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Abstract  

This report, the second in a series, leverages JRC extensive experience in developing and applying 

highly accurate radiative transfer models to simulate in situ and satellite aquatic data, which are 

integrated into the JRC’s Advanced Radiative Transfer Models for In situ and Satellite Ocean Color 

data (ARTEMIS-OC) software suite. 

ARTEMIS-OC includes i) the FEM code for simulating unpolarised solar radiation in open-ocean 

environments, ii) the PERSEA code to ensure a flexible and comprehensive modelling of the optical 

properties of realistic atmosphere and water environments, iii) the SkyFEM, FEMrad-OC, and 

AquaFEM codes, which are tailored FEM-PERSEA configurations to reproduce the sky-radiance 

distribution and the radiance detected by satellite and in-water sensors, respectively; and iv) the 

NAUSICAA code to simulate unpolarised solar radiation in coastal and inland water regions, i.e., in 

the presence of nearby land perturbations. 

All algorithms account for multiple scattering and allow varying illumination and observation 

geometries. 

The present report focuses on the NAUSICAA code and its applications in investigating and reducing 

uncertainties in OC data products. 

The ultimate goal of this report series is to provide a comprehensive description of the ARTEMIS-OC 

simulation tools in support of the Copernicus Programme launched in 2014 to establish a European 

capacity for Earth Observation. 
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Foreword  

Ocean Color (OC) is the apparent hue of the water resulting from its interactions with the sunlight. 

Waters cover more than 70% of the Earth's surface, and Earth Observation (EO) data derived from 

OC remote sensing are essential to monitor water quality, manage aquatic resources and quantify 

the impact of climate change.  

OC data products are indeed recognised by the Global Ocean Observing System (GOOS) and the 

Global Climate Observation System (GCOS) as critical for monitoring ocean health and climate 

change. 

Within the Copernicus Program, launched in 2014 to establish a European capacity for EO 

(Regulation EU No377/2014), both the Marine Environment Monitoring Service (CMEMS), the Climate 

Change Service (C3S) and the Land Monitoring Service (CLMS) rely on OC data products, like the 

radiance (or the reflectance) leaving the water bodies and the Chlorophyll-a concentration (used as 

a proxy for phytoplankton biomass). 

Understanding and quantifying uncertainties associated with OC data products is thus crucial for 

environmental and climate applications, as well as for their use in the anticipation, definition, 

implementation and monitoring of the EU Water Acquis and Marine legislation. 

Theoretical radiative transfer models (RTMs) capable to simulate the global optical signal at in situ 

and satellite sensors, as well as its individual components, offer a powerful tool for evaluating 

uncertainties affecting optical data products: by bridging the gap between observations and 

physical processes, modelling provides a unique framework for identifying and analysing the 

various sources of perturbations that impact satellite and in situ data.  

JRC has multi-decadal expertise in the development and application of highly accurate RTMs for the 

simulation of OC satellite and in situ data, now incorporated into the Advanced Radiative Transfer 

Models for In situ and Satellite Ocean Color data (ARTEMIS-OC) software suite, which includes:  

— The Finite Element Method (FEM) code, for simulating unpolarised solar radiation in open-ocean 
environments; 

— The Propagating Environment for Radiance Simulations in atmosphEre and wAter (PERSEA)  code, 
to ensure a flexible and comprehensive modelling of the optical properties of realistic atmosphere 
and water environments; 

— The SkyFEM code, tailored to simulate the distribution of the sky radiance; 

— The FEMrad-OC code, facilitating a comprehensive simulation of the signal received by satellite 
OC sensors; 

— The AquaFEM code, enabling the simulation of radiance distribution and apparent optical proper-
ties within and just above natural water bodies; 

— The Novel Adjacency Perturbation Simulator for Coastal Areas (NAUSICAA) code, to explore per-
turbations induced by nearby land surfaces in OC data from coastal or inland waters, the so-
called adjacency effects (AE). 

While FEM is a one-dimensional deterministic numerical code, NAUSICAA is a stochastic three-

dimensional one. SkyFEM, FEMrad-OC, and AquaFEM are specific configurations of the coupled FEM-

PERSEA codes. 
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ARTEMIS-OC models adhere to the five principles delineated in the manifesto for best practices in 

responsible mathematical modelling (Saltelli et al., 2020), carefully taking into consideration 

assumptions, hubris, framing, consequences, and unknowns.  

The present report describes the NAUSICAA code. 

NAUSICAA has been extensively applied to investigate adjacency effects in OC remote sensing data 

from inland and coastal water regions, with specific reference to Sentinel-2 and -3 Copernicus data.  

NAUSICAA results were used in support to the definition of the Committee on Earth Observation 

Satellites (CEOS) Analysis Ready Data (ARD) for aquatic reflectance (Siqueira et al., 2022), and to 

the establishment of a European system vicarious calibration (SVC) infrastructure for satellite OC 

sensors (Bulgarelli and Zibordi, 2020). 
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1 Introduction  

This report is the second in a series to illustrate JRC extensive capacities in developing and applying 

highly accurate radiative transfer models (RTMs) for the simulation of in situ and satellite aquatic 

data, integral part the JRC’s Advanced Radiative Transfer Models for In situ and Satellite Ocean 

Color data (ARTEMIS-OC) software suite. 

RTMs play a crucial role in deciphering the information collected by satellite and in situ sensors, and 

in assessing the quality of derived data products.  

RTMs are capable to theoretically reproduce the journey of the solar radiation within the Earth 

environment and up to the optical sensor, thus establishing the most rational connection between 

observations and physical processes.  

Apt to theoretically quantify the distinct radiance contributions at the sensor, RTMs further allow a 

wide-ranging analysis of the perturbations affecting field and satellite measurements in support of 

the development, implementation, assessment and refinement of correction schemes and protocols 

for satellite and in situ measurements. 

Any RTM can be considered as the coupling of a core algorithm to solve the mathematical equation 

describing the transferring of the radiation (the so-called radiative transfer equation, RTE) with a 

parametric modelling of the medium where the radiance propagates (i.e., the propagating system, 

see Fig. 1). 

The accuracy of the RTM hence depends on a correct, accurate and efficient mathematical solution 

of the RTE, and a correct and accurate characterisation of the propagating system. 

Figure 1. Scheme of an RTM, as composed by a core algorithm for the mathematical solution of the RTE and 

a parametric modelling of the propagating system 

 

Source:(Bulgarelli, 2023)  

The present report specifically focuses on the Novel Adjacency Perturbation Simulator for Coastal 

Areas (NAUSICAA), which is a powerful and accurate backward Monte Carlo (MC) code for the 

numerical solution of the RTE in a three-dimensional medium, developed and successfully applied 

to investigate perturbations induced by nearby land in OC data from coastal and inland water 
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regions, the so-called adjacent effects (Bulgarelli et al., 2018, 2017, 2014; Bulgarelli and Zibordi, 

2020, 2018a, 2018b) 

Section 1.1 briefly presents the ARTEMIS-OC software suite; Section 1.2 introduces the concept of 

adjacency effects and their quantification; Section 1.3 provides a general overview of the Monte 

Carlo methodology.  

Section 2 describes the NAUSICAA code, including the implemented mathematical method, its 

accuracy and validation, as well as its data inputs and outputs. Most relevant NAUSICAA 

applications are summarised in Section 3. Conclusions are drawn in Section 4. 

1.1 The ARTEMIS-OC software suite 

ARTEMIS-OC, which stands for Advanced Radiative Transfer Models for In situ and Satellite Ocean 

Color data, is a JRC software suite including a variety of RTMs enabling the simulation of the total 

unpolarised radiance at satellite and in situ Ocean Color (OC) sensors (as well as its distinct 

components) at any visible and near-infrared (NIR) center-wavelength, and for any illumination and 

observation geometry (Fig. 2). 

 

Figure 2. ARTEMIS-OC modelling capabilities: a) modelling of satellite ocean color data, b) modelling of in-

situ ocean color data, c) system characteristics which are accounted for.  

           

 

Source: (Bulgarelli et al., 2025) 
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The ARTEMIS-OC software suite comprises: 

— the Finite Element Method (FEM) numerical code: to simulate unpolarised radiance transport in 
a plane-parallel system with a change in the refractive index (like the atmosphere-ocean sys-
tem); 

— the Propagating Environment for Radiance Simulations in atmosphEre and wAter (PERSEA) code: 
to model the optical properties of atmosphere and water accounting for realistic bio-geophysi-
cal conditions. 

— SkyFEM: to model the sky-radiance distribution;  

— FEMrad-OC: to reproduce the signal received by satellite OC sensors; 

— AquaFEM: to simulate the radiance distributions and apparent optical properties within and just 
above any natural water body; 

— the Novel Adjacency Perturbation Simulator for Coastal Areas (NAUSICAA): to investigate adja-
cency perturbations induced by nearby land in OC data from coastal regions or inland water ba-
sins. 

FEM (Bulgarelli et al., 1999; Kisselev et al., 1995; Bulgarelli, 2024) implements a highly accurate 

deterministic numerical algorithm based on the finite element method (Fig. 3). SkyFEM, FEMrad-OC 

and AquaFEM are targeted configurations of the coupled FEM-PERSEA codes (Fig. 4 and 5). 

