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ABSTRACT 

Increasing production and transportation of oil has increased the risk of oil spills. The 

transport and fate of spilled oil are important factors to consider in oil spill response. 

However, challenges remain in the observation and analysis of these factors, especially 

during the short initial period that is critical for response. The challenges result from the 

complexity and uncertainty of oil properties and the environmental conditions, as well as 

their interactions. Oil spill models have become important tools in facilitating oil spill 

response. Over recent decades, more than 50 oil spill models have been developed, yet 

limitations still exist including: (1) natural dispersion algorithms are mainly based on 

empirical equations with insufficient theoretical support; and (2) oil biodegradation 

algorithms must represent the complexity of this process with limited knowledge and 

information. In order to help fill the existing gaps, this study develops (1) a dispersion 

model based on the modified Weber number scaling approach of Stiftelsen for industriell 

og teknisk forskning (SINTEF); and (2) a new biodegradation model based on the coupling 

of pseudo-component and exponential decay biodegradation algorithms. The newly 

developed models are incorporated into the Modelo Hidrodinâmico (MOHID) model. It is 

shown that the newly developed dispersion and biodegradation algorithms extend the 

capability of MOHID. 
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CHAPTER 1   INTRODUCTION 

1.1 BACKGROUND 

Oil spills are releases of liquid petroleum hydrocarbon into the environment mostly 

resulting from human activities. Marine oil transport, marine oil exploration, and 

underwater oil pipelines are all possible sources of oil spills. Based on the statistical data 

from the International Tanker Owners Pollution Federation Limited (ITOPF), there were 

581 spills worldwide of 7 tonnes or more from 1990 to 2015 (ITOPF, Oil Tanker Spill 

Statistic 2016). These oil spills resulted in significant environmental, economic, and 

societal impacts (Hagerty and Ramseur, 2010; CUMSPH, 2010; Lin and Mendelssohn, 

2012; Corn and Copeland, 2010). The fate of spilled oil is influenced by environmental 

conditions and the behavior of the oil itself. The behavior of spilled oil can be divided into 

transport (trajectory) and fate (weathering) processes. Oil trajectory is determined by 

advection and turbulent diffusion. Advection is a physical process that involves the drifting 

of a surface oil slick and the associated subsurface oil, and the main mechanism governing 

the location of released oil (ASCE Task Committee on Modeling of Oil Spills, 1996). 

Advection is caused by the effects of surface current and wind drag on the oil (ASCE Task 

Committee on Modeling of Oil Spills, 1996). The major processes of weathering are 

spreading, evaporation, dispersion, dissolution, emulsification, oil-shoreline interaction, 

biodegradation, and sedimentation (Figure 1.1). All the processes of transport and fate are 

interrelated. 

https://en.wikipedia.org/wiki/Liquid
https://en.wikipedia.org/wiki/Petroleum
https://en.wikipedia.org/wiki/Hydrocarbon
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Figure 1.1: Fate of spilled oil in the water column. From 

http://www.medess4ms.eu/marine-pollution. 

 

Details on the various processes are described below. 

Advection of oil results from wind drag, current, waves, and Stokes drift. It is recognized 

as a three-dimensional process (Reed et al., 1999). In addition, horizontal and vertical 

turbulence in the water result in the turbulent diffusion of oil.  

Spreading is the horizontal expansion of the surface oil slick caused by physical forces 

such as gravity, viscosity, and interfacial tension. Spreading influences oil weathering 

processes that dependent on surface area, examples of these processes include evaporation, 

dissolution, and natural dispersion. (Spaulding, 1988). 

Evaporation is an important weathering process operating on spilled oil and it can account 

for a large percentage of the mass balance (Huang, 1983). This process is heavily 

dependent on oil composition. 
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Dissolution of oil usually only amounts to a small percentage of the oil mass balance, two 

or more orders of magnitude smaller than the amount evaporated (Harrison et al., 1975). 

However, it is also the most toxic part of oil spills (Huang, 1983). 

Dispersion of surface oil is defined as the breakup of the coherent oil slick into small 

droplets followed by the advection and turbulent diffusion of the droplets in the water 

column (ASCE Task Committee on Modeling of Oil Spills, 1996). Natural dispersion is 

caused mainly by breaking waves. It is the main process that brings spilled oil into the 

water column. Chemical dispersion uses dispersant to break the slick into small droplets 

(ASCE Task Committee on Modeling of Oil Spills, 2009). 

