
Research Article Vol. 28, No. 2 / 20 January 2020 / Optics Express 1439

Impact of ship on radiometric measurements in
the field: a reappraisal via Monte Carlo
simulations
ZHEHAI SHANG,1,* ZHONGPING LEE,1 JIANWEI WEI,1 AND GONG
LIN2

1School for the Environment, University of Massachusetts Boston, Boston, Massachusetts 02125, USA
2State Key Lab of Marine Environmental Science, Xiamen University, Xiamen 361005, China
*zhehai.shang001@umb.edu

Abstract: The presence of a ship in water disturbs the ambient light field and propagates errors
to radiometric measurements. This study investigated the ship perturbation via Monte Carlo
simulations with a reflective 3D ship. It is found that the height of ship could cause significant
perturbation. However, these perturbations could be compensated by the reflection of the ship’s
hull, where such compensations vary from sun angle to hull’s reflectance. Further, as a rule of
thumb, to keep the perturbation on water-leaving radiance under ∼3% from an operating ship, a
look-up table is generated with the requirements of viewing angle for the radiometers operated at
the deck and for the deployment distance of floating and profiling instruments.
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1. Introduction

Ocean color is an indicator of constituents in water, where their spatial and temporal variations
are of great importance for ocean biology and the ecosystem as a whole. The spectrum of ocean
color is commonly described by remote sensing reflectance (Rrs, sr−1), which is defined as the
ratio of water-leaving radiance (Lw, W m−2 sr−1) to downwelling irradiance just above the surface
(Ed(0+), W m−2). Through empirical or semi-analytical inversion of an Rrs spectrum, waters’
inherent optical properties (IOPs) and/or concentrations of chlorophyll can be derived. Because
of this, ocean color satellites have been launched and operated to provide synoptic measurements
of chlorophyll for the global ocean [1–6]. These data are further applied for the estimation of
primary production [1,7–9] and monitoring of harmful algae blooms [1,10–13].
Either for the development of remote sensing algorithms [14–23] or for the validation of

satellite Rrs products [24–28], accurate field measurements of Rrs are required. Usually such
field activities involve a ship as the operation platform. Over the past decades, the ocean color
community have used Above-Water (AW) and In-Water (IW) approaches to obtain Rrs in the
field. The AW approach is usually carried out by operating radiometric instruments on board
a ship [29,30]. Ed(0+) could be acquired in two ways for AW approaches [31], with the most
straightforward way to point an irradiance sensor looking upward to the zenith. The other is
to measure the radiance reflected from a standard plaque, with Ed(0+) calculated based on the
measured radiance and the reflectance of the plaque. For the Lw measurement, it is carried out by
pointing the radiance sensor toward the water to get the upwelling radiance above the surface
(Lu(0+)). The water surface reflected light (Lsr, W m−2 sr−1) is removed by various schemes
[26,30,32] and Lw is calculated from Lu(0+).

The IW approach involves deploying instruments over the side of the ship and these instruments
are equipped with a radiance sensor pointing downward and an irradiance sensor pointing upward.
Generally, there are two ways to measure Lw and Ed(0+). The first IW approach is carried out by
deploying a surface floating platform, equipped with radiance and irradiance radiometers pointing
downward and upward, respectively. The upwelling radiance obtained from the radiometer
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depends on the design of the platform. It could be measured from a few centimeters below the
surface (Lu(z), W m−2 sr−1) (e.g., the Tethered Spectral Radiometer Buoy (TSRB: Satlantic
Inc. [33])) or a few centimeters above the surface (Lw) (e.g., the Skylight-Blocked Approach
(SBA) [34]). For the Lu(z) measured below surface, it can then be propagated to Lw later by
applying the correction for crossing the water-air interface. The Ed(0+) can be directly measured
by an irradiance sensor. The other IW approach is to cast a free falling profiler (e.g., Hyperpro
[35]) that measures upwelling radiance (Lu(z), W m−2 sr−1) and downwelling irradiance (Ed(z),
W m−2) in water. The attenuation for Lu(z) and Ed (z) can then be estimated; further Lu(0-)
and Ed(0-) (downwelling irradiance just below the surface), respectively, are calcualted from
Lu(z) and Ed(z). After that, rrs (remote sensing reflectance just below the water surface) can be
calculated and Rrs could be estimated by implementing a cross surface conversion.
The presence of an operating ship in water, however, will disturb the ambient light field by

either blocking a portion of the light from the sky (sky shadow of the ship) or reflecting sun
light by the ship’s hull. Consequently, there will be uncertainties in the measured radiance and
irradiance, which further propagate to the calculated Rrs.
The ship perturbation on the ambient light field was first investigated by Gordon [36] using

