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Preface

Oceanography is the par excellence interdisciplinary science.

This stems from the peculiarity of aquatic ecosystems, embedded in an ambient fluid; this
fluid nature provides a powerful vector for couplings of many sorts, through the dynamics
of the environment, which may strongly affect the ecosystem functioning and make connec‐
tions extremely efficient. Such links are relatively obvious on short-, medium- and basin
range. However, oceanographic processes yield connections all the way to the global scale,
as became evident to the scientific community and to the general public in 1987, when Wal‐
lace Broecker proposed his visionary idea of the global ocean conveyor belt.

The knowledge had been there for a few decades: the surface circulation of the ocean had
been investigated thoroughly as early as the late 1940s, and the main points of the thermo‐
haline circulation had been understood at the turn of the 1960s. Such work had indeed led to
an awareness of the connection between the surface and deep ocean circulation systems that
is essentially provided by the verticality of the thermohaline circulation (local deep and bot‐
tom water formation and downward motion, global upward deep water export through the
thermocline). Yet it took another 25 years, and, of course, an extremely brilliant mind, to
envision the pervasive mechanism that connects the waters of all oceans, at all latitudes and
all depths.

Since connecting waters implies a communication of biogeochemical properties and thus the
spreading of its effects over the entire global marine environment and ecosystem, the impact
of the conveyor belt goes way beyond the mere framework of physical oceanography.

On the other hand, the ocean conveyor belt is just one part of yet another coupled mecha‐
nism linking the ocean and the atmosphere. The atmosphere influences the thermohaline
circulation through air-sea interactions at high latitudes and the surface ocean circulation
that is mainly forced by the winds. Conversely, the ocean circulation as a whole, by redis‐
tributing heat over latitudes and basins, has a strong impact on the atmosphere and climate.

On an even broader level, the ocean-atmosphere system has a clear two-way interaction with
the biosphere within the global climate system, again with strong mutual dynamics that add
richness and complexity in terms of natural, social, and economic interacting components.

In other words, oceanography is like a set of Chinese boxes, so that investigating even one
individual, local phenomenon may represent an important contribution to our knowledge
of an all-encompassing mechanism. This is really one of the most fascinating aspects of our
science.

The ocean’s interconnections are well mirrored by the chapters of this book, which share a
multidisciplinary and multi-environmental character. The first two chapters of the book dis‐
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cuss surface processes forced by air-sea interactions, thus representing two of the multi-facet‐
ed links between the ocean and the atmosphere, as for waves in the case of Tsukasa
Hokimoto’s contribution and for turbulence and gas exchange for the chapter by Qian Liao
and Binbin Wang. The chapter by Evgenia Ryabenko focusses on the cycle of nitrogen as one
of the key elements in the global ocean’s biogeochemical cycles. Several types of couplings are
present in the chapters by Hubert Loisel, Vincent Vantrepotte, Cédric Jamet, and Dinh Ngoc
Dat, who look at new trends and developments for remote sensing in coastal areas: the cou‐
pling between aquatic and terrestrial systems; the coexistence of natural and anthropogenic
forcing; and, more generally, the physical-biological coupling that occurs in coastal waters.
Stéphane La Barre’s chapter on coral reefs provides a proposal for tools designed to assess the
status of these ecosystems and includes several types of interactions that may be critical for
reef health including climate change, societal activities, and anthropic pressures.

The chapters discuss very different topics, in different settings; some with a very focused angle,
others with a broader approach, they all share the idea that we must understand the small
pieces in order to put together the big picture for a much larger mechanism, the functioning of
the ocean as a whole.
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1. Introduction

For accurate wave-height forecasts, it is necessary to take into account changes in various
physical phenomena related to meteorology, because wave motion is affected by changes in
ocean wind. However, it is generally difficult to carry out continuous field measurements
of such physical phenomena in an area of investigation at sea, because of the lack of
facilities required for such measurements. The physical processes related to meteorological
or oceanographic phenomena are thought to have changeable correlations in space and time.
Therefore, perhaps it is possible to forecast wave-height changes effectively by developing
a method that takes spatiotemporal features into consideration. The Japan Meteorological
Agency has set up regional stations for ground-based meteorological monitoring of coastal
areas using ultrasonic wave-height meters. The systems is referred to as the Automated
Meteorological Data Acquisition System (AMeDAS). An approach for wave-height forecast,
based on spatiotemporal wind motions monitored at multiple ground-based AMeDAS
stations, provides an alternative method for solving the above measurement problem.

One of traditional approaches for analyzing wave-height changes is to regard sea surface
oscillations to be a probabilistic phenomenon and then to consider statistical approaches for
expressing the dynamics of wave heights from this standpoint. Statistical models for dealing
with measurements of long-term variations in wave height have been considered mainly
from two perspectives: nonstationarity (e.g., Scheffner and Borgman (1992), Athanassoulis
and Stefanakos (1995), Guedes Soares and Ferreira (1996)) and nonlinearity (e.g., Scotto and
Guedes Soares (2000)). On the other hand, statistical methods for modeling wave height that
take into account changes in wind speed and wind direction have also been considered
(e.g., Hokimoto and Shimizu (2008), Hokimoto (2012)). However, adequate statistical
considerations of whether or not the use of spatiotemporal wind motion is an effective
method for expressing and forecasting changes in wave height have not yet been undertaken.

©2012 Hokimoto, licensee InTech. This is an open access chapter distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.© 2013 Hokimoto; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Hokimoto, licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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2 Oceanography Research

Also, it is not clear that statistical spatiotemporal models can improve forecasting accuracy
when traditional statistical models are used.

In this chapter, we consider the points above through the development of a statistical
spatiotemporal model. We first consider a time series model for expressing the relationship
between wave-height changes measured in a coastal area and wind motion (i.e., wind
direction and wind speed) measured at a single meteorological AMeDAS station, by
extending the model considered in Hokimoto and Shimizu (2008). Then we propose a
method to take spatiotemporally measured wind motion data into account, by extending
the model structure developed above. Also, the applicability of the method for the analysis
of actual phenomena is evaluated by a case study of wave-height forecast from a coastal area
of Hokkaido, Japan.

This chapter is organized as follows. In Section 2, we describe field measurements of wave
height and wind motion, including a preliminary statistical analysis of the measured data.
In Section 3, we develop a statistical spatiotemporal model for forecasting wave height. The
effectiveness of the method is examined by forecasting experiments in Section 4. Then in
Section 5, we show the applicability of the method in the analysis of actual phenomena
through a case study. Conclusions are given in Section 6.

Hokkaido

Pacific ocean

●
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●
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●
Ohma
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Figure 1. Locations of wave recorder and meteorological stations

Topics in Oceanography2
A Statistical Approach for Wave-Height Forecast Based on Spatiotemporal Variation of Surface Wind 3

10.5772/56187

   








   






   






   






Figure 2. Wave height at Matsumae-oki and wind speeds over Matsumae, Esashi and Ohma
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Figure 3. Wave height at Matsumae-oki and wind directions over Matsumae, Esashi and Ohma
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4 Oceanography Research

2. Monitoring wave-height and spatiotemporal changes of wind motion

In this chapter, we consider a case study of wave-height forecast as monitored at
Matsumae-oki, Hokkaido, Japan. Matsumae is a famous fisheries town where many of the
local people are involved with various activities related to the sea as part of their daily lives.
The neighboring area of Matsumae-oki, directly on the coast, is known for its dangerous
seas. Sea conditions here quickly tend to become rough after the onset of ocean winds. In
this region, wave observations using an ultrasonic wave-height metering system have been
undertaken by the Japan Meteorological Agency since 1979. The sensor of the wave-height

meter is located on the seabed at a depth of approximately 50 m at 42◦24
′
38

′′
N, 140◦05

′
50

′′
E.

The meter measures the movement of the sea surface above using ultrasonic waves, then
transmits a stream of data, including significant wave heights and wave period, to a main
recording center. At the AMeDAS stations located in the neighboring area of Matsumae-oki,
atmospheric properties such as temperature, precipitation, wind speed, wind direction and
hours of sunlight are also measured and sent to the main center.

Figure 1 displays the location of the wave recorder and six towns in the neighboring area
where AMeDAS stations are located. Also Figures 2 and 3 show an example of the measured
data on 1/3 significant wave height (m), wind speed (m/s) and wind direction (rad.), for the
period from April to May of 2010, where the sampling time interval is 1 hour. As noted in
Figure 3, the origin of the wind direction is to the east and a positive increase corresponds to a
clockwise change in direction. Since the AMeDAS station at Matsumae is closest to the wave
recorder, it may be possible to use the wind motion monitored at Matsumae only, to develop a
wave-height forecasting method. However, it is unclear whether this method is reasonable for
expressing the dynamic structure of wave-height changes. In Figure 2, for example, it appears
that the characteristics of wave-height change at Matsumae-oki are less synchronous with the
wind speed changes at Matsumae, which is closest to the wave recorder, than that at Esashi,
which is farther away than Matsumae. From a physical standpoint, this phenomenon can be
explained by the interruption of wind flow by geographical features such as mountains.

We are interested in whether or not taking into account the spatiotemporal structure
of the measured data on surface wind, monitored from the multiple AMeDAS stations,
affects the forecast of wave heights. To investigate the effectiveness of introducing the
class of spatiotemporal models, we have undertaken a preliminary analysis of the spatial
and temporal correlation structure. Let {WHt}, {WSt} and {WDt} be time series on 1/3
significant wave height, wind speed and wind direction, respectively. Figure 4 displays the
cross correlation between the differenced time series {∇(WSt cos(WDt))} and {∇WHt}
based on the measured data at Matsumae, Esashi and Ohma, for the three periods [150-250]
(top), [300-400] (middle) and [450-550] (bottom). Here, the two dotted lines correspond
to Bartlett’s bounds to test the significance of the correlation between the two time series.
Matsumae, Esashi and Ohma are located to the northeast, north and east of the measuring
point, respectively. In [150-250], the wave-height change is most closely correlated with the
wind motion over Matsumae, but the correlation gradually reduces over time. In fact, the
town that gives the maximum cross-correlation value changes from Matsumae to Esashi,
then to Ohma. This suggests the possibility of taking the contribution of spatiotemporal
structure into account to improve the accuracy of wave-height forecasts.

Topics in Oceanography4
A Statistical Approach for Wave-Height Forecast Based on Spatiotemporal Variation of Surface Wind 5

10.5772/56187

Matsumae

Lag (in hours)

R
h

o

5 10 15

−
0

.4
−

0
.1

0
.1

0
.3

Esashi

Lag (in hours)

R
h

o

5 10 15

−
0

.4
−

0
.1

0
.1

0
.3

Ohma

Lag (in hours)

R
h

o

5 10 15

−
0

.4
−

0
.1

0
.1

0
.3

Matsumae

Lag (in hours)

R
h

o

5 10 15

−
0

.4
−

0
.1

0
.1

0
.3

Esashi

Lag (in hours)

R
h

o

5 10 15

−
0

.4
−

0
.1

0
.1

0
.3

Ohma

Lag (in hours)

R
h

o

5 10 15

−
0

.4
−

0
.1

0
.1

0
.3

Matsumae

Lag (in hours)

R
h

o

5 10 15

−
0

.4
−

0
.1

0
.1

0
.3

Esashi

Lag (in hours)

R
h

o

5 10 15

−
0

.4
−

0
.1

0
.1

0
.3

Ohma

Lag (in hours)

R
h

o

5 10 15

−
0

.4
−

0
.1

0
.1

0
.3

Figure 4. Change in cross correlation coefficients between {∇(WSt cos(WDt))} and {∇WHt} (from the top, estimated
results for the periods [150-250], [300-400] and [450-500])

3. A statistical method for forecasting wave-height changes from

spatiotemporal wind motion

In this section, we follow on from the result of the preliminary analysis presented in the
previous section by considering the statistical spatiotemporal modeling of wave weight. As
shown in Figures 2 and 3, the characteristics of the wind speed and wind direction time series
are different. For this reason, different classes of time series models have been considered to
express changes in wind speed and wind direction. For wind speed, linear models such as
ARMA (e.g., Philippopoulos and Deligiorgi (2009)) and GARCH (e.g., Tol (1997) and Liu et
al. (2011)) have been applied for analysis. In contrast, wind direction time series frequently
tend to show rapid changes, which have different characteristics than those of wind speed.
Johnson and Wehrly (1978) considered a linear regression model to deal with directional data
and Hokimoto and Shimizu (2008) considered a time series model for the situation above. We
extend the model structure of Hokimoto and Shimizu (2008) to consider the spatiotemporal
relationship between wind motion and wave height. We first consider a time series model to
forecast wave height based on the wind motion monitored at a single meteorological station.
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2. Monitoring wave-height and spatiotemporal changes of wind motion

In this chapter, we consider a case study of wave-height forecast as monitored at
Matsumae-oki, Hokkaido, Japan. Matsumae is a famous fisheries town where many of the
local people are involved with various activities related to the sea as part of their daily lives.
The neighboring area of Matsumae-oki, directly on the coast, is known for its dangerous
seas. Sea conditions here quickly tend to become rough after the onset of ocean winds. In
this region, wave observations using an ultrasonic wave-height metering system have been
undertaken by the Japan Meteorological Agency since 1979. The sensor of the wave-height

meter is located on the seabed at a depth of approximately 50 m at 42◦24
′
38

′′
N, 140◦05

′
50

′′
E.

The meter measures the movement of the sea surface above using ultrasonic waves, then
transmits a stream of data, including significant wave heights and wave period, to a main
recording center. At the AMeDAS stations located in the neighboring area of Matsumae-oki,
atmospheric properties such as temperature, precipitation, wind speed, wind direction and
hours of sunlight are also measured and sent to the main center.

Figure 1 displays the location of the wave recorder and six towns in the neighboring area
where AMeDAS stations are located. Also Figures 2 and 3 show an example of the measured
data on 1/3 significant wave height (m), wind speed (m/s) and wind direction (rad.), for the
period from April to May of 2010, where the sampling time interval is 1 hour. As noted in
Figure 3, the origin of the wind direction is to the east and a positive increase corresponds to a
clockwise change in direction. Since the AMeDAS station at Matsumae is closest to the wave
recorder, it may be possible to use the wind motion monitored at Matsumae only, to develop a
wave-height forecasting method. However, it is unclear whether this method is reasonable for
expressing the dynamic structure of wave-height changes. In Figure 2, for example, it appears
that the characteristics of wave-height change at Matsumae-oki are less synchronous with the
wind speed changes at Matsumae, which is closest to the wave recorder, than that at Esashi,
which is farther away than Matsumae. From a physical standpoint, this phenomenon can be
explained by the interruption of wind flow by geographical features such as mountains.

We are interested in whether or not taking into account the spatiotemporal structure
of the measured data on surface wind, monitored from the multiple AMeDAS stations,
affects the forecast of wave heights. To investigate the effectiveness of introducing the
class of spatiotemporal models, we have undertaken a preliminary analysis of the spatial
and temporal correlation structure. Let {WHt}, {WSt} and {WDt} be time series on 1/3
significant wave height, wind speed and wind direction, respectively. Figure 4 displays the
cross correlation between the differenced time series {∇(WSt cos(WDt))} and {∇WHt}
based on the measured data at Matsumae, Esashi and Ohma, for the three periods [150-250]
(top), [300-400] (middle) and [450-550] (bottom). Here, the two dotted lines correspond
to Bartlett’s bounds to test the significance of the correlation between the two time series.
Matsumae, Esashi and Ohma are located to the northeast, north and east of the measuring
point, respectively. In [150-250], the wave-height change is most closely correlated with the
wind motion over Matsumae, but the correlation gradually reduces over time. In fact, the
town that gives the maximum cross-correlation value changes from Matsumae to Esashi,
then to Ohma. This suggests the possibility of taking the contribution of spatiotemporal
structure into account to improve the accuracy of wave-height forecasts.
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Figure 4. Change in cross correlation coefficients between {∇(WSt cos(WDt))} and {∇WHt} (from the top, estimated
results for the periods [150-250], [300-400] and [450-500])

3. A statistical method for forecasting wave-height changes from

spatiotemporal wind motion

In this section, we follow on from the result of the preliminary analysis presented in the
previous section by considering the statistical spatiotemporal modeling of wave weight. As
shown in Figures 2 and 3, the characteristics of the wind speed and wind direction time series
are different. For this reason, different classes of time series models have been considered to
express changes in wind speed and wind direction. For wind speed, linear models such as
ARMA (e.g., Philippopoulos and Deligiorgi (2009)) and GARCH (e.g., Tol (1997) and Liu et
al. (2011)) have been applied for analysis. In contrast, wind direction time series frequently
tend to show rapid changes, which have different characteristics than those of wind speed.
Johnson and Wehrly (1978) considered a linear regression model to deal with directional data
and Hokimoto and Shimizu (2008) considered a time series model for the situation above. We
extend the model structure of Hokimoto and Shimizu (2008) to consider the spatiotemporal
relationship between wind motion and wave height. We first consider a time series model to
forecast wave height based on the wind motion monitored at a single meteorological station.
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Then, we extend the model so that it is applicable to the spatiotemporal wind speed and
wind direction data. Our goal is to develop a predictor of wave height, WHT+l (l = 1, . . . , L),
based on the measured data {WHt}, {WSt} and {WDt} (t = 1, . . . , T).

3.1. Forecasting wave height from surface wind over a single meteorological
station

A good place to start a consideration of wave-height modeling is from forecasts of wave
height from a single meteorological station. We assume that {WDt} (−π ≤ WDt ≤ π)
follows a von Mises process of the first order, as considered by Breckling (1989). Under this
assumption, the conditional distribution under {WDt−1} is observed to follow a von Mises
distribution with a mean µ(WD),t and concentration ρ(WD),t, which satisfy

ρ(WD),t

(

cos(µ(WD),t)

sin(µ(WD),t)

)

= k1

(

cos(WDt−1)
sin(WDt−1)

)

+ k0

(

1
0

)

k0 > 0, k1 > 0, −π ≤ µ(WD),t ≤ π, ρ(WD),t > 0

where k0 and k1 are unknown parameters which take positive values. The conditional
probability density function of WDt, under WDt−1 is observed, can be written by

f (WDt|WDt−1) =
1

2π I0(ρ(WD),t)
exp{k1 cos(WDt − WDt−1) + k0 cos WDt} (1)

where I0(·) is a modified zero-order Bessel function. (1) can be rewritten by the probability
density function of the von Mises distribution

f (WDt|WDt−1) =
1

2π I0(ρ(WD),t)
exp(ρ(WD),t cos(WDt − µ(WD),t))

where

µ(WD),t = tan−1

(

k1 sin(WDt−1)

k1 cos(WDt−1) + k0

)

(2)

and

ρ(WD),t =
√

(k1 cos(WDt−1) + k0)2 + (k1 sin(WDt−1))2 (3)

which means that the parameters (µ(WD),t, ρ(WD),t) change depending on (k0, k1) and WDt−1.
When both k0 and k1 are sufficiently small, the concentration parameter ρ(WD),t also becomes
small and therefore (1) can be approximated by a uniform distribution. Conversely, when
k0 or k1 becomes larger, ρ(WD),t also gets larger and changes to a distribution which is
concentrated around µ(WD),t.
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Next, consider a method for the estimation of the above process. To guarantee the positivity
of ρ(WD),t, we write ki = exp(ci) (i = 0, 1) and then estimate values of the parameter (c0, c1).
Suppose that the conditional density function of WDt can be written by

f (WDt|WDt−1, . . . , WD1) = f (WDt|WDt−1).

Then the likelihood function f (WD1, . . . , WDT) can be written as

T

∏
j=2

1

2π I0(ρ(WD),j)
exp

{

exp(c1) cos(WDj − WDj−1) + exp(c0) cos(WDj)
}

· f (WD1). (4)

(4) is a function of the parameters (c0, c1) only, and their values can be estimated by
maximization of (4). Let (ĉ0, ĉ1) be the maximum likelihood estimates obtained above. Then
µ̂(WD),t and ρ̂(WD),t can be estimated respectively by

µ̂(WD),t = tan−1

(

exp(ĉ1) sin(WDt−1)

exp(ĉ1) cos(WDt−1) + exp(ĉ0)

)

(5)

and

ρ̂(WD),t =
√

(exp(ĉ1) cos(WDt−1) + exp(ĉ0))2 + (exp(ĉ1) sin(WDt−1))2. (6)

Figure 5 shows a time series of the estimated value of {cos(µ̂(WD),t)}, its autocorrelation and

the time series {ρ̂(WD),t}. Note that {cos(µ̂(WD),t)} has a tendency to change in a certain

range with a significant autocorrelation, and {ρ̂(WD),t} exhibits nonstationarity in the sense

that the mean and variance change clearly over time. Therefore, {cos(µ̂(WD),t)} and {ρ̂(WD),t}
can be regarded as stationary and nonstationary time series, respectively.

The modeling strategy applied here is to extend the nonstationary model structure
considered by Hokimoto and Shimizu (2008) so that the new model can take into account the
synchronous relationship between the von Mises process assumed for the change in wind
direction. The extended model is written by

∇WHt =
p

∑
i=1

α
(1)
i ∇WHt−i +

p

∑
i=1

K

∑
k=1

β
(1)
i,k ∇(ρ(WD),t−iWSt−i cos(kWDt−i))

+
p

∑
i=1

K

∑
k=1

γ
(1)
i,k ∇(ρ(WD),t−iWSt−i sin(kWDt−i)) +

p

∑
i=1

δ
(1)
i cos(µ(WD),t−i)

+
p

∑
i=1

ω
(1)
i sin(µ(WD),t−i) + ε

(1)
t , ε

(1)
t ∼ WN(0, σ

2
1,h)

where p and K are orders, (α(1), β(1), γ(1), δ(1), ω(1)) are unknown constants and ε
(1)
t is a

random variable that follows a zero-mean white noise process.
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which means that the parameters (µ(WD),t, ρ(WD),t) change depending on (k0, k1) and WDt−1.
When both k0 and k1 are sufficiently small, the concentration parameter ρ(WD),t also becomes
small and therefore (1) can be approximated by a uniform distribution. Conversely, when
k0 or k1 becomes larger, ρ(WD),t also gets larger and changes to a distribution which is
concentrated around µ(WD),t.
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Next, consider a method for the estimation of the above process. To guarantee the positivity
of ρ(WD),t, we write ki = exp(ci) (i = 0, 1) and then estimate values of the parameter (c0, c1).
Suppose that the conditional density function of WDt can be written by
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Then the likelihood function f (WD1, . . . , WDT) can be written as
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· f (WD1). (4)

(4) is a function of the parameters (c0, c1) only, and their values can be estimated by
maximization of (4). Let (ĉ0, ĉ1) be the maximum likelihood estimates obtained above. Then
µ̂(WD),t and ρ̂(WD),t can be estimated respectively by

µ̂(WD),t = tan−1
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exp(ĉ1) sin(WDt−1)

exp(ĉ1) cos(WDt−1) + exp(ĉ0)

)

(5)

and

ρ̂(WD),t =
√

(exp(ĉ1) cos(WDt−1) + exp(ĉ0))2 + (exp(ĉ1) sin(WDt−1))2. (6)

Figure 5 shows a time series of the estimated value of {cos(µ̂(WD),t)}, its autocorrelation and

the time series {ρ̂(WD),t}. Note that {cos(µ̂(WD),t)} has a tendency to change in a certain

range with a significant autocorrelation, and {ρ̂(WD),t} exhibits nonstationarity in the sense

that the mean and variance change clearly over time. Therefore, {cos(µ̂(WD),t)} and {ρ̂(WD),t}
can be regarded as stationary and nonstationary time series, respectively.

The modeling strategy applied here is to extend the nonstationary model structure
considered by Hokimoto and Shimizu (2008) so that the new model can take into account the
synchronous relationship between the von Mises process assumed for the change in wind
direction. The extended model is written by

∇WHt =
p

∑
i=1

α
(1)
i ∇WHt−i +
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∑
i=1

K

∑
k=1

β
(1)
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where p and K are orders, (α(1), β(1), γ(1), δ(1), ω(1)) are unknown constants and ε
(1)
t is a

random variable that follows a zero-mean white noise process.
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Figure 5. Time series {cos(µ̂(WD),t)} and its autocorrelation (top) and time series {ρ̂(WD),t} (bottom)

Similarly, we write ∇(ρ(WD),tWSt cos(hWDt)) and ∇(ρ(WD),tWSt sin(hWDt)) (h = 1, . . . , K)
in the form

∇(ρ(WD),tWSt cos(hWDt))=
p

∑
i=1

α
(2)
i ∇WHt−i +

p

∑
i=1

K

∑
k=1

β
(2)
i,k ∇(ρ(WD),t−iWSt−i cos(kWDt−i))

+
p

∑
i=1

K

∑
k=1

γ
(2)
i,k ∇(ρ(WD),t−iWSt−i sin(kWDt−i)) +

p

∑
i=1

δ
(2)
i cos(µ(WD),t−i)

+
p

∑
i=1

ω
(2)
i sin(µ(WD),t−i) + ε

(2)
t , ε

(2)
t ∼ WN(0, σ

2
2,h)
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and cos(µ(WD),t) and sin(µ(WD),t) as

cos(µ(WD),t)=
p

∑
i=1

α
(3)
i ∇WHt−i +

p

∑
i=1

K

∑
k=1

β
(3)
i,k ∇(ρ(WD),t−iWSt−i cos(kWDt−i))

+
p

∑
i=1

K

∑
k=1

γ
(3)
i,k ∇(ρ(WD),tWSt−i sin(kWDt−i)) +

p

∑
i=1

δ
(3)
i cos(µ(WD),t−i)

+
p

∑
i=1

ω
(3)
i sin(µ(WD),t−i) + ε

(3)
t−i, ε

(3)
t ∼ WN(0, σ

2
3,h).

A state vector at time t is defined by

y
(K)
t ≡ (∇WHt, ∇(ρ(WD),tWSt cos (WDt)), ∇(ρ(WD),tWSt sin (WDt)), . . . ,

∇(ρ(WD),tWSt cos (K · WDt)), ∇(ρ(WD),tWSt sin (K · WDt)), cos(µ(WD),t), sin(µ(WD),t))
′
(7)

Then, the models given above can be unified as a multivariate AR model

y
(K)
t =A

(K)
1 y

(K)
t−1 + · · ·+ A

(K)
p y

(K)
t−p + δ

(K)
t, δ

(K)
t ∼ WN(0, Σ(K)) (8)

where A
(K)
i (i = 1, . . . , p) is an unknown coefficients matrix.

The predictor of (8) can be constructed in the following way. We first estimate (c0, c1) by
maximizing the likelihood of (4) and then obtain the values of {µ̂(WD),t} and {ρ̂(WD),t} by (5)

and (6), respectively. Next, we construct the sequence of y
(K)
t by

y
(K)
t ≡ (∇WHt, ∇(ρ̂(WD),tWSt cos (WDt)), ∇(ρ̂(WD),tWSt sin (WDt)), . . . ,

∇(ρ̂(WD),tWSt cos (K · WDt)), ∇(ρ̂(WD),tWSt sin (K · WDt)), cos(µ̂(WD),t), sin(µ̂(WD),t))
′

and then fit (8) to {y
(K)
t } (t = 1, . . . , T). A linear predictor based on (8) can be constructed by

ŷ
(K)
T+l = Â

(K)
1 z

(K)
T+l−1 + Â

(K)
2 z

(K)
T+l−2 + · · ·+ Â

(K)
p z

(K)
T+l−p, (9)

z
(K)
T+l−m = y

(K)
T+l−p(l ≤ p), z

(K)
T+l−m = ŷ

(K)
T+l−p(l > p)

where Â
(K)
i (i = 1, . . . , p) are the least squares estimator (e.g., Brockwell and Davis (1996)).
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Figure 5. Time series {cos(µ̂(WD),t)} and its autocorrelation (top) and time series {ρ̂(WD),t} (bottom)

Similarly, we write ∇(ρ(WD),tWSt cos(hWDt)) and ∇(ρ(WD),tWSt sin(hWDt)) (h = 1, . . . , K)
in the form

∇(ρ(WD),tWSt cos(hWDt))=
p

∑
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α
(2)
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p

∑
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K

∑
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β
(2)
i,k ∇(ρ(WD),t−iWSt−i cos(kWDt−i))

+
p

∑
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K

∑
k=1
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(2)
i,k ∇(ρ(WD),t−iWSt−i sin(kWDt−i)) +

p

∑
i=1

δ
(2)
i cos(µ(WD),t−i)

+
p

∑
i=1

ω
(2)
i sin(µ(WD),t−i) + ε

(2)
t , ε
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t ∼ WN(0, σ

2
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(K)
p z

(K)
T+l−p, (9)

z
(K)
T+l−m = y

(K)
T+l−p(l ≤ p), z

(K)
T+l−m = ŷ
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3.2. Forecasting wave height from spatiotemporal surface wind over multiple
meteorological stations

In this subsection, we extend the method presented in 3.1 so that it is applicable to
the spatiotemporal data measured at multiple meteorological stations. We continue our
consideration by setting K = 1. Here we consider a spatiotemporal model by expressing
the situation that the wind flow, which has the largest impact on wave height, changes over
time. First, rather than (7), the state vector for fitting the multivariate AR model (8) is defined
by

y
t|s∗ ≡ (∇WHt, ∇(ρ
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t
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t
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t
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where s
∗ means the meteorological station that measures the wind with the largest impact

on wave-height change at s (s = 1, . . . , 6) meteorological stations, and WS
(s∗)
t

means WSt at
the station.

The value of s
∗ is chosen by a statistical method based on measured data. It is defined as the

value of s which minimizes the mean squared errors on forecasts made one-step ahead. Let

WS
(s)
t

and WD
(s)
t

be wind speed and wind direction data, respectively, measured at the sth
meteorological station. We first obtain forecasts of WHt, one-step ahead in time, based on
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(s)
t

} and {WD
(s)
t

} (s = 1, . . . , 6), say ˜WH
(s)
t+1 (t = 1, . . . , T − 1). The forecasts are obtained

by fitting (8) to the sequence constructed by
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Then, we choose the value of s
∗ by

s
∗ = arg min

1≤s≤6

R(s, τ(s))

where

R(s, τ(s)) =
1

τ(s)

T

∑
t=T−τ(s)+1

(WHt − ˜WH
(s)
t )2

where τ(s) means the local time interval, which depends on s. Thus, the forecasted value of
WHT+l (l = 1, . . . , L) can be obtained by applying the predictor (9) to the sequence {y

t|s∗ ; t =

1, . . . , T}.
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4. Evaluation of forecasting accuracies based on numerical experiments

An examination of the applicability of the spatiotemporal model, presented in the previous
section, is required from the standpoint of forecasting accuracy. For this purpose, we carried
out a forecasting experiment for the significant wave height by using several statistical
models, and then compared forecasting accuracies among the models. The experimental
procedure was as follows. First, the model was fit to the time series data of 100 samples (i.e.,
100 hours) and forecasted values up to five steps ahead (i.e., 5 hours ahead) were determined.
Next, the time point used for the starting forecast was changed randomly and the forecasting
step above was repeated. After repeating the procedure, we obtained mean squared errors
(MSE) and calculated the correlation between forecasted and actual values (COR), based on
forecasted values and measured data. At the same time, the MSEs and CORs were also
obtained using several traditional nonstationary time series models in a similar way. These
values were compared between models to determine the class of models that gives the best
forecasting accuracy. When we fit the models above, the order was determined by the Akaike
Information Criterion (AIC).

4.1. Forecasting accuracy based on the surface wind monitored at a single
meteorological station

We first investigate the case of forecasts based on the wind motions measured at Matsumae,
the nearest location to the wave recorder. For this purpose, we obtained forecasted values
of wave heights using wind speed and wind direction data measured at Matsumae. The
statistical models introduced for comparisons are as follows.

(i) WHt = ∑
p
i=1 αiWHt−i + ε1,t, ε1,t ∼ WN(0, σ2

1 )

(ii) ∇WHt = ∑
p
i=1 βi∇WHt−i + ε2,t, ε2,t ∼ WN(0, σ2

2 )

(iii) yt = A1yt−1 + · · ·+ Apyt−p + δt, δt ∼ WN(0, Σ),

yt = (∇WHt,∇WSt)
′

(iv) yt = A1yt−1 + · · ·+ Apyt−p + δt, δt ∼ WN(0, Σ),

yt = (∇WHt,∇(WSt cos(WDt)))
′

(v) yt = A1yt−1 + · · ·+ Apyt−p + δt, δt ∼ WN(0, Σ),

yt = (∇WHt,∇(ρtWSt sin(WDt)), sin(µ(WD),t))
′

(vi) yt = A1yt−1 + · · ·+ Apyt−p + δt, δt ∼ WN(0, Σ),

yt = (∇WHt,∇(ρtWSt cos(WDt)), cos(µ(WD),t))
′

(i) and (ii) are models based on wave height only; the former is a stationary univariate
AR(p) model and the latter is a nonstationary univariate ARIMA(p,1,0) model. (iii) is a
nonstationary vector autoregressive model that takes into account changes in {WSt} and
{WHt}. Models (iv)-(vi) are nonstationary models that take into account both {WSt} and
{WDt} as covariates. Note that (v) and (vi) belong to a class of model presented in the
previous section.
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MSE COR
Model 1-step 2-step 3-step 4-step 5-step 1-step 2-step 3-step 4-step 5-step

(i) 0.039 0.089 0.141 0.195 0.224 0.982 0.955 0.927 0.886 0.862
(ii) 0.028 0.070 0.099 0.154 0.175 0.985 0.959 0.943 0.906 0.893
(iii) 0.030 0.072 0.101 0.153 0.166 0.984 0.960 0.944 0.912 0.903
(iv) 0.027 0.065 0.094 0.142 0.158 0.986 0.964 0.947 0.919 0.906
(v) 0.028 0.068 0.092 0.139 0.151 0.985 0.963 0.949 0.921 0.913
(vi) 0.027 0.064 0.092 0.140 0.157 0.986 0.965 0.950 0.919 0.908

Table 1. Forecasting accuracies of time series forecasts using each model

Table 1 shows the MSEs and CORs used with models (i)-(vi) for forecast up to five steps
ahead, obtained by 130 repetitions. Comparison of (i) and (ii) shows that the forecast based
on the nonstationary ARIMA(p,1,0) model is more accurate than a stationary AR model,
which suggests that nonstationary models tends to give better forecasts than stationary
models. Also, based on comparisons between (ii) and (iii) and between (ii) and (iv), we
observe the tendency for (iii) and (iv) to give better forecasting accuracies than (ii), which
also highlights the possibility of taking wind motion into account as a covariate contribution
to improve forecasting accuracy. Comparisons between (iv) and (v) and between (iv) and (vi)
suggest that a model which takes into account von Mises process on {WDt} will improve
forecasting accuracies of (iii) and (iv), further. Based on the result above, it is determined
that changes in the parameters of von Mises process assuming {WDt} tend to synchronize
with {WSt} and {WHt}.

4.2. Effect of spatiotemporal models on improvement of the forecasting accuracy

We next consider whether or not taking into account the wind motions measured at multiple
meteorological stations contributes to the improvement of forecasting accuracies obtained in
4.1. To examine this point, we carried out forecasting experiments similar to those presented
in 4.1. Additionally, we introduce the following spatiotemporal models for comparisons of
forecasting accuracies.

vii) yt = A1yt−1 + · · ·+ Apyt−p + δt, δt ∼ WN(0, Σ),

yt = (∇WHt,∇(WS
(1)
t cos(WD

(1)
t )), . . . ,∇(WS

(6)
t cos(WD

(6)
t )))

′

viii) yt = A1yt−1 + · · ·+ Apyt−p + δt, δt ∼ WN(0, Σ),

yt = (∇WHt,∇(WS
(s∗)
t cos(WD

(s∗)
t )))

′

ix) yt = A1yt−1 + · · ·+ Apyt−p + δt, δt ∼ WN(0, Σ),

yt = (∇WHt,∇(ρ
(s∗)
t WS

(s∗)
t sin(WD

(s∗)
t )), sin(µ

(s∗)
(WD),t

))
′

x) yt = A1yt−1 + · · ·+ Apyt−p + δt, δt ∼ WN(0, Σ),

yt = (∇WHt,∇(ρ
(s∗)
t WS

(s∗)
t cos(WD

(s∗)
t )), cos(µ

(s∗)
(WD),t

))
′

Table 2 shows the MSEs and CORs obtained in the forecasting experiments above. (vii) is a
standard vector autoregressive model based on multivariate wind speed and wind direction
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MSE COR
Model 1-step 2-step 3-step 4-step 5-step 1-step 2-step 3-step 4-step 5-step

(vii) 0.033 0.067 0.097 0.142 0.161 0.982 0.963 0.947 0.918 0.905
(viii) 0.027 0.067 0.094 0.136 0.153 0.986 0.965 0.952 0.927 0.917
(ix) 0.025 0.065 0.086 0.134 0.149 0.986 0.964 0.953 0.923 0.913
(x) 0.024 0.065 0.091 0.125 0.149 0.987 0.964 0.950 0.929 0.913

Table 2. Forecasting accuracies of spatiotemporal forecasts using each model

time series data measured at six meteorological stations. The results show that the forecasting
accuracy of (vii) tends to become worse than forecasts based on a single meteorological
station, as investigated in 4.1. This is likely because this class of model tends to have a
large number of parameters that need to be estimated, which leads to negative impacts on
forecasting accuracy. On the other hand, (viii) has fewer parameters than (vii), which leads
to improved forecasting results as shown in Table 1. Furthermore, the class of the proposed
models, (ix) and (x), contributes to the improvement of forecasting accuracies by (viii), which
gives the best forecasting accuracy in our experiments.

5. Applying spatiotemporal modeling for wave-height forecasts

5.1. Robustness on wave-height forecasts over four seasons

In Japan, there are unique pressure pattern characteristics for each season, and it is therefore
necessary to examine the applicability of the proposed model throughout the year. The
purpose of this section is to investigate whether the model provides a robust forecast of
wave height over the four seasons.

Figures 6-8 display, respectively, time series for the one-third significant wave height, wind
speed and wind direction, in the spring (Apr. 1 - May 31), summer (Jul. 1-Aug. 31), autumn
(Oct. 1 - Nov. 31) and winter (Jan. 1 - Feb.28), measured in Matsumae-oki and Matsumae.
Overall, the characteristics of the changes are different for each season. Particularly in winter,
the latent stochastic abilities differ from those in the other seasons, under a background of
strong stable seasonal winds blowing from the northwest.

We carried out forecasting experiments similar to those presented in 4.1 and 4.2. In this
experiment, some of the seven models introduced in 4.1 and 4.2 were adopted, and then
their MSEs and CORs were compared for each season. More specifically, we adopted models
(i)-(iv) from the time series models introduced in 4.1, and (vii), (viii) and (x) from the
spatiotemporal models in 4.2.