NAUSICAA (Bulgarelli et al., 2014) is a stochastic three-dimensional (3D) MC code designed for 

simulating the propagation of unpolarised solar radiation in an atmospheric medium bounded by an 

inhomogeneous reflecting surface, as depicted in Fig. 6. This configuration is particularly relevant 

for coastal or inland water regions. 

All the algorithms account for multiple interactions within the propagating system and allow 

considering varying illumination and observation geometries. 

Figure 3. Scheme of the FEM code for the solution of the RTE 

 

Source:(Bulgarelli, 2023)  
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Figure 4. Scheme for the modelling of the propagating system in PERSEA 

 

Source: (Bulgarelli et al., 2025)  

 

 

 

Figure 5. Scheme for SkyFEM, FEMrad-OC and AquaFEM 

 

Source: (Bulgarelli et al., 2025)  
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Figure 6. Scheme for NAUSICAA 

 

Source: (Bulgarelli et al., 2025)  

In conclusion, the modular approach of ARTEMIS-OC ensures effective and accurate in-house 

capabilities to model the radiance contributions received by OC satellite and in situ sensors, whether 

operating in oceanic, coastal, or inland waters.  

1.1 The adjacency effects 

Adjacency effects (AE) always occur in the presence of a scattering atmosphere over a non-uniform 

reflecting surface, which causes the radiance from high-reflectivity areas to spill over neighbouring 

low-reflectivity regions, thus modifying their apparent brightness (Otterman and Fraser, 1979). AE 

indeed describes the alteration in the apparent brightness of the observed surface element caused 

by atmospheric scattering of radiance originating outside the sensor element field of view.  

Adjacency effects in satellite land observations have been comprehensively investigated for 

decades [see (Tanre et al., 1979; Kaufman, 1984, 1979; Pearce, 1986; Vermote and Vermeulen, 

1999) and references therein], and related atmospheric correction codes routinely account for 

adjacency perturbations (e.g., Kaufman, 1984, 1979; Pearce, 1986; Vermote and Vermeulen, 1999).  

On the contrary, most of the operational OC retrieval procedures still assume a uniform underlying 

water surface (Antoine and Morel, 1999; Gordon and Wang, 1994; Mobley et al., 2016). At present, 

only aquatic data acquired with the high-resolution Environmental Mapping and Analysis Program 

(EnMAP) (Storch et al., 2023) are operationally corrected for AE (Wenzel et al., 2022).  

Nonetheless, OC products are susceptible to even small sources of noise (Hu et al., 2001), while the 

interpretation of the complex optical signal from coastal waters is challenged by the capability to 

properly account for the simultaneous presence of not-covarying in-water optically significant 

components [i.e., pigments, colored dissolved organic matter (CDOM), and suspended sediments], 

water bottom reflectance, and any AE induced by nearby mainland. As such, an accurate evaluation 

of the spectral perturbations induced by AE is needed to improve a correct interpretation of the 

signal from coastal and inland waters. 



 

12 

Until the last decade, studies on AE in coastal and inland waters were sparse (Reinersman and 

Carder, 1995; Yang and Gordon, 1997; Ruddick et al., 2000; Bélanger et al., 2007; Sterckx et al., 

2011) and applied one or more simplifying assumptions, e.g., nadir observation (Sei, 2007), straight 

coastline (Sei, 2007), Lambertian reflecting surfaces (Sei, 2007; Reinersman and Carder, 1995), 

single scattering approximation (Santer and Schmechtig, 2000), and exponential decay of the 

environment effects (Sei, 2007; Santer and Schmechtig, 2000). Additionally, the uncertainties in 

simulated results were not explicitly discussed, and the radiometric sensitivity of the measuring 

sensors, which implicitly defines the threshold for discriminating adjacency effects from noise, was 

not explicitly taken into consideration. 

Additional efforts have been recently dedicated to the analysis (Bulgarelli et al., 2018, 2017, 2014; 

Bulgarelli and Zibordi, 2020, 2018b, 2018a; Wu et al., 2023; Zhao et al., 2024) and the 

minimisation (Kiselev et al., 2015; Wu et al., 2024; Sei, 2015; Pan and Bélanger, 2024; Paulino et 

al., 2022) of AE. 

Adjacency effects can be quantified in terms of the adjacency radiance 𝐿𝑎𝑑𝑗, defined as the 

difference in the background radiance between the case accounting for the non-uniformity of the 

underlying reflecting surface and the case assuming a uniform surface. It is recalled that i) the 

background radiance  (Deschamps et al., 1983) [also called environmental radiance (Sei, 2007)] 

identifies the radiance reflected by the background surface of the target element and then 

scattered by the atmosphere in the sensor instantaneous field-of-view (IFOV); and ii) the target 

element refers to the sensor effective footprint resulting from the intersection of the sensor IFOV 

with the ground for the whole sensor integration time (Robinson, 2004). 

In agreement with (Bulgarelli et al., 2014), the adjacency radiance 𝐿𝑎𝑑𝑗  received by a space-sensor 

observing a sea-target element located in a coastal region at (𝑥0, 𝑦0) with an observation direction 

𝝃 can be expressed as: 

𝐿𝑎𝑑𝑗(𝑥0, 𝑦0; 𝝃) = {𝜌𝑙/[𝜋(1 − 𝜌𝑙𝑆)] − 𝑅𝑟𝑠/(1 − 𝜌𝑠𝑒𝑎𝑆)} 𝐶(𝑥0, 𝑦0; 𝝃) − 𝑊(𝑥0, 𝑦0; 𝝃)  
            (1) 

In Eq 1, the unit vector 𝝃 is defined as 𝝃 = (𝜃, 𝜙), where 𝜃 is the zenith angle measured from the 

nadir direction, and 𝜙 is the azimuth angle measured positive clockwise with respect to the north; 

term 𝜌𝑙 indicates the albedo of the mainland assumed to be spatially homogeneous; 𝜌𝑠𝑒𝑎 

represents the sea albedo, i.e., the albedo of both water and sea surface [pg. 193 of ref. (Mobley, 

1994)]; S is the atmospheric spherical albedo of the bottom of the atmosphere; 𝑅𝑟𝑠  is the remote 

sensing reflectance; and: 

𝐶(𝑥0, 𝑦0; 𝝃) = 𝐸𝑑
𝜌=0(𝑥, 𝑦) ∙ 𝑀(𝑥, 𝑦) ⊗ ℎ(𝑥, 𝑦; 𝑥0, 𝑦0; 𝝃′, 𝝃)                                (2a) 

and 

𝑊(𝑥0, 𝑦0; 𝝃) = 
 𝐿𝑠𝑠(𝑥, 𝑦; 𝝃′) ∙ 𝑀(𝑥, 𝑦) ⊗ ℎ (𝑥, 𝑦; 𝑥0, 𝑦0; 𝝃′, 𝝃)                             (2b) 

In Eq. (2a) 𝐸𝑑
𝜌=0

identifies the total downward irradiance at surface level for a completely absorbing 

surface; 𝐿𝑠𝑠 the radiance reflected by the sea surface; ℎ(𝑥, 𝑦; 𝑥0, 𝑦0; 𝝃′, 𝝃) the atmospheric point-

spread function (APSF), describing the transmission of the original signal through the propagating 

system; and 𝑀(𝑥, 𝑦) the land-water matrix: 

𝑀(𝑥, 𝑦) = {
1     for  land elements
0                    otherwise

                                                         (3) 

The dependence on the sunbeam direction 𝝃0, the optical thickness τ, the single scattering albedo 

𝜔0, the wavelength λ, and the scattering phase function has been omitted for simplicity.  
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Parameters 𝜌𝑙 and 𝑅𝑟𝑠 can be extrapolated from satellite-derived and in situ measured data, 

respectively. Parameter 𝜌𝑠𝑒𝑎 appears in Eq. (1) only to account for multiple reflections at the sea 

surface, so it can be approximated without important loss in accuracy as 

𝜌𝑠𝑒𝑎 =  𝜌𝑠𝑠 + 𝜌𝑤 ≈ 0.04 + 𝜋𝑅𝑟𝑠 ,                                                        (4) 

where 𝜌𝑠𝑠 ≈ 0.04 indicates a typical irradiance reflectance of the sea surface for the propagation 

from air to water [pg. 494 of ref. (Mobley, 1994)], while the water reflectance 𝜌𝑤 simply equals 

𝜋𝑅𝑟𝑠 when assuming an isotropic angular distribution of the water-leaving radiance. 

The simulation of term S can be performed with a plane-parallel radiative transfer code. The 

simulation of terms 𝐶(𝑥0, 𝑦0; 𝝃) and 𝑊(𝑥0, 𝑦0; 𝝃), instead, requires a full 3D description of the 

propagating system, and hence the use of a MC code. 

The same methodology, developed for coastal regions, can be applied in inland water basins. 

1.2 The RTE and the Monte Carlo method 

A general overview of the radiative transfer equation (RTE) and of the Monte Carlo method is here 

provided. 