numerical (Monte Carlo) simulations. In that work, for easier simulation and aimed at the profile
of downwelling irradiance (H. Gordon, personal communication), the “ship” was set as a 2D
black sheet (38.4 m by 6.55 m) without a hull or superstructure. It was found that if radiometers
are about 1.5 m away from the ship, the perturbation to Ed(z) is within 5% for waters with
an attenuation coefficient (c, m−1) as 0.1 m−1 and under a clear sky. The perturbation will be
reduced for lower sun elevations or the sensors are deployed further away from the ship. More
perturbations will be introduced to Ed(z) if the relative contribution from the diffuse skylight
(Ed_dif, W m−2) increases.

Later, Piskozub [37] conducted more Monte Carlo (MC) simulations aimed at the combined
impact of ship and surface roughness on the profiles of downwelling and upwelling irradiance.
In these MC simulations, a 3D ship was used, but the ship was black and had no superstructure
above the sea surface [37]. In addition, the simulation setup assumed a black sky (i.e. Ed_dif = 0).
The results from these simulations indicated, as would be expected, an increase of ship size will
have larger impact on the upwelling irradiance. Also, the results indicated that varied surface
roughness causes no significant impact on irradiance perturbation from the ship. These results,
however, are far from realistic field and ship conditions where there are strong contributions
from the sky (especially in blue wavelengths) and a ship is rarely black. More importantly, there
are superstructures above the sea surface (ship height) which are not considered in Piskozub’s
simulations [37].
Zibordi et al. [38] and Doyle and Zibordi [39] later used MC simulations to evaluate the

perturbation (shading error) to the ambient light field caused by a tower (12.3 m by 7 m by 5 m),
which is a platform with superstructure above the surface (along with underwater tower legs).
These works investigated the perturbation of this tower to instruments deployed at a distance from
2.5 to 22 m from the tower. Results from both studies showed that the perturbation of this tower
on the upwelling radiance and the downwelling irradiance declines when 1) skylight contribution
decreases, 2) instruments are further away from the tower, and 3) the absorption coefficient of the
water becomes higher. These results provide insight on perturbations of the light field from a
3D structure, but not necessarily matching that of an operating ship because the tower’s shaped
structure and reflection was not accounted for.
There have also been investigations via field measurements to characterize the perturbation

due to the presence of a ship (Voss et al. [40], Spinrad et al. [41] and Weir et al. [42], Hooker
and Morel [43]). Specifically, in Voss et al, the investigation was made with a profiler deployed
very close to a ship (ship R/V Weatherbird II, with size 35 m by 8 m by 2.6 m) and deployed 9 m
away from the ship. Based on the difference of the measured radiance and irradiance from these
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two deployments, the ship perturbation is calculated. It is found that under a clear sky with solar
zenith angle around 40°, the perturbations on Ed(412) and Lu(412) at 1 m depth are around -2 to
-8% and -2 to -12%, respectively. Under overcast sky, the perturbation on Ed and Lu became -30
to -40% for wavelengths between 410 nm and 673 nm. These results were later supported by
measurements from Weir et al. [42]. Using submersible platforms, Spinrad et al. [41] showed
that for the ship Edwin Link (around 51 m long), the error in measured photosynthesis available
radiation (PAR) in the upper 20 m is around -5% for a PAR sensor within 10 meters of the ship
and on the sunny side (solar zenith angle varies from 36° to 61°).

In addition, Hooker and Morel [44] examined ship (Thalassa, with a size 74.5 m by 13.9 m by
6.2 m) perturbations on both AW and the IW approaches to measure water-leaving radiance in
“case-1” waters under a clear sky (solar zenith from 33° to 50°). The IW measurements were
taken with instruments deployed 30 to 50 m away from the ship and found that the absolute
perturbation on the water-leaving radiance was within 5%. However, the perturbation on Lw
could be as high as 27% by the above-water approach if the viewing angle is 20° from the nadir.
The above measurements and numerical simulations all show the substantial impact of an

operating ship on the ambient light field and remote sensing reflectance, and indicates it is
better to deploy measurement instruments as far as possible from the ship. However, for field
measurements, it is challenging to deploy instruments 100’s of meters away from the ship. It
would be useful to provide a practical guidance on the minimum distance from the ship, minimum
viewing angle from nadir for above-water measurements, and where the ship perturbation can
be considered acceptable. This is especially vital where many measurements were carried out
with a large-size non-black operating ship, such as the Okeanos Explorer (Fig. 1(a)) operated
by NOAA, which has a size of 60 m by 15 m by 10 m, with a ship hull to reflect light. It is
not known how far away or how large the angle the measurement can be considered “safe”, a
conclusion not available from previous studies.