Table 3 shows the MSEs obtained from forecasting experiments for each season. In spring,
summer and autumn, the proposed spatiotemporal model (x) was evaluated as having an
effective model structure for robust forecast, in the sense that it tends to give the best MSEs
of the seven models tested. Note that, as for the winter forecast, there is no clear improvement
on the MSEs. This tendency is presumed to result from the wind direction in this season,
which is generally from the northwest with the degree of fluctuation that is smaller than in
the other three seasons.
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Table 2 shows the MSEs and CORs obtained in the forecasting experiments above. (vii) is a
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Figure 6. Changes in 1/3 significant wave height (m) for the four seasons (Matsumae-oki)
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A) Spring

Model Region(s) 1-step 2-step 3-step 4-step 5-step

(i) 1 0.039 0.089 0.141 0.195 0.224
(ii) 1 0.028 0.070 0.099 0.154 0.175
(iii) 1 0.030 0.072 0.101 0.153 0.166
(iv) 1 0.027 0.065 0.094 0.142 0.158
(vii) 6 0.033 0.067 0.097 0.142 0.161
(viii) 6 0.027 0.067 0.094 0.136 0.153
(x) 6 0.024 0.065 0.091 0.125 0.150

B) Summer

Model Region(s) 1-step 2-step 3-step 4-step 5-step

(i) 1 0.015 0.025 0.033 0.048 0.073
(ii) 1 0.011 0.015 0.023 0.040 0.059
(iii) 1 0.011 0.014 0.023 0.039 0.058
(iv) 1 0.011 0.014 0.022 0.038 0.056
(vii) 6 0.012 0.017 0.025 0.040 0.056
(viii) 6 0.012 0.014 0.022 0.036 0.054
(x) 6 0.012 0.016 0.022 0.036 0.053

C) Autumn

Model Region(s) 1-step 2-step 3-step 4-step 5-step

(i) 1 0.024 0.091 0.139 0.222 0.267
(ii) 1 0.014 0.052 0.087 0.145 0.180
(iii) 1 0.013 0.050 0.083 0.139 0.171
(iv) 1 0.014 0.051 0.084 0.142 0.173
(vii) 6 0.018 0.056 0.088 0.132 0.157
(viii) 6 0.014 0.051 0.084 0.134 0.158
(x) 6 0.013 0.045 0.081 0.129 0.162

D) Winter

Model Region(s) 1-step 2-step 3-step 4-step 5-step

(i) 1 0.021 0.051 0.088 0.119 0.159
(ii) 1 0.021 0.049 0.086 0.114 0.154
(iii) 1 0.021 0.047 0.081 0.108 0.146
(iv) 1 0.020 0.047 0.081 0.109 0.147
(vii) 6 0.023 0.050 0.090 0.122 0.157
(viii) 6 0.022 0.049 0.085 0.113 0.148
(x) 6 0.021 0.047 0.084 0.110 0.147

Table 3. Comparisons of MSEs for all seasons
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Figure 8. Changes in wind direction (rad.) for the four seasons (Matsumae)

5.2. Application of the model to estimate the impacts of wind flow on wave
height

One of on the reasons why wave development phenomena are of interest is to improve
understanding of how the direction of wind flow can impacts wave heights. To examine
the applicability of the spatiotemporal model developed here, we estimate the wind flow
above by applying the model. Figure 9 displays histograms showing wind direction for the
four seasons, as observed in the data measured at six meteorological stations. Note that the
horizontal axis corresponds to the wind direction shown at 16 azimuths, where 1, 5, 9, 13
corresponds to north, east, south and west, respectively. And Figure 10 shows histograms
of the estimated values of s∗ obtained using the proposed model (x). Here "MA", "OK",
"ES", "MO", "HA" and "OH" correspond to the meteorological stations located at Matsumae,
Okushiri, Esashi, Mori, Hakodate and Ohma, respectively.

We have examined whether or not it is possible to estimate wind flow that results in a large
impact on wave height using the histograms shown in Figure 10. In spring, Figure 10 suggests
that the meteorological stations at Hakodate, Matsumae and Esashi are capable of measuring
the wind flow that significantly impacts wave motion at Matsumae-oki. In addition, Figure 9
shows that wind flows from the east and west are highly probable. For the case of westerly
winds, based on Figure 1, wind motions measured over Okushiri, Esashi and Matsumae are
thought to be highly correlated with wave-height changes at Matsumae-oki, where the open
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5.2. Application of the model to estimate the impacts of wind flow on wave
height

One of on the reasons why wave development phenomena are of interest is to improve
understanding of how the direction of wind flow can impacts wave heights. To examine
the applicability of the spatiotemporal model developed here, we estimate the wind flow
above by applying the model. Figure 9 displays histograms showing wind direction for the
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sea lies directly to the west of the towns above. In contrast, when the wind blows from
the east, the wind motion over Hakodate, Ohma and Matsumae is thought to correlate with
the wave height where the open sea lies directly to the east of these towns. Therefore, the
evaluation of the data shows that the estimated stations in Figure 10, Hakodate, Matsumae
and Esashi, can be classified with the five stations above. In summer, the dominant winds are
southwesterlies (Figure 9). In such winds, the wind motions over Okushiri, Esashi, Matsumae
and Hakodate are expected to correlate with the wave motion over Matsumae-oki, because
there is open sea with sufficient fetch to the southwest of that location. In contrast, Figure 10
suggests that Matsumae, Okushiri and Hakodate are estimated as s∗, which is consistent with
the towns above. In winter, strong seasonal winds are mainly northwesterlies. In this case,
Ohma, Matsumae, Okushiri and Esashi are expected to have the best correlations with the
wave motion for similar reasons as before. Figure 10 shows that Ohma, Esashi and Okushiri
are estimated as s∗, and can be classified with the towns above.

Based on the considerations presented above, meteorological station measurements of wind
flow, presented in the histogram of s∗, are shown to be effective for estimating wave-height
changes at Matsumae-oki.

6. Conclusion

In this chapter, we have developed a statistical spatiotemporal model for forecasting
wave-height changes and then applied it to the wave-height forecasting problem based on
spatiotemporal wind motions measured at multiple AMeDAS meteorological stations. The
results of the forecasting experiments have shown that the spatiotemporal model, that takes
wind speed and wind direction into account, can improve forecasting accuracy when general
time series models are used.

The spatiotemporal model presented in this chapter assumes that changes in wind direction
follow the von Mises process. It may be possible, however, to further improve the
forecasting accuracy by considering a stochastic process that enables a more flexible
expression of changes in direction. The model improvements, including the consideration of
directional processes, are expected to contribute to a deeper understanding of the transitional
phenomenon that link wind motion and wave development, as well as the spatiotemporal
processes involved with wind motion.
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Chapter 2

Near Surface Turbulence and Gas Exchange Across the
Air-Sea Interface

Qian Liao and Binbin Wang

Additional information is available at the end of the chapter
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1. Introduction

Oceans and the atmosphere are tightly coupled to influence the energy budget, gas exchange
and the global climate. For example, 20%~30% anthropogenic emitted CO2 was sequestered
by oceans. The ocean surface boundary layer plays an intermediate role on the exchange of
mass, momentum and energy between air and ocean. Quantifying transport terms (such as
temperature, gas fluxes) across the air-water interface has been an important subject of physical
oceanography for several decades.

The physical mechanism of interfacial gas exchange is essentially natural and complex for
several reasons. (1) Fluid motions on both sides of the interface are typically turbulent, which
demonstrate a stochastic feature with a wide range of scales; (2) The interface can be disturbed
and hence deformed into irregular shapes, interacts with the turbulence structure in both
boundary layers.

Gas  transfer  velocity  k  is  the  key parameter  that  regulates  the  interfacial  gas  exchange,
which is usually determined through experimental methods. The gas transfer velocity can
be defined as

w a

Fk
C Ca

=
- (1)

where, F is gas flux across the air water interface, Cw and Ca are bulk gas concentration at water
and air phase, α is the Ostwald solubility coefficient.

Although the definition is simple, quantification of gas transfer velocity is indirect and difficult
since it is affected by a wide range of environmental variables, including wind, rainfall,
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be defined as

w a

Fk
C Ca

=
- (1)

where, F is gas flux across the air water interface, Cw and Ca are bulk gas concentration at water
and air phase, α is the Ostwald solubility coefficient.

Although the definition is simple, quantification of gas transfer velocity is indirect and difficult
since it is affected by a wide range of environmental variables, including wind, rainfall,
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surfactants, surface waves, etc. Most of these variables are strongly coupled to affect the gas
transfer process.

2. Theoretical models

It is well accepted that the gas flux of slightly soluble (such as CO2) across the air-water interface
without wave breaking is largely controlled by the transport mechanism through a very thin
aqueous diffusive boundary layer. The gas transfer velocity is determined by molecular
transport though this thin layer, whose thickness is usually related to the level of turbulence
very close to the interface.

2.1. Film theory

The simplest model to quantify the interfacial gas exchange is the film theory [1]. In this model,
gas transfer occurs through a thin “stagnant” film of laminar fluid adjacent to the air-water
interface, and its thickness can be denoted as δ. According to the Fick’s diffusion law, the gas
transfer velocity can be determined as,

Dk
d

= (2)

where D is molecular diffusivity of the dissolved gas.

In reality, a “stagnant” diffusivity boundary layer (DBL) with a constant thickness is a poorly
modeled concept, actual DBL is disrupted by sporadic “bursts” of turbulent “eddies”, which
are large scale turbulent motions that lift “fresh” fluids to the surface and create a renewed
exposure to the air phase [2, 3]. The gas transfer is still driven by molecular diffusion during
these exposures. Therefore, the exposure time θs becomes a key parameter to control the flux
across the interface. And the thickness of near surface DBL is a dynamic value, which is related
to properties of impinging turbulent eddies.

2.2. Penetration model and surface renewal model

In  the penetration model  [2],  near  surface  DBL is  periodically  disrupted by penetrating
eddies from the bulk water body with a constant exposure time. In contrast,  the surface
renewal model [3] considered the renewal time as a random variable with an exponential
probability distribution. Accordingly, the averaged gas transfer velocity can be modelled
as

( )Penetration4  model
s

Dk
pq

= (3)
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q
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where f is the surface renewal frequency. In these two models, gas transfer velocity is related
to the diffusivity as

1/2~k D (5)

Both laboratory and fields studies have shown that k is better modeled by the surface renewal
model than by the “stagnant film” model [4, 5]. And k is observed to be k ~ Dn, where n varies
between 1/2 and 2/3, depending on free surface roughness and near surface hydrodynamics [6].

2.3. Random eddy model

Differed slightly from the concept of surface renewal, Harriott [7] proposed that near surface
random eddies would also enhance the gas flux while approaching air-water interface even
without completely renewing the interfacial layer. Laboratory study of renewal events of a
thermal boundary layer (TBL) has proven that significant fraction of renewal events do not
renew the TBL completely [8]. Gas transfer is therefore controlled by the eddy penetration
depth and the lifetime of those random eddies [9].

Many efforts have been made to parameterize the average time interval between surface
renewals through the properties of near surface random eddies. The “large eddy model” [10]
argued that the renewal time scale is scaled with the largest turbulent eddies, which suggested,

~ /s L uq ¢ (6)

where L is the integral length scale and u´ is the root-mean-square of fluctuating turbulent
velocities.

On the other hand, the “small eddy model” [11, 12] suggested that the smallest eddies are the
controlling mechanism of interfacial gas exchange. Thus the renewal time scale is determined
by the Kolmogorov time scale,

1/2~ ( / )sq n e (7)

where ν is kinematic viscosity and ε is turbulent dissipation rate at the interface.

If we substitute the renewal time scale into the surface renewal model (e.g. equation (4)), k can
be written as,
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( )1/2 1/2 large ~ 'Re eddy modeltk Sc u- - (8)

( )1/2 1/4 small ~ 'Re eddy modeltk Sc u- - (9)

where Sc is Schmidt number defined as Sc = ν / D, Ret is turbulent Reynolds number, which is
defined as,

Re ' / .t u L n= (10)

In the “small scale eddy” model, dissipation rate has been scaled with the large scale eddies as,

3~ / ,u Le ¢ (11)

following the concept of turbulent energy cascade. These hydrodynamic models agreed well
with both laboratory and field measurements on the interfacial gas transfer velocity. Chu and
Jirka [13] conducted simultaneous measurements on turbulence and gas concentration in a
grid-stirred tank to reveal the relation between large eddy motions and gas transfer process
with the turbulent Reynolds number varying from 80 to 660. Small scale eddy motions have
also been shown to be correlated with gas flux in a variety of experiments [14-16]. In the “small
scale eddy” model, gas transfer velocity is generally expressed explicitly as related with the
near surface turbulence dissipation rate,

1/2 1/4~ ( )k Sc ne- (12)

The “two regime model” proposed by Thoefanus et al. [17] combined the “large eddy model”
and the “small eddy model” by arguing that different size of the near surface turbulent eddies
dominate interfacial gas flux mechanism depending on the turbulent Reynolds number. That
is, the “large eddy model” is more appropriate at low turbulent Reynolds numbers (Ret< 500),
and small scale eddies are more relevant to high turbulent Reynolds number flows (Ret> 500),

1/2 1/20.73 'Re  <at Re  500t tk Sc u- -= (13)

1/2 1/40.25 ' at Re eR  500>t tk Sc u- -= (14)

2.4. Surface divergence model

Based on the source layer theory (or blocking theory) and considering the transport of
homogeneous and isotropic turbulence in the far field away from the free surface without
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tangential shear [18], Banerjee [19] provided a “surface divergence model” that relates the gas
transfer velocity to the divergence of horizontal velocities on the air-water interface,

1/42
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u vk Sc u
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ê ú¶ ¶
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(15)

where u’ and v’ are fluctuating horizontal velocities, and subscript “int” denotes the air-water
interface.

Banerjee, Lakehal [20] pointed out that the “surface divergence” physically is the signature of
turbulent “sweep” events representing local “upwelling” motions at the surface from the bulk
fluid. On the other hand, it is an alternative expression of the surface renewal and more
specifically modeled by tangential components of velocities at the interface. Csanady [21]
emphasized the role of breaking wavelet at the interface with high surface divergence that
squeezes the DBL by “upwelling” motions, i.e., the disruption of DBL by turbulent eddies is
enhanced during micro-wave breaking events. Recently, surface divergence has been shown
to correlate with interfacial gas transfer process in laboratory studies [22, 23].

One advantage of the “surface divergence” model is that it can be easily implemented: (1)
concept of “surface divergence” replaces the renewal time scale by velocity fluctuating
motions, while the renewal time varies due to different environmental flow conditions (2)
“surface divergence” is easier to be measured than the renewal time (e.g. through the surface
PIV measurement using infrared imaging techniques at the water surface [23]).

3. Measurement techniques on interfacial gas transfer

Considering the fact that the interfacial gas transfer is ultimately limited by the very thin layer
of the DBL (on the order of micrometers), the existent measurement technologies are hardly
directly measuring the gas transfer velocity across the air-water interface. Most applied
measurement techniques are indirect methods, e.g., measuring a designed tracer flux across
the air-water interface then convert it to the gas of interest assuming that both are controlled
by the same near surface turbulence then the transfer velocity is scaled by the molecular
diffusivity (i.e. equation (5) in the surface renewal model).

3.1. Deliberate volatile trace experiments

Inert volatile tracers have been widely used in determining gas transfer velocities in field
studies through a mass balance approach. For example, sulfur hexafluoride (SF6) was delib‐
erately added to water bodies to quantify the gas transfer velocity as a function of wind speed
[5, 24-27], since it can be detected at a very low level in water with an excellent signal-to-noise
ratio. Based on mass balance approach, gas transfer velocity can be determined,
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where Cwt is the concentration of released tracer in water at time t. h is the mean depth of the
mixed layer. Originally, the tracer experiment is designed for closed lake with relatively small
size [27]. The experiment time scale is on the order of days to weeks depending on the size of
lakes. However, for a large lake or ocean, the concentration of tracer decreases quickly due to
horizontal transport and dispersion. Meanwhile, the mixing layer depth may vary significantly
in space as the surface area and volume exposed to the atmosphere increases due to dispersion
effect.

The tracer method can be improved by co-releasing a second inert tracer with a different
diffusion coefficient (e.g. 3He). By releasing two tracers with a constant ratio, the decreases of
concentration due to dispersion are the same for the two gases, but different due to interfacial
exchange. Since we know the transfer velocity should differ by a factor of 3, as Sc(3He) is about
eight times smaller than Sc(SF6), the effect of horizontal dispersion can be separated out. The
dual tracer technique has been used to measure gas exchange in different water bodies [28-31].
Besides the dual tracer technique, a third nonvolatile tracer (e.g. bacterial spores and rhoda‐
mines) can also be introduced to determine the gas transfer velocity independently based on
an arbitrary tracer pair [32].

3.2. Active controlled flux technique (proxy technique)

The active controlled flux technique (ACFT) is a method to quantify the gas transfer velocity
through the analogy with the heat transfer across the air-water interface [33, 34]. One example
is to use an infrared laser to heat a certain area of water surface. A sensitive infrared imager is
used to capture the time series of images of the heated patch on water surface. In order to
determine the renewal frequency f, the “surface renewal model” is employed to fit the observed
average surface temperature decay curve. The transfer rate of heat can be calculated as,

H Hk D f= (17)

where DH is thermal conductivity of water. Thus, gas transfer velocity can be estimated as,
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where Sc is Schmidt number of gas of interest and Pr is Prandtl number defined as
Pr=ν / DH , the exponent n varies in the range between 1/2 and 2/3 depending on the roughness
of water surface [6, 35]. Using this technique, Garbe, Schimpf [36] have experimentally
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demonstrated the probability density function of the surface renewal time can be described
with a lognormal distribution.

However, several experiments found that discrepancies exist between estimates of transfer
velocity based on ACFT and that from dual tracers measurements [9] or direct covariance
method [37, 38]. Atmane, Asher [9] found gas transfer velocity (as referenced to Sc = 600)
determined by ACFT (using heat as proxy) was overestimated by a factor of 2, approximately.

The discrepancy can be attributed to the fact that the random eddies might not take effect on
heat and gas exchange equally through renewal events. The Sc number is typically much
greater (e.g. Sc(CO2) is 600 at 25°C in fresh water) than the Pr (e.g. Pr is around 7 at 20°C in
water) number, hence the thickness of the gas DBL is significantly smaller than that of the TBL.
Some of the “upwelling” eddies might not approach the gas DBL but they can disturb the TBL
effectively. Asher, Jessup [39] proposed a different scaling with Sc number and provided a
solution using the surface penetration model. Atmane, Asher [9] argued that the eddy
approaching distance needs to be included as an extension to the surface renewal model.

3.3. Eddy covariance (correlation) method

The vertical flux of a scalar of interest (e.g. temperature, moisture, CO2 concentration) can be
estimated by evaluating the covariance between the fluctuating vertical velocity component
and the fluctuating scalar concentration measured simultaneously at a certain height above
the air-water interface. With the method, horizontal homogeneity is assumed and Reynolds
decomposition is applied. The “eddy flux” is written as,

' 'F w c= (19)

In order to apply the eddy covariance method, fast response instrumentations are required to
capture the high frequency fluctuations of the gas concentration and the turbulent velocity, if
we intent to measure gas transfer across the air-water interface. The eddy covariance method
has been applied to measure the air-sea CO2 flux from the air side [37, 40] and DO (Dissolved
Oxygen) flux from the aqueous side [13]. Applying eddy covariance method from the air side
on the open ocean can be challenging due to the contamination of flow induced by the
movement of ship-based platform and the uncertainty of gas concentration due to changes in
air density caused by variations of temperature and water vapor known as the Webb effect [41].

Alternative to the eddy covariance method, a relaxed eddy accumulation (EA) method [42-44]
was developed and employed to estimate the gas flux by separating measurement of gas
concentration from updrafts and downdrafts. This method avoids the requirement of high
frequency measurement on the fluctuating gas concentration.

Recently, measurements of turbulent flux with particle image velocimetry (PIV) and laser
induced fluorescence (LIF) techniques [45] were conducted in a grid stirred tank. Herlina and
Jirka [46] suggested that the gas transfer at different turbulent levels can be associated with
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different dominant eddy sizes according to the spectra of covariance terms, which agreed with
the “two regime” theory [17].

In the field, eddy covariance method has been widely applied to measure DO flux across the
water-sediment interface [47, 48]. Recently, a waterside direct covariance measurement [49]
has also been conducted in the field to investigate the air-sea gas exchange under extreme wind
speed conditions. Although the requirement of high sampling rate can be relaxed due to longer
time and length scales of turbulence on the waterside than the air side, the isotropic turbulence
assumption still needs to be invoked and justified.

3.4. Floating chamber measurements

Gas flux across the air-water interface can also be estimated by monitoring the change of gas
concentration in the floating chamber (FC) [50] due to interface gas exchange over a certain
period of time. Kremer, Nixon [51] suggested that FC method would be applicable for low to
moderate wind conditions (less than 8-10 m/s) and with a limited fetch such that waves are
young and nonbreaking. An ideal chamber should have a large ratio of water surface area to
chamber volume. Matthews, St Louis [52] compared the CO2 and CH4 fluxes based on the FC
method, tracer technique and wind dependence estimation. The result showed that the FC
method overestimate the transfer velocity in low wind shear condition. Guerin, Abril [53]
conducted FC measurements in reservoirs and rivers, which gave similar results with the eddy
covariance technique. FC method was also applied in coastal regions [54] under low to
moderate wind (<10 m/s) and weak current condition (<20 cm/s). The results showed overes‐
timation on transfer velocity compared with wind dependent relationship. Vachon, Prairie
[55] tested the FC method with dissipation rate measurement. The results showed that the
artificial effect of FC on near surface turbulence depends strongly on the background turbu‐
lence level, that is, overestimation by FC method is relatively large in a low turbulence
environment.

4. Driving forces and parameterizations

4.1. wind speed

Most experimental work and modeling on gas transfer velocity are based on wind speed
measurements and parameterization. Although it is not a direct driving force on interfacial
gas transfer, wind stress has been considered as the primary source of near surface turbulence.
Overall, wind speed is a reliable parameterization variable and is found to agree well with
experimental data on gas transfer velocity. The advantage of wind speed models is that wind
speed can be easily measured or obtained through meteorological modeling or remote sensing
thus it can be easily implemented into regional and global gas flux estimations.

Although it is difficult to measure the wind speed with the accuracy that is required for
modelling the gas transfer velocity, [32, 56-58], a large amount laboratory and field experi‐
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ments [26, 32, 56, 59-64] have been conducted to estimate the empirical relationship between
wind speed and gas transfer velocity and they are summarized in the following.

The first wind speed model was presented by Liss and Merlivat [61]. A “three linear segments”
relationship between the gas transfer velocity and the wind speed was proposed based on
wind tunnel experiments. The three segments were categorized according to the surface
roughness (smooth surface,U10< 3.6 m/s; rough surface, 3.6 m/s <U10< 13 m/s; breaking wave
region,U10> 13 m/s).

Up to the present day, the most popular wind speed based gas transfer model is a quadratic
relation. Wanninkhof [62] suggested that gas transfer velocity scales with U10

2  [26] based on
the global bomb 14C constraint [65] and wind wave tank results. The quadratic relation
indicates that the gas transfer scales with wind stress as τ ~CDU10

2 . The quadratic relationship
[62] for gas transfer velocity of CO2 at 20ᵒC for seawater (Sc = 660) is written as

2
660 100.39k U= (20)

where the transfer velocity is expressed in “cm/hour” and wind speed is in “m/s”. Furthermore,
Wanninkhof [62] modified the scaling factor for the cases of short-term or steady wind
conditions,

2
660 100.31k U= (21)

Similar quadratic relationship was derived by Nightingale, et al. [32] from deliberate tracer
experiments in the coastal ocean:

2
660 10 100.222 0.333k U U= + (22)

This result is in between the model of Liss and Merlivat [61] and that of Wanninkhof [62].
Recently, the SOLAS Air-Sea Gas Exchange (SAGE) experiment was conducted in the Southern
Ocean [66]. The new quadratic relationship is given from dual tracer injection experiments as

2
660 10(0.266 0.019)k U= ± (23)

More recently, additional dual tracer experiments were conducted in Southern Ocean [67].
From the new data, the relationship [31] was updated to,

2
660 10(0.262 0.022)k U= ± (24)
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different dominant eddy sizes according to the spectra of covariance terms, which agreed with
the “two regime” theory [17].
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experimental data on gas transfer velocity. The advantage of wind speed models is that wind
speed can be easily measured or obtained through meteorological modeling or remote sensing
thus it can be easily implemented into regional and global gas flux estimations.

Although it is difficult to measure the wind speed with the accuracy that is required for
modelling the gas transfer velocity, [32, 56-58], a large amount laboratory and field experi‐
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region,U10> 13 m/s).

Up to the present day, the most popular wind speed based gas transfer model is a quadratic
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Alternatively, a cubic relation was proposed by Wanninkhof and McGillis [64] for steady or
short term wind conditions,

3
660 100.0283k U= (25)

This relation is in good agreement with direct covariance results of air-sea Gas Exchange
Experiment conducted in 1998 (GasEx-98). The cubic relation is supported by GasEx-98 data
[37] and GasEx-2001 data [38] in the following expressions,

3
660 100.026 3.3k U= + (26)

3
660 100.014 8.2k U= + (27)

Although wind speed parameterization is probably the most convenient and a successful
model [68] for estimating interfacial gas transfer velocity, the method is largely empirical. Most
supporting data came from local experiments, which could be affected by many factors (such
as the experiment location, measurement techniques, instrumentation errors and experimental
uncertainties). Ho, Law [66] argued that the experiments of Nightingal, et al. [32] might be
affected by an underdeveloped wind field and higher concentration of surfactants in coastal
area. And the result of Wanninkhof [62] is most likely an overestimate because of an excessive
14C inventory of the global ocean.

If the wind speed model were to apply to estimate the global CO2 uptake by oceans, the global
wind speed estimate would be a very critical issue. The total fluxes estimation is very sensitive
to the accuracy of global wind speed estimation [69, 70]. Wanninkhof, Asher [71] pointed out
since the long term averaged transfer velocity essentially scales with the second or third order
of moment of the wind speed, the quadratic relationship gives a 27% higher result compared
with the short term estimation while the cubic relationship gives a 91% higher result. It should
be noted that the global wind speed distribution can be approximately represented by a
Rayleigh distribution [62, 72].

4.2. Wind stress

In general, the relation between gas transfer velocity and wind speed can be summarized as,

10~ n bk Sc U- (28)

where b = 1, 2, 3, representing linear, quadratic, cubic relations with respect to the wind speed.
According to Charnock’s Law [73],
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where κ is von Kármán’s constant. Meanwhile the surface shear stress caused by wind can be
related to the wind speed as,

2
10a DC Ut r= (30)

where CD is the wind drag coefficient, which is also a function of U10 [74, 75]. If we apply the
continuity of shearing stress at the interface,

2 2
* *a a w wu ut r r= = (31)

So the relation among the wind speed and friction velocities of the air and water sides can be,

10 * *~ ~a wU u ua a (32)

where α depends on the scaling of the drag coefficient with the wind speed. Many experimental
results suggested that the drag coefficient increases linearly with wind speed except for the
case of low wind speed, so α= 1/2 can be derived [74-78]. Also since the quadratic law is the
most widely accepted wind speed model for gas transfer velocity, i.e., b = 2 in equation (28),
the gas transfer velocity is linearly scaled with the water side shear velocity,

*~ nk Sc u- (33)

It’s noting that for most wind speed models, the power of Schmidt number –n is set to be -1/2,
we have,

~k D (34)

which is consistent with the surface renewal model (equation (4)).

On the other hand, Jähne and Haußecker [35] shows that the gas transfer velocity can be
expressed explicitly by interfacial shear velocity though turbulent diffusive boundary layer
theory:

*~ tk u Sc (35)
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where Sct is the turbulent Schmidt number, defined as the ratio of turbulent diffusion coeffi‐
cient of momentum and gas concentration:

m
t

c

K
Sc

K
= (36)

Using the concept of diffusive boundary layer Deacon [79] proposed that,

2/3
*0.082 wk Sc u-= (37)

which shows that gas transfer velocity is proportional to interfacial shear velocity.

The relation derived from the diffusive boundary layer theory is also similar to equation (33),
which is derived from the empirical wind speed model (quadratic relation). The difference is
the exponent of the Schmidt number. In Deacon [79]’s model, the -2/3 power scaling is suitable
for smooth surface, as it is pointed out by Jähne and Haußecker [35]. The -1/2 power scaling
is more appropriate for a wave-covered water surface [6]. Fairaill et al. [80] conducted a
comprehensive analysis on a number of parameters including effects of shear forcing, rough‐
ness Reynolds number and buoyancy effects on the gas transfer. Their results have been
applied by Hare et al. [81] to evaluate the GasEx data. And they found significant gas flux
occurs due to wave breaking and air bubble entrainment, which will be discussed in the next
section.

4.3. The effect of sea surface roughness, wave breaking and entranced air bubbles

Experiments confirmed that gas transfer is enhanced by the presence of wind induced ripples.
From the perspective of momentum transport, turbulence can be enhanced by the increase of
surface roughness. The exponent of the Schmidt number in wind speed models or wind shear
models varies from about -2/3 to -1/2, which was found to be dependent on the surface
roughness. For CO2, that implies a variation in the transfer velocity by a factor of 3. Jähne et
al. [6] demonstrated a good correlation between the gas transfer velocity and the mean square
slope of surface waves in a wind/wave facility. Frew et al. [82]’s field experiments showed
stronger correlation between the transfer velocity and the mean square slope compared to
wind speed relation. Since the wave slope can be obtained through satellite-base remote
sensing, this relation provides a method that can be easily implemented to estimate the global
gas flux [83].

The majority of laboratory and field experiments on gas transfer were conducted under weak
to moderate wind conditions. Extremely high wind speed makes the measurement very
difficult. From the few existing data, the transfer velocity is significantly enhanced in high
wind fields. The accepted theory is that the gas flux across the interface is dominated by wave
breaking and entrained air bubbles [60, 84-88]. Woolf and Thorpe [89] argued that the transfer
velocity is only enhanced by bubbles for very low soluble gases. Woolf [90] introduced a
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transfer velocity term which is specifically due to bubbles. Thus the transfer velocity can be
expressed by a hybrid model [91],

0 bk k k= + (38)

where kb is approximately proportional to the whitecap coverage [92]. Factors that influence
bubble mediated transfer were reviewed by Woolf [92] and Woolf et al. [93]. Alternatively,
other parameterizations and analyses on gas transfer velocity through the whitecap coverage
exist [94, 95].

4.4. The effect of surfactants

The presence of surfactants is believed to have an attenuation effect on interfacial gas exchange.
Early laboratory experiments observed a large amount of reduction of transfer velocity due to
the presence of surfactants [96]. Asher [97] reported a linear relationship between the transfer
velocity and wind speed at the presence of surfactant when wind speed is smaller than 12.5
m/s.

Numerous studies of the effects of surfactants on air-sea gas transfer have been conducted in
laboratory settings and in situ [14, 22, 98-102]. It’s noting that some of surfactants are soluble,
while others are not. The insoluble surfactant acts as a barrier film. However, this effect can
be easily dispersed by wind and waves. For high wind condition, the soluble surfactants are
believed to have a prevailing effect on gas transfer even at the presence of breaking waves,
while insoluble surfactants do not [103-105].

4.5. The effect of rainfall

Air-sea gas exchange during rainfall events has been brought into attention recently. It has
been shown that rainfall will enhance the transfer velocity across the interface [56, 106-109].
Existing evidence shows that the enhancement is due to rainfall generated turbulence and
bubble entrainments. The kinetic energy flux (KEF) caused by raindrops has been introduced
to scale with the gas transfer velocity [106, 110]. However, Takagaki and Komori [111] argued
that transfer velocity is more correlated with the momentum flux of rainfall (MF).

The effect of raindrops on the enhancement of surface mixing, damping waves and changing
the air-sea momentum flux has been investigated through the surface renewal model [112].
Rainfall could also induce surface density stratification and additional surface heat flux
because of temperature difference between raindrops and the sea surface. The combined effect
of rainfall and high wind speed is believed to have a significant impact on air-water gas
exchange, however, this effect is complex and yet to be investigated comprehensively.

4.6. Near surface turbulence

The parameterizations of interfacial gas exchange discussed above are generally empirical or
semi-empirical. For most empirical models, gas transfer velocities are scaled with meteoro‐
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surface roughness. The exponent of the Schmidt number in wind speed models or wind shear
models varies from about -2/3 to -1/2, which was found to be dependent on the surface
roughness. For CO2, that implies a variation in the transfer velocity by a factor of 3. Jähne et
al. [6] demonstrated a good correlation between the gas transfer velocity and the mean square
slope of surface waves in a wind/wave facility. Frew et al. [82]’s field experiments showed
stronger correlation between the transfer velocity and the mean square slope compared to
wind speed relation. Since the wave slope can be obtained through satellite-base remote
sensing, this relation provides a method that can be easily implemented to estimate the global
gas flux [83].

The majority of laboratory and field experiments on gas transfer were conducted under weak
to moderate wind conditions. Extremely high wind speed makes the measurement very
difficult. From the few existing data, the transfer velocity is significantly enhanced in high
wind fields. The accepted theory is that the gas flux across the interface is dominated by wave
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transfer velocity term which is specifically due to bubbles. Thus the transfer velocity can be
expressed by a hybrid model [91],

0 bk k k= + (38)

where kb is approximately proportional to the whitecap coverage [92]. Factors that influence
bubble mediated transfer were reviewed by Woolf [92] and Woolf et al. [93]. Alternatively,
other parameterizations and analyses on gas transfer velocity through the whitecap coverage
exist [94, 95].

4.4. The effect of surfactants

The presence of surfactants is believed to have an attenuation effect on interfacial gas exchange.
Early laboratory experiments observed a large amount of reduction of transfer velocity due to
the presence of surfactants [96]. Asher [97] reported a linear relationship between the transfer
velocity and wind speed at the presence of surfactant when wind speed is smaller than 12.5
m/s.

Numerous studies of the effects of surfactants on air-sea gas transfer have been conducted in
laboratory settings and in situ [14, 22, 98-102]. It’s noting that some of surfactants are soluble,
while others are not. The insoluble surfactant acts as a barrier film. However, this effect can
be easily dispersed by wind and waves. For high wind condition, the soluble surfactants are
believed to have a prevailing effect on gas transfer even at the presence of breaking waves,
while insoluble surfactants do not [103-105].

4.5. The effect of rainfall

Air-sea gas exchange during rainfall events has been brought into attention recently. It has
been shown that rainfall will enhance the transfer velocity across the interface [56, 106-109].
Existing evidence shows that the enhancement is due to rainfall generated turbulence and
bubble entrainments. The kinetic energy flux (KEF) caused by raindrops has been introduced
to scale with the gas transfer velocity [106, 110]. However, Takagaki and Komori [111] argued
that transfer velocity is more correlated with the momentum flux of rainfall (MF).

The effect of raindrops on the enhancement of surface mixing, damping waves and changing
the air-sea momentum flux has been investigated through the surface renewal model [112].
Rainfall could also induce surface density stratification and additional surface heat flux
because of temperature difference between raindrops and the sea surface. The combined effect
of rainfall and high wind speed is believed to have a significant impact on air-water gas
exchange, however, this effect is complex and yet to be investigated comprehensively.

4.6. Near surface turbulence

The parameterizations of interfacial gas exchange discussed above are generally empirical or
semi-empirical. For most empirical models, gas transfer velocities are scaled with meteoro‐
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logical parameters such as wind speed, wind shear, momentum flux or kinetic energy flux
induced by rainfalls (rainfall dominant environment), etc. In comparison, models based on
near surface turbulence structures, such as the surface renewal model and the surface diver‐
gence model, are more mechanistic. For gases with low solubility, the resistance of gas transfer
is dominated by the water side, which is in turn controlled by the near surface turbulence.

A large amount experiments were conducted to investigate the near surface turbulence and
its relation to air-sea gas transfer process. Lamont and Scott [11] presented an eddy cell model
to quantify the mass transfer from the hydrodynamic parameters (equation (12)). Some recent
studies show the gas transfer velocity is better scaled with the surface turbulence [14, 16, 109].
Zappa, McGillis [15] has shown that gas transfer velocity is well correlated with the dissipation
rate rather than wind speed under a variety of environmental forcing, regardless the how the
near surface turbulence was produced. Vachon et al. [55] performed a number of measure‐
ments to demonstrate the direct relationship between gas transfer velocity (measured by a
floating chamber) and near surface turbulent dissipation rate (measured by an ADV). Lorke
and Peeters [113] demonstrated that equation (12) can be derived by assuming the thickness
of diffusive sub-layer to be scaled with the Batchelor’s micro-scale,
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It is worth noting that the dissipation rate scaling is based on the assumption of homogenous
and isotropic turbulence near the water surface. Correspondingly, the small eddy model is
applicable for a high Reynolds number condition, which is the prerequisite of Kolmogorov’s
similarity hypothesis.

(a) (b) 

Figure 1. (a) The free floating UWMPIV. Components: (1) camera housing (2) laser housing (3) battery housing (4)
laser sheet (5) guide plate (6) wireless router (7)(8) floating buoys (b) Deployment of UWMPIV on Lake Michigan
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Despite the promising results from small scale eddy models, the scaling coefficient has not
been clearly determined yet. In most of these studies, the coefficient is usually obtained
empirically from fitting modeled transfer velocities with measured ones. Another uncertainty
is associated with the depth at which the dissipation rate should be applied in the model. In
theory the dissipation rate should be measured immediately below the air-water interface, but
this cannot be easily achieved during field measurements. While there is very few in situ data
available for the near surface turbulence, existing field data was obtained at a short distance
(tenth of centimeters) away from the wavy surface. Zappa et al. [15]argued that this might not
be a serious issue, as the gas transfer velocity should scale with ε 1/4. However, if a strong
gradient of dissipation rate exists near the surface, this assumption has to be examined
carefully.

Wang et al. [114] have recently developed a free floating Under Water Miniature Particle
Velocimetry system (UWMPIV) (Figure 1) to measure vertical profiles of the turbulence
dissipation rate immediately below the water surface, and has successfully deployed it on Lake
Michigan. Figure 2 shows a sample of measured near surface turbulence structure. In order to
calculate the vertical dissipation rate profile, velocity maps were evaluated on a dynamic
triangular mesh with the moving air-water interface as the top boundary (see figure 2(a)).
Statistics were obtained with the vertical coordinates attached to the local water surface where
z = 0 and z increases with water depth. Figure 3 shows measured dissipation rate profiles under
varying wind speed (U10 ranged from 2 to 15 m s-1) and wave conditions. Runs 1~5 were
measured in a harbor with essentially zero wind fetch and very short waves, whereas run 6
was measured on the open lake with weak wind (U10 ≈ 2 m s-1) and developed wave field
(significant wave height ≈ 0.35 m). The detailed description of each runs can be found in Wang
et al. [114].

A wide range of dissipation rate (from 10-6 to 10-3 m2s-3) was covered in the data series. From
the case of run 6, it shows that surface waves might also be a significant source of surface
turbulence since the wind speed is rather small in this case while the dissipation rate is
comparable to that from the cases where wind speed was in the range of 10~15 m s-1 and a
nearly zero fetch (run1-5. For all cases, a strong vertical gradient of dissipation rate was found,
with peak dissipation immediately below the water surface, and then it decays rapidly with
depth, usually by one order of magnitude within several centimeters. Profiles of dissipation
rates can be described by a power law with the exponent ranging between 1 and 2. These new
findings suggest that measurements of turbulence at some distance away from the surface may
not be directly applied to estimate the gas transfer velocity at the surface. It also suggests that
more efforts are needed to reveal the exact structure of small scale turbulence within several
centimeters of the surface water.