The RTE describes the propagation of the radiance through a scattering, absorbing, and emitting 

medium. It is an integro-differential equation in the radiance 𝐿 as a function of the position vector 𝒓 

of Cartesian coordinates and of the direction unit vector 𝝃 = (𝜃, 𝜙): 

(𝝃 ∙ 𝜵)𝐿(𝒓; 𝜉) = −𝑐(𝒓)𝐿(𝒓; 𝝃) + ∫ 𝐿(𝒓; 𝝃′)𝛽(𝒓; 𝝃′ → 𝝃)𝑑𝛺′ + 𝑆(𝒓; 𝝃)
 

𝛺
                       (5) 

In Eq. (5) 𝜵 represents the gradient operator; 𝑐(𝒓) the attenuation coefficient at 𝒓; β is the volume 

scattering function (VSF) defining the probability that radiance at 𝒓 from any direction 𝝃′ is 

scattered into direction 𝝃 ; and 𝑆(𝒓; 𝝃) is the source term. The wavelength dependence has been 

omitted for brevity. It is reminded that 𝑐(𝒓) = 𝑎(𝒓) + 𝑏(𝒓), where 𝑎(𝒓) and 𝑏(𝒓) =

∫ 𝛽(𝒓; 𝝃′ → 𝝃)𝑑𝛺′ 
 

4𝜋
 denote the absorption and scattering coefficients, respectively. 

Solving the RTE analytically is only feasible under very restrictive assumptions, making numerical 

methods (either deterministic or stochastic) the preferred approach in most cases. 

Deterministic methods [e.g., the discrete-ordinate method (Liou, 2002; Mayer et al., 2011; Stamnes 

et al., 1988), the invariant imbedding technique (Mobley, 1994; Preisendorfer, 1976), the adding 

and doubling technique (Kneizys et al., 1988; Liou, 2002), the method of successive order of 

scattering (Gordon and Wang, 1992;  van de Hulst, 1981) and the finite-elements method (Kisselev 

et al., 1995; Bulgarelli et al., 1999)] offer computational efficiency, but are characterised by 

mathematical intricacy and a lack of direct physical interpretation. 

In contrast, the stochastic approach (i.e., that applied in the MC method) is mathematically simpler 

and physically direct, but results are inevitably affected by statistical uncertainties while the 

computing load is much heavier. 

As a result, deterministic solutions are typically applied to solve the RTE in cases of horizontal 

translational invariance (i.e., in plane-parallel systems), while the MC method is preferred for more 

complex scenarios involving three-dimensional geometries and/or time-dependent processes. 

Since the quantification of adjacency effects requires accounting for the non-uniformity of the 

underlying reflecting surface, the stochastic approach is the reference one. 
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The MC method solves the RTE by stochastically quantifying the percentage of virtual photons 

emitted by the source (initialised photons), which are detected by the radiometric sensor 

(D’Alimonte et al., 2010; Doyle and Rief, 1998; Prokhorov, 1998). The probability for the entire 

sequence of events is determined by the probability of each single event the photon may undergo 

in its “life history”. In practice, the initialised photons are followed in their 3D path from the source 

to the sensor through the scattering and absorbing medium, using probability density functions 𝑝 

and cumulative distribution functions 𝑃 to model all possible interactions. 

The probability that an event x lies between x and (x + dx) is defined as 𝑝(𝑥)𝑑𝑥 with: 

∫ 𝑝(𝑥)𝑑𝑥 = 1
∞

−∞
;                                                                      (6)  

while the probability for the same event x to lie between the lowest possible value 𝑥𝑚𝑖𝑛 and x is 

defined as: 

𝑃(𝑥) = ∫ 𝑝(𝑥′)𝑑𝑥′
𝑥

𝑥𝑚𝑖𝑛
                                                                   (7) 

with 0 ≤ 𝑃(𝑥) ≤ 1.  

As so, by randomly selecting a number 𝑞 uniformly distributed between 0 and 1, the solution of 

𝑃(𝑥) = 𝑞 allows statistically selecting x for each photon event.  

For the specific case of radiance propagation in the atmosphere, probability functions are used to 

sample i) the optical distance (also called optical depth) 𝜏 = 𝑐 ∙ 𝑑 covered before interacting with 

the medium, (𝑑 is the geometrical distance to the next collision point); ii) the nature of the 

interaction event; iii) and the photon propagation direction after the event.   

From the exponential decay of the probability density function of the optical distance, 𝑝(𝜏) = 𝑒−𝜏, 

the free-flight optical distance 𝜏 is obtained as 𝜏 = − ln 𝑞.  

The nature of each interaction with the medium is instead determined by comparing the sampled 

number 𝑞 with the single-scattering albedo 𝜔0 = 𝑏/𝑐 (which defines the probability for an 

interaction to be a scattering event): if 𝑞 ≤ 𝜔0, a scattering event occurs, otherwise the photon is 

absorbed.  

The direction of the photon after each scattering event is finally determined through the scattering 

phase function 𝛽̃ = 𝛽/𝑏. Since adopted 𝛽̃ are azimuthally invariant and satisfy the normalisation 

condition 2𝜋 ∫ 𝛽̃(𝜃) sin(𝜃) 𝑑𝜃 = 1
𝜋

0
, the zenith angle 𝜃 is obtained from                                       

𝑃(𝜃) ≡ 2𝜋 ∫ 𝛽̃(𝜃′) sin(𝜃′) 𝑑𝜃′ = 𝑞
𝜃

0
, while the azimuth angle is computed as 𝜙 = 2𝜋𝑞.  

In the interaction with the bottom boundary of the atmosphere, the direction of the reflected photon 

is determined via the bidirectional reflectance distribution function (BRDF [sr−1]) of the reflecting 

surface. The BRDF defines the directional reflectance properties of the surface element, describing 

the reflection of a parallel beam of incident light from one direction into another direction in the 

same hemisphere (Kajiyama et al., 2016). In other words, it defines the probability that radiance 

impinging on the surface from a given direction 𝝃′ is reflected into direction 𝝃 .  

The accuracy of the MC simulation procedure depends on both a correct description of the 

propagating system, including its boundary conditions, and on the capability to constraint the 

random statistical noise, which is a linear function of the square root of the number of initialised 

photons 𝑁𝑝ℎ𝑜.  
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Most MC methods apply variance-reducing techniques to inhibit photon loss, thus increasing 

computational efficiency and decreasing the statistical uncertainty.  

A widely applied variance-reducing technique is the forced-collision sampling technique, which 

forces each interaction with the medium to be a scattering event, so that photons are not lost in 

absorption processes. This is achieved by associating a statistical photon weight w=1 at the source 

and by multiplying w by 𝜔0 at each photon interaction with the medium. The procedure is 

equivalent to consider a photon packet from which, at each event, absorbed photons are removed. 

The process is heuristically ended when w becomes smaller than a given threshold, so that photons 

are traced only as long as they appreciably contribute to model radiometric quantities. The 

threshold might be predefined [e.g., in the order of 10-6 (Kajiyama et al., 2016) or 10-7 (Bulgarelli et 

al., 2014)] or a function of the system Inherent Optical Properties (IOPs) and of the MC simulation 

accuracy requirements. Alternatively, the Russian Roulette technique can be applied (Iwabuchi, 

2006).  

Another extensively applied variance-reducing technique is the backward ray tracing: while in the 

forward MC method photons are started at the source and tracked to the detector, in the backward 

MC method, time reversal is applied, and photons are tracked from the detector back to the source. 

At each scattering event, the contributions to the detected signal are deterministically computed, 

ensuring highly increased computational efficiency.  

Other variance-reducing techniques (not applied in NAUSICAA) include the phase function truncation 

technique to improve the handling of highly peaked scattering phase functions (Potter, 1970; 

Gordon, 1985; Hansen et al., 1969); the correlated sampling technique to allow simultaneously 

tracking the photon propagation in the presence and in the absence of the perturbing object  

(Spanier, 1969); and the semi-systematic sampling, which restricts the angular direction of the 

backward emitted or scattered photons to not yet sampled angular bins, allowing a more uniform 

selection of random directions (Lux et al., 1991).  
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2 The NAUSICAA code 

2.1 Methodology 

The NAUSICAA backward MC code simulates 3D optical photon transport in a inhomogeneous and 

physically realistic atmosphere bounded by a bottom non-uniform reflecting surface. The 

propagating medium is modeled on a 3D grid delimiting the macroscopic volumes or cells of 

uniform optical properties. The 3D grid is surrounded by a background plane-parallel atmosphere 

bounded by a bottom uniform reflecting surface.  

For each cell of the grid, the characteristics of the optically active components (air molecules and 

aerosols) are specified through the extinction coefficient c, the single scattering albedo 𝜔0, and the 

scattering phase function 𝛽̃. A Rayleigh phase function is assumed for the gas molecules. The 

aerosol scattering phase function 𝛽̃𝑎𝑒𝑟 can be either modeled as a two-term Henyey–Greenstein 

(TTHG) phase function (Henyey and Greenstein, 1941;  Kattawar, 1975) or provided in a tabulated 

form. In the first case, the angular distribution function 𝑃(θ) (see eq. 7) is also expressed in 

analytical terms.  