Fig. 1. The cubic ship (a) and the geometry setting ((b) and (c)) in this study.

Thus, there are two objectives in this study. The first objective is to fill this gap by investigating
the change of light field for different waters and solar illuminations when there exists a 3D sized
shape with hull reflectivity. In particular, in addition to common parameters such as distance
from the ship and sun angle etc., we evaluate the impact of ship’s height and reflectance on
this perturbation. The second objective is to provide a general guidance on field measurements
of radiance and irradiance when a ship is used as the operating platform. We investigate the
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perturbations under the common conditions of field radiometric measurements and a look-up
table is generated, which helps reducing ship perturbation when deploying instruments from
ships.

2. Setup of Monte Carlo simulations

2.1. Configuration of the “ship”

To simplify the calculation but not lose generality, the ship is set as a cube shape as in Piskozub
[37], but with both superstructure and draft. The ship dimensions are set in reference to Okeanos
Explorer (Fig. 1(a)) [45] with sizes as 60 m in length (L), 15 m in width (W) and 10 m in height
(H) (the part above the waterline, see Fig. 1(b)). The draft (D) is set as 4 m. To better present the
reflected perturbation of the ship, the reflectance of ship’s hull (Rhull) and draft (Rdraft) are both
set as 20%, respectively. The geometry applied in this study is shown in Figs. 1(b) and 1(c).

2.2. Configuration of sky and water properties

The illumination assumed in the model consists of two light sources: beam illumination from the
Sun and the diffuse illumination from the sky. The skylight is assumed to be isotropic, with its
irradiance represented as part (rsky, in percent) of the total downwelling irradiance (the sum of
the beam and the diffuse downwelling irradiance).
Water is considered homogenous and optically deep, with the Fournier-Forand model for

scattering phase function [46,47]. Fluorescence from chlorophyll and colored dissolved organic
matter are excluded for efficient calculations as in earlier studies [36,37,43].

Following Gordon [36] and Leather’s et al. [48], a backward MC scheme developed in Shang
et al. [49] is adopted for this study. The tracing process of photons starts from the receiving side
(i.e., radiometer) and it ends if the intensity of the photons is too low or the photon hits the sky
(the illumination source). This simulation system for a 3D light field in water was verified with
Hydrolight simulations.

2.3. Geometry of sensors

Radiometers for radiance and irradiance are deployed on the sunny side of this “ship” to ensure
minimal sun shadow from this ship. In-water instruments are deployed at the side of the ship
to enhance the perturbation and make the perturbation patterns comparable to earlier studies,
and easy to be characterized. A value (X) is used to measure the horizontal distance of this
instrument from this ship (Fig. 1).

2.4. Radiometric quantities

The perturbation is evaluated based on the impact on four radiometric parameters (RP), which
are water-leaving radiance at zenith angle (Lw), upwelling radiance (zenith angle is 0°) in water
(Lu(z)), downwelling irradiance above surface (Es) and downwelling irradiance in water (Ed(z)),
respectively.
The perturbation of each RP (εRP) is defined as:

εRP =
RPs(ship) − RPs(no ship)

RPs (no ship)
∗ 100% (1)

The RPs from right above the surface to a depth of 60 m, with and without the presence of this
ship, are simulated and compared.

2.5. Consistency check on MC simulations

We first compared the resulted εEu(z) (Eu: upwelling irradiance) and εEd(z) with the same setup
on illuminations and IOPs as that in Piskozub [37] for a consistency check, where the “ship”
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is black without a hull, and Fig. 2 shows the comparison. The results indicate that εEu(z) and
εEd(z) obtained from both Piskozub’s simulation and this study under identical settings agree
with each other excellently (the difference is < 1% for εEu(z) and < 0.3% for εEd(z)). The small
difference is most likely related to differences in computer architecture and programming [50].
Such results provided us with confidence in the MC code and allowed us to investigate the impact
of a more realistic ship on both irradiance and radiance fields, especially the upwelling radiance
and water-leaving radiance, which is critical for remote sensing.

Fig. 2. Comparison of Ed and Eu perturbation patterns (absorption coefficient= 0.1 m−1,
scattering coefficient= 0.25 m−1, at 10 m depth with a ship of 9 m draft).

2.6. Parameters evaluated for ship perturbation

To characterize the patterns of the perturbation, the following parameters are considered and
evaluated in relationship to ship perturbation:

(1) Illumination parameters, which include the solar zenith angle (θs) and the diffuse illumination
ratio (rsky).