Figure 4 compares estimated transfer velocity of CO2 across the air-sea interface at 20ᵒC
seawater (Sc = 660) from three wind speed models and the small scale eddy model based on
the UWMPIV measurement, i.e., equation (12) with the scaling factor = 0.419 following [15].
The dissipation rate in the small scale eddy model was measured at z = 1 cm below the air-
water interface for all runs. For three wind speed models, W92 represents the short term or
steady wind speed condition estimation [62]; N00 represents the coastal area measurement in

Near Surface Turbulence and Gas Exchange Across the Air-Sea Interface
http://dx.doi.org/10.5772/56415

35



logical parameters such as wind speed, wind shear, momentum flux or kinetic energy flux
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gence model, are more mechanistic. For gases with low solubility, the resistance of gas transfer
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near surface turbulence was produced. Vachon et al. [55] performed a number of measure‐
ments to demonstrate the direct relationship between gas transfer velocity (measured by a
floating chamber) and near surface turbulent dissipation rate (measured by an ADV). Lorke
and Peeters [113] demonstrated that equation (12) can be derived by assuming the thickness
of diffusive sub-layer to be scaled with the Batchelor’s micro-scale,
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laser sheet (5) guide plate (6) wireless router (7)(8) floating buoys (b) Deployment of UWMPIV on Lake Michigan
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Despite the promising results from small scale eddy models, the scaling coefficient has not
been clearly determined yet. In most of these studies, the coefficient is usually obtained
empirically from fitting modeled transfer velocities with measured ones. Another uncertainty
is associated with the depth at which the dissipation rate should be applied in the model. In
theory the dissipation rate should be measured immediately below the air-water interface, but
this cannot be easily achieved during field measurements. While there is very few in situ data
available for the near surface turbulence, existing field data was obtained at a short distance
(tenth of centimeters) away from the wavy surface. Zappa et al. [15]argued that this might not
be a serious issue, as the gas transfer velocity should scale with ε 1/4. However, if a strong
gradient of dissipation rate exists near the surface, this assumption has to be examined
carefully.

Wang et al. [114] have recently developed a free floating Under Water Miniature Particle
Velocimetry system (UWMPIV) (Figure 1) to measure vertical profiles of the turbulence
dissipation rate immediately below the water surface, and has successfully deployed it on Lake
Michigan. Figure 2 shows a sample of measured near surface turbulence structure. In order to
calculate the vertical dissipation rate profile, velocity maps were evaluated on a dynamic
triangular mesh with the moving air-water interface as the top boundary (see figure 2(a)).
Statistics were obtained with the vertical coordinates attached to the local water surface where
z = 0 and z increases with water depth. Figure 3 shows measured dissipation rate profiles under
varying wind speed (U10 ranged from 2 to 15 m s-1) and wave conditions. Runs 1~5 were
measured in a harbor with essentially zero wind fetch and very short waves, whereas run 6
was measured on the open lake with weak wind (U10 ≈ 2 m s-1) and developed wave field
(significant wave height ≈ 0.35 m). The detailed description of each runs can be found in Wang
et al. [114].

A wide range of dissipation rate (from 10-6 to 10-3 m2s-3) was covered in the data series. From
the case of run 6, it shows that surface waves might also be a significant source of surface
turbulence since the wind speed is rather small in this case while the dissipation rate is
comparable to that from the cases where wind speed was in the range of 10~15 m s-1 and a
nearly zero fetch (run1-5. For all cases, a strong vertical gradient of dissipation rate was found,
with peak dissipation immediately below the water surface, and then it decays rapidly with
depth, usually by one order of magnitude within several centimeters. Profiles of dissipation
rates can be described by a power law with the exponent ranging between 1 and 2. These new
findings suggest that measurements of turbulence at some distance away from the surface may
not be directly applied to estimate the gas transfer velocity at the surface. It also suggests that
more efforts are needed to reveal the exact structure of small scale turbulence within several
centimeters of the surface water.

Figure 4 compares estimated transfer velocity of CO2 across the air-sea interface at 20ᵒC
seawater (Sc = 660) from three wind speed models and the small scale eddy model based on
the UWMPIV measurement, i.e., equation (12) with the scaling factor = 0.419 following [15].
The dissipation rate in the small scale eddy model was measured at z = 1 cm below the air-
water interface for all runs. For three wind speed models, W92 represents the short term or
steady wind speed condition estimation [62]; N00 represents the coastal area measurement in
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fetch limited environments [32]; H06 relationship is obtained from SOLAS Air-Sea Gas
Exchange (SAGE) experiment in Southern Ocean [66]. Since runs 1~5 were conducted in the
Milwaukee Harbor with an almost “zero-fetch” condition, the dissipation rate can be consid‐
ered as a representative of wind shear without any significant wave effects. Transfer velocity
estimation based on dissipation rate match all wind speed models very well under conditions
of moderate wind speed (5-10 m s-1). For the case when the wind speed was about 15 m s-1. The
small scale eddy model might underestimate the actual gas transfer rate as significant bubble
entrainments were observed for that case.

For run 6 under a low wind condition, wind speed modeled transfer velocity decreases,
however the near surface turbulent dissipation is enhanced possibly due to the interaction
among non-breaking waves or the micro-breaking events. The transfer velocity estimated by
the small scale eddy model was almost 10 times larger than that of wind speed models. This
observation suggested surface waves themselves might contribute to produce the near surface
turbulence. Therefore the wind speed model may have significantly underestimated the global
air-sea gas transfer, since the sea surface is subject to low to moderate wind speed for most of
the time [115], while surface waves are present almost all the time.

(a) (b) 

Figure 2. (a) A sample image pair with triangular PIV mesh (b) the instantaneous velocity vector map superimposed
on the calculated vorticity map, the unit of the color bar is (s-1) [114]
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Figure 3. The dissipation rate profiles at different wind shear and wave conditions (log-log scale) [114]

Figure 4. Comparison of CO2 transfer velocity models based on wind speed and the surface turbulence dissipation
rate.
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5. Conclusion

Gas transfer across the atmosphere/ocean interface is a very important physical process that
regulates the global climate, considering the fact that this process occurs over an area that
is about 70% of the Earth surface. This chapter provides a review on the current technolo‐
gies of measuring the gas flux across the air/ocean surface and existing models for the gas
transfer velocity. Many environmentally important gases, such as O2 or CO2, have a low
solubility,  so  the  major  resistance of  gas  exchange is  from the water  side.  Near  surface
turbulence might be the key physical parameter that determines the gas transfer velocity
as it controls the thickness of the diffusive boundary layer, e.g., “eddy” upwelling induced
surface renewal. Global gas flux estimates still use the wind speed, or wind shear stress as
the primary modeling parameter, as wind is the major source of near surface turbulence.
For  example  W92  model  is  commonly  applied  to  estimate  the  global  air-sea  CO2  flux.
Additionally, breaking wave parameters such as the whitecap coverage, are also included
to account for gas exchange through bubbles induced by breaking waves. Other environ‐
mental forcing may also be significant sources of near surface turbulence that can affect the
gas flux. Turbulence can be generated by bottom mixing then diffuses to the surface in a
coastal area; turbulent buoyant convection, surface currents, precipitation and microbreak‐
ing of short surface waves can also contribute to near surface turbulence production. These
parameters are usually not directly related to the wind stress.

Recent studies indicated that small scale eddy models parameterized with the surface
dissipation rate or divergence are more mechanistic thus a more universal approach to estimate
the gas transfer velocity under a wide range of environmental forcing conditions, except for
the case of breaking waves. Advances in measurement technologies, such as the floating
UWMPIV [114], provide encouraging opportunities to quantify the structure of turbulence in
the upmost layer below the air-sea interface. Preliminary results showed that surface wave
itself might be a source of near surface turbulence and it can significantly enhance the gas
transfer velocity under low wind conditions. Future research on this subject should focus on
the scaling of the surface turbulence structure with properties of large scale environmental
forcing. Simultaneous field measurements of the flow field and the gas transfer velocity are
also needed to provide further insights into air-sea gas exchange processes.
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1. Introduction

Nitrogen, a limiting element for biological productivity, plays a key role in regulating the
biogeochemical processes in the ocean. In today’s ocean, all of the major reactions in the N
cycle are mediated by assimilatory or dissimilatory functions of marine organisms. Because
marine organisms preferentially incorporate lighter stable isotope of nitrogen 14N instead of
15N, each major metabolic reaction in the N cycle involves irreversible kinetic fractionation of
nitrogen.

The isotopic composition of a pool of nitrogen can be used to identify the relative importance
of sources that are isotopically distinct, or processes that add or remove nitrogen with a
characteristic pattern of isotopic discrimination. The strongest isotopic fractionations are
associated with dissimilatory processes that mediate the transfer of nitrogen from one
inorganic pool to another [1]. In contrast, processes such as primary production, which move
nitrogen directly into and through the food web are associated with comparatively weak
isotopic fractionations [1]. The extent of nitrogen isotope fractionation also depends upon the
kinetics of individual metabolic reactions, concentration of products and reactants, environ‐
mental conditions (e.g., oxygen concentrations) and the microbial species involved.

The crucial challenge in using nitrogen isotope methods is the complexity of the marine
nitrogen cycle and the potential influence of multiple processes on the isotopic Composi‐
tion of several biologically active pools of nitrogen. Successful use of nitrogen isotopes in
resolving N cycle fluxes and processes requires an understanding of the general distribu‐
tion  of  nitrogen  isotopes  in  marine  systems,  the  nature  of  isotopic  fractionation,  and  a
careful consideration of the processes at work in the system of interest. In this chapter I
will  introduce  the  reader  to  the  two  different  approaches  of  nitrogen  isotope  analysis:

© 2013 Ryabenko; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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natural abundance or tracer methods (15N-labeling).  The natural abundance of the stable
isotope of nitrogen can provide critical insights into processes acting on a variety of scales
with minimal alteration and manipulation of the system being studied. The isotopic signal
collected in this type of approach is an integrated value that incorporates large spatial and
temporal variation of the relevant processes.  Conversely,  isotope tracer methods involve
short-term incubations of small,  isolated samples of water under in situ or simulated in
situ conditions. Tracer methods are primarily used for rate experiments that complement
larger-scale natural abundance studies.

I begin the chapter with basic definitions of isotopic fractionation and analytical considerations
of the sample measurements. I follow with an overview of the processes of nitrogen sources
and sinks. I conclude with a discussion of how isotopic data can contribute to the current debate
on the balance of N-inputs and losses in the nitrogen cycle.

2. Fundamentals

2.1. Isotopes and calculation of their ratio

Isotopes are atoms of an element that share the same number of protons but a different
number of neutrons. In the scientific nomenclature, isotopes are specified in the form En

m ,
where “m” indicates the mass number (the sum of protons and neutrons in the nucleus)
and “n” refers to the atomic number of an element “E”. There are more than 10 nitrogen
isotopes known. Most of these isotopes are radioactive and highly unstable with longest
half-life time for N7

13  of 10 minutes.  The only two stable nitrogen isotopes are N7
14  and

N7
15 ,  which  have  seven  protons  each  and  seven  or  eight  neutrons  in  their  nucleus,
respectively.  15N is  the  less  frequent  stable  isotope,  constituting of  0.365% of  the  global
nitrogen pool [2]. Consequently, it is more practical to measure the difference or ratio of
two isotopes instead of the absolute quantity of each.

Isotopic compositions are expressed in terms of “delta” (δ) values which are given in parts per
thousand or per mil (‰). Nitrogen isotope ratios, for example, are expressed as the ‰-
difference to atmospheric N2, which has a constant 14N/15N of 272 ± 0.3 [3]. The δ15N-value in
the sample is then calculated by the following equation (1).
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The δ-values do not represent absolute isotope abundances but rather the ‰-difference to a
widely used reference standard, such as VSMOW (Vienna Standard Mean Ocean Water). The
δ-value is then calculated from equation (2), by measuring the isotope ratios (R) for the sample
and the reference standard:

Topics in Oceanography50

15

tan
1 1000sample

s dard

R
N Rd

æ ö
= - ´ç ÷ç ÷
è ø

(2)

where Rsample and Rstandard represent the isotope ratio δ15N(vs.air) in the sample and in the standard
respectively, calculated using equation (1). By convention, R is the ratio of the less abundant
isotope over the most abundant isotope (i.e. 15N/14N for nitrogen).

As previously discussed, the δ15N value changes under the influence of chemical and physical
processes. If the process is complete the resulting δ15N value in the product is equal to the value
of the reagent. Only if the reaction is incomplete the fractionation of isotopes happens, which
means that the δ15N values in the product and substrate differ.

2.2. Isotope fractionation effect

There are two different fractionation processes, both of which will be discussed here: equili‐
brium and kinetic fractionation processes.

Equilibrium fractionation processes are reversible processes. They are mainly driven by
changes in the internal energy of a molecule, i.e. vibrations of the atoms within a molecule
with respect to each other and rotations around the molecular axes. The equilibrium fractio‐
nation factor αeq. is related to the equilibrium constant K as shown in equation (3), where n is
the number of exchanged atoms.

1/
.  n

eq ka = (3)

During equilibrium reactions, the heavier isotope preferentially accumulates in the com‐
pounds with a higher number of bonds. During phase changes, the ratio of heavy to light
isotopes in the molecules also changes. For example, as water vapor condenses in rain clouds
(a process typically viewed as an equilibrium process), the heavier water isotopes (18O and 2H)
become enriched in the liquid phase while the lighter isotopes (16O and 1H) remain in the vapor
phase. In addition, the equilibrium isotopic effect decreases as the system temperature
increases.

Kinetic fractionation processes are also associated with incomplete processes like evaporation,
dissociation reactions, biologically mediated reactions and diffusion [4]. Kinetic isotope
fractionation reflects the difference in the bond strengths or motilities of the isotopic species.
The degree of isotopic fractionation associated with a reaction is commonly expressed with
α, which is the ratio of rate constants for molecules containing the different isotopes:

14 15 /k ka = (4)

where 14k and 15k are the rate constants for molecules containing the light and heavy isotopes,
respectively. Most biological reactions discriminate against the heavier isotope, yielding
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1.00<α<1.03. This makes it convenient to define an isotopic enrichment factor (ε) that highlights
more clearly the range of variation:

( )–  1  1000e a= ´ (5)

An alternative method for describing isotopic enrichment is the Rayleigh relationship. This is
an exponential relationship that describes the partitioning of isotopes between two reservoirs
as one reservoir decreases in size. The equation can be used if the following conditions are met:
1) material is continuously removed from a mixed system; 2) the fractionation accompanying
the removal process at any instance is described by the fractionation factor α, and 3) α does
not change during the process. Under these conditions, the evolution of the isotopic compo‐
sition in the residual (reactant) material is described by:

)1(
0  ,R R f a-= (6)

where R is the isotopic ratio of the product, R0 is the initial ratio of the reactant, f is the fraction
of the substrate pool remaining and α is the kinetic fractionation factor.

2.3. Measurements of δ15N

Stable isotope measurements are becoming a routine tool in studies of marine ecosystems due
to the increasing availability of mass spectrometers. Biological oceanographers usually using
continuous flow systems for 15N measurements that integrate a preparatory system (e.g., an
elemental analyzer) with a mass spectrometer [5]. The mass spectrometer typically measures
the isotopic composition of N2 generated by combustion and carried in a stream of He gas to
an open split interface that introduces a small fraction of the gas stream into the ion source for
measurement. This analytical approach requires little or no manipulation of organic samples,
though care must be taken to avoid contamination with exogenous nitrogen, particularly when
tracer-level 15N experiments are being carried out in the vicinity. Since N2 is typically the
analyte, minimizing atmospheric contamination in the preparatory system is also quite
important. Alternatively, N2O gas may be used for isotope measurements, which practically
eliminates the potential contamination from the atmosphere and gives additional information
of oxygen isotope composition of nitrogen compound (e.g nitrate or nitrite). In this case,
nitrogen compounds must be chemically converted into N2O prior the isotope analysis [6-11].
Special care has to be taken due to the potential exchange of oxygen isotopes between nitrate
and water leading to deviation of initial value (e.g. [10]).

Tracer-level 15N experiments used for rate measurements typically add about 10% of the
ambient source concentration of 15N-compound. The initial planning of tracer studies requires
consideration of several practical issues. First of all, one has to determine the length of
incubation, which is connected to turnover rate of the relevant pools and the detection limits
for the analytical methods. The turnover rate (pool size-1×uptake rate) has to be estimated for
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both source and product pools to ensure that tracer can be detected in the product pool, while
dilution of the source pool is either insignificant or small [12, 13]. Increasing incubation time
will increase the amount of tracer in the product but it will reduce the potential of isotope
dilution affecting the source pool. Given a best-guess turnover rate for the product pool, one
can estimate the relative trade-offs between incubation time and changes in isotopic labeling
of the source and product pools at a given enrichment level (7).

-1 -1Turnover rate × incubation time × source enrichment = change in enrichment, e.g., 0.1 d × 0.2 d × 10% = 0.2%. (7)

Generally the shortest incubation possible would resolve this dichotomy for biogeochemical
processes such as nitrification or denitrification. However, complications may arise for uptake
studies since short incubations primarily represent the transport (movement across the cell
membrane) of N-compounds, whereas longer incubations primarily represent assimilation
into organic compounds such as amino acids or proteins.

Finally, one has to consider the degree of replication and treatment of the initial, or time zero,
concentrations and enrichment of both the product and source pools. To account for small,
natural (%) level changes in these pools, studies either assume that particles have constant
natural abundance values, or they assess the natural abundance periodically during the study.
Alternatively, tracer can be added to the incubation bottle, which is then deployed and then
immediately filtered at an initial time point for comparison with the final values. One then
needs to decide how to interpret the initial time point, as there is often a substantial time
between tracer addition and filtration (often 30 min). During this interval, the population may
experience abnormal conditions (e.g., high light exposure or rush uptake due to nutrient
perturbation) prior to filtration. It was also shown recently by Mohr et al. that measurements
of N2-fixation rates by introducing a tracer in bubble form can lead to significant underesti‐
mation of the process [14]. The equilibration, i.e. the isotopic exchange between the 15N2 gas
bubble and the surrounding water is controlled primarily by diffusive processes. The major
variables that influence the rate of isotopic exchange include the surface area to volume ratio
of the bubble, the characteristics of the organic coating on the bubble surface [15], and
temperature and the rate of renewal of the water-bubble interface [16]. To avoid this problem,
the authors recommend adding an aliquot of 15N2-enriched water to incubators used in rate
measurements.

Samples of oceanographic interest often pose additional analytical challenges simply because
they are difficult to obtain in large quantities and most mass spectrometry systems require
fine-tuning and careful attention to leaks in order to process samples containing less than a
few micromoles of nitrogen. In practice, open ocean samples including suspended particles,
small zooplankton, and sinking organic matter are often available only in µmole or sub-µmole
quantities. These low concentrations create a strong incentive to minimize the mass require‐
ments of the analytical systems used for marine samples, and to develop methods for correct‐
ing for the influence of any analytical blank, which will disproportionately affect small
samples. Even with substantial care to reduce this source of contamination, a nitrogen blank
on the order of 0.05–0.15 µmol N is typical for systems in current use [17]. For analysis of the
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Tracer-level 15N experiments used for rate measurements typically add about 10% of the
ambient source concentration of 15N-compound. The initial planning of tracer studies requires
consideration of several practical issues. First of all, one has to determine the length of
incubation, which is connected to turnover rate of the relevant pools and the detection limits
for the analytical methods. The turnover rate (pool size-1×uptake rate) has to be estimated for
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both source and product pools to ensure that tracer can be detected in the product pool, while
dilution of the source pool is either insignificant or small [12, 13]. Increasing incubation time
will increase the amount of tracer in the product but it will reduce the potential of isotope
dilution affecting the source pool. Given a best-guess turnover rate for the product pool, one
can estimate the relative trade-offs between incubation time and changes in isotopic labeling
of the source and product pools at a given enrichment level (7).

-1 -1Turnover rate × incubation time × source enrichment = change in enrichment, e.g., 0.1 d × 0.2 d × 10% = 0.2%. (7)

Generally the shortest incubation possible would resolve this dichotomy for biogeochemical
processes such as nitrification or denitrification. However, complications may arise for uptake
studies since short incubations primarily represent the transport (movement across the cell
membrane) of N-compounds, whereas longer incubations primarily represent assimilation
into organic compounds such as amino acids or proteins.

Finally, one has to consider the degree of replication and treatment of the initial, or time zero,
concentrations and enrichment of both the product and source pools. To account for small,
natural (%) level changes in these pools, studies either assume that particles have constant
natural abundance values, or they assess the natural abundance periodically during the study.
Alternatively, tracer can be added to the incubation bottle, which is then deployed and then
immediately filtered at an initial time point for comparison with the final values. One then
needs to decide how to interpret the initial time point, as there is often a substantial time
between tracer addition and filtration (often 30 min). During this interval, the population may
experience abnormal conditions (e.g., high light exposure or rush uptake due to nutrient
perturbation) prior to filtration. It was also shown recently by Mohr et al. that measurements
of N2-fixation rates by introducing a tracer in bubble form can lead to significant underesti‐
mation of the process [14]. The equilibration, i.e. the isotopic exchange between the 15N2 gas
bubble and the surrounding water is controlled primarily by diffusive processes. The major
variables that influence the rate of isotopic exchange include the surface area to volume ratio
of the bubble, the characteristics of the organic coating on the bubble surface [15], and
temperature and the rate of renewal of the water-bubble interface [16]. To avoid this problem,
the authors recommend adding an aliquot of 15N2-enriched water to incubators used in rate
measurements.

Samples of oceanographic interest often pose additional analytical challenges simply because
they are difficult to obtain in large quantities and most mass spectrometry systems require
fine-tuning and careful attention to leaks in order to process samples containing less than a
few micromoles of nitrogen. In practice, open ocean samples including suspended particles,
small zooplankton, and sinking organic matter are often available only in µmole or sub-µmole
quantities. These low concentrations create a strong incentive to minimize the mass require‐
ments of the analytical systems used for marine samples, and to develop methods for correct‐
ing for the influence of any analytical blank, which will disproportionately affect small
samples. Even with substantial care to reduce this source of contamination, a nitrogen blank
on the order of 0.05–0.15 µmol N is typical for systems in current use [17]. For analysis of the
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smallest samples, the influence of this blank can be reduced provided that an appropriate range
of mass and isotopic standards is run, allowing estimation of the size and δ15N of the blank.

Operationally, isotope ratio mass spectrometers measure the difference in 15N abundance
between a sample and a reference gas calibrated to atmospheric N2. This reference gas
calibration may be carried out directly by comparison to atmospheric values [18], or indirectly
using any of a number of organic and inorganic secondary standards (e.g., nitrate and
ammonium salts, acetanilide, glutamic acid) available from NIST or IAEA. For precise system
calibration and correction of blank effects, it is also important to analyze a size series of a
working standard that is chemically similar to the samples of interest.

Correcting for an analytical blank is a multi-step process involving separate regression
analyses to evaluate the size of the blank and the dependence of δ15N values on size. This
information can then be used to remove the isotopic influence of the blank. Any real sample
can be treated as a mixture of sample material and contaminants of various origins. If the blank
contribution is constant in composition and magnitude across analyses, then a simple mass
balance can be constructed for the mixture analyzed:

Mmixδ15Nmix= Msampleδ
15Nsample+ Mblankδ15Nblank, (8)

where M is the size of an individual pool (sample, blank, or the mixture). In general, the
nitrogen analytical blank is small enough that blank corrections are minor for samples
containing more than 1.5–2 µmol of nitrogen.

3. Sampling for δ15N measurements

Modern water column nitrogen isotope analysis is used on broad variety of samples as particles
and dissolved nitrogen species, e.g. nitrate, ammonia or N2 and N2O. For each of these methods,
special care must be taken during sample collection and preparation.

3.1. Particles

The simplest and most common method to remove particles from incubation water is by
filtration. During the filtration special care should be taken to minimize the pressure difference
to avoid strong cell rupture [18]. Several studies showed that Teflon and aluminium oxide
filters capture up to 60% higher amount of particulate organic nitrogen (PON) than the GF/F
filters [19, 20]. GF/F filters have been also found to retain only ~50% of bacteria [21]. In addition
to incomplete retention of particles, glass-fiber filters adsorb dissolved organics on the high
surface area of the filter [22]. For 15N studies, although mass retention of DON is not a major
issue, retention of the highly labeled incubation water on the filter has the potential to affect
the isotopic ratio of the retained particulates so that wetting the filter prior to filtration and
rinsing afterwards with filtered seawater is a common practice. Filtered seawater is used to
prevent osmotic shock of the living particles. Regardless of the type of filter, the particle load
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needs to be preserved and converted into the gaseous form prior to mass spectroscopic
analysis. δ15N of particles can be analysed directly via combustion (conversion into N2) or via
persulfate oxidation (conversion into NO3

-) [23].

3.2. Nitrate and nitrite

The most abundant dissolved nitrogen specie in the ocean is nitrate (NO3
-) followed by nitrite

(NO2
-). In order to perform the isotopic analysis both have to be converted into forms amenable

to enter the mass spectrometer. The methods differ by level of reduction, with conversion from
NO3

- to NO2
-, NO, N2 or complete reduction to ammonium.

Although NO2
- concentrations are usually very small compared to NO3

-, there are cases when
both should be analyzed without an interference of δ15N signals of one another. To do this one
has to separate NO3

- and NO2
- in the sample by excluding one of them from the sample. Olson

[24] used sulfamic acid, while Yakushiji and Kanda [25] took advantage of the reaction of
sulfanilic acid with NO2

-. Rather than forming the final azo dye, the diazonium ion can be
destroyed by heating which effectively destroys the initial NO2

- present in the sample. Two
new techniques remove nitrite by reaction with sodium azide in acetic acid buffer to produce
N2O [7] or via reaction with ascorbic acid to produce NO which is then removed bubbling [11].

Nitrate conversion to ammonia commonly uses DeVarda’s alloy approach [26]combined with
moderate heating. However, this method can add a significant blank that varies with the batch,
and combustion of the alloy failed to reduce the blank while also reducing the reduction
efficiency [27]. Tanaka and Saino [28] replaced Devarda’s alloy with an aluminum reagent that
reduced the blank and permitted analysis of nitrate at low concentrations.

Biological reduction of NO3
- to NO2

- or gaseous forms has been used by several investigators.
Risgaard-Petersen et al. [29] and [30] used cultures of denitrifying bacteria to respire NO3

- and
NO2

- toN2 which was then stored for analysis by mass spectrometry. Sigman et al [8] changed
this method by using mutant strain of a denitrifying bacteria that only produced N2O to avoid
the problem with contamination of N2 from the air. The chemical alternative using sodium
azide buffer to produce N2O from NO2

- was developed by McIlvin and Altabet [7] for natural
abundance measurements in seawater samples. It was further improved for samples with low
salinities [6] and can be used to analyze nitrate as well as nitrite in the samples.

3.3. Ammonium

Ammonium is not necessarily dominant by mass, but it is often predominant with respect to
flux. NH4

+ is produced primarily by the breakdown and remineralization of organic forms of
nitrogen and consumed by autotrophic assimilation and re-incorporation into organic
molecules, chemosynthetic nitrification to NO2

-, and anammox oxidation by NO2
- to N2. For

isotopic analysis ammonia has to be extracted quantitatively from the solution and converted
to suitable gaseous species (e.g. N2).

Initial approaches to isolating ammonium for isotopic analysis by steam distillation were
derived from the soil literature. In all methods involving NH4

+, great care is required to
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smallest samples, the influence of this blank can be reduced provided that an appropriate range
of mass and isotopic standards is run, allowing estimation of the size and δ15N of the blank.

Operationally, isotope ratio mass spectrometers measure the difference in 15N abundance
between a sample and a reference gas calibrated to atmospheric N2. This reference gas
calibration may be carried out directly by comparison to atmospheric values [18], or indirectly
using any of a number of organic and inorganic secondary standards (e.g., nitrate and
ammonium salts, acetanilide, glutamic acid) available from NIST or IAEA. For precise system
calibration and correction of blank effects, it is also important to analyze a size series of a
working standard that is chemically similar to the samples of interest.

Correcting for an analytical blank is a multi-step process involving separate regression
analyses to evaluate the size of the blank and the dependence of δ15N values on size. This
information can then be used to remove the isotopic influence of the blank. Any real sample
can be treated as a mixture of sample material and contaminants of various origins. If the blank
contribution is constant in composition and magnitude across analyses, then a simple mass
balance can be constructed for the mixture analyzed:

Mmixδ15Nmix= Msampleδ
15Nsample+ Mblankδ15Nblank, (8)

where M is the size of an individual pool (sample, blank, or the mixture). In general, the
nitrogen analytical blank is small enough that blank corrections are minor for samples
containing more than 1.5–2 µmol of nitrogen.

3. Sampling for δ15N measurements

Modern water column nitrogen isotope analysis is used on broad variety of samples as particles
and dissolved nitrogen species, e.g. nitrate, ammonia or N2 and N2O. For each of these methods,
special care must be taken during sample collection and preparation.

3.1. Particles

The simplest and most common method to remove particles from incubation water is by
filtration. During the filtration special care should be taken to minimize the pressure difference
to avoid strong cell rupture [18]. Several studies showed that Teflon and aluminium oxide
filters capture up to 60% higher amount of particulate organic nitrogen (PON) than the GF/F
filters [19, 20]. GF/F filters have been also found to retain only ~50% of bacteria [21]. In addition
to incomplete retention of particles, glass-fiber filters adsorb dissolved organics on the high
surface area of the filter [22]. For 15N studies, although mass retention of DON is not a major
issue, retention of the highly labeled incubation water on the filter has the potential to affect
the isotopic ratio of the retained particulates so that wetting the filter prior to filtration and
rinsing afterwards with filtered seawater is a common practice. Filtered seawater is used to
prevent osmotic shock of the living particles. Regardless of the type of filter, the particle load
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needs to be preserved and converted into the gaseous form prior to mass spectroscopic
analysis. δ15N of particles can be analysed directly via combustion (conversion into N2) or via
persulfate oxidation (conversion into NO3

-) [23].

3.2. Nitrate and nitrite

The most abundant dissolved nitrogen specie in the ocean is nitrate (NO3
-) followed by nitrite

(NO2
-). In order to perform the isotopic analysis both have to be converted into forms amenable

to enter the mass spectrometer. The methods differ by level of reduction, with conversion from
NO3

- to NO2
-, NO, N2 or complete reduction to ammonium.

Although NO2
- concentrations are usually very small compared to NO3

-, there are cases when
both should be analyzed without an interference of δ15N signals of one another. To do this one
has to separate NO3

- and NO2
- in the sample by excluding one of them from the sample. Olson

[24] used sulfamic acid, while Yakushiji and Kanda [25] took advantage of the reaction of
sulfanilic acid with NO2

-. Rather than forming the final azo dye, the diazonium ion can be
destroyed by heating which effectively destroys the initial NO2

- present in the sample. Two
new techniques remove nitrite by reaction with sodium azide in acetic acid buffer to produce
N2O [7] or via reaction with ascorbic acid to produce NO which is then removed bubbling [11].

Nitrate conversion to ammonia commonly uses DeVarda’s alloy approach [26]combined with
moderate heating. However, this method can add a significant blank that varies with the batch,
and combustion of the alloy failed to reduce the blank while also reducing the reduction
efficiency [27]. Tanaka and Saino [28] replaced Devarda’s alloy with an aluminum reagent that
reduced the blank and permitted analysis of nitrate at low concentrations.

Biological reduction of NO3
- to NO2

- or gaseous forms has been used by several investigators.
Risgaard-Petersen et al. [29] and [30] used cultures of denitrifying bacteria to respire NO3

- and
NO2

- toN2 which was then stored for analysis by mass spectrometry. Sigman et al [8] changed
this method by using mutant strain of a denitrifying bacteria that only produced N2O to avoid
the problem with contamination of N2 from the air. The chemical alternative using sodium
azide buffer to produce N2O from NO2

- was developed by McIlvin and Altabet [7] for natural
abundance measurements in seawater samples. It was further improved for samples with low
salinities [6] and can be used to analyze nitrate as well as nitrite in the samples.

3.3. Ammonium

Ammonium is not necessarily dominant by mass, but it is often predominant with respect to
flux. NH4

+ is produced primarily by the breakdown and remineralization of organic forms of
nitrogen and consumed by autotrophic assimilation and re-incorporation into organic
molecules, chemosynthetic nitrification to NO2

-, and anammox oxidation by NO2
- to N2. For

isotopic analysis ammonia has to be extracted quantitatively from the solution and converted
to suitable gaseous species (e.g. N2).

Initial approaches to isolating ammonium for isotopic analysis by steam distillation were
derived from the soil literature. In all methods involving NH4

+, great care is required to
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minimize ambient contamination (e.g., cleaning compounds such as Windex), from sample/
reaction containers and from reagents.

Distillation of NH4
+ under alkaline conditions with subsequent conversion to dinitrogen gas

has been used by several groups but is time consuming and has problems with cross-contam‐
ination and fractionation [31-34]. In the diffusion method, ammonia passes through a mem‐
brane into an acidic medium and is trapped as an NH4

+ salt [34-37]. This approach, however,
is also time-intensive and not very reliable at low concentrations [34]. For freshwater samples
Hg precipitation and cation exchange are reported to show very good results for isotope
analysis [32, 38]. An organic reaction with NH3 producing indophenol permits organic or solid-
phase extraction works well for 15N-labeled samples [32] but cannot be used for samples with
[NH4

+] < 5µM [38]. Zhang and Altabet [39] developed a robust method for sea water samples
at low concentrations (0.5 µM or lower), which involves oxidation of ammonia into NO2

- and
subsequent reduction to N2O.

3.4. N2O and N2

In addition to the previously discussed methods where production of N2 or N2O from other
forms of nitrogen is an analytical step, there are related methods for analysis of the gases where
the gas itself is the form of interest. N2O can be formed during nitrification and denitrification
processes, while N2 is the end product of denitrification and anammox. Isotope paring
technique (IPT) for analysis of N2 requires analysis of all three isotopic variants of N2 (28N2,
29N2, 30N2) [40]. Either a quadrupole or magnetic sector mass spectrometer can be used for the
isotope pairing analysis, but the quadrupole can also simultaneously determine the N2/Ar
ratio. Extraction of N2 from water samples, generally stored in a gas-tight container sealed with
a septum (e.g., Exetainer), involves partitioning of the gas into a suitable headspace such as
helium. The gas is allowed to equilibrate and the headspace is sampled for introduction of the
gas phase into the mass spectrometer [41].

Rather than extraction into a headspace, several investigators have employed membrane inlet
mass spectrometers (MIMS) to directly sample N2 for denitrification and nitrogen fixation
studies [30, 42]. MIMS can also be used directly to measure denitrification by monitoring
changes in the N2/Ar ratio over time since the Ar composition reflects changes in temperature
and other physical factors while change in the N2 concentration reflects the balance between
nitrogen fixation and denitrification [43]. An advantage of combining MIMS with the isotopes
is the ability to separate the two contributions to the net flux. MIMS also obviates the need for
the generally slow, separate extraction step. The membrane inlet configuration varies but
always features a gas-permeable membrane that separates the mass spectrometer from the
solution [44, 45]. A probe inlet [44]permits analysis of depth zonation of rate processes in
sediments but has only been employed for N2/Ar measurements.

Analysis of 15N2O during nitrification and denitrification rate studies has become increasingly
popular. Punshon and Moore [46] further developed the method to extract 15N2O produced
from either 15NH4

+ or 15NO3
- by natural samples. Using purge-trap gas chromatography with

a quadrupole mass spectrometer, they were able to determine production rates for N2O from
nitrification. The origin of N2O (denitrification or nitrification) can be determined using
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isotopic signature of oxygen isotope. δ18O isotope signature in N2O molecule is a product of
mixing from dissolved O2 and H2O and any fractionation process associated with its produc‐
tion [47]. For instance, production of N2O via hydroxylamine oxidation (nitrification) will only
include oxygen atoms from dissolved O2, while via denitrification it will have δ18O isotope of
NO2

- or NO3
-, originating from both dissolved O2 and H2O [47, 48].

The site preference isotopic signature (isotopomers) is also used to identify pathways of N2O
production. In the molecule of N2O the 15N can be at a central (α) or outer (β) position. The
intermolecular distribution of 15N is expressed as site preference (SP) (eq.9)[49].

SP=δ15Nα- δ15Nβ (9)

In contrast to δ18O signature, SP is not dependent on the substrate’s isotopic composition but
reflects the microbial production mechanism [48]. For example, production of N2O via
hydroxylamine oxidation results in an SP of 33‰, while via denitrification the SP is 0‰ [50].
Good summery on isotopomers for soil studies is presented in the book of Environmental
Isotope Geochemistry [51] showing the variable range of SP values for nitrification. In general,
isotopomers are valuable tool for distinguishing between nitrification and denitrification
processes of N2O production.

4. Main processes of nitrogen cycle and their influence on isotope balance

Most nitrogen in marine environments is present in five forms: N2, a quite stable molecule that
requires specialized enzymatic systems to break and use it; NO3

-, the most oxidized form of
nitrogen and the dominant form of N within oxic environments; NH4

+, the most reduced
natural form of N and the dominant biologically available form found in anoxic environments;
particulate nitrogen, predominant within sediments and primarily in the form of organic N,
and dissolved organic N (DON), which is a complex mixture of compounds with a wide range
of compositions [52-55]. Nitrate, nitrite, ammonium, and organic nitrogen are typically
grouped together as “fixed N” in discussions about the availability of nitrogen. Although each
form has a different level of reactivity, a complex web of reactions links these different
compounds. The most important processes discussed here are: N2 fixation, nitrification,
assimilation and N-loss (conversion of fixed N to N2). As it was mentioned already earlier, all
biologically mediated processes lead to nitrogen isotope fractionation. For example, denitrifi‐
cation converts NO3

- to N2, which has the net effect of depleting the ocean’s supply of combined
nitrogen and doing so with strong discrimination against 15N. This results in an increase in the
δ15N of the major pool of oceanic combined nitrogen (NO3

-) concomitant with a reduction in
its overall size. In contrast, N2-fixation adds combined nitrogen with a low δ15N to the ocean,
counteracting both the mass and isotopic effects of denitrification (figure 1). In the subsequent
parts of this chapter I will discuss all these processes in detail and their influence on the
nitrogen isotope budget in the ocean.
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minimize ambient contamination (e.g., cleaning compounds such as Windex), from sample/
reaction containers and from reagents.