Each element of the bottom reflecting surface can be characterised either by a Fresnel specular 

reflectance (suitable for a flat water-surface) or by the surface BRDF. The accurate expression of 

the BRDF for a wind-generated rough water-surface is taken from (Kisselev and Bulgarelli, 2004). 

This is preferred to the well-known BRDF expression from (Cox and Munk, 1954) because, although 

based on the same two-dimensional Gaussian water-surface wave slope distribution (Cox and 

Munk, 1954), it does not tend to infinity for reflections close to the horizontal direction.  

The approach to model the reflectance of a wind-roughed water surface through the BRDF is 

applied to ensure an equivalent sampling of photons interacting with the land and photons 

interacting with the water surface, thus avoiding the eventual occurrence of artificial biases induced 

by oversampling one type of photons with respect to the other. The presence of whitecaps is not 

accounted for. The latter assumption is reasonable for wind speeds lower than about 7 ms−1 

(Monahan and O’Muircheartaigh, 1986). 

The parametric semi-empirical model developed by (Rahman et al., 1993), the so-called RPV, is 

implemented to obtain realistic land BRDF (Pinty et al., 2002). The overall shape of the angular 

distribution is defined through three parameters: 𝜌0, representing the reflectance of the surface for 

illumination and viewing at the zenith; k, controlling the slope of the reflectance with respect to 

illumination and viewing angles [close to 1.0 for a quasi-Lambertian surface, lower (higher) than 1.0 

when a bowl-shaped (bell-shaped) pattern dominates]; and Θ that establishes the degree of 

forward (positive Θ) or backward (negative Θ) scattering.  

The solar source is described by a parallel beam of monochromatic photons that originates from a 

far-field point and uniformly impinges on the top of atmosphere (TOA).  

For any given target surface-element, the backward MC code releases photons from the satellite 

sensor in the observation direction and with initial unitary statistical weight. The time-reversal 

scheme is applied to track photons from the detector back to the source. At first, the optical 

distance to the first collision point is sampled. The distance to collision is recomputed when the 

photon crosses a cell boundary before interacting with the medium, and the photon is re-launched 

from the boundary itself. At the collision point, a scattering event is forced by multiplying the 

photon weight 𝑤 by 𝜔0. The type of scattering (either by molecules or aerosols) is sampled, and a 

new propagation direction of the surviving photon is determined by retrieving the scattering angle 
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from random sampling of the distribution function 𝑃(𝜃). Upon sampling a new distance to the 

collision point, the photon is re-launched.  

If the photon reaches a specular surface element, a reflection is forced by multiplying the photon 

weight by the Fresnel reflection coefficient, and the new direction of the photon is deterministically 

calculated. Otherwise, if the surface element is not specular, the photon weight is multiplied by the 

directional–hemispherical reflectance [DHR, i.e., the reflectance for incoming light from a single 

direction (Martonchik et al., 2000)] at the point of reflection, and the photon interaction with the 

surface is treated as in a collision event.  

The distance to the next collision point is sampled again, and the whole process is repeated until the 

statistical weight of the tracked photon falls below a preset threshold value. Alternatively, the 

survival of the photon packet is determined randomly through the Russian roulette method 

(Iwabuchi, 2006).  

At any collision, the contribution of the tracked photons to the detected signal is deterministically 

computed. In the presence of flat water-surface areas, the eventual contribution of the direct solar 

beam specularly reflected by the water surface is accounted for.  

For the simulation of functions C and W (see Eq. 2), only the contributions from photons that 

already interacted with the underlying reflecting surface are retained. Additionally, water surface 

elements are assumed totally absorbing, while land elements are modeled with land BRDF in the 

simulation of function C, and with a uniform wind-generated rough water-surface BRDF for the 

simulation of function W. 

Simulated results are provided with their statistical uncertainty, as determined by the selected 

number of initiated photons 𝑁𝑝ℎ𝑜 and by the threshold for photon survival (Roberti, 1997).  

2.2 Atmospheric Modeling  

The code can ingest any atmospheric description produced by the PERSEA code (Bulgarelli and 

Vitale, in progress). 

2.3 Inputs and outputs 

Inputs required by the main subroutine (NAUSICAA_RTE_solver.f) are here described. Additional 

details are provided in Annex 1. 

2.3.1 Medium structure 

The size of the cells in which the medium is gridded can vary both vertically and horizontally (Fig. 

7). In specific, the medium is modelled by NXCL x NYCL horizontally finite and vertically layered 

columns, with a square base of dimension SIZE (in km); both the height (LYRHGT) and the number of 

the layers (NLYR) can vary from column to column, only the height of the top layer must be the 

same. The background plane-parallel atmosphere bounded by a bottom uniform reflecting surfaces 

is identified by coordinates (0,0). 
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Figure 7. Scheme for medium structure. The background has coordinates (0,0) 

 

Source: Bulgarelli et al., 2025 

2.3.2 Cells optical properties 

The optical properties within each cell are assumed homogeneous. If a number 𝑁𝑐 of optically active 

components is present, the global optical properties of each cell are: 

• global extinction coefficient 𝑐 = ∑ 𝑐𝑖  
𝑁𝑐
𝑖=1 ; notably the optical thickness is defined as 𝜏 =

∫ 𝑐 ⋅ 𝑑𝑧
𝑧𝑡𝑜𝑝

𝑧𝑏𝑜𝑡𝑡𝑜𝑚
                                                                      

• global single scattering albedo 𝜔0 =
∑ 𝜔0𝑖𝜏𝑖

𝑁𝑐
𝑖=1

∑ 𝜏𝑖
𝑁𝑐
𝑖=1

  

• probability that the scattering event is due to aerosol  𝑃𝑎𝑒𝑟
𝑠𝑐 =

𝜔0𝑎𝑒𝑟𝜏𝑎𝑒𝑟

∑ 𝜔0𝑖𝜏𝑖
𝑁𝑐
𝑖=1

 

• aerosol phase function 𝛽̃𝑎𝑒𝑟 . Phase functions 𝛽̃(cosΘ), where Θ is the scattering angle, 
are assumed symmetric in the azimuthal direction and are normalised to 1, i.e., 

∫ 𝛽̃(cosΘ)𝑑𝑐𝑜𝑠Θ
1

−1
= 1. When flag HENYEY is set to .true., 𝛽̃𝑎𝑒𝑟 is modelled as a TTHG 

with parameters 𝑔1, 𝑔 2, 𝑎𝑠; alternatively, 𝛽̃𝑎𝑒𝑟 is read from the FILEPHA input file, where 
it must be provided tabulated by points.  

2.3.3 Surface optical properties 

Each square element of the surface (i.e., the lower boundary of the grid system) can either be 

characterised by  

• a Lambertian land cover (flag LAMBERT must be set to .true. and the albedo ALBE must be 
provided in the range 0 to 1) or  

• by a wind-roughened water surface (flag LAMBERT must be set to .false. and ALBE must be 
set to 99.9). In the latter case, the BRDF for a wind-generated rough water-surface is taken 
either from (Cox and Munk, 1954) or from (Kisselev and Bulgarelli, 2004).  

The albedo of the background is identified as ALBE(0,0); an example of surface grid is provided in Fig. 

8.  

It is noted that the subroutine also includes the possibility to select a BRDF according to (Pinty et al., 

2005) for land surface elements (not operationally implemented). 
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 Figure 8. Example of the surface grid. The background surface has coordinates (0,0) 

 

Source: Bulgarelli et al., 2025 

2.3.4 Illumination conditions 

The incident radiation is a parallel flux of irradiance 𝐹0 impinging on the top boundary.  

The illumination geometry, which identifies the direction of the incident sunbeam, is specified 

through  

• the cosine of the sunbeam zenith angle 𝜃𝑠𝑢𝑛𝑏𝑒𝑎𝑚. It equals -1.0 when the sun is at na-
dir.  

• the sunbeam azimuthal angle 𝜙𝑠𝑢𝑛𝑏𝑒𝑎𝑚 (in degrees), measured anticlockwise from the 
x-axis.  

Fig. 9 shows that, given the sun angles θ0 (with respect to zenith) and ϕ0 (anticlockwise from the  𝑥-

axis): 𝑐𝑜𝑠𝜃𝑠𝑢𝑛𝑏𝑒𝑎𝑚 =  −𝑐𝑜𝑠𝜃0; 𝜙𝑠𝑢𝑛𝑏𝑒𝑎𝑚 = 𝜙0 + 180o for 𝜙𝑠𝑢𝑛𝑏𝑒𝑎𝑚 < 180o , and 𝜙0 − 180o for 

𝜙𝑠𝑢𝑛𝑏𝑒𝑎𝑚 > 180o. 
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Figure 9. Scheme of the sunbeam geometry 

 

Source: Bulgarelli et al., 2025 

2.3.5 Output geometry 

NAUSICAA can compute the output radiance in any given position and direction.  