(2) Horizontal distance from the ship (X).

(3) Ship height. The height of the ship ranges from 1 m to 20 m. Besides, the default reflectance
of ships’ hull (Rhull) and draft (Rdraft) is set as 20%.

(4) IOPs of the aquatic environment, which consist of absorption coefficient (a), scattering
coefficient (b) and the backscattering coefficient (bb). In this study, a varies from 0.05 to
2.0 m−1, b varies from 0.1 to 1.5 m−1, bb varies from 0.001 to 0.015 m−1, these IOPs cover
both oceanic and coastal water properties.

Unless further specified, the default values for the above listed parameters used in the simulations
are presented in Table 1.
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Table 1. Default value of parameters in MC

a 0.1 m−1 Rhull 20%

b 0.1 m−1 Rdraft 20%

bb 0.001 m−1 X 2 m

L 60 m rsky 25%

W 15 m θs 30°

H 10 m φs 0°

D 4 m

3. Results

As would be expected, the impact of a ship on the radiance and irradiance field is quite complex.
This is a result of the ship’s size and reflectivity, optical properties of the water and the sun and
skylight contributions. For easier characterization and interpretation, the impact of a ship on the
radiance and irradiance field for the various parameters are described below separately.

3.1. Illumination parameters

Two illumination parameters are considered, one is the solar zenith angle, another is the relative
contribution of the diffuse skylight, with εEs, εLw, εEd(z) and εLu(z) presented in Figs. 3 and 4.
Overall, values of εEs and εEd(z) are negative for low sun zenith angles (see Fig. 3(a)), indicating
a reduction of downwelling irradiance due to the presence of a ship. This result is generally
consistent with earlier simulation results, although the actual quantitative value will be different
due to different setups [36]. Also, for Es and even the sun is at the zenith, εEs (with X = 2 m) can
be as low as -7%, a result due to the blocking of skylight by the ship’s superstructure. On the
other hand, apparently due to reflection by ship’s hull (Rhull 20% for this case), values of εEs and
subsurface εEd(z) become positive when θs exceeds 30°. These findings expand earlier studies
on ship perturbation when a more realistic “ship” is considered. Also, consistent with earlier
results [36,37], the presence of a ship resulted in negative values of εEs and εEd(z) for a diffuse
skylight (see Fig. 4(a)), especially if this contribution is strong.
As a result, from ship’s reflection (Rhull = 20%, Rdraft = 20%) and ship’s height, solar zenith

angle brings less negative (or more positive) perturbation to Ed(z) (Fig. 3(a)). This pattern is a
result of the combined effects of two factors: 1) higher solar zenith angle increases the reflected
light by ship’s hull and draft, which then compensates the sky shadow, and 2) ship causes less
sun shadow when solar zenith angle increases, thus reduce negative perturbation.
Because rsky is wavelength dependent, Fig. 4(a) implicitly also shows a spectral variation of

εEd(z), where εEd(z) becomes positive for low rsky (red wavelengths) and high reflectance of
the ship’s hull. For blue wavelengths where rsky values are generally higher, there could be a
significant negative impact on Ed(z) (see Fig. 4(a)).

Generally, εLu(z) has a similar pattern as εEd(z) (Figs. 3 and 4), although the values are slightly
different. On the other hand, εLw can be very different from εEs. For instance, when the sun
is 60o from zenith, εLw is ∼6%, while εEs is ∼2%. This is because the Es is a measurement
of downwelling light while the Lw is a measurement of upwelling light. The majority of the
downwelling illumination above the surface is contributed by the collimated beam from the Sun.

3.2. Reflection from ship’s hull

The presence of the ship does not block the direct path of the dominated illumination from the
Sun to the Es sensor, but reflection from ship’s hull brings positive perturbation by reflecting sun
and sky light, which compensates to some degree the sky shadow.



Research Article Vol. 28, No. 2 / 20 January 2020 / Optics Express 1445

Fig. 3. Perturbation patterns for different solar zenith angles (rsky = 25%; X = 2 m).

Fig. 4. Perturbation patterns for different contributions of diffuse light (X = 2 m; θs = 30°).
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Lw, on the other hand, is determined by the upwelling light transmitted from the water column.
The intensity of upwelling light within the water column at a certain depth is contributed by two
sources. The first one is the light transmitted from photons at deeper depths, which is strongly
related to the attenuation coefficient of the water. Another one is the downwelling light being
backscattered at this depth. In this case, when rsky is low (e.g., no more than 30%), which means
the major downwelling illumination comes from the direct solar beam, 0.01 backscattering ratio
(bbr) makes around 1% of the downwelling illumination goes upward when a scattering process
happens. When a ship is present, the light going upward will include those from the ship’s
reflection. With Rdraft = 20% and a Lambertian surface for ship’s surface, 10% of the light hitting
ship’s surface goes upward. Compared with contributions from water’s backscattering, reflection
by ship’s draft could contribute significantly to the upwelling radiance if the radiometer is close
to this ship (X = 2 m). Consequently, a positive perturbation is much stronger on Lw than on Es
for low rsky (rsky ≤ 30%).