Distillation of NH4
+ under alkaline conditions with subsequent conversion to dinitrogen gas

has been used by several groups but is time consuming and has problems with cross-contam‐
ination and fractionation [31-34]. In the diffusion method, ammonia passes through a mem‐
brane into an acidic medium and is trapped as an NH4

+ salt [34-37]. This approach, however,
is also time-intensive and not very reliable at low concentrations [34]. For freshwater samples
Hg precipitation and cation exchange are reported to show very good results for isotope
analysis [32, 38]. An organic reaction with NH3 producing indophenol permits organic or solid-
phase extraction works well for 15N-labeled samples [32] but cannot be used for samples with
[NH4

+] < 5µM [38]. Zhang and Altabet [39] developed a robust method for sea water samples
at low concentrations (0.5 µM or lower), which involves oxidation of ammonia into NO2

- and
subsequent reduction to N2O.

3.4. N2O and N2

In addition to the previously discussed methods where production of N2 or N2O from other
forms of nitrogen is an analytical step, there are related methods for analysis of the gases where
the gas itself is the form of interest. N2O can be formed during nitrification and denitrification
processes, while N2 is the end product of denitrification and anammox. Isotope paring
technique (IPT) for analysis of N2 requires analysis of all three isotopic variants of N2 (28N2,
29N2, 30N2) [40]. Either a quadrupole or magnetic sector mass spectrometer can be used for the
isotope pairing analysis, but the quadrupole can also simultaneously determine the N2/Ar
ratio. Extraction of N2 from water samples, generally stored in a gas-tight container sealed with
a septum (e.g., Exetainer), involves partitioning of the gas into a suitable headspace such as
helium. The gas is allowed to equilibrate and the headspace is sampled for introduction of the
gas phase into the mass spectrometer [41].

Rather than extraction into a headspace, several investigators have employed membrane inlet
mass spectrometers (MIMS) to directly sample N2 for denitrification and nitrogen fixation
studies [30, 42]. MIMS can also be used directly to measure denitrification by monitoring
changes in the N2/Ar ratio over time since the Ar composition reflects changes in temperature
and other physical factors while change in the N2 concentration reflects the balance between
nitrogen fixation and denitrification [43]. An advantage of combining MIMS with the isotopes
is the ability to separate the two contributions to the net flux. MIMS also obviates the need for
the generally slow, separate extraction step. The membrane inlet configuration varies but
always features a gas-permeable membrane that separates the mass spectrometer from the
solution [44, 45]. A probe inlet [44]permits analysis of depth zonation of rate processes in
sediments but has only been employed for N2/Ar measurements.

Analysis of 15N2O during nitrification and denitrification rate studies has become increasingly
popular. Punshon and Moore [46] further developed the method to extract 15N2O produced
from either 15NH4

+ or 15NO3
- by natural samples. Using purge-trap gas chromatography with

a quadrupole mass spectrometer, they were able to determine production rates for N2O from
nitrification. The origin of N2O (denitrification or nitrification) can be determined using
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isotopic signature of oxygen isotope. δ18O isotope signature in N2O molecule is a product of
mixing from dissolved O2 and H2O and any fractionation process associated with its produc‐
tion [47]. For instance, production of N2O via hydroxylamine oxidation (nitrification) will only
include oxygen atoms from dissolved O2, while via denitrification it will have δ18O isotope of
NO2

- or NO3
-, originating from both dissolved O2 and H2O [47, 48].

The site preference isotopic signature (isotopomers) is also used to identify pathways of N2O
production. In the molecule of N2O the 15N can be at a central (α) or outer (β) position. The
intermolecular distribution of 15N is expressed as site preference (SP) (eq.9)[49].

SP=δ15Nα- δ15Nβ (9)

In contrast to δ18O signature, SP is not dependent on the substrate’s isotopic composition but
reflects the microbial production mechanism [48]. For example, production of N2O via
hydroxylamine oxidation results in an SP of 33‰, while via denitrification the SP is 0‰ [50].
Good summery on isotopomers for soil studies is presented in the book of Environmental
Isotope Geochemistry [51] showing the variable range of SP values for nitrification. In general,
isotopomers are valuable tool for distinguishing between nitrification and denitrification
processes of N2O production.

4. Main processes of nitrogen cycle and their influence on isotope balance

Most nitrogen in marine environments is present in five forms: N2, a quite stable molecule that
requires specialized enzymatic systems to break and use it; NO3

-, the most oxidized form of
nitrogen and the dominant form of N within oxic environments; NH4

+, the most reduced
natural form of N and the dominant biologically available form found in anoxic environments;
particulate nitrogen, predominant within sediments and primarily in the form of organic N,
and dissolved organic N (DON), which is a complex mixture of compounds with a wide range
of compositions [52-55]. Nitrate, nitrite, ammonium, and organic nitrogen are typically
grouped together as “fixed N” in discussions about the availability of nitrogen. Although each
form has a different level of reactivity, a complex web of reactions links these different
compounds. The most important processes discussed here are: N2 fixation, nitrification,
assimilation and N-loss (conversion of fixed N to N2). As it was mentioned already earlier, all
biologically mediated processes lead to nitrogen isotope fractionation. For example, denitrifi‐
cation converts NO3

- to N2, which has the net effect of depleting the ocean’s supply of combined
nitrogen and doing so with strong discrimination against 15N. This results in an increase in the
δ15N of the major pool of oceanic combined nitrogen (NO3

-) concomitant with a reduction in
its overall size. In contrast, N2-fixation adds combined nitrogen with a low δ15N to the ocean,
counteracting both the mass and isotopic effects of denitrification (figure 1). In the subsequent
parts of this chapter I will discuss all these processes in detail and their influence on the
nitrogen isotope budget in the ocean.
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Figure 1. The impact of different processes on the δ15N of oceanic NO3
- [56]. Axes show deviation of δ15N signal from

oceanic average and loss/input of nitrogen due to different processes.

4.1. Nitrogen fixation in the ocean

Microbial N2 fixation in the ocean inputs “new” N into the surface waters by reducing N2 gas
into two molecules of ammonia. The reaction is logically consumes energy and is catalyzed by
nitrogenase enzyme complex, which is extremely oxygen sensitive (req. 10).

+ –
2 3 2 iN + 8 H + 16 ATP + 8 e  2 NH + H + 16 ADP + 16 P® (10)

The nitrogenase proteins are highly similar among diazotrophs, and the well-conserved nifH
gene is commonly used for phylogenetic and ecological studies [57]. In the open ocean N2

fixation research has focused most intensively on the cyanobacterium, Trichodesmium [58, 59],
which often occur as aggregates (often referred to as colonies) visible to the naked eye (‘sea
sawdust’). It can also occur, however, as individual filaments. In early reports N2 fixation was
observed in the pelagic zone and associated with the cyanobacterial epiphytes (Dichothrix
fucicola) of the brown macroalga, Sargassum [60] and cyanobacterial endosymbionts of certain
oceanic diatoms [61, 62]. Trichodesmium has a unique physiology that employs spatial and
temporal segregation and increased oxygen consumption to allow it to simultaneously fix
N2 and CO2 (and thus evolve O2)[63].
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Evidence of N2 fixation began to first accumulate in the late 1970s with several pioneering N
isotope studies examining the natural abundance of the ratio of δ15N in the western Pacific Ocean
[59, 64]. The average isotopic signature of nitrate in the deep ocean lay about 5‰ [27, 65, 66].
Nitrogen fixation is the process by which N2 is incorporated from the air into the cell. As the
δ15Nair is set to 0‰, the kinetic isotope effect of the process is small (-2‰ to +2‰). Surface
particulate and dissolved inorganic N pools in the Kuroshio often had a 15N-depleted isotopic
signature, indicative of a N2 fixation source [67]. Using nifH gene studies, N2-fixing was found
also in the picoplankton, as well as in heterotrophic bacteria from the guts of copepods [68].
Heterotrophic N2 fixation does not consume CO2 during the process as diazotrophs do but instead
produces it. However, the mechanism of heterotrophic N2 fixation is not yet understood and it
is still unclear and the potential contribution of these organisms to marine N2 fixation is uncertain.

4.1.1. Controlling factors for N2 fixation and its distribution

Numerous factors, physical, chemical and biotic, can affect the extent of N2 fixation in an
ecosystem [69-72]. Many factors that affect nitrogenase activity co-vary, such as light, temper‐
ature, oxygen and turbulence, making it difficult to determine the relative impact of each.
Species-level responses to these variables also differ. The heterocystous diazotrophs, for
instance, are typically restricted to special marine environments. Metabolically active popu‐
lations of Trichodesmium have been observed at 18.3 °C [54], but activity was low, and sub‐
stantial growth is typically not seen until water temperature exceeds 20 °C [73]. In the cooler
Baltic waters Nodularia spp. and Aphanizomenon spp. Are observed, which are restricted to 16–
22 °C and 25–28 °C, respectively [74]. In warmer waters of the tropics and subtropics, hetero‐
cystous diazotrophs (such as Richelia intracellularis) are only encountered as symbionts of
diatoms like Hemiaulus spp., and Rhizosolenia spp. [75].

For photoautrophic diazotrophs, nitrogenase activity is intimately linked to photosynthesis
[76]. Thus, light is an obvious and important factor potentially regulating or constraining this
process. Carpenter [73] has summarized much of the early marine work largely relating to
Trichodesmium spp. with respect to their relationship to light. Whereas many non-heterocys‐
tous cyanobacteria fix nitrogen during the night, and thereby uncouple N2 fixation from
photosynthesis, Trichodesmium fixes nitrogen exclusively during the light period and shows a
strong diel pattern of activity with maxima during midday [59, 63, 69, 77]. Natural populations
of Trichodesmium, often found in the upper layers of the euphotic zone, appear to be adapted
to high light with a relatively shallow compensation depth (typically 100–200 mmol quanta
m-2 s-1) for photosynthesis [78].

To calculate how much nitrate is produced via N2-fixation, Redfield stoichiometry can be used
[79]. With the given NO3

-
exp and the measured concentration of the actual dissolved inorganic

nitrogen (DIN = NO3
-+ NO2

-+ NH4
+), the amount of NO3

-, which is removed by denitrification
(NO3

-
def), can be calculated as follows:

- -
3 def 3 expNO = NO – DIN (11)
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Figure 1. The impact of different processes on the δ15N of oceanic NO3
- [56]. Axes show deviation of δ15N signal from

oceanic average and loss/input of nitrogen due to different processes.
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+ –
2 3 2 iN + 8 H + 16 ATP + 8 e  2 NH + H + 16 ADP + 16 P® (10)
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An alternative stoichiometric method involves the quasi-conservative tracer N* [80, 81].
Gruber and Sarmiento used high quality data from JGOFS and GEOSECS databases to develop
a general relationship between fixed inorganic nitrogen (DIN) and phosphate (PO4

3-) for the
world’s oceans:

3-
4N* = DIN – 16 PO  + 2.90é ù

ë û (12)

The value of 2.90 is the deviation from the amount of DIN predicted by the Redfield stoichi‐
ometry (N:P =16) and the world-ocean N:P regression relationship. Negative values of N* are
interpreted to show the net denitrification whereas positive values show the net nitrogen fixation.

Figure 2. N*= [NO4
3-] – 16*[ PO4

3-] + 2.9 on the 26.5 sigma theta surface (World Ocean Atlas 2005). Note the large
negative N* values in the Tropical Pacific and Arabian Sea and positive N* values in the Tropical Atlantic Ocean.

Strong positive N* values have been observed in the tropical and subtropical North Atlantic
(fig.2) and are proposed to be a result of the input into these areas of diazotrophic (i.e. nitrogen
fixer) biomass with a higher N:P content than that typical of eukaryotic phytoplankton of the
upper ocean [80-82]. The observation of relatively high concentrations of DON in surface
waters of regions of the tropical oceans have also been attributed to nitrogen fixation [83-86].
At the Hawaiian Ocean Time (HOT) series station, pools of DON increased during a period in
which microbial nitrogen fixation also became more prominent [87, 88].

Iron  limitation  may  be  important  for  cyanobacterial  N2  fixation  as  Fe  is  a  cofactor  in
photosynthesis and nitrogenase, leading to is ~5 times higher Fe requirement for diazotro‐
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phy than that for ammonia assimilation [77]. Even though the concentration of dissolved
Fe (dFe) is low in many of the environments where N2 fixation occurs [89-92], a number
of studies have speculated on diazotroph response to mineral dust Fe fertilization [93, 94].
A 1999 Saharan dust event coincided with increases in dissolved Fe concentrations on the
west Florida shelf and a 100-fold increase in Trichodesmium biomass [95]. N2 fixation rates
were not measured, but DON concentrations doubled, presumably due to exudation by N2

fixers [95]. A Saharan dust addition experiment to surface water samples collected along
a west African cruise transect (35°W–17°W), found a minimal increase in CO2 fixation and
a large stimulation in N2 fixation, suggesting that diazotrophs were co-limited by both P
and Fe [96].  It  should be noted however,  the analysis  of  aerosol  dust  shows that  while
providing Fe,  the dust also supplies P and combined N [96-98].  Work on Trichodesmium
spp.  culture has  identified mechanisms to  deal  with P limitation.  For  instance,  under  P
stress  conditions  it  uptakes  a  greater  amount  of  DIP  and  dissolved  organic  P  (DOP),
decreasing the requirement for cellular P.

N2 fixation is an energetically costly process in comparison to ammonia assimilation, thus it is
logical to assume that presence of high concentrations of fixed N play a role of an inhibitor.
Indeed, under mM concentrations of ammonia (concentrations essentially never observed in
the real surface ocean), N2 fixation is inhibited in most diazotrophs [99]. However, mM
concentrations of NO3

- stopped N2 fixation in some strains [100] but have little to no effect in
others [101]. The higher energy requirement for the nitrate reduction compared to ‘direct’
assimilation of ammonia might explain these differences. Addition of ammonia to natural
samples of Trichodesmium spp. can shut down nitrogenase activity [69]. However, pure culture
studies have shown mixed results, with some cultures indicating no reduction of their activity
[102] and others showing a reduction in activity under short-term additions of fixed N sources
[103]. Interestingly, indication for N2 fixation has been found also in the nitrate-rich upwelling
areas off Chile and Peru [104, 105], indicating that N2 fixation may not be as strongly regulated
by fixed N as previously presumed.

4.1.2. Nitrogen fixation in sediments

Within the marine realm, N2 fixation in sediments has been mostly recognized in pelagic
environments or in benthic microbial mats, sea grass sediments, and coral reef systems [106].
A recent study by Bertics et al. [107] revealed that N2-fixation, coupled to sulfate reduction, is
stimulated by bio-irrigation in organic-rich coastal sediments. The authors suggested that N2-
fixation has been largely overlooked in sediments, and that its occurrence might be significant,
contradicting the general belief that sediments are areas of net nitrogen loss through denitri‐
fication and anaerobic ammonium oxidation [108, 109].

4.2. Nitrification

Nitrification process oxidizes NH4
+ into NO2

- and further to NO3
-. Ammonium rarely occurs

at high concentrations in the surface ocean as it is rapidly recycled between heterotrophic and
N2 fixing organisms and many heterotrophic and photosynthetic plankton species. N2 fixing
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organisms play a role of ammonia source as they excrete NH4
+ directly or release organic N

that is microbialy degraded to NH4
+, while plankton utilize ammonia as a N source for building

up its biomass. Similarly, accumulation of NO2
- is rarely observed in oxygenated habitats,

although NO2
- is an essential intermediate in several oxidation and reduction processes in the

N cycle.

Nitrification is carried out through a combination of two microbial processes: ammonia
oxidation to NO2

- and nitrite oxidation to NO3
-. The first step of the process is enabled by

nitrifying organisms, ammonium-oxidizing bacteria and archaea (AOB and AOA), while the
second step is carried out by nitrite-oxidizing bacteria (NOB). No known organism can carry
out both reactions. The overall reaction of NH4

+ oxidation (eq. 13) for AOB shows that the
process consumes molecular oxygen and produces NO2

- and hydrogen ions. Molecular oxygen
is required in the first step of the reaction, which is catalyzed by a monooxygenase (NH3

monooxygenase, AMO). Oxygen is also consumed by the terminal oxidase as a result of
electron transport generating adenosine-5’-triphophate (ATP) for cellular metabolism. The
immediate product of AMO is hydroxylamine, which is further oxidized by hydroxylamine
oxidoreductase (HAO) to NO2

-. In contrast, AOA apparently do not possess the hydroxylamine
reductase gene, so the pathway of ammonia oxidation in these organisms must be quite
different.

AMO HA+ + - - + -
4 2 2 2 2

ONH  + O + H + 2 e NH OH + H O NO + 5 H + 4 e¾¾¾® ¾¾¾® (13)

Depending on the conditions, NO, N2O and even N2 have been reported as secondary products
in autotrophic NH4

+ oxidation by both marine and terrestrial strains [110, 111]. Although N2O
and NO can be produced in vitro by HAO from hydroxylamine [112], the reduction of NO2

-

appears to be the dominant pathway in all cells [113-115]. One of the first studies of kinetic
isotopic effect of nitrification in pure cultures of Nitrosomonas europaea was made by the
Mariotti group [116], where a fractionation factor of 34.7 ± 2.5‰ was determined for conversion
of NH4

+ into NO2
-. The later work of Casciotti [117] identified that the fractionation factor for

different Nitrosomonas cultures of ammonia-oxidizing bacteria was linked to amino acid
sequences. The isotopic effect in these cultures ranged from 14.2‰ to 38.2‰.

N2O is produced by AOB through two separate pathways: hydroxylamine decomposition and
nitrite reduction, so-called “nitrifier denitrification” [114]. The isotopic compositions (δ15Nbulk,
δ18O, δ15Nα, δ15Nβ, and site preference = δ15Nα - δ15Nβ) of the produced N2O can provide insight
into the mechanisms of N2O production under different conditions [48, 50, 118]. For example,
N2O production through nitrifier denitrification has low δ15Nbulk and low site preferences
relative to that produced by hydroxylamine decomposition [119]. As discussed earlier, the N2O
site preference (SP) is determined by the enzymatic mechanism [49, 120]. The site preference
of N2O produced during nitrification is +30‰ to +38‰, while N2O production via denitrifi‐
cation and nitrifier-denitrification has a SP of -10‰ to +5‰ [48, 118, 121, 122]. The large
difference between the SP values of these two mechanisms of N2O production provides a good
tool with which to distinguish their contributions.
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The biochemistry of the NO2
- oxidation is simpler than that of NH4

+ oxidation because it is only
involves a transfer of two electrons without intermediates (eq. 14). The additional oxygen atom
in NO3

- is derived from water, and the molecular oxygen that is involved in the net reaction
results from electron transport involving cytochrome oxidase.

NO2 -  +  H2O →

nitrite
 oxydoreductase

NO3 - +  2 H +  +  2 e -  +  0.5 O2 →

cytochrome 
oxidase

NO3 -  +  H2O
(14)

A recent study of isotopic fractionation during nitrite oxidation to nitrate [1] showed a unique
negative isotopic effect of -12.8‰. Because of the inverse isotope effect, when nitrite oxidation
is taking place, the δ15NNO2 (and δ18ONO2) values are expected to be lower than the NO2

- initially
produced by ammonia oxidation or nitrate reduction. In most parts of the ocean, however,
NO2

- does not accumulate and the isotope effects of different processes complicate the
interpretation. In the euphotic zone NO2

- is either oxidized to NO3
- or assimilated into

particulate nitrogen (PN) and the heavy isotope can be preferentially shunted in one direction
vs. the other [119].

4.2.1. Controlling factors of nitrification and its distribution

Nitrifying bacteria are traditionally considered to be obligate aerobes; they require molecular
oxygen for reactions in the N oxidation pathways and for respiration. A significant positive
correlation between apparent oxygen utilization (AOU) and N2O accumulation is often
observed in marine systems [123-125]. The relationship implies that nitrification is responsible
for N2O accumulation in oxic waters where it is released as a byproduct. The relationship
breaks down at very low oxygen concentrations (~6 mM, [126]), where N2O is consumed by
denitrification.

There is abundant evidence from culture studies that both AOB and NOB are photosensitive.
Several studies of nitrification rates in surface seawaters from various geographical regions
show profiles that are consistent with light inhibition of both NH4

+ and NO2
- oxidation

[127-129]. The highest nitrification rates occur in a region near the bottom of the euphotic zone.
It is in this interval where nitrifying bacteria can compete with phytoplankton for NH4

+, as the
rates of nutrient assimilation are reduced due to light limitation. A sharp peak of nitrification
rate is often observed at water column depth where the light intensity is 5–10% of surface light
intensity [118, 127-129].

In both deep and shallow sediments, nitrification can be one of the main sinks for oxygen [130,
131]. In continental shelf sediments, nitrification and denitrification are often closely linked.
Coupled nitrification/denitrification is invoked to explain the observation that the rate of N2

flux out of sediments can greatly exceed the diffusive flux of NO3
- into the sediments [132].

Ammonium is produced during aerobic and anaerobic remineralization of organic matter. It
is then oxidized to NO3

- and subsequently reduced to N2. Anaerobic oxidation of NH4
+ can be

a factor supporting the imbalance between supply and consumption of NO3
-. Nitrification can

supply up to 100% of the NO3
-, which is later consumed by denitrification [133, 134].
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Although oxygen and NH4
+ conditions likely differ between planktonic and sediment envi‐

ronments, there is no clear evidence from clone libraries that water column and sediment
nitrifying communities are significantly different in composition and regulation.

To measure nitrification rates, isotope dilution can be used. In this method, the isotope dilution
of the NO2

- pool (in the case of NH4
+ oxidation) or the NO3

- pool (in the case of NO2
- oxidation)

is monitored over time [135]. Alternatively, in the 15N method 15NH4
+ or 15NO2

- is added to a
sample and then the appearance of 15N label in the NO2

- or NO3
- pools is measured over time

[24]. One disadvantage of the method is that the increase in NH4
+ or NO2

- concentrations caused
by the tracer addition can result in enhanced NH4

+ or NO2
- oxidation rates [129]. When small

additions of 15N are used, the isotope dilution of the substrate pool must be monitored over
time.

4.3. Nitrogen assimilation

Nitrification and nitrogen assimilation are usually found at similar depths in the ocean as they
compete for the same reactants (NH4

+). At the same time, nitrification, producing NO2
- and

NO3
-, provides assimilation with additional reactants. Nitrogen assimilation is the process of

incorporation of reactive nitrogen species (NO3
-, NO2

- and NH4
+) into the bacterial cell.

Ammonium, which is produced in the photic zone by heterotrophic processes, is assimilated
immediately by phytoplankton and heterotrophic bacteria before it can be nitrified. Ammo‐
nium is often the dominant form of dissolved N assimilated in a variety of marine and estuarine
systems. This form of N is energetically efficient for cells to use, because it is already reduced
and is a common cellular transient in N metabolism, requiring little additional energy for
assimilation. Despite the low NH4

+ concentrations in oceanic systems, uptake and regeneration
of NH4

+ are tightly coupled and result in rapid turnover times [136].

Nitrate concentrations in the surface ocean are usually maintained at low levels as a) phyto‐
plankton assimilate NO3

- rapidly and b) nitrate can be supplied by mixing or diffusion from
the deep NO3

- reservoir only at the regions with strong upwelling. The assimilation of NO3
- is

more energetically demanding than NH4
+, because it requires a synthesis of NO3

- and NO2
-

reductases, associated active transport systems, and the turnover of cellular ATP and nicoti‐
namide adenine dinucleotide phosphate (NADPH) [136]. In order to assimilate NO3

- for
growth, phytoplankton must first possess the genetic capacity to synthesize the necessary
enzymes and transport systems- a capacity which not all phytoplankton have. Further, the
supply of NO3

- is limited by nitrification and vertical mixing.

Since nitrite reductase (NiR) is required for NO3
- assimilation, organisms that assimilate NO3

-

can by default assimilate NO2
-. Consequently, some organisms that cannot use NO3

- can still
use NO2

- (e.g., some clones of Prochlorococcus; [137]). It has been suggested that this rather
unique N physiology has arisen from the evolutionary loss of genes, which are necessary for
the assimilation of NO3

- [138, 139]. The resultant evolution of many ecotypes specifically
adapted for unique environments where NO2

- production can be high.

Nitrogen isotope fractionation can take place at different stages of the processes. Wada and
Hattori [140] first argued that N isotope fractionation by phytoplankton occurs during nitrate
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reduction, while Montoya and McCarthy [141] ultimately favored fractionation associated with
nitrate transport into the cell. The N isotope data presented in Granger at al. [142] suggest that
an isotope effect is driven solely by the reductase, and not by uptake at the cell surface and
that this effect results in a fractionation factor of 5 – 10‰. Ammonium assimilation is shown
to have higher fractionation factor of +14 – +27‰ [143, 144].

In most parts of the ocean, however, assimilation and nitrification occur concurrently, which
additionally complicates the isotope analysis. In general, nitrite oxidation, as discussed above,
transfers NO2

- with an elevated δ15N to the NO3
- pool, while nitrite assimilation transfers the

residual NO2
- with a lower 15N:14N ratio into the PN pool. If the fractionation factor of nitrite

assimilation is 1‰ [144] and fractionation factor of nitrite oxidation is -15‰ [1], then the
δ15NNO2 at steady state will be lower than the source of NO2

-, unless nitrite assimilation is >95%
of the NO2

- sink. This has the opposite effect of the ammonia oxidation/assimilation branching
where ammonia oxidation transfers low 15N:14N material into the NO2

- and NO3
- pools and

higher 15N:14N material into the PN pool [119].

4.3.1. Factors controlling nitrogen assimilation and its distribution

Most nitrogen assimilation takes place in the surface waters of the ocean. The most important
factors controlling assimilation are the presence of oxygen for respiration and/or light for
photosynthesis and enzymes responsible for metabolic processes. Most of the enzymes
involved in the uptake and assimilation of N are bound to energy sources and thus are affected
by light, presence of oxygen, and the supply of enzyme co-factors and metabolic substrates.
For example, uptake and reduction of NO3

-, NO2
-, and urea have been linked to the light supply

in phytoplankton due to the necessity for ATP and NADPH from photo-phosphorylation.
While uptake and reduction of these compounds is thought to proceed at maximum rates only
in the light under nutrient replete conditions, active uptake of these compounds may occur
even in the dark [145].

The accumulation of intracellular product pools, on the other hand, can result in the inhibition
of uptake and assimilation. The posttranslational modification of enzymes can regulate uptake
and assimilation by modulating the number of active sites available for catalysation of specific
reactions. Studies examining the transcriptional activation of enzymes involved in the process
have begun to demonstrate clear functional relationships between genomes and ecological
capabilities. For example, the presence of NH4

+ represses protein expression (i.e., enzymes)
involved in the assimilation of alternative N sources (e.g., NO3

- and N2) in some organisms
[146]. Overall, most factors controlling assimilation are directly connected with enzymes,
which require substrate compounds or energy and oxygen supply for their metabolic activity.

4.4. Nitrogen loss (denitrification and anammox) in the ocean

The term “nitrogen loss” is commonly used for the processes in which fixed nitrogen (nitrate,
nitrite or ammonia) is converted into non-bioavailable N2 in the absence of oxygen. This
includes denitrification process, in which combined nitrogen is reduced to gaseous end
products, as well as newly discovered process of anammox (anaerobic ammonium oxidation),
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Although oxygen and NH4
+ conditions likely differ between planktonic and sediment envi‐
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nitrifying communities are significantly different in composition and regulation.
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nium is often the dominant form of dissolved N assimilated in a variety of marine and estuarine
systems. This form of N is energetically efficient for cells to use, because it is already reduced
and is a common cellular transient in N metabolism, requiring little additional energy for
assimilation. Despite the low NH4
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- is

more energetically demanding than NH4
+, because it requires a synthesis of NO3
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reductases, associated active transport systems, and the turnover of cellular ATP and nicoti‐
namide adenine dinucleotide phosphate (NADPH) [136]. In order to assimilate NO3

- for
growth, phytoplankton must first possess the genetic capacity to synthesize the necessary
enzymes and transport systems- a capacity which not all phytoplankton have. Further, the
supply of NO3

- is limited by nitrification and vertical mixing.

Since nitrite reductase (NiR) is required for NO3
- assimilation, organisms that assimilate NO3

-

can by default assimilate NO2
-. Consequently, some organisms that cannot use NO3

- can still
use NO2

- (e.g., some clones of Prochlorococcus; [137]). It has been suggested that this rather
unique N physiology has arisen from the evolutionary loss of genes, which are necessary for
the assimilation of NO3

- [138, 139]. The resultant evolution of many ecotypes specifically
adapted for unique environments where NO2

- production can be high.

Nitrogen isotope fractionation can take place at different stages of the processes. Wada and
Hattori [140] first argued that N isotope fractionation by phytoplankton occurs during nitrate
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reduction, while Montoya and McCarthy [141] ultimately favored fractionation associated with
nitrate transport into the cell. The N isotope data presented in Granger at al. [142] suggest that
an isotope effect is driven solely by the reductase, and not by uptake at the cell surface and
that this effect results in a fractionation factor of 5 – 10‰. Ammonium assimilation is shown
to have higher fractionation factor of +14 – +27‰ [143, 144].

In most parts of the ocean, however, assimilation and nitrification occur concurrently, which
additionally complicates the isotope analysis. In general, nitrite oxidation, as discussed above,
transfers NO2

- with an elevated δ15N to the NO3
- pool, while nitrite assimilation transfers the

residual NO2
- with a lower 15N:14N ratio into the PN pool. If the fractionation factor of nitrite

assimilation is 1‰ [144] and fractionation factor of nitrite oxidation is -15‰ [1], then the
δ15NNO2 at steady state will be lower than the source of NO2

-, unless nitrite assimilation is >95%
of the NO2

- sink. This has the opposite effect of the ammonia oxidation/assimilation branching
where ammonia oxidation transfers low 15N:14N material into the NO2

- and NO3
- pools and

higher 15N:14N material into the PN pool [119].

4.3.1. Factors controlling nitrogen assimilation and its distribution

Most nitrogen assimilation takes place in the surface waters of the ocean. The most important
factors controlling assimilation are the presence of oxygen for respiration and/or light for
photosynthesis and enzymes responsible for metabolic processes. Most of the enzymes
involved in the uptake and assimilation of N are bound to energy sources and thus are affected
by light, presence of oxygen, and the supply of enzyme co-factors and metabolic substrates.
For example, uptake and reduction of NO3

-, NO2
-, and urea have been linked to the light supply

in phytoplankton due to the necessity for ATP and NADPH from photo-phosphorylation.
While uptake and reduction of these compounds is thought to proceed at maximum rates only
in the light under nutrient replete conditions, active uptake of these compounds may occur
even in the dark [145].

The accumulation of intracellular product pools, on the other hand, can result in the inhibition
of uptake and assimilation. The posttranslational modification of enzymes can regulate uptake
and assimilation by modulating the number of active sites available for catalysation of specific
reactions. Studies examining the transcriptional activation of enzymes involved in the process
have begun to demonstrate clear functional relationships between genomes and ecological
capabilities. For example, the presence of NH4

+ represses protein expression (i.e., enzymes)
involved in the assimilation of alternative N sources (e.g., NO3

- and N2) in some organisms
[146]. Overall, most factors controlling assimilation are directly connected with enzymes,
which require substrate compounds or energy and oxygen supply for their metabolic activity.

4.4. Nitrogen loss (denitrification and anammox) in the ocean

The term “nitrogen loss” is commonly used for the processes in which fixed nitrogen (nitrate,
nitrite or ammonia) is converted into non-bioavailable N2 in the absence of oxygen. This
includes denitrification process, in which combined nitrogen is reduced to gaseous end
products, as well as newly discovered process of anammox (anaerobic ammonium oxidation),
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which converts nitrite and ammonia into N2 [147]. Another important process of reduction is
DNRA (dissimilatory nitrate reduction to ammonia) will be also discussed in this section as it
is an important source of ammonia in the ocean. Even though the reduction of nitrate to
ammonia is not a N-loss as such, but it is also taking place in suboxic waters, and the ammonia
produced can diffuses up to the anoxic waters and may well be oxidized to N2 by anammox
bacteria [148].

4.4.1. Canonical denitrification

Canonical denitrification is a heterotrophic process in which nitrogen oxides serve as the
terminal electron acceptor for organic carbon metabolism [149]. The nitrogen oxides are
reduced mainly to molecular nitrogen and some nitrous oxide may be formed as a side product.
The sequential reduction is enabled by four well-studied enzyme systems: nitrate reductase,
nitrite reductase, nitric oxide reductase and nitrous oxide reductase [150] (eq. 15).

nitratereductase nitrite reductase nitricoxidereductase- -
3 2 2 2

nitrousoxidereductaseNO NO NO N O N¾¾¾¾¾¾® ¾¾¾¾¾¾® ¾¾¾¾¾¾¾¾® ¾¾¾¾¾¾¾¾® (15)

The intermediate NO2
- is known to escape the cell and is frequently found in denitrifying

environments; likewise, N2O also can accumulate externally [151]. This leads to local maxima
of both intermediates, which tend to occur near the boundaries of the suboxic zone. Another
intermediate, NO, is actually a free radical and, thus, very reactive and highly toxic to most
bacteria including denitrifiers [152]. In order to minimize the accumulation of NO within the
cell, nitrite reductase and nitric oxide reductase are controlled interdependently at both the
transcriptional and enzyme activity levels [152, 153].

4.4.2. Anammox

Anammox bacteria are chemoautotrophic bacteria that fix CO2 using NO2
- as the electron donor

[154] and are thought to be strict anaerobes. Recent publication on the tolerance of anammox
bacteria to oxygen levels, however, showed that they can perform a significant activity even
under ~20 µmol/l O2 concentrations [155]. All anammox species found have evolved a
membrane-bound intra-cytoplasmic compartment called the anammoxasome. The anammox‐
asome membrane is made up of high-density lipids, called ladderanes because of their ladder-
like structure, which are thought to be specific to anammox bacteria. The proposed mechanism
of anammox involves a hydrazine hydrolase, which catalyzes the combination of hydroxyl
ammine and ammonium to form hydrazine. The hydrazine-oxidizing enzyme subsequently
oxidized it to N2 [156, 157]. The ladderane-lipid membrane is thought to act as a barrier to
diffusion thus isolating the toxic intermediates of the anammox reaction within the anam‐
moxasome. Interestingly, for every 1 mol of N2 produced, 0.3 mol of NO3

- is also produced
alongside from NO2

-. This reaction is believed to be important for replenishing electrons for
the acetyl-CoA carbon fixation pathway [158]. At the same time, these bacteria can perform
dissimilatory NO3

- reduction to NH4
+ (DNRA), which is subsequently combined with NO2

- to
produce N2, thus mimicking denitrification [159].
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Figure 3. Morphology of the anammox cell and proposed model for the anammox process. HH, hydrazine (N2H4) hy‐
drolase; HZO, hydrazine oxidizing enzyme; NR, nitrite reducing enzyme [160].

Anammox bacteria have been identified in many naturally occurring anoxic environments
including marine, freshwater, and estuarine sediments [161, 162], oxygen minimum zones
[163, 164], soils [165-167], wetlands [168], and anoxic tropical freshwater lakes [169]. These
bacteria are not only widespread but may also be very active (e.g. ~67% fixed N-loss [162]).
Anammox organisms may live in low abundance but are capable of significant growth and
metabolism when a shift in environmental parameters permits anammox communities to grow
[170]. The anammox bacteria are slow growing, with a doubling time of ∼11 days, even under
optimal growth conditions in bioreactors [171]. The state-of-the art method to identify
anammox is currently based on isotopic labeling of NH4

+ or NOx
-. It relies on the fact that N2

produced by anammox combines 1:1 atoms from NH4
+ and NO2

- [172]. The selective formation
of 15N14N (29N2) rather than 15N15N (30N2) is a clear evidence of anammox activity[162].

4.4.3. Dissimilatory nitrate reduction to ammonium or DNRA

The dissimilatory reduction of nitrate to ammonium is a bacteria-mediated heterotrophic
process occurring in anaerobic conditions. Nitrate is first reduced to nitrite and then to NH4

+.
Bock et al. [173] also showed that N. europaea and N. eutropha were able to nitrify and denitrify
at the same time when grown under oxygen limitation ([O2] ~ 0.2 - 0.4 µmol/l). Under these
conditions, oxygen and NO2

- served simultaneously as electron acceptors and both N2 and N2O
were produced, whereas under anaerobic conditions N2 was the predominant end product.
This type of nitrification–denitrification pathway may help to explain why ammonium
oxidizers remain active in nearly suboxic environments and enhanced N2O production is
observed [174, 175].

The reaction has been reported for sediments underlying anoxic waters [176, 177] and
sediments with substantial free sulfide, possibly due to sulfide inhibition of nitrification and
denitrification [42]. Suboxic NO3

- reduction to NH4
+ appears to occur in environments where

there is excess available carbon, such as estuarine sediments [178]. Perhaps more important
are the NO3

-fermenting organisms such as Thioploca and Thiomargarita, that are found in

Stable Isotope Methods for the Study of the Nitrogen Cycle
http://dx.doi.org/10.5772/56105

67



which converts nitrite and ammonia into N2 [147]. Another important process of reduction is
DNRA (dissimilatory nitrate reduction to ammonia) will be also discussed in this section as it
is an important source of ammonia in the ocean. Even though the reduction of nitrate to
ammonia is not a N-loss as such, but it is also taking place in suboxic waters, and the ammonia
produced can diffuses up to the anoxic waters and may well be oxidized to N2 by anammox
bacteria [148].

4.4.1. Canonical denitrification

Canonical denitrification is a heterotrophic process in which nitrogen oxides serve as the
terminal electron acceptor for organic carbon metabolism [149]. The nitrogen oxides are
reduced mainly to molecular nitrogen and some nitrous oxide may be formed as a side product.
The sequential reduction is enabled by four well-studied enzyme systems: nitrate reductase,
nitrite reductase, nitric oxide reductase and nitrous oxide reductase [150] (eq. 15).
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The intermediate NO2
- is known to escape the cell and is frequently found in denitrifying

environments; likewise, N2O also can accumulate externally [151]. This leads to local maxima
of both intermediates, which tend to occur near the boundaries of the suboxic zone. Another
intermediate, NO, is actually a free radical and, thus, very reactive and highly toxic to most
bacteria including denitrifiers [152]. In order to minimize the accumulation of NO within the
cell, nitrite reductase and nitric oxide reductase are controlled interdependently at both the
transcriptional and enzyme activity levels [152, 153].

4.4.2. Anammox

Anammox bacteria are chemoautotrophic bacteria that fix CO2 using NO2
- as the electron donor

[154] and are thought to be strict anaerobes. Recent publication on the tolerance of anammox
bacteria to oxygen levels, however, showed that they can perform a significant activity even
under ~20 µmol/l O2 concentrations [155]. All anammox species found have evolved a
membrane-bound intra-cytoplasmic compartment called the anammoxasome. The anammox‐
asome membrane is made up of high-density lipids, called ladderanes because of their ladder-
like structure, which are thought to be specific to anammox bacteria. The proposed mechanism
of anammox involves a hydrazine hydrolase, which catalyzes the combination of hydroxyl
ammine and ammonium to form hydrazine. The hydrazine-oxidizing enzyme subsequently
oxidized it to N2 [156, 157]. The ladderane-lipid membrane is thought to act as a barrier to
diffusion thus isolating the toxic intermediates of the anammox reaction within the anam‐
moxasome. Interestingly, for every 1 mol of N2 produced, 0.3 mol of NO3

- is also produced
alongside from NO2

-. This reaction is believed to be important for replenishing electrons for
the acetyl-CoA carbon fixation pathway [158]. At the same time, these bacteria can perform
dissimilatory NO3

- reduction to NH4
+ (DNRA), which is subsequently combined with NO2

- to
produce N2, thus mimicking denitrification [159].
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Figure 3. Morphology of the anammox cell and proposed model for the anammox process. HH, hydrazine (N2H4) hy‐
drolase; HZO, hydrazine oxidizing enzyme; NR, nitrite reducing enzyme [160].