The computational position of the output radiance is identified by the cartesian coordinates POSX, 

POSY and POSZ [km]; its computational direction is defined by the azimuth angle 𝜙  (in degree) 

measured anticlockwise from the 𝑥-axis, and the cosine of the zenith angle 𝜃, measured with respect 

to the 𝑧-axis. Notably, positive cosines denote the upwelling radiance, negative ones the downwelling 

radiance, and cos𝜃 = 1 corresponds to radiance propagating towards nadir. 

For a satellite sensor, whose viewing geometry is identified by coordinates 𝜃𝑣 with respect to nadir 

and 𝜙𝑣 anticlockwise with respect to the 𝑥-axis, it simply is 𝜃 = 𝜃𝑣, and 𝜙 = 𝜙𝑣 (see Fig. 10). 

Figure 10. Scheme of the output radiance geometry 

 

Source: Bulgarelli et al., 2025 
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2.3.6 Number of photons and output radiance 

A number 𝑁𝑝ℎ𝑜 of photons is started at the sensor in the backward direction, and the total radiance 

detected by the sensor is computed as 

𝐿 = ∑ 𝐿𝑛
1,Npho

𝑛                                                                          (8) 

where 𝐿𝑛 is the radiance associated with the n-th photon.   
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3 NAUSICAA accuracy and validation 

The uncertainty 𝜎𝐿𝑎𝑑𝑗

𝑀𝐶  on the simulated adjacency radiance 𝐿𝑎𝑑𝑗 (see Eq. 1) can be expressed as: 

𝜎𝐿𝑎𝑑𝑗

𝑀𝐶 = [(𝜎𝐿𝑎𝑑𝑗

𝑟𝑛𝑑 )
2

+ (𝛿𝐿𝑎𝑑𝑗

𝑠𝑦𝑠
)

2
]

1/2

,                                                            (9) 

where 𝜎𝐿𝑎𝑑𝑗

𝑟𝑛𝑑  and 𝛿𝐿𝑎𝑑𝑗

𝑠𝑦𝑠
 denote the contribution from random and systematic uncertainties of MC 

computations, respectively. Notably, random uncertainties inherently affect MC computations and 

strictly depend on the number of initialised photons 𝑁𝑝ℎ𝑜 and on the selected threshold for photon 

survival. 

Contributions from statistical uncertainties 𝜎𝐿𝑎𝑑𝑗

𝑟𝑛𝑑  may be required to be below a certain threshold.  

As an example, in (Bulgarelli et al., 2014) 𝜎𝐿𝑎𝑑𝑗

𝑟𝑛𝑑  in NAUSICAA simulations was required to be lower 

than the average OC sensors Noise Equivalent Radiance Difference 𝑁𝐸𝛥𝐿̅̅ ̅̅ ̅̅ ̅̅ = 2𝐹0 × 10−5 Wm2 μm−1 

sr−1. 𝑁𝐸𝛥𝐿 represents the at-sensor incremental radiance that can still be discriminated from noise 

when observing a typical signal, and thus characterising the radiometric resolution of the sensor. 

Notably, by initialising 𝑁𝑝ℎ𝑜 = 107 photons, the requirement was fully satisfied. 

In the same study (Bulgarelli et al., 2014) the contributions due to systematic uncertainties (biases) 

affecting the NAUSICAA computations, 𝛿𝐿𝑎𝑑𝑗

𝑠𝑦𝑠
, were evaluated by comparing upwelling surface 

radiances at TOA obtained for an infinite uniform reflecting surface with the corresponding values 

from the totally converged solution of the highly accurate FEM numerical code (Bulgarelli et al., 

1999; Kisselev et al., 1995; Bulgarelli, 2024), assumed as the reference. The analysis, performed for 

several representative and realistic test cases by initialising 𝑁𝑝ℎ𝑜 = 107 photons and assuming i) 

an ideal (lossless) perfectly diffuse (Lambertian) surface and ii) a Fresnel-reflecting surface, 

indicated the absence of biases between FEM and NAUSICAA results (see Fig. 11). The optimal 

agreement between the two codes, which implement entirely different approaches to solve the RTE, 

provided a robust validation for the NAUSICAA algorithm. Moreover, biases never exceeded the 

statistical uncertainty of MC simulations with a 99.7% level of confidence. 

NAUSICAA simulated results were further benchmarked with data obtained from the literature, 

showing optimal agreement (Bulgarelli et al., 2014).  
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Figure 11. Normalised distributions of δMC-FEM/E0=(LsfcMC
TOA- LsfcFEM

TOA)/E0 [sr−1] for 672 test cases (Ncases) 

obtained by initialising Npho=107 photons and assuming (a) a uniform ideal Lambertian surface and (b) a 

uniform Fresnel-reflecting surface. The Gaussian fit of the distributions is displayed in black. Its mean <δ∕E0> 

and standard deviation σδ∕E0 are also given. Note that the x-scale for the Lambertian case is one order of 

magnitude higher than that of the Fresnel case. Lsfc
TOA indicates the upwelling surface radiance at TOA. 

 

Source: (Bulgarelli et al., 2014) 
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4 NAUSICAA computational efficiency 

The MC transport of each photon at the core of NAUSICAA simulations is independent of the other 

photons, and their order is not relevant, which means that RT simulations distributed over multiple 

computing units are statistically equivalent to those obtained with a single one. Parallel execution 

over different computing units was then adopted to reduce the actual simulation time.  

Solutions to enhance the NAUSICAA efficiency are presented in this section. 

4.1 Implementation framework 

The NAUSICAA computational efficiency is optimised through the parallelisation of 

— the innermost loop over each member of the photons’ population, and 

— the outer nested loops over a two-dimensional (2D) grid of pixels along the x and y axes. 

The innermost loop optimisation divides the total number of photons 𝑁pho into subsets, hence 

requiring limited code adaptations for parallel runs. Memory payload optimisation is additionally 

applied to enhance efficiency.  

The nested loops over two spatial dimensions are transformed into a unified loop to facilitate 

parallelisation upon masking out-of-scope pixels (see Fig. 12).  A fine-blocking approach is then 

adopted to balance the workload among the computing units.   

 

Figure 12. Schematic of NAUSICAA steps for parallel computing through a) pixels masking, b) workload 

balancing, and c) distributed processing. 

Source: (Bulgarelli et al., 2025) 

 

The optimisation over the inner loop (i.e., over photons) or the outer loop (i.e., over space), which are 

mutually exclusive, is selected based on application requirements. 

Two different versions of the NAUSICAA code have been implemented for parallel computing, one 

on a single multicore machine using the OpenMP toolset, and the other on a computer cluster using 

the Message Passing Interface (MPI) toolset, see Fig. 13, panels a) and b), respectively. 

 

 

             

                 

                   

                                   

                            

         

                    

                    

                     

 

 



 

25 

Figure 13. Schematic of NAUSICAA simulations on a) multicore machine and b) computer cluster. 

Source: (Bulgarelli et al., 2025) 

Although the code parallelisation and the tasks assignment to different computing units are 

intuitive, actual implementations imply careful adaptation of the original sequential code.   

Among those addressed for NAUSICAA is the random number generation underpinning MC photon 

transport. Precisely, i) the RAND and SRAND intrinsic functions used in the original sequential 

NAUSICAA code were assessed as unapplicable for distributed processing because the random 

number generator state may corrupt due to uncoordinated simultaneous updates by multiple 

threads of execution, i.e., a phenomenon referred to as “not thread-safe”; and ii) multiple computing 

units may share the same random number seed.  These pitfalls have been sorted out as follows.  

First, the thread-safe RANDOM_NUMBER and RANDOM_SEED subroutines are used instead of RAND 

and SRAND, respectively.  Second, unique random number seeds are instantiated by individual 

computing units, each based on a specific identifier.  Numerical tests confirmed that there is no 

correlation between random number sequences. 

4.2 Performance assessments 

The NAUSICAA performance efficiency is documented through illustrative test cases.  

Optimisation for speed by parallelised loops is evaluated through the execution time T as a function 

of the number of computing units (i.e., either threads in OpenMP or processes in MPI).  Additional 

performance metrics are speedup 𝜂 and parallel efficiency 𝜀.  

The speedup 𝜂 is defined as: 

𝜂(𝑁) =
𝑇(1)

𝑇(𝑁)
    , (10) 

where 𝑇(1) is the execution time in the case of a single computing unit used as a benchmark, and 

𝑇(𝑁) is that resulting from 𝑁 computing units. The aimed result is 𝑇(𝑁) < 𝑇(1)—i.e., the 

processing time is reduced by distributing parallel tasks over computing units—and hence, the larger 

𝜂, the better.  

The parallel efficiency 𝜀 is defined as: 

𝜀(𝑁) = 100 ∙
𝑇(1)

𝑁 ∙ 𝑇(𝑁)
= 100 ∙

𝜂(𝑁)

𝑁
    .  