3.3. Distance off the ship

The distance of a profiling instrument from an operating ship was a question raised long ago
[25,36,51], and various studies have addressed this question using numerical simulations and field
measurements [36,37,40–42,51,52]. Figure 5 presents results of εLu(z) and εEd(z) for different X
values in this study. For both clear sky (Sun at 30° from zenith) and overcast sky, εEs is negative
due to the superstructure (close to 0% for clear sky with θs as 30°). Also, as expected, values of
εEd(z) become smaller (less impact) if the instrument is farther away from the ship. This impact
on Es will be < 1% if the distance is 20 m away from this ship for clear sky condition, but about
∼3% if it is overcast sky for the same distance.

Fig. 5. Perturbation patterns for different distance from the ship (θs = 30°, rsky= 25%).

The value of |εLu(z)| is around 2% even for clear sky conditions with a distance 20 m away
from such a ship, which suggests a non-negligible error source for in situ measurement of Lw if
a highly accurate measurement is desired. More importantly, εLw can be >10% for clear sky
condition (Fig. 5(b)) while about -35% for overcast condition (Fig. 5(d)) if the distance is 1 m
away, indicating complex impact of the reflective hull on the upwelling light field. Such results
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further indicate the importance of keeping the radiometers far away (i.e., ≥ 20 m or further for a
ship size like Okeanos Explorer [45] under such conditions (e.g., rsky and IOPs)) for accurate
measurements of radiance and irradiance.
For all X values considered, the negative impact on both εLu(z) and εEd(z) increase with

deeper depth under clear sky for such a ship. Generally, |εEd(z)| is under ∼5% and |εLu(z)| is
less than ∼10%. However, |εEd(z)| and |εLu(z)| could be as much as 40% under the overcast sky.
In general, as expected, the impact decreases with the increase of distance (X). These values are
higher than previous numerical studies [36,37] due the setup of a more realistic ship.

3.4. IOPs

The light field in water is highly dependent on water’s IOPs. Therefore a wide range of impact
is found on both radiance and irradiance fields due to the existence of this ship (Figs. 6 and 7).
Because radiance (or irradiance) attenuates exponentially with depth, the light intensity is very
low at deeper depths when the attenuation is strong. Consequently, the resulted εLu(z) and εEd(z)
at those depths under high attenuation (e.g., a> 0.5m−1) suffer considerable noise and offer no
help for characterizing the patterns of perturbation; thus they are not presented in the following
(including Figs. 6(a), 6(d), 7(a) and 7(d)). Generally, it is found that:

(1) |εLu(z)| and |εEd(z)| decrease with the increase of a. This is because when absorption
coefficient increases, the contribution to Ed(z) from the shadowed area decreases (especially
under clear sky conditions). For εLw, however, it is quite complex. The value of εLw can
be low for both high and low absorption coefficients when the sky is clear, which is a result
of Lw originating from the entire upper water column. For low absorption coefficient, there
are more contributions from deeper waters where a ship causes relatively less perturbation
to the light field. On the other hand, for high absorption coefficient, most of the upwelling
light is generated from backscattering in near surface waters and is thus less dependent on
the contributions from the ship-blocked areas.

(2) |εLu(z)| and |εEd(z)| slightly increase with b. For given absorption and backscattering
coefficients, higher b would increase the contributions of photons to Ed(z) from the areas
the ship occupied (reflected and/or blocked). When a ship is present, this portion of
photons contributing to Ed(z) are eliminated; consequently, resulting in losing more of
photons and then higher |εLu(z)| and |εEd(z)| values (Figs. 6(b), 6(e), 7(b), and 7(e)),
although the difference is not significant. Also, there is almost no impact to |εLw | for the
varying b values, mainly because Lw is determined by incident radiation, absorption and
backscattering coefficients, and not the forward scattering coefficient (which makes ∼98%
of the scattering coefficient).