Emulsification is the process of water being dispersed into oil in the form of water 

droplets (Spaulding, 1988), which can increase the oil volume and change the oil 

properties, such as density and viscosity. 

Oil-shoreline interaction includes the processes of oil deposition on the beach surface, 

incorporation of suspended sediments, penetration into coastal sediments, and re-floatation 

(ASCE Task Committee on Modeling of Oil Spills, 1996). In addition to waves, currents, 

wind, and other influences, different shoreline and oil types affect oil-shoreline interaction. 

It forms a set of variable and complex processes. 

Biodegradation of oil is the decomposition of spilled oil by microbial cultures in the water. 

It is a relatively slow process (Huang, 1983) and may continue for years (Spaulding, 1988). 

It can occur with dispersed and dissolved oil in the water column or sediment. 

Biodegradation can become important to the oil mass balance in the long term (Huang, 

1983). 
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Sedimentation of oil can be caused by three processes: increase of oil density during the 

weathering processes, incorporation into fecal pellets via adhesion to zooplankton or 

zooplankton ingestion, and oil adherence to particulate matter in the water (Seakem, 1986). 

Given there are lots of additional factors that can influence this process, it is difficult to 

adequately express its detailed dynamics (Spaulding, 1988).  

To reduce the impacts of oil spills, decision makers need to respond quickly and effectively 

(International Maritime Organization, 1995). However, the complexity of oil behavior 

described above makes it difficult for decision makers to respond to spills (Fingas, 2015) 

Oil spill models can help predict oil transport and fate, and can be used for environmental 

impact assessments, contingency planning, and response training (ASCE Task Committee 

on Modeling of Oil Spills, 1996). Numerical models are becoming increasingly applied to 

prediction. The availability of high performance computers allow the usage of more 

comprehensive models that can provide reliable predictions to be used by decision makers.  

Over the past few decades, oil spill models have evolved from 2-dimensional to 3-

dimensional models (Huang, 1983; Reed et al., 1999) for simulation of both oil transport 

and fate processes. These models include the above complex, interrelated, and 

physicochemical processes that are related to oil properties and environmental conditions 

(Mackay and McAuliffe, 1988). Oil spill models are constructed by combining 

mathematical formulations or algorithms to simulate transport and fate of various spilled 

oil (Stolzenbach et al., 1977; Huang and Monastero, 1982; Spaulding, 1988; Lee et al., 

1990; Spaulding et al., 1995). The transport algorithm determines the spatial movement of 

the oil (Spaulding, 1988). The fate portion simulates oil movement between different 

environmental compartments (water surface, water column, atmosphere, sediment, and 
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shoreline), and the change of the physical and chemical characteristics of the oil including 

its density, water content, and viscosity (ASCE Task Committee on Modeling of Oil Spills, 

1996). Examples of oil spill models include MOHID (Fernandes, 2001; Janeiro et al., 

2008; Mateus et al., 2008; Leitão et al., 2013), OSCAR (Oil Spill Contingency and 

Response, Reed et al., 1995a; Reed et al., 1995b; Aamo et al., 1997; Reed at al., 2001) and 

OILMAP (Oil Spill Model and Response System, Applied Science Associate (ASA), 1997; 

ASA, 2004). 

Trajectory and weathering algorithms continue to be developed and updated based on the 

latest knowledge available (ASCE Task Committee on Modeling of Oil Spills, 1996; Reed 

et al, 1999; Huang, 1983), leading to better simulations to support spill response. Oil spill 

models need to be updated with these newly developed algorithms. Oil trajectory 

algorithms can be validated by observations of oil release experiments, and satellite data 

of oil spill accidents; however, weathering process is difficult to observe, and the 

corresponding weathering algorithms are difficult to validate. Yet, major limitations of oil 

spill modeling exist in the weathering algorithms. The weathering process is an important 

factor to consider in oil spill simulation and response, and it interacts with the spilled oil 

trajectory. 

Most of the oil dispersion algorithms in oil spill models are empirical (Reed et al., 1999). 

All these models are based on laboratory experiments, due to the limited full scale oil 

release experiments and observational data. Examples of purely empirical dispersion 

models are those proposed by Delvigne and Sweeney (1988) and Mackay et al. (1980). 