(11) 

The best efficiency occurs when the processing time scales as the number of computing units (e.g., 

if 𝑁 = 2 and 𝑇(2) = 𝑇(1)/2, then in this case 𝜀 = 100%). In practice, 𝜀 < 100% because parallel 
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processing requires supplemental operations, such as sharing initialisations and gathering results, 

besides photon tracing. The more demanding these supplemental operations w.r.t. the actual MC 

tracing, the lower the efficiency. Note that the efficiency also varies between OpenMP and MPI 

because of different underlying parallel operation requirements.   

Results about the parallelisations of the loop over photons and that over observational pixels are 

presented below to illustrate how concurring factors drive the efficiency of the NAUSICAA code. 

Performance tests are generated with a number of computing units (either OpenMP threads or MPI 

processes) ranging from 2 to 12.  

4.2.1 Parallelised loop over photons 

Performance figures presented in Figs. 14 and 15 are also detailed in Table 1. Results indicate that 

an increased number of photons leads to better speedups and efficiency rates because of relatively 

fewer parallelisation overheads. Examples are the time spent on i) the creation and finalisation of 

OpenMP threads and ii) data transfers among MPI processes.  In the present performance tests, the 

best 𝜂 = 4.07 is obtained with the MPI-parallel version when 106 photons were traced using 12 

processes. 

Performance results for computer clusters using MPI show the efficiency 𝜂 lowering for 𝑁cmp from 8 

to 12, likely due to frequent data transfers within the parallelised loop over pixels, where collective 

data communications (by the MPI_Gather subroutine) are performed among MPI processes for each 

loop iteration. Increasing the number of photons lessens the relative weight of data communication 

w.r.t photon tracing. 

Figure 14. Performance of the OpenMP-parallel version of the NAUSICAA code featuring the parallelised loop 

over photons. 

 

Source: (Bulgarelli et al., 2025) 
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Figure 15. Performance of the MPI-parallel version of the NAUSICAA code featuring the parallelised loop over 

photons.  

 

Source: (Bulgarelli et al., 2025) 

Table 1 Performance results of the NAUSICAA code with the parallelised loop over photons for a multicore 

machines using OpenMP and for a computer clusters based on MPI. 

  Multicore machine (Open MP) Computer cluster (MPI) 

𝑁pho 𝑁cmp T [sec.] 𝜂 𝜀 T [sec.] 𝜂 𝜀 

104 

1 54 N/A N/A 55 N/A N/A 

2 32 1.69 84% 32 1.72 86% 

4 20 2.70 68% 25 2.20 55% 

8 16 3.38 42% 34 1.62 20% 

12 15 3.60 30% 45 1.22 10% 

105 

1 491 N/A N/A 503 N/A N/A 

2 260 1.89 94% 263 1.91 96% 

4 164 2.99 75% 159 3.16 79% 

8 135 3.64 45% 143 3.52 44% 

12 124 3.96 33% 151 3.33 28% 

106 

1 4,856 N/A N/A 4,952 N/A N/A 

2 2,579 1.88 94% 2,563 1.93 97% 

4 1,650 2.94 74% 1,539 3.22 80% 

8 1,326 3.66 46% 1,227 4.04 50% 

12 1,235 3.93 33% 1,216 4.07 34% 

                                     Source: (Bulgarelli et al., 2025) 
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4.2.2 Parallelised loop over observational pixels   

Performance results considering the parallel loop over pixels are visualised in Figs. 16 and 17 and 

shown in Table 2.  The OpenMP-based parallel loop over pixels resulted in better 𝜂 and 𝜀 values 

when compared with the OpenMP-based parallel loop over photons (see Table 1), likely due to a 

coarser division of workload (i.e., pixels instead of photons) and hence fewer parallelisation 

overheads. The best speedup 𝜂 = 8.45 is obtained using 12 OpenMP threads. 

 

Figure 16. Performance of the OpenMP-parallel version of the NAUSICAA code featuring the parallelised loop 

over masked observational pixels. 

 

Source: (Bulgarelli et al., 2025) 

 

Figure 17. Performance of the MPI-parallel version of the NAUSICAA code featuring the parallelised loop over 

masked observational pixels. 

 

Source: (Bulgarelli et al., 2025) 
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Table 2 Performance results of the NAUSICAA code with the parallelised loop over masked observational 

pixels for a multicore machine using OpenMP and a computer cluster based on MPI. 

  Multicore machine (OpenMP) Computer cluster (MPI) 

𝑁pho 𝑁cmp T [sec.] 𝜂 𝜀 T [sec.] 𝜂 𝜀 

103 

1 705 N/A N/A 669 N/A N/A 

2 442 1.60 80% 427 1.57 78% 

4 252 2.80 70% 283 2.36 59% 

8 151 4.67 58% 237 2.82 35% 

12 124 5.69 47% 478 1.40 12% 

104 

1 6,129 N/A N/A 6,286 N/A N/A 

2 3,572 1.72 86% 3,750 1.68 84% 

4 1,942 3.16 79% 2,285 2.75 69% 

8 1,046 5.86 73% 1,409 4.46 56% 

12 725 8.45 70% 1,704 3.69 31% 

                                   Source: (Bulgarelli et al., 2025) 
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5 NAUSICAA code applications 

This section presents main applications of the NAUSICAA code, additional details can be found in 

the published studies.  

5.1 JRC analysis of adjacency effects in satellite data and satellite data 

products at a coastal validation site 

The NAUSICAA code was extensively applied (Bulgarelli et al., 2014, 2018; Bulgarelli and Zibordi, 

2018b;   to investigate AE in OC satellite data and data products at the Aqua Alta Oceanographic 

Tower (AAOT, 45.31° N, 12.51° E; see Fig. 18): a validation site located in the northern Adriatic Sea 

at 8 nautical miles from the coast and belonging to the Ocean Color component of the Aerosol 

Robotic Network (AERONET-OC) (Zibordi et al., 2021, 2010, 2009). 

The AAOT site was selected for two main reasons. Since 1995, the site has been used to validate 

satellite OC products (Zibordi et al., 2002) and its comprehensive multiannual record of in situ 

measurements (Zibordi et al., 2002, 2009, 2024)  allows a precise definition of realistic and 

seasonally dependent test cases for the analysis of the adjacency effects. Additionally, the region 

hosting the AAOT is well representative of mid-latitude coastal areas covered by a deciduous 

vegetation type (the most diffuse in Europe) in the absence of snow, while the AAOT aerosol optical 

properties correspond to those mostly encountered at different AERONET-OC sites (Mélin et al., 

2013). The analysis of AE at the site can thus provide insights into a variety of measurement 

conditions and coastal regions.  

The study, performed for realistic and representative observation conditions, accounted for sea 

surface reflectance anisotropy, off-nadir views, coastal morphology, and atmospheric multiple 

scattering.  

Results, computed along a transect encompassing the AAOT site (Fig. 18), highlight that, within the 

accuracy limits defined by the radiometric resolution of OC sensors, AE in coastal waters might be 

significant at both visible and near-infrared wavelengths up to several kilometres off the coast. 

Results additionally show a noteworthy dependence on the angle of observation, on the directional 

reflectance properties of the water surface, and on the atmospheric multiple scattering. Adjacency 

effects further exhibit a strong seasonal dependence, with increased values in summer when the 

land is highly reflecting, the water is highly absorbing, and the sun elevation is high. The impact of 

common approximations, like isotropic reflecting surface, nadir-observation geometry, single 

scattering approximation and straight coastline were also investigated. 

Exemplificative results are given in Fig. 19 and 20. 

Fig. 19 shows average simulated values of the percentage adjacency effects (𝜉𝐿𝑡𝑜𝑡
= 𝐿𝑎𝑑𝑗/𝐿𝑡𝑜𝑡  ⋅

100) computed along the study transect of Fig. 18 at representative center-wavelengths.  

Fig. 20 illustrates the impact of adjacency effects at the AAOT accounting for the noise level NL 

(equivalent to the inverse of the sensor-noise-ratio SNR) of reference OC sensors (namely, NASA 

SeaWiFS and MODIS, Landsat OLI, ESA MERIS, Sentinel-2 MSI and Sentinel-3 OLCI). Notably, 

sensors’ NL were normalised to the same typical input radiance 𝐿𝑡𝑦𝑝 (Bulgarelli and Zibordi, 2018b; 

Hu et al., 2012). 
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Figure 18. (a) Region considered in NAUSICAA simulations (AAOT  as a black circle, 45.31° N, 12.51° E). (b) 

Land/water mask: land elements are indicated in dark grey, and water elements are in light grey. The black 

line represents the transect intersecting the AAOT. 

 

Source: (Bulgarelli et al., 2014) 

Figure 19. Values of mean ξLtot at representative wavelengths along the study transect. Error bars represent 

the standard deviation σ (black) and the sample variance (gray). Lw is assumed constant along the transect. 

The vertical dotted line identifies the position of the AAOT site. 

 

Source: (Bulgarelli et al., 2014) 
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Figure 20. Spectral annual average values of Ladj [Wm−2μm−1sr-1 ] at SeaWiFS-equivalent centre-wavelengths 

for reference OC sensors. Black errorbars represent uncertainties for uncorrelated contributions; grey error 

bars indicate ±1 standard deviation (number of test cases N = 6 for OLI, 12 for MSI, 18 for the other sensors). 