(3) It is interesting, and somewhat surprising, that |εLu(z)| and |εEd(z)| clearly increase with
bb, especially at deeper depths (i.e., more than 20 m deep). This is likely because that
based on the two-stream radiative transfer model (Aas [53]), backscattering is an important
component for both the upwelling and downwelling light streams. The presence of a ship
will disturb this contribution to Ed(z) and Lu(z), and the higher the bb value, the larger the
loss of this component, and then higher impact. This is further echoed in the value of εLw,
which decreases with higher bb value (from ∼5% to ∼ -2% for bb from 0.001 to 0.01 m−1

under the clear sky) for these simulation setups. These results expand our knowledge of
IOPs related ship perturbation, as previous numerical simulations did not investigate the
relationships between ship perturbation and backscattering coefficients.
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Fig. 6. Perturbation patterns for different IOPs under clear sky (θs = 30°, rsky= 25%, X = 2
m).

Fig. 7. Perturbation patterns for different IOPs under overcast sky (rsky= 100%, X = 2 m).

3.5. Ship height

An important aspect of this effort is to characterize the impact of ship’s height on radiance and
irradiance measurements, with results presented in Fig. 8. To highlight the impact due to this
superstructure, for clear sky conditions, the solar zenith angle is set at 60°.

3.5.1. Under clear sky (θs =60°, rsky =25%)

For a ship height of 20 m under clear sky conditions, |εEd(z)| and |εEs | can be as high as ∼7%
with most of the variation found in |εEs |. On the other hand, values of |εLu(z)| and |εLw | can be
greater than 10% even for a ship height of 1 m (X = 2 m). With increasing depth, the change
of ship height only slightly alters the sky shadow, especially under a clear sky (Figs. 8(a) and
8(c)). These results show that upwelling radiance, including Lw, is very sensitive to ship height,
as most of the photons are coming from the upper layer. It also suggests caution is necessary
when analyzing historical measurements where often radiometers were operated right beside an
operating ship.
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Fig. 8. Perturbation patterns for different ship height (θs = 60°, rsky= 25%, X = 2 m).

3.5.2. Under overcast sky (rsky =100%)

As expected, because the diffuse skylight is the source of illumination, there are significant
impacts on both upwelling radiance and downwelling irradiance due to ship height, with |εLw |

and |εEs | as high as 40%. Also, this impact increases with the ship height, as it will block more
light from the sky. Again, there are peaks for |εLu(z)| and |εEd(z)|, resulted from the maximum
solid angle formed between the point of sensor and the size of this ship that is discussed earlier.
Further, the vertical patterns of |εLu(z)| and |εEd(z)| gradually converge with depth (e.g., around
25% at 60 m depth) (Figs. 8(b) and 8(d)).

4. Discussion

4.1. Ship perturbation under various conditions

Based on the results presented above, the sky contribution is a major factor in ship perturbation,
as conventionally all radiometer sensors are in the sunny side, so there is only a sky shadow by the
operating ship. Because of this sky shadow, a ship (such as Okeanos Explorer) can bring ∼ 30%
or more negative perturbation for overcast sky. Although generally there will be measurements
of optical and other parameters in the field regardless of the sky conditions, the discussion below
focuses on the perturbation under clear sky (rsky = 25%) as it is the condition to obtain a good
matchup between field and satellite measurements.

One of the critical variables of this study, ship height, is found to result in a 5% difference for
all εRPs, with H from 1 to 20 m for the upper 5 meters layer (X = 2 m, Rhull= 20%, Rdraft= 20%,
θs = 60°, rsky = 25%). This is a consequence of the positive perturbation from ship’s hull and
draft and the negative perturbation by the ship blocking diffuse skylight. The perturbation on
Lu(z) (z< 3 m) and Lw is mostly contributed by the reflected light of the ship draft. In this case,
the ship hull/draft with a 20% reflectance provides a considerable boost (around 10 to 15%) to
Lw when the sun is at 60° from the zenith.

Another key factor, the distance off ship (X) is vital for accurate measurements of radiance and
irradiance. Under the considered parameters (ship size, IOPs and rsky) in this study, it shows that
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if the sensor is deployed 20 m away from the ship, the |εRPs | could be limited to around 2.5% or
close to zero from the above surface to 60 m depth.
Previous studies [36,37] show that an increase of θs will reduce ship’s negative perturbation.

However, those studies assumed a flat ship along with fixed contributions from the diffuse skylight.
Here we found that for a ship with a 3D superstructure and a reflective hull, a specification closer
to reality, the εEs and εLw shifts from -6% and -8% to 5% and 12% (X = 2 m), respectively,
when θs increases from 0° to 60°. These results emphasize the importance of avoiding ship’s
superstructures when conducting out field radiometric measurements.