Anammox bacteria have been identified in many naturally occurring anoxic environments
including marine, freshwater, and estuarine sediments [161, 162], oxygen minimum zones
[163, 164], soils [165-167], wetlands [168], and anoxic tropical freshwater lakes [169]. These
bacteria are not only widespread but may also be very active (e.g. ~67% fixed N-loss [162]).
Anammox organisms may live in low abundance but are capable of significant growth and
metabolism when a shift in environmental parameters permits anammox communities to grow
[170]. The anammox bacteria are slow growing, with a doubling time of ∼11 days, even under
optimal growth conditions in bioreactors [171]. The state-of-the art method to identify
anammox is currently based on isotopic labeling of NH4

+ or NOx
-. It relies on the fact that N2

produced by anammox combines 1:1 atoms from NH4
+ and NO2

- [172]. The selective formation
of 15N14N (29N2) rather than 15N15N (30N2) is a clear evidence of anammox activity[162].

4.4.3. Dissimilatory nitrate reduction to ammonium or DNRA

The dissimilatory reduction of nitrate to ammonium is a bacteria-mediated heterotrophic
process occurring in anaerobic conditions. Nitrate is first reduced to nitrite and then to NH4

+.
Bock et al. [173] also showed that N. europaea and N. eutropha were able to nitrify and denitrify
at the same time when grown under oxygen limitation ([O2] ~ 0.2 - 0.4 µmol/l). Under these
conditions, oxygen and NO2

- served simultaneously as electron acceptors and both N2 and N2O
were produced, whereas under anaerobic conditions N2 was the predominant end product.
This type of nitrification–denitrification pathway may help to explain why ammonium
oxidizers remain active in nearly suboxic environments and enhanced N2O production is
observed [174, 175].

The reaction has been reported for sediments underlying anoxic waters [176, 177] and
sediments with substantial free sulfide, possibly due to sulfide inhibition of nitrification and
denitrification [42]. Suboxic NO3

- reduction to NH4
+ appears to occur in environments where

there is excess available carbon, such as estuarine sediments [178]. Perhaps more important
are the NO3

-fermenting organisms such as Thioploca and Thiomargarita, that are found in
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sediments underlying the major suboxic-denitrifying water columns of the Arabian sea,
eastern Tropical Pacific and Namibia [179-181]. These organisms are able to couple the
reduction of NO3

- to NH4
+ with the oxidation of reduced sulfur compounds. Both Thioploca and

Thiomargarita are able to concentrate NO3
- at up to 500 mM levels in large vacuoles within their

cells for subsequent sulfide oxidation [180, 181].

4.4.4. Controlling factors for N-loss processes and its distribution

The controlling factor for all N-loss processes is molecular oxygen. When the concentration of
the denitrification intermediate NO2

- is plotted against dissolved oxygen, we see that NO2
- does

not appear in the water columns of the Eastern Tropical Pacific until oxygen concentrations
are reduced below about 2 µM (see figure 4 [182, 183]).

Figure 4. Dissolved oxygen versus nitrite for OMZs. Presented data are taken from publically available cruises I07-N,
P19 (http://woce.nodc.noaa.gov/woce_v3/wocedata_2/bathymetry/default.htm) and publications of Cline & Ri‐
chards [182] and Morisson [183].
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Another indication for the denitrification process is consumption of N2O within the water
column, where oxygen concentrations are reduced levels less than c. 5 µM [65]. In oceanic
systems the relative importance of heterotrophic denitrification, compared to autotrophic
anammox has been debated and believed to depend on the amount of organic matter (OM)
available [184, 185]. However, in most of the cases N-loss processes co-exist and it is rather a
question which one is playing the first fiddle [186, 187].

About less than half of the current marine denitrification of the global ocean is thought to occur
in the three main pelagic Oxygen Minimum Zones (OMZs): Eastern Tropical North Pacific
(ETNP), the Eastern Tropical South Pacific (ETSP) and the Northern Arabian Sea (Fig. 4). These
zones occur in intermediate waters (~150–1000 m) in locations where the ventilation rate is
insufficient to meet the oxygen demand. To calculate nitrogen loss in the water column, the
amount of substrate that is consumed in N-loss processes or the amount of N2 produced should
be determined. Similar to estimations of the N-fixation, the Redfield stoichiometry is used to
calculate N-deficit or N*. Negative values of N* are interpreted to show the net N-loss whereas
positive values show the net nitrogen fixation (see above).

Devol et al. [188] used N2:Ar ratios in the Arabian Sea OMZ to determine the amount of N2

produced during denitrification. The amount of N2 excess in the OMZ was computed from the
increase in the N2:Ar ratio over that present in the source waters. Measurements of N2 excess
predicted a larger nitrogen anomaly than that estimated by nitrate deficit. The discrepancy is
said to be due to incorrect assumptions of the Redfield stoichiometry [189]. Inputs of new
nitrogen through N-fixation, N2 contributions from sedimentary denitrification along conti‐
nental margins, the anammox reaction, or metal catalyzed denitrification reactions all lead to
a shift of the N:P ratio from the Redfield stoichiometry.

Due to N-loss processes, i.e. denitrification and anammox, the δ15N values in the water column
increase to 15‰ or more. For the eastern tropical North Pacific OMZ Brandes et al. [190]
calculated the fractionation factors between 22‰ (Arabian Sea closed system model) and 30‰
(eastern tropical North Pacific open-system model). Several authors [190-193] have observed
high nitrogen isotopic values and nitrate deficits in the Pacific and Arabian Sea OMZ’s and
estimated fractionation factor, which all cluster around a value of +25‰. The fractionation
factor of N-loss processes in the sediments was shown to be significantly lower (~3 ‰) [194].
Thus, in the waters with strong upwelling, the water column signal can be altered via mixing
with water originating from the sediments.

4.4.5. Sedimentary denitrification

Another location where oxygen is typically depleted and denitrification takes place is in marine
sediments, especially the continental margin and hemipelagic sediments. Respiratory proc‐
esses within the sediments act as sinks of oxygen, while overlying water deliver nitrate to the
sediment. In most continental shelf sediments, oxygen penetrates to less than 1 cm below the
sediment–water interface and even in most deep-sea sediments oxygen penetration is restrict‐
ed to the approximately upper 10 cm. Thus, ample environments exist for N-loss in marine
sediments. Due to the fact that marine sediments are usually rich with organic matter,
denitrification and DNRA are the prevailing mechanisms in the sediments [176].
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+ with the oxidation of reduced sulfur compounds. Both Thioploca and

Thiomargarita are able to concentrate NO3
- at up to 500 mM levels in large vacuoles within their

cells for subsequent sulfide oxidation [180, 181].

4.4.4. Controlling factors for N-loss processes and its distribution

The controlling factor for all N-loss processes is molecular oxygen. When the concentration of
the denitrification intermediate NO2

- is plotted against dissolved oxygen, we see that NO2
- does

not appear in the water columns of the Eastern Tropical Pacific until oxygen concentrations
are reduced below about 2 µM (see figure 4 [182, 183]).

Figure 4. Dissolved oxygen versus nitrite for OMZs. Presented data are taken from publically available cruises I07-N,
P19 (http://woce.nodc.noaa.gov/woce_v3/wocedata_2/bathymetry/default.htm) and publications of Cline & Ri‐
chards [182] and Morisson [183].
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Another indication for the denitrification process is consumption of N2O within the water
column, where oxygen concentrations are reduced levels less than c. 5 µM [65]. In oceanic
systems the relative importance of heterotrophic denitrification, compared to autotrophic
anammox has been debated and believed to depend on the amount of organic matter (OM)
available [184, 185]. However, in most of the cases N-loss processes co-exist and it is rather a
question which one is playing the first fiddle [186, 187].

About less than half of the current marine denitrification of the global ocean is thought to occur
in the three main pelagic Oxygen Minimum Zones (OMZs): Eastern Tropical North Pacific
(ETNP), the Eastern Tropical South Pacific (ETSP) and the Northern Arabian Sea (Fig. 4). These
zones occur in intermediate waters (~150–1000 m) in locations where the ventilation rate is
insufficient to meet the oxygen demand. To calculate nitrogen loss in the water column, the
amount of substrate that is consumed in N-loss processes or the amount of N2 produced should
be determined. Similar to estimations of the N-fixation, the Redfield stoichiometry is used to
calculate N-deficit or N*. Negative values of N* are interpreted to show the net N-loss whereas
positive values show the net nitrogen fixation (see above).

Devol et al. [188] used N2:Ar ratios in the Arabian Sea OMZ to determine the amount of N2

produced during denitrification. The amount of N2 excess in the OMZ was computed from the
increase in the N2:Ar ratio over that present in the source waters. Measurements of N2 excess
predicted a larger nitrogen anomaly than that estimated by nitrate deficit. The discrepancy is
said to be due to incorrect assumptions of the Redfield stoichiometry [189]. Inputs of new
nitrogen through N-fixation, N2 contributions from sedimentary denitrification along conti‐
nental margins, the anammox reaction, or metal catalyzed denitrification reactions all lead to
a shift of the N:P ratio from the Redfield stoichiometry.

Due to N-loss processes, i.e. denitrification and anammox, the δ15N values in the water column
increase to 15‰ or more. For the eastern tropical North Pacific OMZ Brandes et al. [190]
calculated the fractionation factors between 22‰ (Arabian Sea closed system model) and 30‰
(eastern tropical North Pacific open-system model). Several authors [190-193] have observed
high nitrogen isotopic values and nitrate deficits in the Pacific and Arabian Sea OMZ’s and
estimated fractionation factor, which all cluster around a value of +25‰. The fractionation
factor of N-loss processes in the sediments was shown to be significantly lower (~3 ‰) [194].
Thus, in the waters with strong upwelling, the water column signal can be altered via mixing
with water originating from the sediments.

4.4.5. Sedimentary denitrification

Another location where oxygen is typically depleted and denitrification takes place is in marine
sediments, especially the continental margin and hemipelagic sediments. Respiratory proc‐
esses within the sediments act as sinks of oxygen, while overlying water deliver nitrate to the
sediment. In most continental shelf sediments, oxygen penetrates to less than 1 cm below the
sediment–water interface and even in most deep-sea sediments oxygen penetration is restrict‐
ed to the approximately upper 10 cm. Thus, ample environments exist for N-loss in marine
sediments. Due to the fact that marine sediments are usually rich with organic matter,
denitrification and DNRA are the prevailing mechanisms in the sediments [176].
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5. Modern ocean nitrogen budget

The discussion of N-budget is usually based on balance or imbalance of nitrogen sources and
sinks. Nitrogen sources in this case are N2-fixation, atmospheric wet and dry deposition, and
riverine input. Nitrogen sinks include denitrification and anammox in the water column,
sedimentary denitrification, and sedimentation of organic matter. Nitrification and DNRA
processes “recycle” nitrogen from ammonia into nitrate and vice versa. Although the primary
sources and sinks are relatively well known, the quantification of their fluxes is associated with
considerable uncertainty [81, 195-199] (see figure 5). The major problem in calculating global
budgets of N sources and sinks is extrapolating measured fluxes from a limited number of
oceanic regions to the global ocean.

Figure 5. Nitrogen budget estimations in the literature.

Additional complications in calculating N budgets are caused by interplay between and
potential coexistence of N cycle processes at the same depth. A schematic water column profile
with corresponding processes over O2, NO2

-, and N2O gradients is presented in the figure 6
(based on water column profiles in the South Pacific ocean [65]). In the surface layer, nitrogen
assimilation and rapid recycling is taking place, producing nitrite where oxygen and bioa‐
vailable N are plentiful enough. Ammonia oxidation (first step of nitrification) lead to efflux
of N2O [200] in the surface waters. Ammonium release and its oxidation in the well-oxygenated
waters lead to high production of NO2

- (primary nitrite maximum). At oxygen concentration
~ 5 µmol/l, denitrification process become more preferential producing to “secondary nitrite
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maximum” in the OMZ. This NO2
- can also be a source for anammox process at the top of

OMZ, while DNRA process can provide a source of ammonia [148]. N2O consumption in the
water column provides a strong evidence for denitrification producing N2. At the borders of
OMZ nitrification and denitrification processes may coexist [196], leading to production of
N2O at these water depths.

Figure 6. Schematic water column profile with corresponding processes over O2, NO2
-, and N2O gradients.

Nitrogen isotope ratios in the water column and in sedimentary records provide additional
constraints for nitrogen budget calculation. Average δ15N of fixed nitrogen in the deep ocean
is close to 5‰. The sedimentary records show that this global average increased during
deglaciation periods, when stronger denitrification was taking place. However, the global
average δ15N range for the last 30.000 years was in the range 4-6‰ [201], which suggests that
N sources and sinks should be balanced, at least the millennial time scale. In this case, the
processes increasing δ15N (assimilation, N-loss) has to be balanced with those, which are
decreasing it (N2-fixation).
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Nitrogen isotope ratios in the water column and in sedimentary records provide additional
constraints for nitrogen budget calculation. Average δ15N of fixed nitrogen in the deep ocean
is close to 5‰. The sedimentary records show that this global average increased during
deglaciation periods, when stronger denitrification was taking place. However, the global
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Figure 7. Nitrogen isotope range and processes influencing on the 15N budget. Dashed line at 5‰ represent an oce‐
anic average value [197, 202, 203].

The conceptual model of the nitrogen isotope budget is initially based on two processes: N2-
fixation and denitrification. Sedimentary denitrification was believed not to change the
isotopic signature (εsed) of nitrogen due to N-limitation in the sediments, while water column
denitrification (εwc) has a fractionation factor of ε between 25 and 35 ‰. The N2- fixation
fractionation factor εfix is close to 0‰ as it incorporates nitrogen from the atmosphere. An early
attempt to construct a one-dimensional model was undertaken by Brandes and Devol [197],
where they set fractionation factor to εfix and εsed to 1.5‰; and εwc to 25‰. On the figure 8 scale
of nitrogen isotope is illustrated. In the Brandes and Devol model, sedimentary N-loss does
not change the 15N budget substantially (εsed in the range of 0 to 1.5‰). Thus, a large amount
of sedimentary denitrification is necessary to balance water column denitrification and bring
overall isotopic values of the losses into the range of sources, leading to the value of Sediment
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to Water column denitrification (W:WC) ratio of 3.8. The authors noticed that with fluxes
estimations of total N-loss of 400 Tg N/yr and fixation of 100 Tg N/yr, “the combined budget
would be out of balance by over -200 Tg N/yr” [197]. This implies that fixation rates should be
2–3 times higher than 100 Tg N/yr, which was an accepted value at that time. Recent observa‐
tions that N2- fixation is indeed underestimated by up to two fold support these calculations.

More recent calculation of the nitrogen isotope budget in year 2007 included so-called
“consumed-N” into the model, which represents nitrogen utilization in the euphotic zone
[202]. During N utilization, nitrogen fractionation takes place, shifting the “initial” value of
the ambient NO3

- from +5‰ to 17 ‰. Water column N-loss leads to production of N2 gas with
δ15N values 25‰ lighter than the “initial”. This process shifts the nitrogen isotope budget
significantly and even leads to balance of water column and sedimentary denitrification (S:CW
=1). A recent model of the pre-industrial N-budget includes a sedimentary fractionation factor
εsed of 4‰ and εfix of 1.5‰ [203]. The value of “consumed-N” was set to +12‰, taking into
account the fractionation factor of utilization of 7‰. In this model, the S:CW denitrification
ratio varies from 2 to 3.5. Current budget estimates can, however, differ from these prior
estimates due to an increase of riverine and atmospheric input of nitrogen into the ocean [198].

6. Conclusions

Of the two approaches whereby nitrogen isotope measurements are used to study marine N
cycle processes, stable isotope natural abundance measurements have the great advantage of
providing information on integrated processes with little or no manipulation of the system. In
contrast tracer-based rate measurements are better used for rate measurements. The natural
abundance and tracer approaches are strongly complementary, providing insight into the
nitrogen cycle on very different spatial and temporal scales. The magnitude of processes that
have distinctive isotopic fractionation patterns can potentially be quantified if the fractiona‐
tions are known accurately. Thus, there is a significant ongoing need for careful measurement
of isotopic fractionation patterns under controlled laboratory conditions as well as under field
conditions, which in the best case should be combined. In order to interpret isotopic distribu‐
tions and trends and to construct meaningful isotopic budgets, the openness of the system
(ventilation rates) and the nature of N-exchanges should be known.

The growing set of δ15N measurements makes it increasingly feasible to incorporate isotopic
constraints into ecosystem and biogeochemical models of nitrogen in the ocean. A robust
isotope budget for the ocean will require extension of these sampling efforts. Time-series
measurements from a variety of locations will also greatly enhance the utility of nitrogen
isotope measurements, particularly in quantifying the flux of nitrogen through the biota
during blooms and other transient events. Such transient events are effectively natural tracer
experiments created by isotopic fractionation during phytoplankton consumption of inorganic
nitrogen and could provide an ecosystem-level analog to the short-term tracer experiments
typically carried out in small volumes aboard ship. Complementing nitrogen stable isotope
measurements with focused rate measurements may ultimately provide the best strategy for
studying the dynamics of the nitrogen cycle across a variety of temporal and spatial scales.
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1. Introduction

Knowing that coastal areas concentrate about 60% of the world’s population (within 100 km
from the coast), that 75-90% of the global sink of suspended river load takes place in coastal
waters in which about 15% of the primary production occurs, the ecological, societal and
economical value of these areas are obvious (fish resources, aquaculture, water quality
information, recreation areas management, global carbon budget, etc). In that context, precise
assessment of suspended particulate matter (SPM) concentrations and of the phenomena
controlling its temporal variability is a key objective for many research fields in coastal areas.
SPM which encompasses organic (living and non-living) and inorganic matter controls the
penetration of light into the water and brings new nutrients into the system, both key param‐
eters influencing phytoplankton primary production. Concentrations and availability of SPM
are also known to control rates of food intake, growth and reproduction for various filter feeder
organisms. Phytoplankton is highly sensitive to environmental perturbations (such as nutrient
inputs, light, and turbulence). The abundance, biomass and dynamics of phytoplankton in
coastal areas therefore reflect the prevailing environmental conditions and represent key
parameters for assessing information on the ecological conditions, as well as on the coastal
water quality. Because phytoplankton is highly sensitive to environmental perturbations [1],
its distribution patterns and temporal variability represent good indicators of the ecological
conditions of a defined region [2, 3]. Coastal waters also host complex ecosystems and
represent important fishery areas that support industry and provide livelihood to coastal
settlements. The food chain in the coastal ocean is generally short (especially in upwelling
systems, having as low as three trophic levels) whereas the open ocean food web presents up
to six trophic levels [4]. As a result, when compared to the open ocean, a relative lower fraction

© 2013 Loisel et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Loisel et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[203] Altabet, M. A. Constraints on oceanic N balance/imbalance from sedimentary 15N records.
Biogeosciences, (2007). , 75-86.

[204] Somes, C. Nitrogen Isotopes in the Global Ocean: Constraints on the pre-industrial fixed-N
budget, in Biogeochemical modelling (2012). Christian-Albrechts-Universität zu Kiel: Kiel.

Topics in Oceanography88

Chapter 4

Challenges and New Advances in Ocean Color Remote
Sensing of Coastal Waters

Hubert Loisel, Vincent Vantrepotte,
Cédric Jamet and Dinh Ngoc Dat

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/56414

1. Introduction

Knowing that coastal areas concentrate about 60% of the world’s population (within 100 km
from the coast), that 75-90% of the global sink of suspended river load takes place in coastal
waters in which about 15% of the primary production occurs, the ecological, societal and
economical value of these areas are obvious (fish resources, aquaculture, water quality
information, recreation areas management, global carbon budget, etc). In that context, precise
assessment of suspended particulate matter (SPM) concentrations and of the phenomena
controlling its temporal variability is a key objective for many research fields in coastal areas.
SPM which encompasses organic (living and non-living) and inorganic matter controls the
penetration of light into the water and brings new nutrients into the system, both key param‐
eters influencing phytoplankton primary production. Concentrations and availability of SPM
are also known to control rates of food intake, growth and reproduction for various filter feeder
organisms. Phytoplankton is highly sensitive to environmental perturbations (such as nutrient
inputs, light, and turbulence). The abundance, biomass and dynamics of phytoplankton in
coastal areas therefore reflect the prevailing environmental conditions and represent key
parameters for assessing information on the ecological conditions, as well as on the coastal
water quality. Because phytoplankton is highly sensitive to environmental perturbations [1],
its distribution patterns and temporal variability represent good indicators of the ecological
conditions of a defined region [2, 3]. Coastal waters also host complex ecosystems and
represent important fishery areas that support industry and provide livelihood to coastal
settlements. The food chain in the coastal ocean is generally short (especially in upwelling
systems, having as low as three trophic levels) whereas the open ocean food web presents up
to six trophic levels [4]. As a result, when compared to the open ocean, a relative lower fraction

© 2013 Loisel et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Loisel et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



of the primary production gets respired in the coastal ocean while a higher fraction reaches
the uppermost trophic level (fish) [5] or is exported to adjacent areas (coastal or open sea).

The potential large fluxes of carbon in the coastal ocean underscore its significance to the global
carbon cycle (around 14% of total global ocean production, along with 80–90% of new
production). However, the extreme heterogeneity of coastal environments in terms of ecosys‐
tems structure and functioning, and the current large uncertainties remaining at global scale
on the latter features makes difficult general assessment of net autotrophic or net heterotrophic
character of these marine waters. The results of the Shelf Edge Exchange Processes Study raised
the question: “Do continental shelves export organic matter?”. This question still remains
without any definitive answer. Bauer and Druffel [6] suggested that dissolved organic carbon
(DOC) and particulate organic carbon (POC) inputs from ocean margins to the open ocean
interior may be greater than inputs of recently produced organic matter derived from the open
surface ocean by more than one order of magnitude. While particles from terrestrial origin are
primarily deposited in the coastal region, DOC is considered as the main path for transporting
terrestrial and phytoplankton derived carbon into the deep ocean [7]. The accurate assessment
of the temporal variability of SPM, POC, DOC, and Chl in coastal areas over long time periods
and along with physical forcing parameters may therefore provide valuable insights for
improving our knowledge on the biogeochemical cycle prevailing in coastal ecosystems.

Due to the high variability of the physical and biogeochemical processes occurring in coastal
areas, traditional approaches based on oceanographic cruises and in situ time series, although
essential, are very time-consuming, expensive and sometimes uncertain to yield meaningful
results on the studied phenomena, especially at a large synoptic scale. In this context, remote
sensing of biological and physical parameters is a very powerful tool for performing large scale
studies. Satellite data are not as accurate as in situ measurements and are limited to the surface
layer. However, the latter limitations are largely compensated by the spatial and temporal
coverage offered by the satellite observations. In situ data remain obviously necessary to
validate the satellite products, in terms of absolute value, but also in terms of temporal
variability in areas where long in situ time series are available. After a short introduction of
the main and critical aspects of ocean color radiometry, the specific issues relative to the
satellite observation of ocean color in complex natural systems such as coastal marine waters
will be specifically addressed. Illustrations of current algorithms development will be then
provided as well as examples of the different end-users products currently available from
ocean color remote sensing in coastal waters. At last, the new challenges and concepts allowing
for a better observation of coastal ecosystems from satellite ocean color observation will be
discussed.

2. General concepts of the ocean color radiometry

The interaction of light field within the visible part of the spectrum (i.e. 400-700 nm) with the
different optically significant constituents of sea water (water molecules, salt, particulate and
organic dissolved matters) modifies the color of the water. These spectral variations, which
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bring qualitative and quantitative information about the water constituents, can be recorded
by a passive radiometric sensor onboard a satellite platform. However, the conversion of the
radiometric signal measured by the sensor at the top of the atmosphere (TOA) to the end-user
parameters is not straightforward. The contribution of the reflected photons at the air-sea
interface as well as the contribution of the atmosphere should first be removed from the top
of atmosphere measured signal to assess the water-leaving radiance, L w(λ), which is the only
radiometric parameter encompassing useful information on the water masses composition
(λ represents the wavelength of light in nanometer, nm). The removal of the atmospheric path
radiance represents the most challenging part of the ocean color atmospheric correction
procedure [8]. This signal, which includes Rayleigh and aerosols components, can contribute
to up to 90% of the TOA signal depending on λ, the geometry of illumination and observation,
the aerosol optical thickness, and the water leaving signal [9]. The importance of the latter task
is particularly crucial when considering the level of accuracy required for being able to derive
accurate estimates of the desired water components from L w(λ). As a matter of fact, the
radiometric accuracy required for the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) is,
for instance, of 5% for the visible spectral domain for absolute radiance values, and of 2% for
relative values (i.e. reflectances) [10].

The retrieval of the different inherent optical properties (IOPs) and biogeochemical compo‐
nents of the water from the water-leaving radiance spectral values are performed through bio-
optical algorithms. Considering that about 90% of the L w(λ) signal originates from the upper
layer of the water column (the so-called first attenuation layer), the various biogeochemical or
optical variables which can be retrieved from L w(λ) are assumed to be weighted averaged
parameters within this upper layer [11]. The thickness of this oceanic layer in the visible part
of the spectrum typically varies from less than one meter (as in turbid waters, or in the red
part of the spectrum) to about 60 meters (as for oligotrophic waters in the green), depending
the amount of optically significant constituents within the water mass and the measured light
wavelength [12]. Since the proof-of-concept Coastal Zone Color Sensor (CZCS) mission in 1978,
satellite-derived ocean color has been routinely interpreted, with increasing accuracy, in terms
of upper-ocean chlorophyll concentration, Chl [13]. The great availability of ocean color
satellite data, as well as the need of complementary product (additionally to Chl) for validating
global ocean biogeochemical models have greatly stimulated the rapid development of
numerous inverse methods over the last decade for retrieving a large variety of information
(Figure 1). For instance, empirical [14] and semi-analytical methods [15, 16] have been
developed for specifically assessing the particulate organic carbon (POC) over the global ocean.
In the same way, the various inherent optical properties are now routinely retrieved from space
[17]. Among these different IOPs one may cite the coefficients of absorption by phytoplankton
(a phy) and colored detrital matter (a cdm), as well as the particulate backscattering coefficient (b
bp). The spectral shape of b bp [18] and a cdom [19], which, respectively, provide relevant informa‐
tion on the particulate and dissolved pools, are also currently accessible over open ocean
waters. Note that the retrieval of the bio-optical parameters can also be performed simultane‐
ously to the atmospheric corrections using, for instance, neural network approaches [20].
Additionally, information about phytoplankton community composition [21-23] and size
distribution of marine particles [24], essential for a better understanding of the oceanic carbon
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cycle, are also available from satellite imagery. With the ability to measure the Sun-stimulated
phytoplankton Chl fluorescence, information on the physiological state of algal populations
could also be derived from space as illustrated from the Moderate Resolution Imaging
Spectroradiometer (MODIS) and MEdium Resolution Imaging Spectrometer (MERIS) ocean
color missions. Detailed description of the different atmospheric and bio-optical algorithms
for the observation of ocean color from space can be found in the extensive literature provided
in the International Ocean Colour Coordinating Group web site [25].

Figure 1. SeaWiFS global distribution of particulate organic carbon (a) and phytoplankton groups (b) in January 2001
as estimated by [15] and [26], respectively.

Thanks to its continuous recording of 13-years of data, the Sea-viewing Wide Field-of-view-
Sensor ocean color mission (SeaWiFS) has allowed great scientific advances in our under‐
standing of the open ocean biological productivity [13]. In contrast, while ocean color
observations allowed the achievement of numerous researches and new discoveries over open
ocean waters, the algorithm development over coastal waters is still not mature enough to be
applied routinely as it is currently performed for offshore waters, despites numerous recent
advances. Some of the most important challenges remaining for developing accurate ocean
color products in coastal waters are described in the following sections.

3. Challenges to overcome for ocean color radiometry in coastal areas

Remote sensing of ocean color in coastal areas is impacted by their intrinsic environmental
features: vicinity of land over which photons can be reflected back to the sensor (the so-called
adjacency effects), land inputs from rivers discharges and coastal washing, shallow waters
which promote resuspension of the unconsolidated sediments as well as bottom reflected
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photons captured by the sensor in clear shallow waters, breaking waves which generate
bubbles, etc. All these phenomena make difficult and challenging the assessment of bio-optical
marine components from space by ocean color sensors.

The main problems to overcome in order to derive accurate observations of coastal areas from
ocean colour remote sensing are associated with the presence of highly diffusing suspended
mineral particles as well as high concentrations of particulate organic matter (phytoplankton,
detritus) which may bias atmospheric corrections and impact bio-optical algorithms [17, 27].
Another issue largely encountered for the exploitation of ocean colour data in coastal areas is
the presence of clouds. In presence of highly turbid waters, cloud-free pixels are sometimes
erroneously classed as clouds, leading to a loss of data. At last, but not least, crucial and
mandatory validation exercises are greatly complicated to perform due to the extreme spatial
heterogeneity of these areas. These different issues will be addressed in the following sections.

3.1. Cloud masking

Ocean color retrieval by satellite borne sensors is in principle only possible for a clear (cloud
free) atmosphere, and cloud-contaminated pixels have to be removed from the images before
any ocean color processing takes place. The cloud masks developed in the frame of ocean color
missions are based on the assumption that the marine reflectance in the near-infrared (NIR) is
equal or close to zero. While open ocean waters can effectively be considered as black in the
NIR, except in presence of highly scattered material (due for instance to offshore river plumes,
or coccolithophore blooms), this is not the case for coastal waters. Indeed, the level of signal
observed at the top of the atmosphere over clouds and coastal areas may be similar due to the
presence of suspended sediments in the water surface (Figure 2). Cloud-free pixels are then
sometimes classed as clouds and excluded from further processing, leading to a loss of data
in these areas. Specific cloud masking algorithms have to then be developed over coastal
waters.

Figure 2. left) RGB composite of a daily MODIS image over the northen Vietnam coastal waters. (right) Top of atmos‐
phere signal (in numerical counts). This figure shows that sediment dominated waters and clouds may have the same
radiometric signature at the top of the atmosphere.

Challenges and New Advances in Ocean Color Remote Sensing of Coastal Waters
http://dx.doi.org/10.5772/56414

93



cycle, are also available from satellite imagery. With the ability to measure the Sun-stimulated
phytoplankton Chl fluorescence, information on the physiological state of algal populations
could also be derived from space as illustrated from the Moderate Resolution Imaging
Spectroradiometer (MODIS) and MEdium Resolution Imaging Spectrometer (MERIS) ocean
color missions. Detailed description of the different atmospheric and bio-optical algorithms
for the observation of ocean color from space can be found in the extensive literature provided
in the International Ocean Colour Coordinating Group web site [25].

Figure 1. SeaWiFS global distribution of particulate organic carbon (a) and phytoplankton groups (b) in January 2001
as estimated by [15] and [26], respectively.

Thanks to its continuous recording of 13-years of data, the Sea-viewing Wide Field-of-view-
Sensor ocean color mission (SeaWiFS) has allowed great scientific advances in our under‐
standing of the open ocean biological productivity [13]. In contrast, while ocean color
observations allowed the achievement of numerous researches and new discoveries over open
ocean waters, the algorithm development over coastal waters is still not mature enough to be
applied routinely as it is currently performed for offshore waters, despites numerous recent
advances. Some of the most important challenges remaining for developing accurate ocean
color products in coastal waters are described in the following sections.

3. Challenges to overcome for ocean color radiometry in coastal areas

Remote sensing of ocean color in coastal areas is impacted by their intrinsic environmental
features: vicinity of land over which photons can be reflected back to the sensor (the so-called
adjacency effects), land inputs from rivers discharges and coastal washing, shallow waters
which promote resuspension of the unconsolidated sediments as well as bottom reflected

Topics in Oceanography92

photons captured by the sensor in clear shallow waters, breaking waves which generate
bubbles, etc. All these phenomena make difficult and challenging the assessment of bio-optical
marine components from space by ocean color sensors.

The main problems to overcome in order to derive accurate observations of coastal areas from
ocean colour remote sensing are associated with the presence of highly diffusing suspended
mineral particles as well as high concentrations of particulate organic matter (phytoplankton,
detritus) which may bias atmospheric corrections and impact bio-optical algorithms [17, 27].
Another issue largely encountered for the exploitation of ocean colour data in coastal areas is
the presence of clouds. In presence of highly turbid waters, cloud-free pixels are sometimes
erroneously classed as clouds, leading to a loss of data. At last, but not least, crucial and
mandatory validation exercises are greatly complicated to perform due to the extreme spatial
heterogeneity of these areas. These different issues will be addressed in the following sections.

3.1. Cloud masking

Ocean color retrieval by satellite borne sensors is in principle only possible for a clear (cloud
free) atmosphere, and cloud-contaminated pixels have to be removed from the images before
any ocean color processing takes place. The cloud masks developed in the frame of ocean color
missions are based on the assumption that the marine reflectance in the near-infrared (NIR) is
equal or close to zero. While open ocean waters can effectively be considered as black in the
NIR, except in presence of highly scattered material (due for instance to offshore river plumes,
or coccolithophore blooms), this is not the case for coastal waters. Indeed, the level of signal
observed at the top of the atmosphere over clouds and coastal areas may be similar due to the
presence of suspended sediments in the water surface (Figure 2). Cloud-free pixels are then
sometimes classed as clouds and excluded from further processing, leading to a loss of data
in these areas. Specific cloud masking algorithms have to then be developed over coastal
waters.

Figure 2. left) RGB composite of a daily MODIS image over the northen Vietnam coastal waters. (right) Top of atmos‐
phere signal (in numerical counts). This figure shows that sediment dominated waters and clouds may have the same
radiometric signature at the top of the atmosphere.

Challenges and New Advances in Ocean Color Remote Sensing of Coastal Waters
http://dx.doi.org/10.5772/56414

93



3.2. Atmospheric corrections

a. General description of the atmospheric correction

The use of satellites to monitor the color of the ocean requires effective removal of the contri‐
bution of the atmosphere (due to absorption by gasses and aerosols, and scattering by air
molecules and aerosols) to the total signal measured by the remote sensor at the top of the
atmosphere, L toa: the so called “atmospheric correction” process. As shown in Figure 3, the
signal measured by the remote sensor is the sum of different components. The top-of-
atmosphere radiance, L toa, can be expressed as [8]:

0( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ( ) )toa r ra a wc g wL L L L t xL T xL t xLl l l l l l l l l l= + + + + + (1)

where L r is the radiance due to the scattering of the air molecules (Rayleigh scattering), L ra is
the multiple interaction term between molecules and aerosols, L a, the radiance due to the
scattering by aerosols, L wc, the radiance due to the whitecaps on the sea surface, and L g the
specular reflection of direct sunlight off the sea surface. t(λ) and t 0(λ) are the diffuse trans‐
mittances of the atmosphere from the sun to the surface and from the surface to the sensor,
respectively, T (λ) is the direct transmittance from the surface to the sensor, and L w(λ) the
water-leaving radiance [28].

The terms L wc, L g, and L r can be determined during a pre-processing. So the atmospheric
correction algorithm needs to solve the following equation:

0( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )cor toa r wc g a ra w A wL L L t x T x L L t xL L t xLl l l r l l r l l l l l l l l= - - - = + + = + (2)

The goal of the atmospheric correction process is to accurately determine L w(λ) from the
spectral measurements of L cor(λ). For that purpose LA (λ) has to be quantified.

The classic methods for removing the contribution of the atmosphere to the total measured
signal exploit the high absorption by seawater in the red and near-infrared (NIR) spectral
regions. In open seawater, i.e. where generally chlorophyll-a concentration and related
pigments and co-varying materials (like detritus) determine the optical properties of the ocean,
seawater can be considered to absorb all light in the NIR so that the signal observed by the
satellite sensor in this spectral domain is assumed to be entirely due to the atmospheric path
radiance (L A) and sea surface reflectance [8]. This is not always the case when considering
turbid waters (generally coastal optically complex waters). In these waters phytoplankton
pigment and detritus, as well as suspended sediment, contribute to NIR backscatter. The
resulting NIR water-leaving radiances introduce two sources of error into the standard
procedure to remove the aerosols. First, the total aerosol reflectance is overestimated as some
of the total radiance (L toa) at two NIR bands (λ1 and λ2) comes from the seawater. Second, as
the absorption and scattering properties of seawater change from λ1 to λ2, the selection of the
appropriate atmospheric model is affected, causing an error in the extrapolation of L A toward
shorter wavelengths. As a result, L A is overestimated at all bands with increasing values at
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shorter wavelengths, even possibly leading to negative water-leaving radiances in the blue
bands [30].

The difficulty of the atmospheric correction is that the atmosphere contributes to 80-90% of
the total top-of-atmosphere signal at the blue-green wavelengths (400-550 nm) and the
atmospheric path radiance L A significantly varies and cannot be easily approximated.
Moreover, the assumption of having a non-zero L w in the NIR bands is not valid for turbid

Figure 3. Illustration of several different light pathways in the atmosphere: a) The light path of the water-leaving radi‐
ance, b) the attenuation of the water-leaving radiance, c) scattering of the water-leaving radiance out of the sensor's
field of view (FOV), d) sun glint (reflection from the water surface), e) sky glint (scattered light reflecting from the sur‐
face), f) scattering of reflected light out of the sensor's FOV, g) reflected light is also attenuated towards the sensor, h)
scattered light from the sun which is directed toward the sensor, i) light which has already been scattered by the at‐
mosphere which is then scattered toward the sensor, j) water-leaving radiance originating out of the sensor FOV, but
scattered toward the sensor, k) surface reflection out of the sensor FOV which is then scattered toward the sensor. Lw

Total water-leaving radiance. L r Radiance above the sea surface due to all surface reflection effects within the FOV. L p

Atmospheric path radiance. This Figure is adapted from [29].

Challenges and New Advances in Ocean Color Remote Sensing of Coastal Waters
http://dx.doi.org/10.5772/56414

95



3.2. Atmospheric corrections

a. General description of the atmospheric correction

The use of satellites to monitor the color of the ocean requires effective removal of the contri‐
bution of the atmosphere (due to absorption by gasses and aerosols, and scattering by air
molecules and aerosols) to the total signal measured by the remote sensor at the top of the
atmosphere, L toa: the so called “atmospheric correction” process. As shown in Figure 3, the
signal measured by the remote sensor is the sum of different components. The top-of-
atmosphere radiance, L toa, can be expressed as [8]:

0( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ( ) )toa r ra a wc g wL L L L t xL T xL t xLl l l l l l l l l l= + + + + + (1)

where L r is the radiance due to the scattering of the air molecules (Rayleigh scattering), L ra is
the multiple interaction term between molecules and aerosols, L a, the radiance due to the
scattering by aerosols, L wc, the radiance due to the whitecaps on the sea surface, and L g the
specular reflection of direct sunlight off the sea surface. t(λ) and t 0(λ) are the diffuse trans‐
mittances of the atmosphere from the sun to the surface and from the surface to the sensor,
respectively, T (λ) is the direct transmittance from the surface to the sensor, and L w(λ) the
water-leaving radiance [28].