Shaded and empty box bars indicate one and two harmonised sensor spectral NEΔL, respectively. LR=low 

resolution; HR: high resolution; FR=full resolution; RR=reduced resolution. 

 

Source: (Bulgarelli and Zibordi, 2018b) 

AE perturbations in satellite radiometric products strictly depend on the atmospheric correction (AC) 

procedure. To acknowledge this, biases 𝜓𝑡𝐿𝑤
 on the retrieved water-leaving radiance at TOA, 𝑡𝐿𝑤, 

were analysed for two different AC procedures: not deriving (AC-1) or deriving (AC-2) the 

atmospheric properties from the remote sensing data (Bulgarelli et al., 2017). Results along the 

study transect are depicted in Figs. 21 and 22, respectively. 

For an AC-1 scheme, average biases 𝜓𝑡𝐿𝑤
 are negligible throughout the study transect at yellow-

green wavelengths, while they reach up to −21% and +34% at the coast at 412 and 670 nm, 

respectively (Fig. 21). 

For the specific case of an AC-2 scheme determining the atmospheric properties from the NIR and 

by adopting a power-law spectral extrapolation of adjacency perturbations on the derived 

atmospheric radiance, average biases 𝜓𝑡𝐿𝑤
 become all negative with values well exceeding −50% 

at 412 and 670 nm at the coast (Fig.22). 
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Figure 21. Annual average biases ψtLw at representative wavelengths for an AC-1 scheme. Results are 

presented as a function of the distance along the study transect (see Fig. 18), and error bars indicate the 

standard deviation ± σψ (black, not visible in the present plots) and the sample variance (grey). Lw is assumed 

constant all along the transect. The horizontal dotted lines indicate ± 5%, while the vertical dashed line 

identifies the position of the AAOT site.  

 

Source: (Bulgarelli et al., 2017) 

Figure 22. As in Fig. 21 but for the AC-2 scheme 

 

Source: (Bulgarelli et al., 2017) 
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The investigation was completed by evaluating the impact of AE on satellite primary products 

through match‐ups of in situ and cloud-free SeaWiFS sample images (Bulgarelli et al., 2018). 

The validation exercise was performed with the NASA SeaWiFS Data Analysis System (SeaDAS 

version 7; https://seadas.gsfc.nasa.gov/ ), alternatively ingesting original SeaWiFS data and SeaWiFS 

data corrected at TOA for NAUSICAA estimated adjacency contributions, and alternatively including 

or excluding the default turbid water (TW) correction algorithm (Bailey et al., 2010). The analysis 

suggests AE exceeding TW contributions at NIR in the vast majority of cases between March and 

October, as well as indicates an overestimate of the water signal in the NIR by the standard SeaDAS 

procedure (likely imputable to the inability of the optical model implemented in the TW correction 

algorithm to reproduce actual bio-optical conditions at the AAOT) partially compensating adjacency 

perturbations.  

The exercise showed biases decreasing at all wavelengths and throughout the year when correcting 

for the sole AE.  

Notably, the exercise allowed explaining the observed intra-annual variation in biases of SeaWiFS 

primary products acquired at the AAOT in the period 2002-2010 (Zibordi et al., 2012) as a 

consequence of residual perturbations from uncompensated AE in data acquired in summer, and 

misinterpretation of NIR atmospheric signal as water contributions in data acquired in winter.  

5.2 JRC analysis of adjacency effects in satellite data and satellite data 

products in coastal regions 

NAUSICAA was further applied to evaluate the spatial extension of AE in typical coastal 

environments and for representative atmospheric, illumination and observational conditions 

(Bulgarelli and Zibordi, 2018a) (Fig. 23). Average values of 𝜉𝐿𝑡𝑜𝑡
 at representative OC center-

wavelengths for different land covers are illustrated in Fig. 24. 

Figure 23. Geometry of illumination and observation adopted in the simulations. The grey horizontal line 

represents the study transect. 

 

Source: (Bulgarelli and Zibordi, 2018a) 

https://seadas.gsfc.nasa.gov/
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Figure 24. Values of |𝜉𝐿̅𝑡𝑜𝑡
| at representative center-wavelengths along the study transect of Fig. 23 as a 

function of the distance from the coast for northern Adriatic Sea Case-2 moderately sediment-dominated 

waters and different land covers. Error bars represent uncertainties computed assuming uncorrelated 

contributions. Horizontal lines indicate the spectral NL values for the various sensors (SWF stands for 

SeaWiFS, MOD for MODIS, MER for MERIS). 

 

Source: (Bulgarelli and Zibordi, 2018a) 

Fig. 25 shows biases 𝜓𝑡𝐿𝑤
 induced by AE on 𝑡𝐿𝑤 retrieved with an AC-2 scheme. Results are for 

northern Adriatic Sea waters (i.e., Case-2 moderately sediment-dominated waters) and 

representative land covers along the study transect of Fig. 23. Over- and underestimated radiance 

observed at the coast might well exceed ± 100% at 443 nm in the presence of snow and green 

vegetation, respectively. Notably, misestimates might increase about 4 times in water dominated by 

CDOM, like those of the Baltic Sea (not shown). 

Overall, the analysis of adjacency perturbations on satellite radiometric products from an AC 

scheme deriving the aerosol properties from the NIR showed that (Bulgarelli and Zibordi, 2018a): i) 

adjacency perturbations on the satellite-derived atmospheric radiance are not only correlated to the 

strength of the land albedo in the NIR, but to its spectral dependence, too; ii) AE in the NIR (affecting 

the retrieval of the atmospheric radiance) might compensate adjacency perturbations at visible 

wavelengths, so that even biases on the retrieved water-leaving radiance are not directly correlated 

to the strength of the land spectral albedo. For example, the impact of AE on the water signal 

retrieved at blue wavelengths might be larger for a vegetation land cover than for the more highly 

reflective concrete or white sand. Compensations might even occur in the presence of snow.  
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Figure 25. Values of the bias induced by AE on the derived water-leaving radiance at TOA, ψtLw, at 

representative wavelengths along the study transect of Fig. 23 as a function of the distance from the coast 

for northern Adriatic Sea waters and representative land covers (see legend of Fig. 24). Error bars indicate ± 1 

standard deviation (N = 24 test cases). 

 

Source: (Bulgarelli and Zibordi, 2018a) 

 

5.3 JRC contribution to the evaluation of adjacency effects at SVC sites  

The NAUSICAA code was employed to theoretically investigate potential AE in marine data acquired 

by the OLCI instrument onboard the Sentinel-3 Copernicus space mission, when considering a 

conjectural SVC infrastructure located in the Sicily Channel nearby the small Lampedusa island 

(approximately 2.5 km by 12 km) (Bulgarelli and Zibordi, 2020).  

The analysis evidenced extremely different adjacency patterns (see Fig. 26) in the northern and 

southern water regions. North of the island (i.e., in the anti-solar plane) AE mainly derive from sky- 

and sun-glint contributions masked by the island itself, displaying slightly negative values which 

decrease with wavelength. South of the island AE is mostly dominated by land radiance 

contributions, with the highest values at 865 nm, where they reach up to 40% at the coast, 

remaining larger than the sensor NL up to about 8 and 14 km for OLCI FR and OLCI RR data, 

respectively. Beyond such distances from the coast, AE was estimated to not affect the 5% 

uncertainty requirement for the water-leaving radiance in the blue-green spectral regions.  
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Figure 26. Percent contribution of adjacency effects ξLtot to the top-of-atmosphere radiance at 865 nm over 

140x140 surface square elements 200 m wide centred on the island, determined for typical observation and 

land - water optical properties. The white straight lines indicate transects matter of extensive investigations. 

The yellow and red contour lines identify the noise level for OLCI Full-Resolution and OLCI Reduced-

Resolution, respectively. Dashed and continuous contour lines indicate negative and positive values of the 

sensor noise level, respectively. 

 

Source: (Bulgarelli and Zibordi, 2020) 

5.4 JRC analysis of adjacency effects in inland waters 

Adjacency effects are expected to increase in inland water basins, since these are surrounded by 

land. Lake Maggiore was selected as a test case to perform NAUSICAA simulations of average 𝜉𝐿𝑡𝑜𝑡
 

in typical OC acquisitions. Results depicted in Fig. 27 were obtained for average atmospheric, 

illumination and observation conditions. They show values of 𝜉𝐿𝑡𝑜𝑡
exceeding typical OC sensors’ NL 

(Bulgarelli and Zibordi, 2018a) even at the centre of the lake, and particularly in the NIR (Bulgarelli, 

2024a). 

Figure 27. Adjacency contribution at the sensor ξLtot (percent values, note that the scale is different for the 

different wavelengths). Inlet plots depict ξLtot along the transect indicated in the pictures. 

 

Source: Bulgarelli, 2024a 
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6 Conclusions  

The NAUSICAA 3D MC code, whose accuracy and computational efficiency were carefully evaluated, 

belongs to the JRC’s ARTEMIS-OC software suite for the simulation of the signal at OC satellite and 

in-situ sensors in support to the Copernicus program for Earth observation, monitoring and 

safeguarding. 