4.2. Implication to radiometric measurements in the field

Due to the complexities of ship perturbation on the ambient light field, it is of more value
to develop criteria for minimizing ship perturbation on radiometric field measurements. For
this purpose, a “case-1” water with chlorophyll concentration equal to 0.1mg m−3 is chosen
for another batch of MC runs. The simulation covers wavelengths from 350 nm to 700 nm,
with detailed information presented in Table 2, and the cubic ship with same dimensions as in
Fig. 1(b), but with different reflectivity on ship draft (Rdraft = 5%). A wavelength-dependent
sky contribution (spectral rsky is calculated based on the clear-sky model in Gregg et al. [54])
and θs = 30o as the illumination conditions are considered. To match the realistic deployment,
unlike the previous section, the IW instruments are assumed to be deployed off the stern while the
AW measurements are also assumed taken at the stern (Fig. 9(a)). Xs is the horizontal distance
between the IW instruments and the stern. Besides, both measurements are at the sunny side of
the ship. Results of the perturbation on RPs for AW and IW approaches are summarized below
(Table 3):

(1) From the AW approach, Lw and Es are usually measured over the side or on the bow of an
operating ship [27]. The perturbation on Es in this scenario is negligible as it is assumed
that no superstructure is above the measurement height for Es. To account for this, for the
simulated AW measurements, it is assumed that the sensors are on the sunny side (∼90°
azimuth relative to the sun) and close to the stern as illustrated in Fig. 9(a). It needs to be
noticed that conventionally, the AW measurements are taken on the bow of the ship (e.g.,
Hooker and Morel [43]). While for this cubic ship, there is no difference between the stern
and the bow. For Lw, it was found that low viewing zenith angle (θv = 10°) introduces
considerable perturbations (around -8.5% at 350 nm) (Fig. 9(b)). This is because the
photons contributing to Lw are very close (about 1.8 m) to the operating ship, where a
significant portion of the upwelling photons are blocked by the ship. The |εRPs | can be kept
under 3% if θv is 60° (equivalent X is 17 m). There is no apparent difference (Fig. 9(c))
from viewing azimuth angle (0° to 75°), as long as the sensor is kept away from the sun
glint.

(2) The perturbation of IW approach for the same “case-1” water is presented in Fig. 10. For
the IW approach, if the sensors are deployed 30 m away from the ship (with a size as
Okeanos Explorer), the absolute perturbation is within 2.5% for Lw (and Lu) and Es (and
Ed) (Figs. 10(c) and 10(d)).

4.3. Minimum Xs and θv for measurement of Lw

In field measurements, size and reflectivity of an operation ship vary. To obtain a more practical
guidance on the distance to cast instruments away from the ship or the view-zenith angle when
viewing water at the 45° from the stern the ship (φv = 45°), more MC simulations focused on Lw
were conducted.



Research Article Vol. 28, No. 2 / 20 January 2020 / Optics Express 1451

Fig. 9. Perturbation for AW measurements under the water with 0.1mg m−3 chlorophyll
concentration and the geometry setting (θs = 30°; For AW measurements, φs = 90-165°,
depends on φv; For IW measurement, φs = 135°).

Fig. 10. Perturbation patterns for profiling measurements for water with 0.1mg m−3

chlorophyll concentration (θs = 30°, φs = 0°).

Table 2. Parameters applied for case-1 water MC runs with 0.1 mg m−3 chlorophyll concentration

λ (nm) rsky (%), θs = 30° a (m−1) b (m−1) bb (m−1)

350 56.6 0.024 0.126 0.009

400 44.1 0.017 0.107 0.006

500 30.9 0.029 0.082 0.003

600 23.8 0.226 0.067 0.002

700 19.3 0.627 0.057 0.001
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For these simulations, ship size varies from a large vessel (i.e., 60 m by 15 m by 10 m) to a
small boat (i.e., 5 m by 1 m by 1 m), Rhull and Rdraft ranges from 10% to 50% and 2.5% to 12.5%,
respectively.
The same “case-1” water and the wavelength dependent rsky are applied (Table 2). Also,

to better distinguish between Xs applied to a floating system and a profile system, the Xs for
these two systems is represented as Xf and Xp, respectively hereafter. The minimum Xf , Xp and
θv to achieve a threshold of 3% for Lw measurements are presented in Table 3. Because the
perturbation at 350 nm is more severe than that at other wavelengths due to the strong skylight
contributions (Fig. 10), the Xf , Xp and θv value that satisfy the threshold for 350 nm also satisfy
the same threshold for the other wavelengths (i.e., 700 nm). Therefore, only the required Xf , Xp
and θv at 350 nm is presented (Table 3).