The terms L wc, L g, and L r can be determined during a pre-processing. So the atmospheric
correction algorithm needs to solve the following equation:

0( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )cor toa r wc g a ra w A wL L L t x T x L L t xL L t xLl l l r l l r l l l l l l l l= - - - = + + = + (2)

The goal of the atmospheric correction process is to accurately determine L w(λ) from the
spectral measurements of L cor(λ). For that purpose LA (λ) has to be quantified.

The classic methods for removing the contribution of the atmosphere to the total measured
signal exploit the high absorption by seawater in the red and near-infrared (NIR) spectral
regions. In open seawater, i.e. where generally chlorophyll-a concentration and related
pigments and co-varying materials (like detritus) determine the optical properties of the ocean,
seawater can be considered to absorb all light in the NIR so that the signal observed by the
satellite sensor in this spectral domain is assumed to be entirely due to the atmospheric path
radiance (L A) and sea surface reflectance [8]. This is not always the case when considering
turbid waters (generally coastal optically complex waters). In these waters phytoplankton
pigment and detritus, as well as suspended sediment, contribute to NIR backscatter. The
resulting NIR water-leaving radiances introduce two sources of error into the standard
procedure to remove the aerosols. First, the total aerosol reflectance is overestimated as some
of the total radiance (L toa) at two NIR bands (λ1 and λ2) comes from the seawater. Second, as
the absorption and scattering properties of seawater change from λ1 to λ2, the selection of the
appropriate atmospheric model is affected, causing an error in the extrapolation of L A toward
shorter wavelengths. As a result, L A is overestimated at all bands with increasing values at

Topics in Oceanography94

shorter wavelengths, even possibly leading to negative water-leaving radiances in the blue
bands [30].

The difficulty of the atmospheric correction is that the atmosphere contributes to 80-90% of
the total top-of-atmosphere signal at the blue-green wavelengths (400-550 nm) and the
atmospheric path radiance L A significantly varies and cannot be easily approximated.
Moreover, the assumption of having a non-zero L w in the NIR bands is not valid for turbid

Figure 3. Illustration of several different light pathways in the atmosphere: a) The light path of the water-leaving radi‐
ance, b) the attenuation of the water-leaving radiance, c) scattering of the water-leaving radiance out of the sensor's
field of view (FOV), d) sun glint (reflection from the water surface), e) sky glint (scattered light reflecting from the sur‐
face), f) scattering of reflected light out of the sensor's FOV, g) reflected light is also attenuated towards the sensor, h)
scattered light from the sun which is directed toward the sensor, i) light which has already been scattered by the at‐
mosphere which is then scattered toward the sensor, j) water-leaving radiance originating out of the sensor FOV, but
scattered toward the sensor, k) surface reflection out of the sensor FOV which is then scattered toward the sensor. Lw

Total water-leaving radiance. L r Radiance above the sea surface due to all surface reflection effects within the FOV. L p

Atmospheric path radiance. This Figure is adapted from [29].

Challenges and New Advances in Ocean Color Remote Sensing of Coastal Waters
http://dx.doi.org/10.5772/56414

95



waters (Figure 4). To solve this problem, several specific atmospheric correction algorithms
have been developed in the past decade for the major past and current ocean color remote
sensors [31-46].
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Figure 4. Spectral remote-sensing reflectance measured in relatively clear (red line), and turbid (blue line) waters of
the French Guyana.

2. Description of existing algorithms

The algorithms previously cited can be grouped into four different categories:

1. Assignment of hypothesis on the NIR aerosols or water contributions

For these algorithms, assumptions are made on the aerosol models and/or the bio-optical
models. Hu et al. [35] estimate the aerosol model in clear waters on the studied image and
extrapolate this information over the coastal waters of the image. Ruddick et al. [40] impose a
constant value of the ratio of L A and L w in the NIR. The aerosol constant NIR ratio value is
determined for each image of interest taking into account only the clear waters as in [35]. The
constant L w(NIR) ratio is defined from radiative transfer modeling and is assumed to be
constant for any location for a given satellite sensor. This ratio is valid for low and moderate
turbid waters. Using other wavelengths (SWIR, see next subsection), Wang et al. [46] devel‐
oped a similar scheme than the one proposed by [35] for the Lake Taihu (China). The aerosol
properties are obtained at the pixel-by-pixel level. The derived aerosol model is averaged in
the middle of the lake, where the waters are not turbid. Using this mean aerosol model, the
SWIR atmospheric correction algorithm use a single SWIR band and can be carried out for the
entire lake for estimating L w. These assumptions allow to use the scheme defined in [8] for the
dark pixel hypothesis. These constant ratios only allow to determine L A(NIR) and to remove
this contribution to L cor.
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2. Use of the shortwave infrared bands

For moderate and very turbid waters, it is possible to use the shortwave infrared bands (from
the MODIS-AQUA sensor). The principle of this type of algorithm is very similar than the one
of Gordon and Wang [8], except that the aerosols models are determined for wavelengths
between 1200 and 2100 nm instead of NIR wavelengths. For this wavelengths range, L w can
be considered negligible and the dark pixel atmospheric correction processing can be applied.

The difficulty with SWIR algorithms is the low signal to noise ratio for the SWIR bands of the
MODIS-AQUA sensor. The algorithm shows limitations for low and moderate turbid waters,
and therefore needs to be coupled with a NIR atmospheric correction algorithm [47]. More
specifically, the latter authors have proposed to use the standard NIR-based atmospheric
correction unless a turbidity index [48] exceeds a predefined threshold and, thereby, triggers
the use of a SWIR-based correction where two SWIR bands are used instead of two NIR bands.
The relevant MODIS-Aqua SWIR band pair is 1240 and 2130 nm. Shi and Wang [48] concluded
that these bands satisfy the black pixel assumption in moderately (1240 nm) to extremely (2130
nm) turbid waters. This combined “NIR–SWIR” atmospheric correction approach has been
evaluated extensively in several geographic locations [34, 47, 48] and validated against an
independent, globally-distributed in situ data set [45]. Moreover, the difficulty of using the
SWIR bands relies on the selection of the aerosol model. Analysis of the Ångström exponent
retrievals suggests that the SWIR approach cannot retrieve the correct aerosol spectral
dependence when the atmospheric path radiance is low. The latter feature tends to produce
spectrally flat models, thus underestimating the aerosol reflectance in the shorter wavelengths.
In fact, at low signals the SWIR approach often predicts aerosol spectral dependence that is
beyond the range of the current aerosol models, as it would be associated with unrealistically
large aerosol size distributions. Conversely, the SWIR approach tends to overestimate aerosol
reflectance at higher aerosol loads, thus resulting in negative Lw(λ) [49].

3. Correction/modelling of the non-negligible L w(NIR)

This type of algorithm aims to correct the non-negligible L w(NIR) signal using iterative
methods coupled with a bio-optical algorithm [30, 31, 38, 43, 46]. These algorithms need to
define a first value of L w(NIR) which can be directly fixed, or calculated from a first guess of
Chl or IOPs. This can be done by using either default values of the parameters or a dark pixel
atmospheric correction procedure such as [8]. Then, a NIR water-leaving reflectance model,
developed from in situ measurements, is used to calculate L w(NIR). The problem encountered
with these algorithms is that the empirical bio-optical models limit their applicability to waters
that are similar to those over which these empirical models were developed.

4. Coupled ocean-atmosphere inversion

As the ocean and the atmosphere cannot be decoupled in turbid waters (L w(NIR) ≠ 0), an
appropriate solution for developing atmospheric correction scheme would be to couple the
two systems and to inverse them together. In practice, this can be done using either artificial
neural networks (NN) [41] or optimization techniques [20, 31, 36, 41, 50-54].
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The more common type of NN is the Multi-Layer Perceptron (MLP) [55]. Thanks to this
association of elementary tasks, an MLP is able to solve complex inverse problems. The
specificity of an MLP depends on the topology of the neurons (number of layers, numbers of
neurons on each layer) and on the connection weights wij from a neuron j of a layer to the
neuron i of the next layer. The wij weight values are computed through a training phase, using
a training dataset. Once the training phase is finished, the MLP will only do algebraic opera‐
tions, which leads to faster computations, which is very convenient for satellite applications.
When using a neural network for the atmospheric correction phase, the top-of-atmosphere
radiance is usually directly inverted for estimating the water-leaving radiance in the visible as
well as the aerosol optical properties. Another option is to use optimization techniques. The
principle of those algorithms is based on the iterative minimization of a dedicated cost function
by adjusting relevant atmospheric (aerosol optical thickness, and Ångström coefficient) and
oceanic (Chlorophyll concentration, IOPs) parameters which are the control parameters [20,
56]. There are some difficulties that one encounters when using this type of techniques: the
parameters initialization [57], definition/use of a direct model, calculation of the adjoint code
and the method for the parameters adjustment [56].

2. Are these algorithms accurate enough?

As shown previously, there are several methods to estimate L w from L toa in complex coastal
waters. Few round-robin comparisons have been made to evaluate different atmospheric
correction algorithms from in situ data [58, 59]. These studies showed that the different
algorithms highly over-estimated L w in the blue and red and were quite accurate for the
intermediate wavelengths providing similar estimates of L w (Figure 5). But the retrieval
accuracy in the blue is still too low, with negative L w values in some cases, which prevent to
use these bands for bio-optical applications.
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3. Other issues

Besides the presence of water leaving radiance signal in the near infrared, other issues can be
encountered during the atmospheric correction processing. The three major problems are the
bottom albedo for shallow waters, the adjacency effects and the presence of absorbing aerosols.

The bottom effect corresponds to the light reflected off the bottom of a water body, providing
the water is sufficiently shallow and clear. The influence of the seafloor on the colour of water
depends on the depth of the water body, the clarity of the water masses, the type of optical
substances present in the water, as well as on the type of substrate composing the seafloor.
The bottom may be rocky or sandy, and may be covered, partially or fully, by a variety of
benthic organisms (e.g., algae, mollusks). All of these factors will influence the manner in
which bottom effects will act on the colour of the water, as seen by a remote sensor [27]. Figure
6 shows the particulate backscattering coefficient estimated at 490 nm using [60]. The area in
light pink and white correspond to negative Rrs (and then bbp) values induced by this bottom
effect. If this effect is not corrected before or during the atmospheric correction, the estimation
of the Rrs (bbp) will be biased and will lead often to obtain negative values. This is particularly
true when studying clear shallow waters such as lagoons or the Coral Reefs Bareer in the east
coast of Australia [61-63].

Figure 6. MODIS map showing the distribution of the backscattering coefficient of particulate matter (bbp, m-1) esti‐
mated over shallow waters of the Bahamas using [60].

The so called "adjacency effect" refers to the process by which a photon, reflected from a surface
adjacent to a targeted pixel, is scattered by the atmosphere between the sensor and the target,
blurring the sharp boundary between the land and the coastal water [64-66]. In coastal areas,
a fraction of the light reflected by the land can reach the sensor. Modeling the reduction of
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image contrast when the atmospheric turbidity increases requires large amounts of computing
time. The adjacency effects impart a significant bias to the model for retrieval of aerosol values
because of the high contrast between land and ocean in the near infrared spectral region. First,
the aerosol optical thickness is overestimated by classic algorithm because of the increase of
the atmospheric signal. Then the wavelength dependence is modified, leading to a wrong
extrapolation of the aerosol optical thickness in the blue-green region. The variation of the
aerosol optical thickness between the near infrared and the red on a transect from the coast
can be a good indicator of contamination by adjacency effects of the aerosol product over land
and an indicator of this effect on satellite imagery [66].

The third major problem is the presence of absorbing aerosols from urban and desert origin
in coastal regions. The aerosol models used in the classic atmospheric correction are all non-
or weakly absorbing [8, 9, 67]. Absorbing aerosols have a lower aerosol radiance at the shorter
wavelengths than any of the models used in the current atmospheric correction process. The
presence of absorbing aerosols would, thus, have a similar effect to the aforementioned
incorrect model selection, though likely to a more significant degree in the blue portion of the
spectrum. The presence of such strongly-absorbing aerosol can only be inferred in the visible,
where multiple scattering is high. In such situations, one can no longer derive water properties
by a two-step process — atmospheric correction followed by a bio-optical algorithm to estimate
water properties. To solve this issue, only few methods have been currently proposed [20, 32,
51, 53, 68, 69]. A promising way to deal with the presence of absorbing aerosols would be to
use spectral optimization method which allows the atmospheric and oceanic properties to be
retrieved simultaneously.

3.3. Bio-optical algorithms

Satellite remote sensing of ocean colour is a very powerful tool for the management of
resources and activities of continental shelf waters. Besides estimates of Chl, which represents
the historical parameter investigated from optical remote sensing technique, more recent
developments have allowed the retrieval of a variety of bio-optical (e.g. phytoplankton and
detrital matter absorption or particulate backscattering coefficients) and biogeochemical (e.g.
POC, phytoplankton size distribution and community composition) parameters with now a
satisfying accuracy at global scale [70]. The latter developments have been supported by the
improvement of optical sensors, from the first (CZCS launched in 1978) to the most recent ones
(e.g. SeaWiFS, MODIS or MERIS), both regarding the radiometric data quality and spatial
resolution.

An accurate assessment in the coastal marine domain of the various optical and biogeochemical
parameters previously cited and now available for oceanic waters still represents an important
challenge since it would provide relevant and innovative insights on the dynamics and
functioning of these complex and highly diverse ecosystems. The development of innovative
bio-optical algorithms is for instance cruelly needed for precisely identifying the occurrence
of specific phytoplankton species. As a matter of fact, a precise monitoring of harmful algal
bloom (HAB) events which strongly impact the functioning of the concerned coastal ecosys‐
tems and which dynamics are currently relatively poorly constrained, represents a crucial field
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of investigation. Various algorithms have, in that sense been, proposed in the recent years for
computing indices specifically dedicated to the identification of red tides events [71-73].
Among the various important challenges to overcome in coastal waters, one particularly
crucial concerns the estimation of dissolved and particulate organic carbon stocks and
dynamics which would strongly condition our ability to quantify the impact of coastal
ecosystems domain on the global carbon cycle. The assessment of POC and DOC concentra‐
tions in coastal waters however still represents an open field of investigation even though some
empirical regional algorithms have been already proposed for estimating DOC content from
CDOM absorption coefficient retrieval in some coastal regions [74-76].

The assessment of the latter bio-optical and biogeochemical parameters from space depends
on the relevance of the bio-optical algorithm required to infer marine water IOPs or biogeo‐
chemical products from satellite L w(λ) measurements. This key step for interpreting the
satellite signal in these marine regions is complicated by various specific issues. Indeed, coastal
waters are highly dynamic systems at both temporal and spatial scales being subjected to a
variety of physical (tides, current, fronts, turbulence...) and environmental forcings (interac‐
tions with terrestrial ecosystems, phytoplankton blooms, re-suspension...). This high hydro-
biological variability of these waters logically induces a strong optical complexity (Figure 7)
making more difficult the interpretation of the 'color' in these environments. Specifically,
unlike in case 1 waters, substances significantly active from an optical point of view (i.e.
phytoplankton, non-algal particles and colored dissolved material) usually vary independ‐
ently in time and space and have specific optical properties which may vary over wide ranges
[77-79]. These specificities of coastal waters create different issues. First, a strong dispersion
around the average general laws generally used in open ocean waters for linking the radio‐
metric measurements to bio-optical (absorption and backscattering coefficients) or biogeo‐
chemical parameters (e.g. chlorophyll a). The latter feature prevents the use of Case 1-like
general relationships and emphasizes the crucial need to develop specific inversion schemes
allowing to take into account for the peculiar optical characteristics of the coastal marine
domain [27, 80, 81]. Second, standard algorithms used for estimating ocean colour such as Chla
concentration in oceanic waters are based on reflectance ratios in the blue and green spectral
domain [27]. In coastal waters, the significant contribution of dissolved and particulate non-
algal material to the optical budget at these latter wavelengths complicates our ability to detect
phytoplankton pigment optical signal and often induces a strong failure in the accuracy of
these classical formulations (Figure 8).

Accurate assessment of the different in water bio-optical components from ocean colour
measurements in coastal areas are therefore largely controlled by: (i) our ability to understand
and to account for the origin of the variability in the radiometric signal and (ii) the realism of
the parameterizations used between the inherent optical properties (IOPs) and the biogeo‐
chemical component (BC). Numerous challenges still remain [17, 27] in that sense, however
some progresses have been recently performed by developing inversion approaches specifi‐
cally dedicated to face the various issues encountered in coastal waters (see sections 3.3 and
3.4).
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of investigation. Various algorithms have, in that sense been, proposed in the recent years for
computing indices specifically dedicated to the identification of red tides events [71-73].
Among the various important challenges to overcome in coastal waters, one particularly
crucial concerns the estimation of dissolved and particulate organic carbon stocks and
dynamics which would strongly condition our ability to quantify the impact of coastal
ecosystems domain on the global carbon cycle. The assessment of POC and DOC concentra‐
tions in coastal waters however still represents an open field of investigation even though some
empirical regional algorithms have been already proposed for estimating DOC content from
CDOM absorption coefficient retrieval in some coastal regions [74-76].

The assessment of the latter bio-optical and biogeochemical parameters from space depends
on the relevance of the bio-optical algorithm required to infer marine water IOPs or biogeo‐
chemical products from satellite L w(λ) measurements. This key step for interpreting the
satellite signal in these marine regions is complicated by various specific issues. Indeed, coastal
waters are highly dynamic systems at both temporal and spatial scales being subjected to a
variety of physical (tides, current, fronts, turbulence...) and environmental forcings (interac‐
tions with terrestrial ecosystems, phytoplankton blooms, re-suspension...). This high hydro-
biological variability of these waters logically induces a strong optical complexity (Figure 7)
making more difficult the interpretation of the 'color' in these environments. Specifically,
unlike in case 1 waters, substances significantly active from an optical point of view (i.e.
phytoplankton, non-algal particles and colored dissolved material) usually vary independ‐
ently in time and space and have specific optical properties which may vary over wide ranges
[77-79]. These specificities of coastal waters create different issues. First, a strong dispersion
around the average general laws generally used in open ocean waters for linking the radio‐
metric measurements to bio-optical (absorption and backscattering coefficients) or biogeo‐
chemical parameters (e.g. chlorophyll a). The latter feature prevents the use of Case 1-like
general relationships and emphasizes the crucial need to develop specific inversion schemes
allowing to take into account for the peculiar optical characteristics of the coastal marine
domain [27, 80, 81]. Second, standard algorithms used for estimating ocean colour such as Chla
concentration in oceanic waters are based on reflectance ratios in the blue and green spectral
domain [27]. In coastal waters, the significant contribution of dissolved and particulate non-
algal material to the optical budget at these latter wavelengths complicates our ability to detect
phytoplankton pigment optical signal and often induces a strong failure in the accuracy of
these classical formulations (Figure 8).

Accurate assessment of the different in water bio-optical components from ocean colour
measurements in coastal areas are therefore largely controlled by: (i) our ability to understand
and to account for the origin of the variability in the radiometric signal and (ii) the realism of
the parameterizations used between the inherent optical properties (IOPs) and the biogeo‐
chemical component (BC). Numerous challenges still remain [17, 27] in that sense, however
some progresses have been recently performed by developing inversion approaches specifi‐
cally dedicated to face the various issues encountered in coastal waters (see sections 3.3 and
3.4).
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3.4. Validation

Validation of ocean color products (i.e. L w(λ), IOPs, and biogeochemical parameters) should
theoretically be performed from in situ measurements acquired simultaneously to the satellite
overpass over the same location. However, these ideal conditions are rarely encountered and
specific protocols should be applied [82, 83]. For instance, it is in practice recommended to use
a 2-hour time window applied to the satellite overpass time at the measurement site to select

Figure 7. Left: MODIS true color image of a red tide event occurring in the coastal water of Texas. Right: SeaWiFS and
MODIS maps showing quantitative estimates of phytoplankton Chla associated with red tides events in the coastal
zone of Florida (http://earthobservatory.nasa.gov).

Figure 8. SeaWiFs (OC4V4 algorithm) matchups of Chla performed in coastal areas of the English Channel and south‐
ern north Sea (Loisel unpublished data).
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satellite imagery. Second, the match-up procedure extracts a 3-by-3 pixel satellite image box
with the middle pixel closest to the measurement site. The mean value of the desired parameter
over the box is calculated for each image. Lastly, an atmospheric spatial uniformity criterion
is applied, based on a prescribed coefficient of spatial variation, defined as the ratio of the
standard deviation to the mean pixel value within the selected image box. This match-up
exercise is made more complicated for coastal waters where typical high frequency physical
and biological processes cause high temporal variability and strong spatial heterogeneity
(Figure 9). In situ measurements are generally performed from oceanographic vessel or
instrumented fixed buoy from which the spatial heterogeneity of the satellite pixel can not be
necessarily taken into account. Typical pixel size of ocean color missions is about 1x1 km2 at
nadir, even if higher spatial resolution data (about 250x250 m) are now accessible for some
specific wavelengths (i.e. MODIS), or over the whole spectrum but only on request, that is not
routinely (i.e. MERIS-FR). Thanks to the very recent development of autonomous underwater
vehicles such as gliders, equipped with optical and radiometric sensors, the spatial heteroge‐
neity of a given pixel could now be sampled in situ. However, much more researches are
needed to reach the level of accuracy needed for ocean color validation, from measurements
collected using these new platforms.

a) b)

Figure 9. a) Picture of turbid patches found in the French Guyana coastal waters taken during a scientific mission in
October 2009 [84]. (b) High resolution SPOT image showing the wide optical dynamics of the coastal waters of French
Guiana. The white square Figures a 1x1 km pixel typically considered for ocean color remote sensing application.

4. New and future developments of ocean color remote sensing of coastal
areas

4.1. Cloud masking

Prior to any application of atmospheric correction and bio-optical algorithms a cloud masking
algorithm should be applied over the satellite observed area. For that purpose, different
algorithms which differ by their inherent assumptions and the wavelengths used have been
developed [85-89]. The standard algorithms to process the image acquired by SeaWiFS [85]
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satellite imagery. Second, the match-up procedure extracts a 3-by-3 pixel satellite image box
with the middle pixel closest to the measurement site. The mean value of the desired parameter
over the box is calculated for each image. Lastly, an atmospheric spatial uniformity criterion
is applied, based on a prescribed coefficient of spatial variation, defined as the ratio of the
standard deviation to the mean pixel value within the selected image box. This match-up
exercise is made more complicated for coastal waters where typical high frequency physical
and biological processes cause high temporal variability and strong spatial heterogeneity
(Figure 9). In situ measurements are generally performed from oceanographic vessel or
instrumented fixed buoy from which the spatial heterogeneity of the satellite pixel can not be
necessarily taken into account. Typical pixel size of ocean color missions is about 1x1 km2 at
nadir, even if higher spatial resolution data (about 250x250 m) are now accessible for some
specific wavelengths (i.e. MODIS), or over the whole spectrum but only on request, that is not
routinely (i.e. MERIS-FR). Thanks to the very recent development of autonomous underwater
vehicles such as gliders, equipped with optical and radiometric sensors, the spatial heteroge‐
neity of a given pixel could now be sampled in situ. However, much more researches are
needed to reach the level of accuracy needed for ocean color validation, from measurements
collected using these new platforms.
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October 2009 [84]. (b) High resolution SPOT image showing the wide optical dynamics of the coastal waters of French
Guiana. The white square Figures a 1x1 km pixel typically considered for ocean color remote sensing application.

4. New and future developments of ocean color remote sensing of coastal
areas

4.1. Cloud masking

Prior to any application of atmospheric correction and bio-optical algorithms a cloud masking
algorithm should be applied over the satellite observed area. For that purpose, different
algorithms which differ by their inherent assumptions and the wavelengths used have been
developed [85-89]. The standard algorithms to process the image acquired by SeaWiFS [85]
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and MODIS [89] use a constant threshold value at 865 nm (SeaWiFS) and 869 nm (MODIS)
over which the pixel is considered as cloud. Wang and Shi [86] present a more sophisticated
algorithm based on the fact that water is almost totally black in the shortwave infrared (SWIR)
wavelengths. The latter authors have also proposed an alternative algorithm for ocean color
sensors which do not allow for measurements in the SWIR bands (such as SeaWiFS and
MERIS). Basically, this algorithm is based on the assumption that the spectral variability in the
NIR is lower for clouds than for water. Based on the observation that water is generally
spatially more homogeneous than clouds, the cloud mask for the POLarization and Direc‐
tionality of the Earth’s Reflectances (POLDER) sensor uses a threshold on the spatial variability
in 865 nm [87]. To be able to automatically process and exploit the long time series of SeaWiFS
ocean color images over coastal areas, a recent algorithm has been developed for the SeaWiFS
sensor [88]. This algorithm is mainly based on the spectral differences of the Rayleigh free TOA
signal between cloud and turbid waters. Performance of different algorithms for the very
turbid waters of the Amazon delta is provided in Figure 10.

Figure 10. A color composite SeaWiFS image recorded over the Amazon delta area with no cloud mask (left), and
after the application of the standard SeaWiFS NIR threshold (middle), and Nordkvist et al. [88] algorithm (right). The
gain of clear water pixels is clearly seen when the latter algorithm is used instead of the standard SeaWiFS algorithm.

4.2. Atmospheric correction

As shown in Figure 5, the accuracy of the existing atmospheric correction algorithms is still
not enough satisfying, especially when considering the blue and red spectral bands. It is
therefore still necessary to develop innovative schemes to decrease the errors at these bands.
As mentioned previously, one of the most promising algorithm development suggests the use
of the shortwave infra-red bands (SWIR) for estimating the atmospheric path radiance [44,
47]. However, because of the low signal-to-noise ratio of the MODIS-AQUA SWIR bands,
which induces uncertainties in the extrapolation of the aerosol models from the SWIR to the
NIR and visible, and also due to the fact that none of the future ocean color sensors (OLCI,
GOCI-II, OCAPI, S-GLI) will possess the SWIR bands, it is necessary to find other ways to
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improve the atmospheric correction procedure. Another promising option would be to
consider the shorter wavelengths, i.e. in the ultraviolet bands [90]. For highly productive
waters with high amount of colored dissolved organic matter, the water-leaving reflectance at
412 nm can be used to constrain the aerosol model retrieval considering that L w(412) is
relatively low being negligible when compared to L w in the visible and NIR bands. Considering
the latter feature, UV bands could be used to determine the aerosol model. The major disad‐
vantage of using the UV for the atmospheric correction is the assumption of a negligible L w

for these bands which are important for the retrieval of CDOM. This assumption needs to be
further validated by increasing the amount of dedicated in situ data in the future.

Another way for improving atmospheric correction schemes in coastal waters would be to
further develop the use of the formulations which consider a definition of the NIR bio-optical
algorithms, by adding constrains on the relationships between L w at several wavelengths.
Several relationships already exist. For instance, Wang et al. [46] proposed a new atmospheric
correction algorithms for the GOCI sensor using a relationship between L w(765) and L w(865).
However, this algorithm needs in a preliminary step to calculate the diffuse attenuation
coefficient, K d(490) for estimating L w(765) from the MODIS-AQUA sensor using the SWIR
atmospheric correction algorithm. This step might add errors and complexity for developing
such algorithms. This emphasizes also the need for developing more direct approaches. One
solution would be to mix a new formulation of the NIR similarity spectrum approach [40, 91]
such as defined in [59, 92] with the algorithm developed by [31] which has been demonstrated
to be robust in low but also very turbid waters. Figure 11 presents evaluation of the similarity
spectrum [40, 91] and formulation of Doron et al. [92] against in-situ data for moderately and
highly turbid waters. We can see that the constant R rs(NIR) ratios is not valid for those waters,
notably for highly turbid waters. These ratios could be integrated inside a current atmospheric
correction algorithm for constraining the inversion. Another way is to find linear or polynomial
relationships between two R rs (Figure 12).

4.3. Bio-optical algorithms: The classification approach vs. regional approaches

Different approaches have been considered in the recent years for developing inversion
algorithms in order to face the issue represented by the strong optical complexity and heter‐
ogeneity of coastal waters (see section 3.3). Two contrasted approaches based on a geographical
or optical partition of the coastal waters will be considered here, both aiming to constrain the
dispersion around bio-optical Rrs(λ)-IOPs-BC relationships and presenting their own advan‐
tages and requirements.

The first approach, which is the more usual one, consists in focusing on the range of optical
variability specific to a defined coastal area by developing local or regional, usually empirical
inversion algorithms [93-95]. This way of dealing with the optical complexity of coastal waters,
although relatively convenient to implement (as soon as a reasonable amount of in situ
measurements are available for a defined region) might present different limitations in its
application. Indeed, while such regional algorithms may reduce the variability in the IOPs-BC
relationships, they are highly dependent on the dataset used for their development. In other
terms, the accuracy of regional relationships mostly depends on their ability to account for the
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As shown in Figure 5, the accuracy of the existing atmospheric correction algorithms is still
not enough satisfying, especially when considering the blue and red spectral bands. It is
therefore still necessary to develop innovative schemes to decrease the errors at these bands.
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47]. However, because of the low signal-to-noise ratio of the MODIS-AQUA SWIR bands,
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GOCI-II, OCAPI, S-GLI) will possess the SWIR bands, it is necessary to find other ways to
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improve the atmospheric correction procedure. Another promising option would be to
consider the shorter wavelengths, i.e. in the ultraviolet bands [90]. For highly productive
waters with high amount of colored dissolved organic matter, the water-leaving reflectance at
412 nm can be used to constrain the aerosol model retrieval considering that L w(412) is
relatively low being negligible when compared to L w in the visible and NIR bands. Considering
the latter feature, UV bands could be used to determine the aerosol model. The major disad‐
vantage of using the UV for the atmospheric correction is the assumption of a negligible L w

for these bands which are important for the retrieval of CDOM. This assumption needs to be
further validated by increasing the amount of dedicated in situ data in the future.
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algorithms, by adding constrains on the relationships between L w at several wavelengths.
Several relationships already exist. For instance, Wang et al. [46] proposed a new atmospheric
correction algorithms for the GOCI sensor using a relationship between L w(765) and L w(865).
However, this algorithm needs in a preliminary step to calculate the diffuse attenuation
coefficient, K d(490) for estimating L w(765) from the MODIS-AQUA sensor using the SWIR
atmospheric correction algorithm. This step might add errors and complexity for developing
such algorithms. This emphasizes also the need for developing more direct approaches. One
solution would be to mix a new formulation of the NIR similarity spectrum approach [40, 91]
such as defined in [59, 92] with the algorithm developed by [31] which has been demonstrated
to be robust in low but also very turbid waters. Figure 11 presents evaluation of the similarity
spectrum [40, 91] and formulation of Doron et al. [92] against in-situ data for moderately and
highly turbid waters. We can see that the constant R rs(NIR) ratios is not valid for those waters,
notably for highly turbid waters. These ratios could be integrated inside a current atmospheric
correction algorithm for constraining the inversion. Another way is to find linear or polynomial
relationships between two R rs (Figure 12).

4.3. Bio-optical algorithms: The classification approach vs. regional approaches

Different approaches have been considered in the recent years for developing inversion
algorithms in order to face the issue represented by the strong optical complexity and heter‐
ogeneity of coastal waters (see section 3.3). Two contrasted approaches based on a geographical
or optical partition of the coastal waters will be considered here, both aiming to constrain the
dispersion around bio-optical Rrs(λ)-IOPs-BC relationships and presenting their own advan‐
tages and requirements.

The first approach, which is the more usual one, consists in focusing on the range of optical
variability specific to a defined coastal area by developing local or regional, usually empirical
inversion algorithms [93-95]. This way of dealing with the optical complexity of coastal waters,
although relatively convenient to implement (as soon as a reasonable amount of in situ
measurements are available for a defined region) might present different limitations in its
application. Indeed, while such regional algorithms may reduce the variability in the IOPs-BC
relationships, they are highly dependent on the dataset used for their development. In other
terms, the accuracy of regional relationships mostly depends on their ability to account for the
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natural variability of the water masses optical properties occurring in a defined region.
However, a relationship defined for a given area is likely to vary over time (i.e. at the daily
scales, seasonal or inter-annual) since it depends strongly on the combined action of various
environmental forcing (phytoplankton blooms, in suspension, leaching of the sides, riverine
inputs and advection of the offshore waters....). Furthermore, considering the high dynamics
of coastal ecosystems it might be presumably challenging to capture, even for a defined region,
the many high-frequency processes affecting bio-optical relationships. Finally, in the scope of
applications of remote sensing techniques in coastal waters over large spatial scales (i.e. global),
the use of a regional approach (by definition non-exportable geographically) would consist in
performing a collection of algorithms developed on a mosaic of coastal areas. This seems both
difficult to implement in practice and would inevitably lead to ignore some coastal areas
currently not covered by ad hoc in situ measurements.

Another way to deal with the optical heterogeneity of the coastal domain is to specifically
consider the optical diversity of these waters within the algorithm development procedure. In
practice, this alternative approach to regional methods is based on optical classifications, which
aims at grouping waters with similar optical features and develops optically adapted algo‐
rithms for each water class. Such a definition of optical water types implicitly assumes that
different coastal regions can present similar optical characteristics of the marine components

Figure 11. Reflectance ratio at 765 and 865 nm according to [91] (dashed line) and [92] (grey polygon) for (a) moder‐
ately and (a) highly turbid waters [59]. Circles and triangles are for data collected in the Eastern English Channel/North
Sea and the French Guiana, respectively.
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which translate into similar reflectances, at least during some moments of the year. Classifi‐
cation-based approaches are therefore intrinsically independent of the location and the time,

Figure 12. a) Linear relation between Rrs(λ) at 443 and 547 nm, b) Polynomial relation between Rrs(λ) at 547 and 667
nm, c) constant ratio between Rrs at 748 and 780 nm, d) Polynomial relation between Rrs(λ) at 820 and 869 nm, e)
constant ratio between the modeled Rrs(λ) at 780 and 825 nm, f) polynomial relation between Rrs(λ) at 748 and 869
nm [59]. For this latter figure, the dotted line represents the polynomial regression line over the in-situ dataset. The
grey thick line represents the polynomial relationship defined by [59].

Challenges and New Advances in Ocean Color Remote Sensing of Coastal Waters
http://dx.doi.org/10.5772/56414

107



natural variability of the water masses optical properties occurring in a defined region.
However, a relationship defined for a given area is likely to vary over time (i.e. at the daily
scales, seasonal or inter-annual) since it depends strongly on the combined action of various
environmental forcing (phytoplankton blooms, in suspension, leaching of the sides, riverine
inputs and advection of the offshore waters....). Furthermore, considering the high dynamics
of coastal ecosystems it might be presumably challenging to capture, even for a defined region,
the many high-frequency processes affecting bio-optical relationships. Finally, in the scope of
applications of remote sensing techniques in coastal waters over large spatial scales (i.e. global),
the use of a regional approach (by definition non-exportable geographically) would consist in
performing a collection of algorithms developed on a mosaic of coastal areas. This seems both
difficult to implement in practice and would inevitably lead to ignore some coastal areas
currently not covered by ad hoc in situ measurements.

Another way to deal with the optical heterogeneity of the coastal domain is to specifically
consider the optical diversity of these waters within the algorithm development procedure. In
practice, this alternative approach to regional methods is based on optical classifications, which
aims at grouping waters with similar optical features and develops optically adapted algo‐
rithms for each water class. Such a definition of optical water types implicitly assumes that
different coastal regions can present similar optical characteristics of the marine components

Figure 11. Reflectance ratio at 765 and 865 nm according to [91] (dashed line) and [92] (grey polygon) for (a) moder‐
ately and (a) highly turbid waters [59]. Circles and triangles are for data collected in the Eastern English Channel/North
Sea and the French Guiana, respectively.

Topics in Oceanography106

which translate into similar reflectances, at least during some moments of the year. Classifi‐
cation-based approaches are therefore intrinsically independent of the location and the time,

Figure 12. a) Linear relation between Rrs(λ) at 443 and 547 nm, b) Polynomial relation between Rrs(λ) at 547 and 667
nm, c) constant ratio between Rrs at 748 and 780 nm, d) Polynomial relation between Rrs(λ) at 820 and 869 nm, e)
constant ratio between the modeled Rrs(λ) at 780 and 825 nm, f) polynomial relation between Rrs(λ) at 748 and 869
nm [59]. For this latter figure, the dotted line represents the polynomial regression line over the in-situ dataset. The
grey thick line represents the polynomial relationship defined by [59].

Challenges and New Advances in Ocean Color Remote Sensing of Coastal Waters
http://dx.doi.org/10.5772/56414

107



and thus present a stronger universal character being presumably more suitable for large scale
applications than classical regional approaches. Previous studies have treated the partition of
the marine waters into optical classes. They were based on sets of bio-optical parameters
diversely including the following: the diffuse attenuation coefficient, the Secchi depth or
inherent optical properties and biogeochemical parameters [12, 96-98]. Other studies, in
particularly, at global scale, were dedicated to optical water type definition based on the
information provided by the remote sensing reflectance spectra [99, 100]. These studies have
emphasized the potential of using ocean typology based on ocean color radiometry for
characterizing the uncertainties related to ocean color products [101] and improving the
performance of the inversion procedure [102]. Furthermore, the advantage of the optical
classification approach for providing relevant insights into ocean water masses optical
dynamics and therefore studying its biogeochemical quality has also been illustrated for the
open ocean waters [103]. Similar applications of optical classification dedicated to the coastal
ocean are currently limited. Few studies have specifically focused on a characterization of the
optical diversity of coastal water masses from in situ measurements [83, 105].

Satellite applications of coastal ocean optical typology for monitoring coastal water quality
[106] or improving ocean color product inversion [107, 108] are also still relatively scarce. A
recent study [109] performed from an in situ data set gathered in contrasted coastal waters (i.e.
eastern English Channel, southern North Sea and French Guiana) has emphasized the
applicability and the advantages of this approach (Figure 13). Specifically the main results of
this study have emphasized that (i) the ubiquitous character of Rrs spectra optical shape at
global scale (ii) the need of a reasonable amount of optical classes for describing coastal waters
optical diversity (iii) the interest of the optical classification for dynamically monitoring the
coastal waters masses quality and (iv) the potential for this approach for improving estimates
of satellite products (with preliminary results on the SPM retrieval). The potential of the
classification-based approach should be however explored more in detail through the estab‐
lishment of large data set coupling optical and biogeochemical measurements gathered in a
large variety of coastal waters.