Johansen et al. (2013, 2015) proposed to use a non-dimensional number, namely the 

modified Weber number, to compute the oil dispersion. This algorithm is a semi-empirical 
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method with both experimental and theoretical support. 

Biodegradation is a slow and complex process influenced by chemical, biological, and 

physical factors, but it is an important part of oil mass balance in the long term. Many oil 

spill models do not include oil biodegradation in their mass balance. The absence of 

biodegradation can lead to a large uncertainty in long-term oil spill simulation. Most of 

existing biodegradation models use the simple exponential decay model proposed by 

Venosa and Holder (2007. Alternatively, the pseudo-component algorithm enhances the 

accuracy of simulations. There are also other more complicated oil biodegradation models; 

however, they require abundant input data, which is difficult to obtain soon after the 

occurrence of an oil spill accident. 

In this study, a new oil dispersion algorithm (semi-empirical) based on the modified Weber 

number scaling approach, and a new oil biodegradation algorithm combining the 

exponential decay and pseudo-component algorithms, are developed. The overall goal of 

this study is to evaluate these two new oil weathering algorithms.  

In the present study an oil spill model is needed to integrate with the two newly developed 

weathering algorithms for evaluation. After reviewing 16 modern models, the MOHID 

model is selected for this study. MOHID has relatively comprehensive algorithms, and the 

code is open-source, thereby facilitating model modification. There are only limited 

publications about MOHID (Fernandes, 2013; Montero et al., 2003; Balseiro et al., 2003). 

The oil trajectory sub-model of MOHID was evaluated using observations from buoys 

(Fernandes, 2013) and examined in the study of Prestige-Nassau oil spill accident 

(Montero et al., 2003). By reviewing MOHID, the following limitations of its oil 
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weathering simulation were identified: (1) MOHID lacks a series of empirical wave 

equations for the computation of oil dispersion, when wave data are not available; (2) the 

oil dispersion algorithm is purely empirical; and (3) MOHID lacks an oil biodegradation 

model.  

Surface waves influence the transport and fate of spilled oil, and MOHID can use the 

outputs from wave models. When wave data is unavailable, constant wave height and wave 

period can be defined by the user. The use of constant wave height and wave period ignores 

many details of the oil mass balance and introduces errors in oil dispersion simulation. To 

evaluate the oil dispersion algorithm, a series of empirical wave equations needs to be 

integrated with MOHID. Finally, the newly developed oil dispersion and biodegradation 

models are integrated with MOHID and their performances are tested.  

1.2 SUMMARY OF OBJECTIVES AND STRUCTURE OF THE THESIS 

The overall goal of this research is to evaluate the newly developed oil weathering 

algorithms, and the MOHID oil spill model is selected for the purpose of this evaluation. 

Specially, the objectives are to address the following questions: 

 How do the weathering algorithms in the existing version of MOHID perform? 

 How do the empirical wave equations influence MOHID oil dispersion? 

 How does the newly developed oil dispersion algorithm perform? 

 How does the newly developed oil biodegradation algorithm perform? 

Background information on oil spill models is introduced in Chapter 2. It includes a 

general history and development of spill models, names and applications of some more 
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common ones, the MOHID oil spill model, modeling of oil biodegradation, and modeling 

of natural oil dispersion. This chapter addresses model selection, limitations of existing 

weathering algorithms in MOHID, and brief introduction of oil dispersion biodegradation 

models. 

Performance of the existing version of MOHID is presented in Chapter 3 using a case 

study on the Scotian Shelf. The limitations of existing weathering algorithms in MOHID 

are analyzed and discussed in greater detail. 

The newly developed oil weathering algorithms and their performance are described and 

discussed in Chapter 4. This chapter introduces and evaluates (1) empirical wave equations, 

(2) an oil dispersion model based on the modified Weber number scaling approach, and (3) 

an oil biodegradation model combining exponential decay and the pseudo-component 

algorithm. Also included in this chapter is a series of model assessments of the modified 

MOHID against the reference spill model, OSCAR. 