Table 3. Minimum Xs (Xf and Xp) or θv to make |εLw | below 3% (λ=350 nm)

Dimensions of the ship
Rhull: 10% Rhull: 20% Rhull: 30% Rhull: 50%

Rdraft: 2.5% Rdraft: 5% Rdraft: 7.5% Rdraft: 12.5%

L; W; H; D Xf ; Xp θv Xf ; Xp θv Xf ; Xp θv Xf ; Xp θv

(m) (m) (°) (m) (°) (m) (°) (m) (°)

60; 15; 10; 4 20; 30 50 20; 25 50 20; 25 50 18; 25 50

30; 10; 5; 2 12; 18 45 12; 18 50 12; 15 50 12; 15 50

20; 5; 3; 1 9; 12 45 9; 12 45 9; 12 40 9; 12 40

10; 3; 2; 1 3; 4 40 3; 4 40 3; 4 40 3; 3 30

5; 1; 1; 0.5 1; 1 30 1; 1 30 1; 1 30 1; 1 20

It was found that an Xf value around 2 to 3-times of the ship height could keep |εLw | under 3%
(i.e., Xf = 30 m is able to keep |εLw | below 3% for an operational ship like Okeanos Explorer with
H = 10 m). The value of Xp appears always larger because the negative perturbation increases with
depth. The minimum values for Xf , Xp and θv appeared to decrease when the ship’s reflectivity
increases. This is because the maximum negative perturbation is on the short wavelength (as
showed in Fig. 10) where the skylight contribution is strong (i.e., rsky = 56.3% for λ= 350 nm).
When the reflectance of the ship increases, higher reflected light from the hull compensates for
the loss due to the blocking skylight by ship hull and consequently, results in lower minimum
values of Xf , Xp and θv to achieve a threshold of |εLw |. If focusing on wavelength with less
skylight contribution (i.e., 700 nm), the minimum value of Xf , Xp and θv will be higher for a
brighter ship hull due to strong perturbation from the ship hull reflectance.
It was also found that when the ship size changes from small to large (e.g., H from 1 m to

10 m), θv increases from 30° to 50° (θv is suggested to be 50° in Hooker and Morel [43]). The
required θv would be higher if the ship is larger or having a stricter threshold for |εLw | (i.e., 1%).
Although it is possible to take Lw measurements at larger viewing angles (i.e., θv ≥ 60°), such
θv would raise the contribution of surface reflected light from the above-water approach, which
would cause larger uncertainties in the derived Lw (Mobley [30], Lee et al. [32]).

For AW measurements, however, there are commonly applied setups that could reduce the
ship perturbation such as extending the setups out of the deck (e.g., bow/stern) or deploying at
the higher altitude of the deck (i.e., the top of the ship). These setups are equivalent to making
the measurements farther away from the ship, then the required θv could be lower. For the
ship shared similar size with Okeanos Explorer and with Rhull = 10%, if the setups could be
deployed 5 m higher (15 m from the water surface), the required θv for the 3% threshold will be
shifted from 50° to 45°. The last but not the least, most of the bows are not flat and big as that
assumed for the cubic ship. The calculated perturbation could be slightly overestimated for the
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AW measurements taken on the bow. Nevertheless, the difference due to the configuration of the
bow is not significant. The result for the AW measurements (the suggested θv) is still robust.

5. Conclusions

The perturbations of an operating ship on radiance and irradiance in oceanic environments
are re-evaluated via MC simulations by considering a cube “ship” with ship height and ship
reflectance. It is found that the distance off the ship and the sky condition are the two most
important factors. More severe perturbations were found under overcast sky than under clear
sky, and IOPs change generally resulted in ∼5% difference in perturbations on radiometric
measurements. However, the changes of ship height resulted in significant differences on ship
perturbations, which fill a gap of the previous studies. Under clear sky conditions, for water
with chlorophyll concentration as 0.1mg m−3 and assuming “Case-1” bio-optical relationships,
for a ship with sizes similar as Okeanos Explorer (60 m by 15 m by 10 m), it is required to
have an above-water radiometer over the front side viewing the water at ∼50° from nadir, or
a floating instrument ∼20 m away the ship, or a profiling instrument ∼25 m away the ship in
order to limit ship’s perturbation under± 3%. As a rule of thumb, for floating instruments
(i.e., the Skylight-Blocked Approach (SBA)), the |εLw | will be within 3% if the sensor can be
deployed away from the ship at a distance around 3-times of ship’s height. On the other hand, the
radiometer over the ship’s side having a viewing angle 30° to 50° from nadir (depending on the
size of ship and the setups) is required to limit the ship’s perturbation on |εLw | under 3%.
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