4.4. The need of other “tools”

a. Towards the use of other spectral domains

The past and present ocean color sensors are generally characterized by a common set of
spectral channels. The blue (412, 443, 490 nm) and green (510, 550/560 nm) wavelengths are
used for bio-optical algorithms purposes whereas the red (670) and near infrared (765, 865 nm)
wavebands are used for atmospheric corrections. To these standard ocean color channels, some
sensors also have the ability to measure the chlorophyll-a fluorescence peak using a band
centered at about 676 nm in combination with two surrounding bands (around 665 and 746
nm) used for the baseline [110]. To overcome the challenges of ocean color remote sensing of
coastal areas, the use of visible wavelengths other than the standard ones should also be
examined. For instance, the maximum reflectance signal observed in coastal areas is, in many
cases, observed around 590 nm, which is far from the 550/560 standard bands which can not
adequately capture this maximum (Figure 14). Because of the generally low absorption
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coefficient at this wavelength, it could also be used to improve the determination of the spectral
slope of the particulate backscattering coefficient [18].

Figure 14. Example of normalized remote sensing spectra, Rrs, collected in various coastal environments (English
Channel, North Sea, and French Guyana). The description of this data set can be found in [105]. The normalization has
been performed by dividing raw Rrs spectrum by its integrated value in order to emphasize changes in the shape of
the reflectance found in coastal waters.

Figure 13. a) Annual evolution of the percentage of SeaWiFS turbid pixels [85] labeled as belonging to one of the
four optical water types defined from our in situ data set at global scale. Illustrations of the optical water types distri‐
bution (b,c) in the China sea coastal waters, d) in the northern Gulf of Mexico and e) in the coastal waters influenced
by the Gange-Brahmaputra rivers output. White pixels correspond to unclassified turbid waters, light and dark grey
show non-turbid and masked regions, respectively (taken from [110]).
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Figure 13. a) Annual evolution of the percentage of SeaWiFS turbid pixels [85] labeled as belonging to one of the
four optical water types defined from our in situ data set at global scale. Illustrations of the optical water types distri‐
bution (b,c) in the China sea coastal waters, d) in the northern Gulf of Mexico and e) in the coastal waters influenced
by the Gange-Brahmaputra rivers output. White pixels correspond to unclassified turbid waters, light and dark grey
show non-turbid and masked regions, respectively (taken from [110]).
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The recent use of the ultraviolet (UV) bands in the frame of the development of ocean color
algorithms over coastal waters has shown some promising results. For instance, the exponen‐
tial increase of detritus and colored dissolved organic matter absorption coefficient from the
long to the short wavelengths makes the UV domain an ideal candidate for atmospheric
correction purposes in turbid waters [90]. This new method, which based on a low and
relatively stable water reflectance signal in the UV, does therefore not require any assumption
on the water inherent optical properties. Based on the same observations, the 412 nm channel
has previously been used with success in an atmospheric correction scheme applied over the
Chesapeake region [39].

The ultraviolet spectral domain is also essential for assessing information about the colored
dissolved organic matter distribution as already illustrated by recent works [111, 112]. The
advantage of using nLw(325)/nLw(565) have been for instance emphasized by the latter
authors for specifically assessing aCDOM coefficient. Specifically, the interest of using of the UV
reflectance signal stands in its ability for minimizing the potential issues represented by the
overlapping of CDOM and phytoplankton absorption spectra occurring for the classically used
blue and green bands. Indeed, in the UV domain CDOM is expected to dominate the absorption
budget of the non-water compounds while the contribution of phytoplankton photoprotective
compounds such as microsporine-like amino acids [113], although still uncertain, is expected
to be relatively restricted in this spectral region. In addition to a gain in CDOM retrieval
accuracy, the use of successive UV bands for deriving CDOM absorption from the marine
reflectance signal would provide the opportunity to derive information on CDOM spectral
slope which might provide innovative information on the nature of CDOM [114, 112].

Besides, reflectances in the near infrared domain have also been demonstrated to be of
particular interest for estimating the SPM concentration from satellite imagery [e.g. AVHRR:
[115]; MODIS, MERIS SeaWiFS: [116]]. In this spectral domain, direct relationships between
NIR-reflectance and SPM values appear indeed to be robust due to the very low influence of
CDOM absorption at these wavelengths. The latter reason has also led to the development of
a variety of Chla inversion algorithms based on red and NIR wavelengths [117-122] allowing
to avoid issues related to the use of classical blue/green reflectance ratios and taking in some
cases advantages of the Chla fluorescence properties in the latter spectral domains.

2. Directional polarized measurements

While the UV and NIR spectral domains are excellent candidates to overcome the challenges
of ocean color remote sensing of coastal areas, the use of directional polarized radiometric
measurements in the visible should also be examined. The inverse methods used to estimate
the optical (IOPs) and biogeochemical parameters (i.e. Chl, POC, etc) information from space
are based on different assumptions and mathematical developments. However, they all use
the total remote sensing reflectance, Rrs(λ), as input parameters (or a similar radiometric
quantity). While theoretical and field measurements have highlighted that the polarization of
the underwater light field is sensitive to the nature of the suspended marine particles (for
example phytoplankton vs. mineral), none of these models exploits the linear polarization of
the upwelling light field from the ocean surface. This is due to the fact that the marine polarized

Topics in Oceanography110

signal only represents a small fraction of the signal measured from space (about 10% of the
total marine signal) which makes this measurement very challenging. Recent studies have
however showed that space measurement of the polarized light field in different directions
could provide useful information for both advanced atmospheric correction and bio-optical
algorithms [123, 124]. For instance, the signal measured from the POLarization and Direction‐
ality of the Earth’s Reflectances sensor (POLDER-2) over turbid areas has been found in
excellent agreement with theory with regards to its variability with the bulk particulate matter
[123]. However, the exploitation of such measurements in the frame of algorithms develop‐
ment for the futures ocean color missions requires an excellent radiometric resolution.

3. Hyperspectral measurements

Hyperspectral sensors cover the visible and near infrared spectra with a much more complete
spectral resolution, compared to multispectral ocean color sensors which have about 8 (i.e.
MODIS) to 15 (i.e. MERIS) spectral bands in this spectral domain. For instance, the Hyper‐
spectral Imager for the Coastal Ocean (HICO), operating on the international Space Station
(ISS), specifically samples the coastal ocean every 5.7 nm [125]. Such high spectral resolution,
associated with a high signal-to-noise ratio, allow the spectral features of the observed scene
to be resolved. The interest of hyperspectral measurements compared to multispectral
measurements for spatial ocean color applications is still under debate. However, more and
more studies emphasize the importance of hyperspectral remote sensing data for phytoplank‐
ton detection, optically significant water constituents assessment, as well as bottom charac‐
terization [126-130]. Most of these studies are based on the derivative spectroscopy technique
which enhances subtle spectral features present over hyperspectral data. While the second
derivative of the radiometric signal allows specific spectral features to be detected, it is also
much less sensitive to the presence of additional material such as colored dissolved organic
matter which generally biases the standard algorithms based on a restricted number of
wavelengths [128]. Futures ocean color sensors such as the HYPERSPECTRAL IMAGER (HSI)
on board EnMAP will offer the opportunity to go further in the exploitation of hyperspectral
data for ocean color applications.

4. Advanced statistical methods

Due to the complexity of the coastal waters, the estimation of the water contents are more and
more difficult to obtain with a high accuracy as shown in the previous sections. Therefore,
there is a need in developing innovative inversion methods. Advanced statistic methods that
can be very promising for the monitoring of the ocean color are the machine learning. These
methods, developed initially for computational/artificial intelligence, are now more and more
used in environmental sciences. As they have shown their utility in climate, meteorology,
atmospheric sciences, satellite data processing, analysis and modeling of environmental data,
weather prediction, they can be very helpful for studying the ocean color. Several studies
already exist for the application of artificial neural networks for the atmospheric correction
processing [50-52, 20, 57, 41], the estimation of the chlorophyll-a concentration [54, 131-136],
the inherent optical properties retrieval [33, 137-138] or the diffuse attenuation coefficient [139].
But there exists other types of machine learning that the community could use such as the
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support vector machine [140, 141], the unsupervised competitive learning [142], regression
trees [143], non-linear principal component [144], canonical correlation analysis [145]. These
methods can be used for regression analysis for the direct estimation of water constituents, for
classification (water types, phytoplankton functional groups) and for analysis of time series.
For instance, Figure 15 shows a comparison of different algorithms for the estimation of the
spectral diffuse attenuation coefficient K d(490) [139]. The use of a NN (bottom right Figure)
allows to decrease the error for the estimation of moderate and high values of K d(490) (K d(490)>
0.5 m-1 ).

Figure 15. Scatterplots of desired Kd(490) versus estimated Kd(490) values retrieved with five algorithms using a coast‐
al data set gathering measurements collected in coastal waters all around Europe [77]. The continuous line represents
the 1:1 line. Figure from [139].

5. High spatial and temporal resolutions satellite data

A high spatial resolution is required for ocean color remote sensing of coastal waters to catch
the high spatial variability generally occurring in these areas, as well as for validation purposes.
The recent development of geostationary ocean colour sensors will increase the precision of
the remote sensing measurements and will provide relevant insights for the study of marine
biogeochemical cycles [146, 147]. Geostationary satellites continuously view the same region
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of the earth’s surface. It thus allows obtaining high quality and frequent observations of a
defined area. Such an instrument is therefore particularly useful in order to follow the response
of marine ecosystems to short-term variations in the environmental conditions. In particularly,
it is of interest for monitoring the effects of rivers plumes and tidal front and mixing on the
biotic and abiotic material present in coastal areas or assessing the effects of exceptional events
(storms, red tides, dissemination of sediments or pollutants). It will also provide relevant
information for biogeochemical modelling purposes as well as for research activities related
to the biogeochemical cycles at daily scales. South Korea's instrument on board the COMS-1
satellite (GOCI, Geostationary Ocean Color Imager), which has been recently launched (2010),
is the first ocean-colour sensor in a geostationary orbit. The target area of GOCI covers a large
region (2500x2500 km) around the Korean peninsula. Its resolution is 500 m while it acquires
data at a 1 hour frequency. The other ocean color geostationary missions which are currently
planned (OCAPI-CNES, GeoCape-NASA) will increase the spatial coverage and the number
of information delivered by such sensors.

5. Conclusions

The use of ocean color remote sensing in coastal waters offers a capability to routinely monitor
the surface water constituents over large areas. Thanks to our better understanding of the
remote sensing signal, as well as to the improvement sensor technology, new innovative
products, compared to the historical chlorophyll concentration, are now available, at least at
regional scales. One may cite for instance the colored dissolved organic matter, and concen‐
tration and nature of suspended particulate matter. Such information coupled with other data
coming from other satellite observations (sea surface temperature, wind speed and direction,
sea surface elevations) and physical and ecological modeling provide essential inputs to
understand the complex bio-physical coupling occurring in coastal waters. For instance, the
coupling between bottom sediment resuspension and observed surface suspended particulate
matter has been stressed using satellite and physical modeling [148]. In the same way, based
on the synergic use of satellite products deriving from ocean color observations, thermal
measurements, and sea surface height, tight coupling bio-physical processes can now be
examined [149]. While numerous ocean color products are now available in coastal areas, their
assessment is not as accurate as for open ocean waters. Note that there is still no consensus of
the community for a common algorithm to assess the chlorophyll concentration in coastal
areas. One of the major issues is the retrieval of the marine radiometric signal from the top of
atmosphere (i.e. the atmospheric corrections). Numerous new methods, listed in the present
chapter, are now developed to address this particular point. A second issue is related to the
bio-optical algorithms development. In the frame of algorithms development, new paths,
compared to the ones used for open ocean waters, are still in the experimental phase. Among
them, the simultaneous retrieval of atmospheric and oceanic components, the algorithms
based on the classification approaches, as well as the exploitation of geostationary ocean color
sensors should open new ways in a recent future.
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Coral Reefs Ecosystems and for the Prediction of Their
Biodiversity in the Face of Climatic Changes
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1. Introduction

Coral reefs concentrate between one quarter and one third of the total marine biodiversity,
according to different estimates, though they only cover about 0.1% of the global oceanic
surface and are confined to tropical and sub-tropical latitudes. The extraordinary diversity in
invertebrates and fish species is often compared to that of arthropods and vertebrates of
tropical primary rainforests. Half a billion humans depend partly or totally on the goods and
services provided by coral reef ecosystems.

However, coral reefs are now recognized as being among the most fragile of all environments
in the face of localized anthropic pressures (overfishing and various atmospheric and water
pollutions) and of their climatic consequences of planetary dimensions. Within the last 30
years, about 20% of all coral reefs have being totally destroyed while another estimated 60%
are damaged to some extent – a few beyond recovery - and only 20% can still be regarded as
unharmed.

With a human population growing at faster rates in developing nations, biodiversity concerns
are conflicting with the pressures to exploit local mineral resources and to develop agricultural
and seafood production. While residents often deplore the gradual changes in the natural
habitats in which they were brought up, socio-economic pressures originally due to post-
colonial emancipation and now to global trade tend to resist any policy that may be considered
restrictive or receding. Almost every aspect of this economic growth relies on fossil fuel energy
consumption and to a lesser extent on vegetal biomass burning, which links development with
climatic changes, and also with the generation of polluting wastes.
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Educational programs and non-government associations propose alternatives to established
practices in habitat and resource management and waste disposal by end users. Research
scientists continue to explore natural biodiversity in remote pristine environments (especially
biodiversity hotspots, a very useful conservation-promoting concept) and to observe its losses
in degrading habitats. Programs on bioremediation of impacted sites are attracting funds, and
classification of natural habitats as protected sites is gaining public support. Yet the scientific
community has very little leverage on the decision-making of potentially impacting industrial,
commercial and urban development projects, and on the say-so broadcast by their promoters
in the media. In-house consultancy is often hampered by the lack of appropriate analytical
tools, and reports are often biased in favor of employment and cash return prospects.

In a previous chapter of this series on biodiversity [1] the various ecological consequences of
climatic changes, of chemical and microbial pollutions and of overexploitation of natural
resources have been reviewed for coral reef ecosystems. Suggestions have been made on the
basis of recent publications by experts on various subjects, as to how modern techniques and
innovative approaches could be used appropriately to complement the above initiatives.

In this chapter, a holistic concept is proposed that (i) integrates cutting-edge molecular research
and standard technologies with field sampling and laboratory simulations of natural habitats
(ii) using holobiont-based sentinel systems, (iii) into a single tool that “shows evidence” of
ongoing degradation rather than aftermath “score loss”. Corrective action can then be taken
in specific directions before no-return limits have been reached and total ecosystem collapse
is on the way.

2. Biodiversity is our responsibility: The future of mankind depends on it

2.1. If the origins of life remain controversial, biodiversity is a miracle of sorts

Basic forms of life like bacteria are reputedly capable of withstanding extreme conditions, to
the point that scientists of repute such as Sir Francis Crick, Carl Sagan or Stephen Hawking
have speculated on an alien origin to terrestrial life, which is now held as a tenet of the modern
panspermia theory by some exobiologists. Dormant bacterial spores or alike would have been
seeded on our planet, possibly from different sources and at different times. Those that
encountered favorable “starting” conditions, supposedly in the chemolithotrophic environ‐
ments around oceanic ridges, would have initiated the evolutionary scenario we know. Posed
under such terms, the true origin of life escapes our observation, but the origin of biodiversity
does not, as it remains intrinsically terrestrial.

Satellite views of the ionized portion of our atmosphere show it as a barely perceptible glow
that outlines the shape of our planet against the black outer space background. Just under it,
blue expanses of oceanic waters spread as a delicate film less than one-thousand times thinner
than the supporting “blue marble”, but over two thirds of its surface (Figure1). Life forms occur
at the sea-air and soil-air interfaces, just where geoclimatic fluxes and exchanges are the most
rapid and subjected to biotic influences. Thus marine biodiversity thrives under specific
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conditions that are only found between the oxygen-rich lower atmosphere (at cloud canopy
level on Figure 1), and the sunlit oceanic surfaces.

One-third of all known marine species is concentrated on confettis occupying one-thousandth
of the oceanic surfaces, also thanks to favorable conditions afforded by land influence, i.e.
marine volcanoes and continental shelves under tropical-subtropical latitudes. This circum‐
stantial miracle is called coral reefs.

2.2. Extinction events are natural over long periods after which biodiversity has to reinvent
itself

Any lasting change in the biogeochemistry of any of the three components (atmosphere,
seawater and land) will disrupt the interfacial equilibrium that supports the many thousands
of life forms that interact constantly within an ecosystem. Mass species extinctions occurred
several times (6 or 7 described) in the history of our planet since it became life-supporting,
every time followed with new and better adapted life forms and a biodiversity climax attained
after long periods of environmental stability. Changes in soil mineral strata indicate the
occurrence of biodiversity-modifying events such as occupation by seas or the occurrence of
an ice-age. Discrete organic layers may indicate the presence of a tropical rainforest or of a dry
land savannah. Datable fossil evidence within these strata, together with paleontological
reconstructions, point out the floristic and faunistic peculiarities of the times. Core drills in ice
provide datable evidence of biogeoclimatic episodes within the last few millennia, while core
drills in massive scleractinian corals give accurate calendar-like records of recurrent or of
accidental climatic events affecting their biotope.

Figure 1. (left) - Composite image of Planet Earth viewed from orbiting satellite Suomi NPP on January 4, 2012
(http://npp.gsfc.nasa.gov/), scaled here at approximately 5 x 10-9; (right) -The biosphere is about one-thousandth the
diameter of the planet – just as thin as the surface of a soap bubble that size, a metaphor illustrating its instability and
fragility.
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Speciation usually goes along with occupation of new territories and new habitats, the first
colonizers having acquired the necessary adaptations to cope with evolving external demands
– the Cambrian explosion (545 million years ago) being the most dramatic example of such
adaptive diversification at all scales.

Along with this, evidences of accidental episodes of massive species extinctions are witnessed
by the sudden “disappearance” of terrestrial and of marine life, that are attributable to tectonic,
telluric or meteoritic impacts and to their profound and lasting climatologic and geochemical
consequences. The most significant mass extinction is undoubtedly the Permian-Triassic Great
Dying [2] where a 96% loss of all non-microbial marine life occurred within ten million years.
The precise causes of mass extinction events may be in connection with continuous tectonic
movements with their telluric and volcanic outbreaks and their climatic consequences, to
collisions with meteoritic bodies, and to a lesser extent to the appearance of dominant
predators, parasites or microbial diseases, or to combinations thereof. Common to many
extinction events, however, is the massive release of greenhouse and of toxic gases (carbon
dioxide, methane, hydrogen sulfide etc.). The water solubility of CO2 being nearly 30 times
that of oxygen, water acidification occurs that impacts preferentially all calcifying organisms
with low metabolic rates and weak respiratory systems: most coral genera died out during the
Great Dying, along with calcareous sponges, calcifying algae, echinoderms, bryozoans etc. [3].

Interestingly, profound taxonomic changes in all major phyla seem to follow extinction events,
resulting in a better adapted biodiversity. Nothing is known, however, on the consequence of
such changes in microbial life or on the putative role microbial associates had on the reinven‐
tion (understand: adaptive evolution) of new species. As Falkowski [4] puts it, animals and
plants are merely new incarnations of ancient metabolic processes, but the ultimate key to
biodiversity may be held by bacteria ferrying the set of core genes that are necessary for life
to express itself.

2.3. Brutal human influence may lead to hazardous extinction events

Man is of very recent occurrence in the history of terrestrial life, and until the advent of the
industrial age (especially since the middle of the 19th century) his planetary influence was
minimal, and the destructive potential of its inventions was purely local. Since then, his
population has increased seven fold while consuming or exploiting 42% of the terrestrial net
primary production [5]. The single most environment-impacting activity today is the produc‐
tion of energy from fossil fuel, and the single most mechanically destructive invention is that
of nuclear weapons. More insidious are the thousands of new chemical species (mostly
organic) that are produced and improperly disposed of once used, and the new strains of
mutant microorganisms that pop up unpredictably and threaten to create worldwide pande‐
mias affecting both wildlife and humans.

Without reviewing the subject of negative traces of human doings (see [1]), a reflection on the
accelerating pace of carbon volatilization in the atmosphere is necessary to appreciate its effect
on marine biota and on coral reef ecosystems in particular. In one year, we extract the equiv‐
alent of one million years' worth of fossil fuel natural production [4]. In other words, using
primitive technology e.g. internal combustion engines, we enrich our atmosphere in carbon
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dioxide at a pace at which terrestrial and marine autotrophs will not be able to keep up with
in their efforts to create new biomass and quench free carbon excess and reduce seawater
acidification rates.

3. Coral reef management: between the economy's hammer and the
climate's anvil

Ecosystems at immediate risk are biodiversity hotspots (primary rainforests and land-
connected reefs systems), but most ecosystems with endemic species at all latitudes will be
profoundly affected by acclimation of competing aliens. Being able to analyze, quantify and
predict changes is the first step to avoid losing control… indeed environmental scientists
should endorse the role of a general practice physician making an overall check-up on an ailing
patient and prescribing a course of medications and exercises for recovery, or that of an
investigator using state-of-the-art forensics such as DNA amplification to evidence causes of
a crime and provide evidence to lawyers. This will become a necessity, beyond economic
pressures worldwide (q.v. [6]).

3.1. Climate changes have profound biogeoclimatic consequences

Climatic changes act globally, and the effects of naturally occurring destructive episodes are
now superseded by those due to ever-growing man-induced emissions of various sorts. The
latter include carbon, nitrogen or sulfur transfers that are generated essentially through the
combustion of fossil organic matter or of agricultural or livestock breeding activities, and
manifesting themselves differently according to their biogeochemical state.

i. First, their volatilization as simple molecular species which are responsible for
temperature rises through the glasshouse shielding effect, while halocarbon emis‐
sions tend to destroy the protective ozone layer of the upper atmosphere. Elevated
surface water temperatures and genotoxic radiations are responsible for the bleaching
effect and cellular stresses observed on subtidal corals, and death may follow if the
exposures are lasting. Also, strong seasonal evaporation of large volumes of surface
waters leads to atmospheric pressure instabilities, resulting in the occurrence of more
frequent and more severe hurricanes. The mechanical damage due to wave action
and to the sudden input of large volumes of freshwater and alien material (silt and
debris) in coastal zones may entirely destroy some reef portions in single episodes;

ii. Second, the restitution of most of the above molecules at the air-water interface and
their incidence on biomineralization of many marine invertebrates and of their larvae,
and of coralline algae; In the 22nd century, seawater acidification may be as large as
0.5 pH units below the pH levels recorded in early 20th century. The extent of seawater
acidification due to a shift in bioavailability of HCO3

- concentration, if still debated
in 2012, may shortly become dramatic for the survival of calcifying invertebrates
(corals, mollusks, echinoderms, some sponges etc. and their larvae) and of coralline
algae.
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3.2. Societal changes: think globally, act locally

Socio-economic determinants are linked to the development of industries, commerce and
urbanism, their primary effects being direct, localized and traceable.

• industrial activities typically generate important volumes of polluting agents that dissipate
during the processing stages. Furthermore, residues are managed according to criteria of
productivity and cost-effectiveness i.e. with little concern about recycling alternatives, and
about speciation into toxicants that make their way from the discharge areas into waterways
and eventually into the sea. Ore excavation or grading of metal-rich top soil cause faunistic
and floristic deteriorations, i.e. loss of endemic wildlife, facilitate bioerosion, cause the
constant remodeling of river mouths with the finer particles and destroy almost life forms
with the accumulation of heavier deposits in basins. In the sea, bioaccumulation of organic
pollutants by primary consumers can expectedly reach very high concentrations in top
predators, e.g. lipid-bound chlorinated biphenyls. Heavy metals that leach out from anti
fouling formulations are accumulated by filter-feeding invertebrates, and take a heavy toll
on the reproductive success of many life forms found in intertidal and subtidal life forms
around harbor waters;

• intensive agriculture and farming generate various type of pollution, (i) enrichment by
fertilizers and farm animals disjecta, (ii) pesticides and systemic herbicides, (iii) veterinary
products, hormones that alter the quality of underground water reserves, while excess
runoff benefits undesirable primary production in coastal zones, e.g. “green tides” and
microalgal blooms;

• global commerce favors dissemination of alien species by shifting large amounts of ballast
water by container ships and cleaning of hulls;

• urban development in tropical zones eliminates mangrove forests and seagrass beds that
are important coastal component of fringing reefs. Shifting into the sea of very large volumes
of untreated sewerage generated on land causes eutrophication in coastal reef systems with
the introduction of novel microbial diseases.

3.3. Scientists should play a central role in biodiversity issues

At present, there are no reliable estimates of the rate at which coral reef biodiversity is going
to be affected by climate and anthropic forcings by year 2100. The various proxies used by
climatologists and reef ecologists predict two types of scenarios: (i) short term collapse of
tropical reef biodiversity as early as 2050 if current trends are not curbed, (ii) a good level of
resilience if present-day conditions are maintained as an absolute maximum, allowing
photosymbiotic systems to adapt gradually. By limiting direct interference (q.v. overfishing,
algal proliferation, alien species) that introduce phase-shifts in the complex and otherwise self-
regulated food chains, acclimatization of most common coral species can be made possible in
the face of climatic changes. The second alternative represents the only and narrow line of
action, knowing that it will not be realistic to completely stabilize CO2 emissions to safe levels,
i.e. natural quenching capacity of excess by phytoplankton.
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In 2012, scientific expertise is mostly directed to the discovery and documentation of new
species in remote or in hitherto neglected regions, or to report the loss of biodiversity in areas
impacted by human activities. Consulting is sought for the delineation of protected areas and
establishing quotas for fishing. Science-based management is necessary, in particular in
regions suffering from direct and rapidly growing human influence [7]. Particularly at risk are
young developing nations and small islands that are placed under tremendous pressure from
major industrial countries to exploit and export their natural resources – a socio-political
scenario that tends to divide local populations and sometimes accelerate environmental issues.
Thus, care must be taken of the “growth crises” of these culturally fragile ethnic groups
undergoing these economic pressures, and a premium should be placed on the management
of their natural patrimony, in which their culture is firmly rooted.

What comes out most often in recent discussion groups is: (i) that new monitoring tools, new
environmental technologies and new models must be developed within a consensus mode
between interested parties (ii) scientific expertise and field experience must be federated into
autonomous consortia, (iii) implementation stages must follow a rigorously coordinated and
step-wise approach. The present feeling is that scientific expertise is only marginally called
upon and often misquoted in the decision-making of matters of economic development and
urbanization in developing countries. By following the above recommendations, habilitation
of the scientist as an advisor or as a mediator playing a crucial role in decision-making will be
greatly facilitating the social dialogue on ecological matters.

4. State-of-the-art: New concepts, novel approaches, cutting-edge
technology etc...

How to find a suitable management compromise between climate and human forcings without
altering the economy and the social development of developing nations? This is everybody’s
concern: entrepreneurs, merchants, economists, businessmen, politicians, educators, end-
users and consumers and of course, scientists.

From the scientist’s point of view, each identifiable environmental issue has its specific set of
solutions, and should be treated with the same care as an outpatient’s condition is in a hospital.
The physician makes a global assessment and recommends that a series of analyses be made
by specialists before he confirms his diagnosis and prescribes an adapted treatment. In most
cases, the patient will recover successfully – sometimes he has to be hospitalized for some time,
and on rare occasions he may not leave the hospital alive.

After an overall check-up in which the probable stressor(s) is (are) identified, the environ‐
mental investigator will hand the case over to specialists who will each carry out a set of
biochemical, molecular, microbiological and imaging tests on specific model organisms, on
their tissues, cells, body fluids and associated microbes. Once the diagnosis is confirmed, a
preliminary report is made that may contain special recommendations, followed by regular
visits to evaluate the resilience of the system and the potential for the recovery of its lost
biodiversity.
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To be able to adapt this medical approach to an ailing ecosystem, the environmentalist needs
to find representative biological study models (i.e. sentinel species that are sensitive to the
stressors, but not to the point of immediate eradication at the onset of a mild exposure). He
also needs to study characteristic and observable symptoms, their evolution and their succes‐
sion. Early markers of an organism exposed to a stressor can be detected using functional
genomics with suitable molecular tools, and the evolution of the responses can be followed
thenceforth. For instance, an organism undergoing abiotic stress is usually more prone to
microbial infection than a conspecific control organism, calling for physiological and bacter‐
iological / fungal / viral / parasitic analyses. Unfortunately, very few field investigators are in
a position to use these tools routinely, let alone in association - especially molecular tools that
have been adapted from the medical world to specific biological models, and only for research.

4.1. Shifting from a consumer-minded to a conservation-minded attitude

Coral reef organisms tend to live in close association in order to gain optimal access to essential
resources such as hard substratum, access to light, appropriate food etc., the co-occurrence of
which is limited in shallow tropical waters [8], which are naturally efficient at nutrient cycling
(oligotrophic regime). These constraints are reflected in the highly sophisticated communal
assemblages formed by coralline and fleshy algae, invertebrates, vertebrates, protists etc.
which communicate essentially via surface-to-surface or distant interactions of immunological
and/or chemical nature. All forms of associations are encountered, ranging from obligate
parasitism to symbiosis via commensalism, from prey hunting to filter feeding via surface
browsing, etc.

The scientific literature on coral reef biology has traditionally emphasized on competitive
aspects between members sharing a same habitat, especially in connection with secondary
metabolites emitted by sessile or sedentary invertebrates and having allelopathic or growth
inhibiting activities [8,9]. Only recently have the cooperative and functional aspects of
interspecies and cross - phyletic communication been explored - stepping from a more
“medical” attitude (i.e. pharmacologically-oriented) to a more “ecological” one (i.e. conserva‐
tion-oriented). Discoveries such as bacterial inter - communication via quorum-sensing
signals, biofilm studies, and of course the progresses made in genomics have greatly contrib‐
uted to this attitude change (e.g. the coral probiotic hypothesis of Reshef et al. [10].

In the eighties, the term biodiversity was publicized by [11] to account for the need to evaluate
and to manage biological resources in endangered habitats. It gained immediate recognition
as a key concept in life sciences, and public adoption followed relayed by media channels, e.g.
“citizen science” in which data collection by non-scientists was encouraged to feed statistics
on endangered species, as well as public initiation to scientific issues [12]. Ecosystem services
and human well-being oriented approaches in general, while often assimilated to biodiversity-
conservation strategies, may not ultimately pursue the same goals, calling for trade-offs in
difficult issues [13].

The biodiversity concept certainly helped in the funding of sampling expeditions in diversity
hotspots, another term useful to conservationists and to taxonomists. The Tree of Life (http://
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tolweb.org/tree/) is a collaborative web project in which over 10,000 web pages provide
information about extant groups of organisms and their evolutionary history.

Rapid progress in molecular science, and genomics in particular, has made it theoretically
possible to retrieve useful information from crude environmental samples, i.e. doing away
with cultivation restrictions and going beyond conventional taxonomy based on morpholog‐
ical traits. However, metagenomic characterization of marine microorganisms from the
plankton, from biofilms or associated with macrobiota and their exsudates, generates phe‐
nomenal volumes of data from which crucial information extraction is a difficult and costly
task for biocomputing specialists. Advocated by some as a new paradigm for biodiversity
studies [14], “data-intensive science” taking a naïve (data-driven, i.e. non-theory-based)
approach looks for truly novel and surprising patterns that are “born from the data”. But
because of meta-data sorting problems and costs, and since environmental problems cannot
wait for new hypotheses to emerge, others think that “knowledge-based science” can at least
confront existing hypotheses against the meta-data background and guide investigators into
detecting novel information [15].

4.2. The holobiont as an evolutionary concept, the extended holobiont as a conservation
concept

Closer to hands-on science, genomists have coined a very useful concept, originaly to account
for the functional dynamics associated with bioconstructing organisms such as coral, sponges,
or coralline algae in tropical marine ecosystems: that of the holobiont, an entity that includes
the host (basibiont) and its microbial associates (microbionts) – the hologenome being the sum
total of the associated genomes [16]. Photosymbiotic systems may function of both autotrophic
and heterotrophic modes with the assistance of, respectively, symbiotic microalgae or cyano‐
bacteria during the day, and element-recycling bacteria inside bacteriocytes or associated with
the mucus, tissues or skeletal cavities followed by directed uptake at night. This dual mode of
operation is conferring an adaptive advantage to short-term disturbances [17].

The hologenome theory was later generalized to terrestrial eukaryotic-prokaryotic systems,
including man and its microflora [18], in order to account for the coevolutionay and cross-
kingdom aspects of symbiosis [19].

Finally, the holobiont is also a practical concept insofar as it can be conveniently transposed
from its natural sites to a microcosm or mesocosm aquarium setup, in order to evaluate stress
impacts on both the host and its associated microbiota.

The concept of extended holobiont is proposed here, as the urge is now felt to develop practical
tools to directly address biodiversity issues. In their definition of the coral holobiont, [20]
include cryptic associates that are structurally associated with the host (fungi, encrusting
sponges and algae, protists). In order to maintain some evolutionary coherence between the
holobiont sensu stricto and the hologenome concepts of Rosenberg, we may include the dozens
of specialized and mobile life forms that live in trophic or parasitic or commensal relationship
with the host (e.g. little crabs, shrimps, echinoderms, ascidians, polychaete worms, shelled or
naked mollusks, planarians, fish, crustose algae, fungi, foraminifera, etc.) into a wider concept
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To be able to adapt this medical approach to an ailing ecosystem, the environmentalist needs
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stressors, but not to the point of immediate eradication at the onset of a mild exposure). He
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as a key concept in life sciences, and public adoption followed relayed by media channels, e.g.
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and human well-being oriented approaches in general, while often assimilated to biodiversity-
conservation strategies, may not ultimately pursue the same goals, calling for trade-offs in
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hotspots, another term useful to conservationists and to taxonomists. The Tree of Life (http://

Topics in Oceanography134

tolweb.org/tree/) is a collaborative web project in which over 10,000 web pages provide
information about extant groups of organisms and their evolutionary history.

Rapid progress in molecular science, and genomics in particular, has made it theoretically
possible to retrieve useful information from crude environmental samples, i.e. doing away
with cultivation restrictions and going beyond conventional taxonomy based on morpholog‐
ical traits. However, metagenomic characterization of marine microorganisms from the
plankton, from biofilms or associated with macrobiota and their exsudates, generates phe‐
nomenal volumes of data from which crucial information extraction is a difficult and costly
task for biocomputing specialists. Advocated by some as a new paradigm for biodiversity
studies [14], “data-intensive science” taking a naïve (data-driven, i.e. non-theory-based)
approach looks for truly novel and surprising patterns that are “born from the data”. But
because of meta-data sorting problems and costs, and since environmental problems cannot
wait for new hypotheses to emerge, others think that “knowledge-based science” can at least
confront existing hypotheses against the meta-data background and guide investigators into
detecting novel information [15].

4.2. The holobiont as an evolutionary concept, the extended holobiont as a conservation
concept

Closer to hands-on science, genomists have coined a very useful concept, originaly to account
for the functional dynamics associated with bioconstructing organisms such as coral, sponges,
or coralline algae in tropical marine ecosystems: that of the holobiont, an entity that includes
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bacteria during the day, and element-recycling bacteria inside bacteriocytes or associated with
the mucus, tissues or skeletal cavities followed by directed uptake at night. This dual mode of
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The hologenome theory was later generalized to terrestrial eukaryotic-prokaryotic systems,
including man and its microflora [18], in order to account for the coevolutionay and cross-
kingdom aspects of symbiosis [19].

Finally, the holobiont is also a practical concept insofar as it can be conveniently transposed
from its natural sites to a microcosm or mesocosm aquarium setup, in order to evaluate stress
impacts on both the host and its associated microbiota.

The concept of extended holobiont is proposed here, as the urge is now felt to develop practical
tools to directly address biodiversity issues. In their definition of the coral holobiont, [20]
include cryptic associates that are structurally associated with the host (fungi, encrusting
sponges and algae, protists). In order to maintain some evolutionary coherence between the
holobiont sensu stricto and the hologenome concepts of Rosenberg, we may include the dozens
of specialized and mobile life forms that live in trophic or parasitic or commensal relationship
with the host (e.g. little crabs, shrimps, echinoderms, ascidians, polychaete worms, shelled or
naked mollusks, planarians, fish, crustose algae, fungi, foraminifera, etc.) into a wider concept
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which may account for the host- dependant biodiversity. We propose to refer to it as the
extended holobiont.

4.3. The “omics” or high-dimensional biology revolution

“Omics” technologies are primarily aimed at the universal detection of genes (genomics),
mRNA (transcriptomics), proteins (proteomics) and metabolites (metabolomics) in a specific
biological sample [21]. Omics can be used in a wide variety of applications, ranging from
biomedical to environmental, from biotechnological to ethical, from single-cell to ecosystem-
wide, from systems biology to phylogeny. In short, “omics” technologies adopt a holistic view
of the molecules that make up a cell, tissue or organism. This integrative approach, together
with the “extended holobiont” as a functionally comprehensive biological model, provides a
useful conceptual framework when dealing with complex environmental issues.

Transcriptomics - Perhaps the single most informative approach to studying the fitness of a test
organism being subjected to an environmental stress is transcriptomics. In essence, the aim is

Figure 2. (right) A - Representation of the coral holobiont sensu stricto i.e. basically a functional 3-way photosymbiotic
system with (i) the sedentary or sessile basibiont (center) and its mucosphere (pale grey halo) with (ii) its photosymbi‐
otic associates and (iii) prokaryotic microbiome; (left) B - The extended holobiont, which may include (iv) endolithic
associates (fungi, encrusting sponges and algae, protists) and (v) biodiversity that lives in association with the coral
and may be critically affected by the loss of the host
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(i) to catalogue all species of gene transcripts, including mRNAs, non-coding RNAs and small
RNAs (non-coding bacterial RNAs), (ii) to determine the transcriptional structure of genes in
terms of their start sites, 5’ or 3’ ends, splicing patterns and other post-transcriptional modifi‐
cations, and (iii) to quantify the changing expression levels of each transcript during devel‐
opment and under different conditions [22]. The set of coding transcripts from activated genes
will encode proteins as products of the ribosomal assembly line. Initially, complementary DNA
(cDNA) copies are created from the mRNA templates, from which two analytical techniques
have been developed: (i) hybridization-based and (ii) sequence-based. In hybridization
transcriptomics, DNA microarrays composed of collections of a collection of microscopic DNA
probes are used to hybridize cDNA targets - here a gene is activated when a spot is highlighted
with a visual label, allowing quantification as well as characterization. Yet, the method relies
on existing knowledge about the genome sequence. Modern sequence-based methods (RNA-
seq) determine cDNA sequences directly, the latter (30-400 bp.) being attached terminally to
adaptors. Each short sequence is aligned with the reference genome or transcriptome and
classifies as exon read, junction reads and poly(A) end reads, from which a base-resolution
expression profile is generated. A critical comparison between the different transcriptomic
techniques is proposed in [22], with an emphasis on RNA-seq.