Chapter 5 provides the conclusions of this thesis and recommendations for future studies. 
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CHAPTER 2   OVERVIEW OF OIL SPILL MODELS 

2.1 BACKGROUND 

2.1.1 Early Oil Spill Models  

Oil spill models have been developed over recent decades, with significant improvements 

in trajectory models and weathering algorithms (Reed et al., 1999; Huang, 1983; 

Spaulding, 2017). Most of the early models are two-dimensional (Reed et al., 1999), with 

a few being three-dimensional. Of the 36 models developed between 1970 and 1983, both 

oil trajectory and behavior simulations showed limitations and disadvantages (Huang, 

1983). For trajectory, most early models focus on the simulation surface oil movement, 

and very little effort was directed to subsurface oil movement (Huang, 1983). For oil 

weathering simulation, most models use constant wind speed and wind direction to 

simulation oil fate, because of the lack of sufficient forcing data (Huang, 1983). Few 

models could simulate spilled oil fate with time-varying forcing data fields. By 1983, only 

a small portion of these 36 oil spill models were able to have a comprehensive simulation 

of oil evaporation, dispersion, sedimentation, biodegradation, dissolution, emulsification 

and spreading (Huang, 1983). Despite a measure of comprehensiveness, the lack of 

knowledge on spilled oil led to limitations in both weathering and trajectory models 

(Huang, 1983). 

2.1.2 Modern Oil Spill Models 

Nowadays, better knowledge of oil transport and fate enable better algorithms of oil 

transport and fate; improvements in ocean and atmospheric models provide more accurate 

model inputs for oil spill models; and increased computer power enables spill models to 
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produce complicated simulations efficiently. 

Sixteen widely used models and their characteristics are compared in terms of algorithms 

for trajectory and weathering, and potential for modification (Table 2.1). 

Table 2.1: Overview of 16 modern oil spill models based on Fernandes (2013). “√” 

means the model can simulate the process and “?” means the information is unknown.  
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Open-source code  √           √  √ 

Advection  √ √ √ √ √ √ √ √ √ √ √ √ √ √ 

Diffusion  √ √ √ √ √ √ √ √ √ √ √ √ √ √ 

Wind drift  √ √ √ √ √ √ √ √ √ √ √ √ √ √ 

Stokes drift     √ √ √  √ √ √  √  √ 

Backtracking   √ √  √  √  √     √ 

Beaching  √ √ √ √ √ √ √ √ √ √ √ √ √ √ 

Spreading  √ √ √ √ √ √ √ √ √ √ √ √ √ √ 

Evaporation √ √ √ √ √ √ √ √ √ √ √ √ √ √ √ 

Emulsification √  √ √ √ √ √ √ √ √ √ √ √ √ √ 

Natural Dispersion √  √ √ √ √ √ √ √ √ √ √ √ √ √ 

Vertical Movement   √ √ √ √ √ √ √ √  ? √  √ 

Dissolution    √ √     √     √ 

Sedimentation   √ √ √ √ √  √ √     √ 

Biodegradation    √ √           

 

Some of the oil spill models are maintained on an operational basis. Most of them focus 

on geographical areas that are well defined (Fernandes, 2013). Examples are MOTHY 
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(Modèle Océanique de Transport d'Hydrocarbures, Daniel, 1996; Daniel et al., 2003), 

POSEIDON-OSM (POSEIDON Oil Spill Model, Pollani et al., 2001; Nittis, 2006), 

MEDSLIK (Zodiatis et al., 2012), MEDSLIK-Ⅱ (De Dominicis et al., 2013-Part 1 and 

Part 2), OILTRANS (Berry et al., 2012), OD3D (Oil Drift 3-Dimensional Model, Hackett 

et al., 2006), and SEATRACK WEB (Ambjorn et al., 2011). MOTHY, POSEIDON-OSM, 

MEDSLIK, and MEDSLIK-Ⅱ are standalone, 3-dimensional, trajectory and oil behavior 

systems for the Mediterranean Sea, and form an integrated multi-model oil spill 

forecasting network. None of the four models considers oil dissolution and biodegradation. 

MEDSLIK and MEDSLIK-Ⅱ cannot compute vertical oil movement. MEDSLIK cannot 

compute the impacts of stokes drift.  

SEATRACK WEB is 3-dimensional with a user-friendly interface and includes most of 

the weathering processes except for oil dissolution. OILTRANS is based on LTRANS v.2 

(North et al., 2011) having integrated weathering processes (evaporation, dispersion and 

emulsification), but lacks sedimentation, dissolution and oil vertical movement. OD3D is 

a sub-model of the OpenDrift framework for ocean trajectory modeling, and was created 

for oil spill simulation (Hackett et al., 2006) but it cannot simulate dissolution or 

sedimentation. 