In specific, NAUSICAA represents a powerful and versatile tool to evaluate perturbations from 

nearby land in OC data of coastal and inland waters, the so-called adjacency effects. 

The present report illustrated the methodology applied in NAUSICAA, discussed the accuracy of 

simulated results and the code computational efficiency, described inputs and outputs, and 

summarised main applications. 

NAUSICAA was extensively applied to assess adjacency perturbations in realistic OC satellite 

observations of coastal and inland waters. 

Based on NAUSICAA simulations (Bulgarelli et al., 2014; 2017; 2018c; Bulgarelli and Zibordi, 2018a; 

2018b), it was possible to draw the following general considerations: 

— urgent ad clear need to account for AE when processing OC data from coastal and inland water 

regions 

— modeling and correction of AE should account for: 

• sensor viewing angle (AE significantly increase with the viewing angle, nearly doubling 

from 20o to 50o); 

• illumination conditions (AE appreciably decrease with the solar zenith angle) 

• atmospheric conditions—there is evidence that, at some distance from the coast, the 

phenomenon is Rayleigh-dominated; 

• when the contrast between water and land is low (as for green vegetation, bare soil and 

cropland at the blue wavelengths), relevance should be given to the optical properties of 

the water; 

• when the contrast between land and water is high (as for all land covers at NIR and for 

snow, white sand, dry vegetation and concrete at all wavelengths), the optical properties 

of the water and its surface are not crucial in the determination of the AE 

— AE needs to be considered when selecting the location of a site for the vicarious calibration of 

Copernicus products: the site should be put at a safe distance from the coast to avoid AE, or, 

alternatively, the utilised atmospheric correction code should account for AE.  

Results obtained from the NAUSICAA code contributed to raise awareness on the need to correct for 

land perturbations in OC remote sensing. 

The handling of AE is accounted for in the specifications of CEOS Analysis Ready Data (ARD) of 

aquatic reflectance (Dekker et al., 2025). 
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Annexes  

Annex 1. Input variables to the main subroutine NAUSICAA_RTE_solver.f 

Input variables of subroutine NAUSICAA_RTE_solver.f are divided into hard coded variables (Table 3) 

and variables passed to the subroutine (Table 4). In both tables, code variable names are listed, 

together with their type, scientific symbol (when appropriate) and short description. 

Table 3 Hard-coded variables (I stands for integer, R for real and L for logical)  

Variable Type Symbol Description  

ISEED I  arbitrary integer for the initialisation of the 
random generating function prior its first call 

NREF R 𝑛 air-water refraction index. Default: NREF = 1.34 
WIND R 𝑣𝑤 wind speed [m*sec-1]. Default: WIND = 3.3 m/s 
TRES-RR R  threshold for the application of the Russian 

roulette on weight. Default: TRES_RR = 0.2 (not 
used) 

NSTEP I  number of points in each cell at which the solution 
is computed (not used) 

Source: (Bulgarelli et al., 2025) 

Hard coded is also the name of the file containing the tabulated DHR data for the wind-roughened 

sea surface. Example: DHR_3.3.DAT for wind speed WIND = 3.3m/s. Data are for opposite incident 

direction (viewing direction). WARNING: if the wind speed is changed the corresponding DHR file must 

be read! 

 

Table 4 Variables passed to the NAUSICAA_RTE_solver subroutine (I stands for integer, R for real and L for 

logical) 

Variable Type Symbol Description 

photons 

NPHO I 𝑁𝑝ℎ𝑜 Number of backward photons 
started from the sensor 

TRES R  threshold below which 
photons life is considered to be 
extinguished. 

Illumination conditions 

SUNCOS R 𝑐𝑜𝑠𝜃𝑠𝑢𝑛𝑏𝑒𝑎𝑚 cosine of the incident 
sunbeam polar angle.  
For sun is at nadir, SUNCOS= -
1.0 

SUNAZ R 𝜙𝑠𝑢𝑛𝑏𝑒𝑎𝑚 Incident sunbeam azimuthal 
angle in degrees anticlockwise 
from the x-axis 

SOCO R 𝐹0/𝜋 Intensity of the incident 
parallel beam on the top 
boundary in arbitrary units.  
It is such that SOCO⋅π = 
incident flux. 
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Output radiance direction 

MXUMU I  Maximum number of output 
radiance polar angles  

NUMU I  Number of output radiance 
polar angles  

UMU(MXUMU) R 𝑐𝑜𝑠𝜃 Cosine of the output radiance 
polar angle. UMU(Nadir) =1.0. 

AZIM R 𝜙 output radiance azimuth angle 
in degrees anticlockwise from 
the X direction. AZIM=0 in the 
X direction 

Output height 

POSZ R  Height in [km] at which the 
solution is computed, i.e., 
sensor height. POSZ=0 surface 
level. 

Target surface element 

minLLL,maxLLL I  First and last target element in 
the x-direction 

minMMM,maxMMM I  First and last target element in 
the y-direction 

Surface definition 

MXCL I  Maximum number of elements 
in the x- and y- direction.    

NXCL I  Number of elements in the x-
direction 

NYCL I  Number of elements in the y-
direction 

SIZE R  Size of the square surface 
elements [km] 

STEP R  Distance [km] along the x- and 
y- direction between the 
computational points in which 
the intensity is computed 
inside each  column. NOTE: if 
not used must be set equal 

to SIZE  

NSTEP I  Number of steps 

ALBE(0:MXCL,0:MXCL) R  Albedo of the Lambertian 
surface elements. It can range 
from 0 to 1.  
If set to 99.9 the surface 
element is assumed to be a 
water surface roughened by 
the wind. 

LAMBERT(0:MXCL,0:MXCL) L  .true. for Lambertian surface 
elements    
If .false. the surface is 
assumed to be characterized 
by a BRDF 

Atmosphere definition 
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MXLYR I  Maximum number of vertical 
layers.   

NLYR(0:MXCL,0:MXCL) I  Number of vertical cells for 
each column 

LYRHGT(0:MXCL,0:MXCL,0:MXLYR) R  Top boundary of each cell [km] 

KEXT(0:MXCL,0:MXCL,MXLYR) R  Extinction coefficient for each 
cell 

SALB(0:MXCL,0:MXCL,MXLYR) R 𝜔0 Single scattering albedo for 
each cell 

AERSCPROB(0:MXCL,0:MXCL,MXLYR)  𝑃𝑎𝑒𝑟
𝑠𝑐  Aerosol scattering probability 

for each cell 
MEANFP(0:MXCL,0:MXCL,MXLYR)   Mean free path for each cell = 

1/KEXT 
HENYEY L  If .true.,  the  phase function is  

TTHG 
If .flase. the phase function is 
read from FILEPHA 

ASYM1(0:MXCL,0:MXCL,MXLYR), 

ASYM2(0:MXCL,0:MXCL,MXLYR), 

ASYM3(0:MXCL,0:MXCL,MXLYR) 

R 𝑔1 
𝑔2 
𝑎𝑠 

TTHG asymmetry parameters 
for each cell 

 Phase function 

MXAN I  Maximum number of points 
for the tabulation of the phase 
function.  The points are 
angles in degrees.  MXAN is set 
equal to 180 in this version of 
the program. The numeration 
starts from 0 for a total of 
181.   

ANG(0:MXAN) R  Tabulated angles for the 
phase function 

NANG I  Number of points for the 
tabulation of the phase 
function 

PHA (0:MXCL,0:MXCL,MXLYR,0:MXAN) R 𝛽̃𝑎𝑒𝑟 Values of the phase function 
at tabulated angles 

PHADI(0:MXCL,0:MXCL,MXLYR,0:MXA

N) 

R  cumulative distribution of the 
input function 

Source: (Bulgarelli et al., 2025) 

  



 

 

 

  

Getting in touch with the EU 

In person 

All over the European Union there are hundreds of Europe Direct centres. You can find the address of the 
centre nearest you online (european-union.europa.eu/contact-eu/meet-us_en). 

On the phone or in writing 

Europe Direct is a service that answers your questions about the European Union. You can contact this 
service: 

— by freephone: 00 800 6 7 8 9 10 11 (certain operators may charge for these calls), 

— at the following standard number: +32 22999696, 

— via the following form: european-union.europa.eu/contact-eu/write-us_en. 

 

Finding information about the EU 

Online 

Information about the European Union in all the official languages of the EU is available on the Europa 
website (european-union.europa.eu). 

EU publications 

You can view or order EU publications at op.europa.eu/en/publications. Multiple copies of free 
publications can be obtained by contacting Europe Direct or your local documentation centre (european-
union.europa.eu/contact-eu/meet-us_en). 

EU law and related documents 

For access to legal information from the EU, including all EU law since 1951 in all the official language 
versions, go to EUR-Lex (eur-lex.europa.eu). 

EU open data 

The portal data.europa.eu provides access to open datasets from the EU institutions, bodies and 
agencies. These can be downloaded and reused for free, for both commercial and non-commercial 
purposes. The portal also provides access to a wealth of datasets from European countries. 
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