Figure 3. Relationships between the components of the coral holobiont system (developed from [20], with the addi‐
tion of cryptic organisms and of associates (the extended holobiont)
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terms of their start sites, 5’ or 3’ ends, splicing patterns and other post-transcriptional modifi‐
cations, and (iii) to quantify the changing expression levels of each transcript during devel‐
opment and under different conditions [22]. The set of coding transcripts from activated genes
will encode proteins as products of the ribosomal assembly line. Initially, complementary DNA
(cDNA) copies are created from the mRNA templates, from which two analytical techniques
have been developed: (i) hybridization-based and (ii) sequence-based. In hybridization
transcriptomics, DNA microarrays composed of collections of a collection of microscopic DNA
probes are used to hybridize cDNA targets - here a gene is activated when a spot is highlighted
with a visual label, allowing quantification as well as characterization. Yet, the method relies
on existing knowledge about the genome sequence. Modern sequence-based methods (RNA-
seq) determine cDNA sequences directly, the latter (30-400 bp.) being attached terminally to
adaptors. Each short sequence is aligned with the reference genome or transcriptome and
classifies as exon read, junction reads and poly(A) end reads, from which a base-resolution
expression profile is generated. A critical comparison between the different transcriptomic
techniques is proposed in [22], with an emphasis on RNA-seq.
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Figure 4. The extended holobiont of a scleractinian sentinel system under contrasting conditions: (1) top: under opti‐
mal conditions, the fit colony produces a fluid mucus which hosts a well-diversified and functional microbial flora; the
polyps are colourful thanks to a dense population of symbiotic zooxanthellae that colonize the endodermal layer and
provide the substantial autrotrophic part of the energy budget of the holobiont. Eukaryotic associates are numerous,
engaging into a network of interactions centered on the host. (2) Bottom: under lasting stress, e.g. sea water tempera‐
ture above 32°C, the colony may produce a thicker mucus, in which a growing population of pathogenic bacteria
tends to displace less competitive strains. Zooxanthellae leave the polyp tissues as a result of loss of immune recogni‐
tion, and no longer provide photosynthates to the holobiont system which survives on heterotrophic/direct diffusion
regime. Rate of associate biodiversity loss depends on the type of relationship with the host, from obligate to occa‐
sional
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Figure 5. The total transcriptome of a holobiont system (1) top: the total set of bacterial transcripts from a population
of n cells (2)bottom: the total set of eukaryotic transcripts from a population of m cells. Separating the coding RNAs
from the non coding ones is made on the basis of the presence or absence of a poly-adenosine monophosphate tail,
but only the final mRNAs are usually selected in transcriptome analyses

Stress reactions have been studied on of components of the coral holobiont. In [23] De Salvo
and collaborators performed a medium-scale micro transcriptomics experiment on the
Carribean coral Montastrea flaveolata undergoing thermal stress and bleaching vs. unexposed
conspecifics. Their complementary microarray experiment containing 1310 genes revealed that
thermal stress and bleaching in this species affected the following processes: oxidative stress,
Ca2+ homeostasis, cytoskeletal organization, cell death, calcification, metabolisms, protein
synthesis, heat-shock protein activity and transposon activity. A dedicated transcriptome
database was recently produced on Pocillopora damicornis, a ubiquitous and environmentally
sensitive scleractinian [24], [http://cnidarians.bu.edu/PocilloporaBase]

Proteomics - Physical or chemical stress (i) inactivates or down-regulates many genes, including
many housekeeping genes, (ii) while up-regulating stress genes that perform orchestrated
induction of key proteins necessary for cellular protein repair. Stress expressions of organisms,
or comparative analysis of ecotypes of a species naturally found in contrasting environments,
can highlight the production of stress-related enzymes, such as heat-shock proteins. Heat stress
does denaturate proteins, causing weakening of polar bonds, unfolding and exposure of core
hydrophobic groups. Beyond the cell's tolerance, heat stress will cause its death. Thus the
cellular stress response (heat-shock response) protects organisms from damage resulting from
critical fluctuations of e.g. heat, UV light, trace metals, and xenobiotics. Stress genes are
activated to rapidly synthesize stress proteins, a universal and highly conserved response
(from bacteria to humans in which similar roles are played).
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or comparative analysis of ecotypes of a species naturally found in contrasting environments,
can highlight the production of stress-related enzymes, such as heat-shock proteins. Heat stress
does denaturate proteins, causing weakening of polar bonds, unfolding and exposure of core
hydrophobic groups. Beyond the cell's tolerance, heat stress will cause its death. Thus the
cellular stress response (heat-shock response) protects organisms from damage resulting from
critical fluctuations of e.g. heat, UV light, trace metals, and xenobiotics. Stress genes are
activated to rapidly synthesize stress proteins, a universal and highly conserved response
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Indeed, candidate genes that are directly implicated (e.g. corals’ response to stress) or func‐
tionally interconnected (e.g. to genes related to immunity) with cnidarians-dinoflagellate
symbiosis point out the major role of key proteins [25], and their fast-evolving adaptation in
the face of environmental challenges. Oxidative stress in zooxanthellae produces reactive
oxygen species (ROS) with hydrogen peroxide diffusion into the host cell which activates a
cellular cascade resulting into the photosymbiont expulsion and polyp bleaching. It may be
that recognition of a suitable zooxanthellae clade by the coral host is a selective process during
which other strains are actively expelled through immunity and apoptosis [26], the photo‐
symbiont being more susceptible than the host to e.g. elevated temperatures and possibly UV
levels [27]. Massive and laminar species are supposedly more resistant to environmental
fluctuations than shorter-lived branched or encrusting species. Investigators in [28] showed
that laminar corals (using Turbinaria reniformis) undergo transient Hsp60 heat-shock protein
induction under either light or thermal overexposure, and prolonged induction of Hsp60 if
the two treatments were combined – whereas branched Stylophora pistillata were relatively
unresponsive, highlitghting differences in potential for resilience between different growth
forms and nutritional regime.

Metabolomics - Notwithstanding their dedicated specialist predators and parasites, scleracti‐
nian corals in general are poor producers of secondary (i.e. defence) metabolites since they
enjoy protection from a biomineralized skeleton into which polyps can retract – a situation
quite different to that of soft corals (alcyonarians) which produce a whole range of cyclized
terpenoids against predators, for space occupation and larval protection. However, the
presence of several classes of compounds, naturally produced or stress-elicited, has been
described for massive coral species (e.g. Porites and Montipora), and in a number of branched
forms. In the former, thermal stress followed by pathogen-associated molecular patterns
(PAMPS) triggered defensive responses againt alien threat as well as protective responses, e.g.
phenoloxidase activity (production of melanin pigment [29], antibacterial activity, peroxidase
and ROS scavenging (oxidative stress) and fluorescent protein [30]. Branched forms are
regarded as more sensitive to thermal stress than massive forms, and produce natural
antibiotics. Ectodermal cell of Pocillopora damicornis release damicornin, a 40-(residue antimi‐
crobial peptide) in response to non-pathogenic challenges, but its expression is repressed by
pathogen V. corallilyticus [31]. Various Pseudoalteromonas strains are known to produced
antibiotics, e.g. diketopiperazines, that help them control the bacterial profile sharing the same
host-associated resources [32], especially during changes in bacteriome profiling [33]. Mucus-
associated Pseudoalteromonas spp. are generally considered efficient at protecting the coral
holobiont’s defense against potential Gram-positive pathogens [34], and are already known to
participate in the antibiotic defense of green algae, against surface fouling organisms [35] and
fungal epiphytes [36]. Each of these molecules is a potential chemomarker of stress.

Genomics - Marine eukaryotes span 35 phyla, 14 of which are exclusively marine. Genomics is
useful in complementing taxonomy beyond classical morphological keys, in exploring
evolutionary traits and similarities of small are large taxa, and in investigating the therapeutic
potential of target taxa. Furthermore, molecular barcoding allows accurate assessments of
environmental samples (especially protists an prokaryotes) – a very useful tool in estimating
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biodiversity. Corals genomes include 23677 genes (fewer than human genome with 36036 but
also than paramecium genome with 39581 genes). The genomes of several common species of
scleractinian corals have been characterized at least partially. Acropora millepora [37], Acropora
digitifera [38, 39], genomes have revealed a more complex than hitherto suspected complexity,
especially regarding calcification and innate immune repertoire, though scleractinians seems
to have lost the ability to carry out de novo synthesis of photoprotective mycosporin-like amino
acids (MAA) family of compounds. Innate immune responses provide valuable information
as predictors of thermal stress susceptibility and disease. A recent paper by [40] usefully
reviews key features in coral immunology (recognition, signalling pathways and effector
responses) in the general context of invertebrate immunology. Gene expression markers have
been recently developed to monitor early responses to acute heat-light stress in Porites species,
on the basis of differential expression of Hsp16 and actin genes [41]. Genes involved in the
immune response against bacterial pathogens present clear differences in their expression
patterns between Vibrio corallilyticus – exposed Pocillopora damicornis vs. unexposed control
conspecifics [42]. Such predictors of stress responses can prove very useful if integrated in
monitoring tools.

A comprehensive expressed sequence tags (EST) transcriptomics dataset on the symbiotic
zooxanthellae has recently indicated some unique regulatory characteristics not found in free
dinoflagellates – once completed and annotated, the complete Symbiodinium genome will
represent a considerable asset in interpreting the coordinated responses of the coral holobiont
under stress [43], beyond completely elucidating the molecular bases of the host-photosym‐
biont association. A recent worldwide survey spanning 20 years of data on coral-Symbiodini‐
um photosystems revealed that the transmission mode correlates positively with
photosymbiont specificity, not with coral specificity [44]. The authors found fewer generalist
species than specialist species. The former group include the common Pocilloporid scleracti‐
nians and several Acroporids that can accommodate more than one zooxanthellae clade, and
are more environment-sensitive than e.g. common massive corals which may be more resilient
to contemporary stressors, especially those genera that are vertical transmitters such as Porites
and Montipora. These findings point out the necessity to select one sentinel species of each
group (branched vs. massive) in order to obtain a less biased assessment of the health status
and of the resilience potential of a given reef locality under stress.

The third major functional component of the coral holobiont is the bacterial and archaeal
microbiome, also susceptible to large composition shifts during e.g. heat stress [45], as revealed
by metagenomic studies. Bacterial consortia are described as host-specific, each profile having
its specific and its generalist strains, the relative composition of which being affected by
environmental conditions.

Ideally, holobiont-wide analysis will benefit from the combined knowledge of the molecular
biology of coral, zooxanthellae and prokaryotes that are necessary to define a fully functional
system used as a control. The fitness descriptors will need to take into account (i) geographic
variations, e.g. chemotypes for widely dispersed taxa), as well as (ii) short natural environ‐
mental fluctuations that fall into the natural physiological tolerance of a given population.
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the face of environmental challenges. Oxidative stress in zooxanthellae produces reactive
oxygen species (ROS) with hydrogen peroxide diffusion into the host cell which activates a
cellular cascade resulting into the photosymbiont expulsion and polyp bleaching. It may be
that recognition of a suitable zooxanthellae clade by the coral host is a selective process during
which other strains are actively expelled through immunity and apoptosis [26], the photo‐
symbiont being more susceptible than the host to e.g. elevated temperatures and possibly UV
levels [27]. Massive and laminar species are supposedly more resistant to environmental
fluctuations than shorter-lived branched or encrusting species. Investigators in [28] showed
that laminar corals (using Turbinaria reniformis) undergo transient Hsp60 heat-shock protein
induction under either light or thermal overexposure, and prolonged induction of Hsp60 if
the two treatments were combined – whereas branched Stylophora pistillata were relatively
unresponsive, highlitghting differences in potential for resilience between different growth
forms and nutritional regime.

Metabolomics - Notwithstanding their dedicated specialist predators and parasites, scleracti‐
nian corals in general are poor producers of secondary (i.e. defence) metabolites since they
enjoy protection from a biomineralized skeleton into which polyps can retract – a situation
quite different to that of soft corals (alcyonarians) which produce a whole range of cyclized
terpenoids against predators, for space occupation and larval protection. However, the
presence of several classes of compounds, naturally produced or stress-elicited, has been
described for massive coral species (e.g. Porites and Montipora), and in a number of branched
forms. In the former, thermal stress followed by pathogen-associated molecular patterns
(PAMPS) triggered defensive responses againt alien threat as well as protective responses, e.g.
phenoloxidase activity (production of melanin pigment [29], antibacterial activity, peroxidase
and ROS scavenging (oxidative stress) and fluorescent protein [30]. Branched forms are
regarded as more sensitive to thermal stress than massive forms, and produce natural
antibiotics. Ectodermal cell of Pocillopora damicornis release damicornin, a 40-(residue antimi‐
crobial peptide) in response to non-pathogenic challenges, but its expression is repressed by
pathogen V. corallilyticus [31]. Various Pseudoalteromonas strains are known to produced
antibiotics, e.g. diketopiperazines, that help them control the bacterial profile sharing the same
host-associated resources [32], especially during changes in bacteriome profiling [33]. Mucus-
associated Pseudoalteromonas spp. are generally considered efficient at protecting the coral
holobiont’s defense against potential Gram-positive pathogens [34], and are already known to
participate in the antibiotic defense of green algae, against surface fouling organisms [35] and
fungal epiphytes [36]. Each of these molecules is a potential chemomarker of stress.

Genomics - Marine eukaryotes span 35 phyla, 14 of which are exclusively marine. Genomics is
useful in complementing taxonomy beyond classical morphological keys, in exploring
evolutionary traits and similarities of small are large taxa, and in investigating the therapeutic
potential of target taxa. Furthermore, molecular barcoding allows accurate assessments of
environmental samples (especially protists an prokaryotes) – a very useful tool in estimating
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biodiversity. Corals genomes include 23677 genes (fewer than human genome with 36036 but
also than paramecium genome with 39581 genes). The genomes of several common species of
scleractinian corals have been characterized at least partially. Acropora millepora [37], Acropora
digitifera [38, 39], genomes have revealed a more complex than hitherto suspected complexity,
especially regarding calcification and innate immune repertoire, though scleractinians seems
to have lost the ability to carry out de novo synthesis of photoprotective mycosporin-like amino
acids (MAA) family of compounds. Innate immune responses provide valuable information
as predictors of thermal stress susceptibility and disease. A recent paper by [40] usefully
reviews key features in coral immunology (recognition, signalling pathways and effector
responses) in the general context of invertebrate immunology. Gene expression markers have
been recently developed to monitor early responses to acute heat-light stress in Porites species,
on the basis of differential expression of Hsp16 and actin genes [41]. Genes involved in the
immune response against bacterial pathogens present clear differences in their expression
patterns between Vibrio corallilyticus – exposed Pocillopora damicornis vs. unexposed control
conspecifics [42]. Such predictors of stress responses can prove very useful if integrated in
monitoring tools.

A comprehensive expressed sequence tags (EST) transcriptomics dataset on the symbiotic
zooxanthellae has recently indicated some unique regulatory characteristics not found in free
dinoflagellates – once completed and annotated, the complete Symbiodinium genome will
represent a considerable asset in interpreting the coordinated responses of the coral holobiont
under stress [43], beyond completely elucidating the molecular bases of the host-photosym‐
biont association. A recent worldwide survey spanning 20 years of data on coral-Symbiodini‐
um photosystems revealed that the transmission mode correlates positively with
photosymbiont specificity, not with coral specificity [44]. The authors found fewer generalist
species than specialist species. The former group include the common Pocilloporid scleracti‐
nians and several Acroporids that can accommodate more than one zooxanthellae clade, and
are more environment-sensitive than e.g. common massive corals which may be more resilient
to contemporary stressors, especially those genera that are vertical transmitters such as Porites
and Montipora. These findings point out the necessity to select one sentinel species of each
group (branched vs. massive) in order to obtain a less biased assessment of the health status
and of the resilience potential of a given reef locality under stress.

The third major functional component of the coral holobiont is the bacterial and archaeal
microbiome, also susceptible to large composition shifts during e.g. heat stress [45], as revealed
by metagenomic studies. Bacterial consortia are described as host-specific, each profile having
its specific and its generalist strains, the relative composition of which being affected by
environmental conditions.

Ideally, holobiont-wide analysis will benefit from the combined knowledge of the molecular
biology of coral, zooxanthellae and prokaryotes that are necessary to define a fully functional
system used as a control. The fitness descriptors will need to take into account (i) geographic
variations, e.g. chemotypes for widely dispersed taxa), as well as (ii) short natural environ‐
mental fluctuations that fall into the natural physiological tolerance of a given population.
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The introduction of a stressor (significant in intensity and/or duration) will allow investigators
to model the precise interactions of molecular events that affect the three components of this
holobiont, and place the physiological responses of the different parties into a system-wide
sequence, from early responses to total collapse. Using a holistic and clinical-like approach
[46], issue - specific network models can be created by confronting data collected on “stressed”
holobionts against homeostatically regulated “no-stress” conspecific controls.

4.4. Merging “omics” with imaging and physiological / ecotoxicological approaches

Creating a multi-approach and comprehensive tool to evaluate the health status of corals under
climatic or direct anthropic threat provides a more robust assessment than when using a single
analytical method. The omics revolution is coming of age, and large scale data collection
(metadata) are more easily tractable using modern bioinformatics algorithms (next generation
sequencing) than before. The number of research papers dealing with molecular aspects of
photosymbiosis in corals, with stress responses leading to the host-symbiont rupture, with the
detection of early markers of stress (before actual symptoms are physiologically or visually
expressed), with the resilience potential of massive vs. branched growth forms, with innate
immunity, with the onset and development of bacterial pathogenicity following stress, has
increased tremendously within the last few years. Each paper brings its unique and useful
light into one of the most fascinating biological phenomenon. As of today, however, scientists
are little more than spectators of a dramatic acceleration of the destructive impacts of civili‐
zation on the most fragile of all marine ecosystems. Politicians and the media are only
implementing or relaying preventive anti-pollution policies, and what high-tech research has
to offer to monitor what is actually occurring goes well beyond the understanding of the
layman.

What is proposed here is to select the most informative analytical strategy as the core compo‐
nent, molecular biology (omics) being the choice alternative to detect early stress responses,
and to complement it with physiological measures that are privileged for evidencing (i)
adaptability and (ii) loss of function. Physiological monitoring is important in comparing the
tolerance range of corals various growth forms, to short lived or limited stress exposure that
do not cause changes in the composition of zooxanthellae [47], and allow for gradual accli‐
mation. This laboratory experiment on Acropora millepora, a favourite model, may explain why
in some localized coral populations, holobionts were capable of resisting temperatures well
above the known tolerance limit for the species. Whatever the analytical method used for
physiological measurements on the coral host or on its photosymbionts, the instrumentation
must be adapted and the measurements repeatable in order to have strong and scalable metrics
both in measuring the level and duration of the stressor, and the responses on behalf of the
holobiont component under investigation. Respiration and photosynthesis, oxygen produc‐
tion, calcification rates, mucus rheology, pigmentation etc. can be very useful as complemen‐
tary analyses along with omics.

Imaging tools have a greater impact to non-scientists, and their can offer excellent visual
“proof” of an ongoing stress response, in the field (e.g. time-lapse photography of entire
holobiont), or inside the component under examination. For example high-resolution imaging
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mass spectrometry or NanoSIMS can make isotope tracing at single cell level. When linked to
molecular visualization methods, such as in situ hybridization and antibody labeling, these
techniques enable in situ function to be linked to microbial identity and gene expression [48].
Fluorescent pigments, e.g. multi-use pocilloporins, that have a photoprotective and antioxi‐
dant roles as well as helping dissipate excess light energy [49] can be detected by classical UV-
VIS spectrometry. In fact green fluorescent protein-like (GFP-like) coral fluorescent pigments
are routinely used as biomarkers in medicine and can be used to detect coral growth and tissue
proliferation, as well as monitoring reactive oxygen species scavenging during stress. Hyper‐
spectral pigment imaging in combination with oxygen profiling provide useful information
on competitive interactions between benthic reef organisms, and demonstrate that some turf
and fleshy macroalgae can be a constant source of stress for corals, while crustose coralline
algae are not [50].

In combination, -omics, physiological/ecotoxicological and imaging tools provide a potentially
formidable combination for measuring stress responses in coral holobionts and their separate
components.

5. What modern technologies can do for the environment

Ideally, we need a multi approach diagnosis tool focused on the sentinel species undergoing
stress, on the profile of its microbial associates, and to be able to estimate the loss of the epibiotic
and encrusting macrofauna and flora which lives in association with the living host, i.e. the
evolution of the overall biodiversity from the earliest stress symptoms detectable on the host,
to its death.

The basic requirements for a diagnostic tool are:

• to consider different components of the holobiont model (i.e. host, photosymbionts and
microbiota) and then integrate the results of the different analyses into a single compre‐
hensive “holistic” diagnosis;

• for each analysis and each approach (molecular, microscopic, ecotoxicologic), to be able to
define dose/exposure limits of the stressor that correspond to threshold responses along a
continuum such as: normal tolerance/acclimation/resilience/no-return/rapid death;

• to propose corrective measures wherever some critical point is reached in one of the above
limits.

The basic requirements for a biodiversity-assessment tool are:

• to list the algal and animal species that are usually associated with the sentinel holobiont;

• to categorize each species with respect to its location within the holobiont system (encrust‐
ing, epibiotic, mucus-bound, free-living) and to its degree of dependence to the host for each
type (predator, commensal, parasite, symbiont).
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to offer to monitor what is actually occurring goes well beyond the understanding of the
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nent, molecular biology (omics) being the choice alternative to detect early stress responses,
and to complement it with physiological measures that are privileged for evidencing (i)
adaptability and (ii) loss of function. Physiological monitoring is important in comparing the
tolerance range of corals various growth forms, to short lived or limited stress exposure that
do not cause changes in the composition of zooxanthellae [47], and allow for gradual accli‐
mation. This laboratory experiment on Acropora millepora, a favourite model, may explain why
in some localized coral populations, holobionts were capable of resisting temperatures well
above the known tolerance limit for the species. Whatever the analytical method used for
physiological measurements on the coral host or on its photosymbionts, the instrumentation
must be adapted and the measurements repeatable in order to have strong and scalable metrics
both in measuring the level and duration of the stressor, and the responses on behalf of the
holobiont component under investigation. Respiration and photosynthesis, oxygen produc‐
tion, calcification rates, mucus rheology, pigmentation etc. can be very useful as complemen‐
tary analyses along with omics.

Imaging tools have a greater impact to non-scientists, and their can offer excellent visual
“proof” of an ongoing stress response, in the field (e.g. time-lapse photography of entire
holobiont), or inside the component under examination. For example high-resolution imaging
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mass spectrometry or NanoSIMS can make isotope tracing at single cell level. When linked to
molecular visualization methods, such as in situ hybridization and antibody labeling, these
techniques enable in situ function to be linked to microbial identity and gene expression [48].
Fluorescent pigments, e.g. multi-use pocilloporins, that have a photoprotective and antioxi‐
dant roles as well as helping dissipate excess light energy [49] can be detected by classical UV-
VIS spectrometry. In fact green fluorescent protein-like (GFP-like) coral fluorescent pigments
are routinely used as biomarkers in medicine and can be used to detect coral growth and tissue
proliferation, as well as monitoring reactive oxygen species scavenging during stress. Hyper‐
spectral pigment imaging in combination with oxygen profiling provide useful information
on competitive interactions between benthic reef organisms, and demonstrate that some turf
and fleshy macroalgae can be a constant source of stress for corals, while crustose coralline
algae are not [50].

In combination, -omics, physiological/ecotoxicological and imaging tools provide a potentially
formidable combination for measuring stress responses in coral holobionts and their separate
components.

5. What modern technologies can do for the environment

Ideally, we need a multi approach diagnosis tool focused on the sentinel species undergoing
stress, on the profile of its microbial associates, and to be able to estimate the loss of the epibiotic
and encrusting macrofauna and flora which lives in association with the living host, i.e. the
evolution of the overall biodiversity from the earliest stress symptoms detectable on the host,
to its death.

The basic requirements for a diagnostic tool are:

• to consider different components of the holobiont model (i.e. host, photosymbionts and
microbiota) and then integrate the results of the different analyses into a single compre‐
hensive “holistic” diagnosis;

• for each analysis and each approach (molecular, microscopic, ecotoxicologic), to be able to
define dose/exposure limits of the stressor that correspond to threshold responses along a
continuum such as: normal tolerance/acclimation/resilience/no-return/rapid death;

• to propose corrective measures wherever some critical point is reached in one of the above
limits.

The basic requirements for a biodiversity-assessment tool are:

• to list the algal and animal species that are usually associated with the sentinel holobiont;

• to categorize each species with respect to its location within the holobiont system (encrust‐
ing, epibiotic, mucus-bound, free-living) and to its degree of dependence to the host for each
type (predator, commensal, parasite, symbiont).
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5.1. Measuring stress responses, diagnosing overall fitness and proposing corrective
measures

On the basis of the above requirements for a diagnostic tool, we propose an 8-step procedure
to achieve a compromise between experimental robustness and implementation simplicity.
The sequence is shown in Fig. 6, and each step is detailed in the text.

Figure 6. The 8-step logical sequence to create a customized tool (the INDICORAL procedure), each step being descri‐
bed in the text

STEP ONE (ISSUE) - Identification of the problem (in the field)

Each biodiversity issue is different, and the first task is to identify the source of the problem.
Abiotic stresses should not include first-degree biological interference due to competition,
predation or outbreaks of invasive or of alien opportunists, including benthic and pelagic
macro and microbiota. On the other hand, we shall consider the departures from “normal” or
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standard macro and microbiodiversity components resulting from the host species being
under abiotic stress, e.g. expulsion or “bail out” of photosymbionts and loss of useful bacterial
strains, or disappearance of vegetal and animal associates, which are at the very heart of the
biodiversity loss issue. Most common abiotic stressors include: thermal stress, dessication,
irradiation, hypo-hypersalinities, silting, heavy metal accumulation, organic compounds,
mechanical damage due to wave or wind action and to anchoring. Thus, abiotic stressors can
be climatic or pollution bound, chronic or accidental and have their effects combined. It may
be necessary to combine field and laboratory (aquarium) studies in which stressors can be
analyzed and modulated individually.

STEP TWO (METHODS) - The choice of the adequate holobiont (field)

The choice of a biological taxon may depend on the type of stressor. Corals and coralline algae
might be more suitable to evaluate thermal, ultra-violet and acidity stresses, whereas bioac‐
cumulators such as sponges or bivalve mollusks might be more suitable for silting and heavy
metal stresses. Furthermore, a good model is one which is sensitive enough to the stressor, at
the same time displaying a range of responses that can be calibrated usefully against different
concentrations / exposure times. Finally, the model host-species must be (i) representative of
the area under investigation, (ii) common enough for sampling at statistically significant scale
and (iii) amenable to aquarium studies.

STEP THREE (METHODS) - How to measure stress in a model holobiont system

Abiotic stress will affect all components of the holobiont diversely and in a network connection
manner, with gradual loss of function and accompanying morbidity symptoms. Stress studies
will therefore be dealing with the host organism, its photosymbionts, and also with its
associated microbiome. This will be achieved through a combination of cutting-edge and
classical approaches, e.g. (i) in aquario: transcriptomics on the basibiont, microscopy/cytometry
and molecular biology on the photosymbiont, (ii) in the field: bacterial and viral metagenomic
sampling on the associated microbiomes, and ecotoxicology/physiology on the holobiont.

In aquario studies will use a significant number of the selected sentinel species from undistur‐
bed environments, or cloned fragments of same where applicable.

STEP FOUR (DATABASE) - Making a robust set of control data for each analysis

The sentinel holobiont must be sampled in reputedly undisturbed areas, whatever the type of
analysis: physiological, metagenomic, taxonomic (associate biodiversity) etc. and natural
variations from a statistically significant number of replicates must be recorded.

When dealing with a photosystem holobiont, aquarium studies should consider the three
components separately: (i) the holobiont e.g. coral, sponge…, (ii) the photosymbionts, e.g.
zooxanthelae, cyanobacteria, (ii) the associated microbes e.g. mucus and tissue-bound bacteria.
In each case, a minimum of three (and up to five) independent analyses using different
analytical approaches must be undertaken, e.g. one or two –omics, one or two physiological
or ecotoxicological, one using imaging etc.
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5.1. Measuring stress responses, diagnosing overall fitness and proposing corrective
measures

On the basis of the above requirements for a diagnostic tool, we propose an 8-step procedure
to achieve a compromise between experimental robustness and implementation simplicity.
The sequence is shown in Fig. 6, and each step is detailed in the text.

Figure 6. The 8-step logical sequence to create a customized tool (the INDICORAL procedure), each step being descri‐
bed in the text
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Abiotic stresses should not include first-degree biological interference due to competition,
predation or outbreaks of invasive or of alien opportunists, including benthic and pelagic
macro and microbiota. On the other hand, we shall consider the departures from “normal” or
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mechanical damage due to wave or wind action and to anchoring. Thus, abiotic stressors can
be climatic or pollution bound, chronic or accidental and have their effects combined. It may
be necessary to combine field and laboratory (aquarium) studies in which stressors can be
analyzed and modulated individually.

STEP TWO (METHODS) - The choice of the adequate holobiont (field)

The choice of a biological taxon may depend on the type of stressor. Corals and coralline algae
might be more suitable to evaluate thermal, ultra-violet and acidity stresses, whereas bioac‐
cumulators such as sponges or bivalve mollusks might be more suitable for silting and heavy
metal stresses. Furthermore, a good model is one which is sensitive enough to the stressor, at
the same time displaying a range of responses that can be calibrated usefully against different
concentrations / exposure times. Finally, the model host-species must be (i) representative of
the area under investigation, (ii) common enough for sampling at statistically significant scale
and (iii) amenable to aquarium studies.

STEP THREE (METHODS) - How to measure stress in a model holobiont system

Abiotic stress will affect all components of the holobiont diversely and in a network connection
manner, with gradual loss of function and accompanying morbidity symptoms. Stress studies
will therefore be dealing with the host organism, its photosymbionts, and also with its
associated microbiome. This will be achieved through a combination of cutting-edge and
classical approaches, e.g. (i) in aquario: transcriptomics on the basibiont, microscopy/cytometry
and molecular biology on the photosymbiont, (ii) in the field: bacterial and viral metagenomic
sampling on the associated microbiomes, and ecotoxicology/physiology on the holobiont.

In aquario studies will use a significant number of the selected sentinel species from undistur‐
bed environments, or cloned fragments of same where applicable.

STEP FOUR (DATABASE) - Making a robust set of control data for each analysis

The sentinel holobiont must be sampled in reputedly undisturbed areas, whatever the type of
analysis: physiological, metagenomic, taxonomic (associate biodiversity) etc. and natural
variations from a statistically significant number of replicates must be recorded.

When dealing with a photosystem holobiont, aquarium studies should consider the three
components separately: (i) the holobiont e.g. coral, sponge…, (ii) the photosymbionts, e.g.
zooxanthelae, cyanobacteria, (ii) the associated microbes e.g. mucus and tissue-bound bacteria.
In each case, a minimum of three (and up to five) independent analyses using different
analytical approaches must be undertaken, e.g. one or two –omics, one or two physiological
or ecotoxicological, one using imaging etc.
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For each analysis, the average values or estimates will set the 0 mark or control score of a future
0-10 scale. This step is crucial and the natural variability must not be too large with scores
never exceeding those of responses to mild-severe stresses.

STEP FIVE (DATABASE) – Set experimental calibration scales (Fig. 7)

A useful way to calibrate a response scale in aquario is to expose the holobiont or its separate
components to different stress regimes (concentration and duration) and establish a lethal
value (10 on the 0-10 scale) and in between define threshold values (first symptoms, loss of
photosymbionts, loss of microbial biodiversity, irreversible loss of function, death < 12h). Each
analytical method will highlight a sequence of events along this “control to immediate death”
gradient.

Figure 7. Studying responses of a coral holobiont during experiment heat/light stress using different analytical meth‐
ods, and establishing a 0-10 scale of responses with critical values. This diagram is indicative only (values and sequen‐
ces are fictional)

STEP SIX (ANALYSIS) - Compare stress vs. standard profiles

Once each experimental scale is established per analysis, environmental samples can be rated
by attributing an average performance score based on n replicates.

STEP SEVEN (TREATMENT) - The single grid of impact or radar chart (Fig. 8 top and middle)

Then scores for each of the 3-5 analyses on each of the biological components will be reported
to a single grid of impact, e.g. on a coral (5), its photosymbionts (4) and its microbiome (3).
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Figure 8. Radar charts – Top: typical radar chart - each apex of this polygon is a calibrated scale. Middle: types of radar
charts with 3, 4 or 5 scales (red: important tests, blue: complementary tests, black: optional test). Bottom: Example of a
sentinel coral host under heat/UV stress, using a 5-test grid on coral host, a 4-test grid on zooxanthellae photosym‐
bionts and a 3-test grid on bacterial microbiome. Here, the coral holobiont undergoes preliminary signs of stress on
photosymbiotic component (red star = oxidative stress on zooxanthellae).

STEP EIGHT (REPORT) - Health status of sentinel species and recommendations for amend‐
ment (Fig. 8 bottom)

Let us say we have a 7.4 average score on the coral host, 6.6 on the microbiome and 4.2 on the
photosymbiont.. This indicates (i) what biological component is most affected by the environ‐
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mental stress (ii) where appropriate action is to be taken. Here, holobiont looks normal but
early signs of stress are detected on the zooxanthellae (ROS and oxidative stress products),
without signs of microbial dysfunction.

On the basis of these visual diagrams and numerical scores that are explicit enough to be
understood and followed by non-scientists. Useful recommendations can be made to custom‐
ers - if the principle behind this nicknamed “INDICORAL” environmental tool can be
validated as a standard, legal enforcement can follow.

5.2. Strengths, limitations and future of environmental diagnosis tools

What is described here is a custom-designed diagnostic tool that integrates the critical snapshot
information from different analytical approaches into a single easy-to-read layout, with a
consensus fitness index. Using the multivariate “radar chart” model in conjunction with the
fitness index then allows us to point out the weaknesses of the holobiont health at a given time,
after which corrective measure can be proposed. Such a chart is made up of radiating spokes
each representing a performance scale, for example rated from 0 to 10 in a given test. The
spokes or performance scales correspond to a single test type, either molecular or visual or
physiological. A robust radar chart typically integrates at least one test of each sort, in order
to miss as little useful information as possible when establishing the final diagnosis. For
example, the holobiont may “look normal” (as compared to control conspecifics) using a visual
scale, perform close to optimal using a physiological assay, yet present strong signs of stress
using an omics approach that detects early molecular responses. Or else, the holobiont may
be suffering from a pollutant that acutely undermines its respiration, with no apparent effect
on its microbiome nor on its appearance, and so on.

The objection that immediately comes to mind is that such an endeavour is time and money
consuming, knowing how difficult it is to perform discriminating omics tests alone, especially
when dealing with meta-data and the mathematical treatment that follows. The answer has to
be optimistic: giant strides are being made in analyzing environmental meta-data more
efficiently and cost-effectively, a good thing since some environmental issues are becoming
rapidly critical. The other objection is that you need a whole team of specialists to devise and
run a single “radar experiment”.

The answer is two-fold: (i) once a suitable sentinel holobiont is chosen, the tedious part is to
establish a reliable control database for each experiment type, mostly in the laboratory and
using precise instrumentation. This database may initially require a panel of experts to set it
up, but it does not have to be repeated for subsequent investigations. The other aspect is that
we are creating a tool, not a thorough investigation into fundamentals, i.e. the experts must
make sure that only essential information is retained, e.g. use identified molecular or microbial
markers instead of profiles, set critical or threshold values within the 0-10 scale of responses
(e.g. onset of symptoms appearance, loss of pigmentation, resilience limits, and so on), 0-2
representing the natural variability observed in controls, and 8-10 representing loss (no-return
point to immediate death). This simplified representation relies on strong metrics, not on
checking hypotheses which is the job of researchers. The custom association of 3 to 5 different
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tests types on the coral host and/or the photosymbionts and/or the mucus-bound bacterial flora
spans a whole range of dysfunction possibilities.

5.3. Predicting biodiversity loss using the extended holobiont concept

The health status of the coral holobiont directly affects all associated life forms according to
the degree of dependence on the host. Ultimately, the loss of the host determines the biodi‐
versity loss of all dependant flora fauna and microbes. Changes in fish biodiversity and
pressures on feeding niches have been reported in relation to coral bleaching and loss [51].

Pocillopora damicornis has been used as a choice model in biodiversity issues, not only because
of its pan-tropical distribution in the Indo-Pacific region and because of its sensitivity to
climatic stress, but also because it provides shelter to a number of commensals that are
dependant to varying degrees on the fitness of the coral host [52] and on the state of its bacterial
flora. Metagenomic barcoding of the whole extended holobiont system, coupled with appro‐
priate bioinformatics, will be a powerful asset in determining biodiversity loss associated with
environmental stressors, and provide a useful link with the analysis of detritic biota after the
host’s death.

Figure 9. Loss of host-associated biodiversity (i) of original holobiont during lasting stress episode until host’s death,
(ii) detritic biodiversity finding refuge in coral rubble (iii) replacement biodiversity as substrate is recolonized with new
hosts.
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6. Measuring, predicting and hopefully mending

As pointed out earlier, over half a billion human live off goods and services of coral reef
ecosystems at large, mostly in Asia. But not only: research on some 20,000 chemicals extracted
from reef invertebrates has inspired the design of novel anticancer agents, antibiotics, anti-
inflammatory, painkillers etc. and the exploration of the complex biosynthetic pathways
leading to the production of these “miracle” molecules is only starting. Knowing the para‐
mount importance of host-microbial symbioses in the making of these molecules, biodiversity
loss will inevitably lead to chemodiversity loss, and opportunities will no longer exist to
investigate the full bio-inspiration potential of what our holobiont systems can produce better
than we can.

Marine ecology is a young science, and its developments are accelerating in response (i)
to the urge of measuring the reactions of organisms facing the fluctuations of their envi‐
ronment,  (ii)  to  the  understanding  of  how  they  form  complex  interaction  networks
around key  molecules  acting  as  mediators  of  antibioses  and  symbioses,  feeding  hierar‐
chies and occupational strategies for essential resources. Holobiont-wide systems biology
is coming of age and will allow us to understand how various components of a holobiont
system respond to stress in a coordinated manner, in the face of sudden and brutal envi‐
ronmental  disasters,  or  of  steadily increasing climatic  or  anthropogenic  forcings,  against
the background of naturally fluctuating levels of stress. Ecosystem-wide resilience to envi‐
ronmental challenges can no longer be hoped for, and total biodiversity wipe-out of coral
reefs is highly unlikely. The most probable scenario is that some reef systems might face
near-total  biodiversity  collapse (e.g.  in  tropical  zones that  are  within direct  influence of
urban expansion), while coral species from subtropical and remote localities will be con‐
stantly trying to acclimatize, each ecosystem striving to reach an overall “resilience equili‐
brium” at the cost of some of its biological diversity.

In 2013, most biological phenomena can be measured at all scales, from single cells to whole
ecosystems, directly or using proxies and appropriate metrics. In combination, -omics,
physiological/ecotoxicological and imaging tools provide a potentially formidable combina‐
tion for measuring stress responses in coral holobionts and their separate components.
Designing environmental tools such as proposed here might soon or later become a necessity,
not only for coral reefs, but for all endangered ecosystems, marine and terrestrial.
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