 60°W 0° 60°E 120°E 180°W deep chIorophyII max (e.g‘, at
Longitude ~195 m) [Morel et al, 2007b]
0 50 100 150 200 250 These results suggest that the

redefined depth Z" likely bet-
Figure 7. Distribution of Z;" of the global oceans for months of January and July 2004, ter represents the term
respectively.

“euphotic zone depth” of pho-
tosynthesis than ZB" [Marra
et al, 2014]. Note that the underestimation of solar radiation at depths by the traditional K (PAR)
approach is mainly due to the incorrect assumption of a vertically constant K4PAR) [Lee, 2009; Morel,
1988]. In addition to the use of K;(USR), an accurate estimation of solar radiation at depths could also be
achieved following a more complex approach of Lee et al. [2005], where the attenuation coefficient of visi-

ble solar radiation is modeled as a function of depth.

Further, the primary production of phytoplankton can be estimated from photosynthetic utilizable radi-
ation (PUR) [Morel, 1978], and an empirical relationship between PUR(z) and USR(z) has been developed
[Lee et al., 2014]. Since USR(z) can be easily estimated from USR(0™) and K4(USR) (equation (2)) and
USR(07) is estimated based on sun angle and atmosphere properties, the production and availability of
K4(USR) provides a simple, and reasonably accurate, approach to reduce the complexity in calculating
absorbed energy in the upper water column for photosynthesis of the global oceans [Cullen et al.,
2012].
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(a) Global Z_*'- Z°°" in January 2004 (m) 5. Summary

eu

90°N

Using filed measurements cover-
ing a wide range of water proper-
ties, it is found that K4 (USR) can
be regarded as a constant verti-
cally in the upper water column
for both clear and many “turbid”
waters. This is consistent with the
results shown in Lee et al. [2014]
for clear waters (K4(490) <
0.2 m™") developed purely from
numerical simulations. Further,
we refined the relationship
between K,(USR) and K4(490) pro-
posed in Lee et al. [2014] based on
* E the field measurements that
Longitude include data of the “clearest” nat-
ural waters. This new relationship
can then be applied to waters
from very clear ocean gyres to tur-
bid coastal regions, and as exam-
ples global distributions of
K4USR) were produced from
MODIS-Aqua measurements. It is
found that the minimum K;(USR)
is ~0.02 m~' in ocean gyres,
while the maximum K,(USR) is
~52 m~' for turbid coastal
waters, along with clear seasonal
variations. These K4USR) distribu-
tions indicate that there are still
many photons even at ~250 m
for oceanic gyres, which is signifi-
90;§0°W 120°W 60°W 0° B0°E 120°E 180°W Cantly deeper than the conven-
Longitude tionally perceived euphotic zone

0 10 20 30 40 50 60 70 80 90 100 This characteristic may help to
explain the reported deep chloro-

Figure 8. Distribution of the difference between Zj" and 25" (Z4" — 28", Zgﬁ’: 4.6/ phyll maximum at such depths in
K4(PAR)) of the global oceans for months of January and July 2004, respectively.

Latitude

(b) Global z::’- zgﬂ’ in July 2004 (m)

90°N [

Latitude

the ocean gyres.
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