There are some oil spill models widely used by private companies, research institutions, 

and government, such as ADIOS (Automated Data Inquiry for Oil Spills, National 

Oceanic and Atmospheric Administration (NOAA), 1994), GNOME (General NOAA 

Operational Modeling Environment, Beegle-Krause, 2001), SLROSM (Belore, year 

unknown), OILMAP (also with SARMAP (Search & Rescue Model and Response System) 

http://www.noaa.gov/
http://www.noaa.gov/
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and SIMAP (Integrated Oil Spill Impact Model System), Applied Science Associate (ASA), 

1997; ASA, 2004), OSCAR (Reed et al., 1995a; Reed et al., 1995b; Aamo et al., 1997; 

Reed at al., 2001), GULFSPILL (Al-Rabeh et al., 2000), and MOHID (Fernandes, 2001; 

Janeiro et al., 2008; Mateus et al., 2008; Leitão et al., 2013). OILMAP, SARMAP, and 

SIMAP are commercial, 3-dimensional models, which can simulate oil trajectory and most 

of the weathering processes. SIMAP can simulate oil sedimentation and biodegradation. 

SLROSM, developed by SL Ross Environment Research Ltd., does not include oil 

dissolution (Belore, year unknown). OSCAR is a 3-dimensional state-of-the-art model 

developed by SINTEF with comprehensive weathering processes including evaporation, 

dissolution, biodegradation, sedimentation and dispersion. The model has been validated 

with several full-scale, open ocean, oil release experiments. Being commercial software, 

the source code of OSCAR is unavailable to users for modification and improvement. 

Some of the algorithms and techniques used in the model are not well described in open 

literature. 

ADIOS and GNOME are two models developed by NOAA. ADIOS2 was released in 2000 

(Lehr, 2002). The model is widely used as a test of expected oil behavior and includes an 

oil library (Fernandes, 2013). However, ADIOS and ADIOS2 can only simulate 

evaporation, dispersion, emulsification and spreading (Lehr, 2002), and cannot simulate 

trajectory. GNOME is a 2-dimensional trajectory model (Beegle-Krause, 2001), with very 

limited evaporation and oil-shoreline interaction processes (Beegle-Krause, 2001). A new 

version of GNOME combining ADIOS2 and GNOME is still under development. 

The MOHID oil spill model is a sub-model of the MOHID Water Modeling System. It was 
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developed by the Technical University of Lisbon (MOHID modeling system description, 

year unknown). MOHID can simulate trajectory and has comprehensive algorithms for oil 

weathering including evaporation, dispersion, sedimentation, dissolution, and 

emulsification (Fernandes, 2013). 

To achieve the goals of this research, the selected model should have: 

 Three-dimensional and comprehensive algorithms for both oil trajectory and 

weathering, 

 Open-source code facilitating modification, 

 Good compatibility with different hydrodynamic models for different research areas. 

Of all the models described above, MOHID fulfills these prerequisites. 

2.2 THE MOHID OIL SPILL MODEL 

The MOHID oil spill model is a sub-model of the MOHID water modeling system, 

developed by the Technical University of Lisbon. The MOHID Water Modeling System 

uses a finite volume approach and C-Grid in its spatial discretization. It supports 

orthogonal and curvilinear horizontal grids, sigma level or z-level in the vertical. The 

model is based on its own hydrodynamic system with wave, sediment transport, sand, 

water quality, turbulence and oil spill sub-models (Figure 2.1). The MOHID oil spill model 

treats oil as an aggregation of particles, and uses the Lagrangian method to describe 

particle movement. The following oil behavior and response processes are considered: 

spreading, evaporation, emulsification, dispersion, sedimentation, dissolution, oil-

beaching, removal techniques, and chemical dispersion. 
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Figure 2.1: Main classes of the MOHID water modeling system 

(http://www.mohid.com/MohidWater.htm). 

 

2.2.1 Oil Trajectory 

The spatial evolution of an oil trajectory in MOHID is calculated from advection, turbulent 

diffusion, wind drift, and stokes drift. For Lagrangian transport, MOHID uses a first-order 

forward form: 

                                                       
tttt tuxx 
                                                   (2.1) 

where xt is particle position (3-dimentional vector) at time t, Δt is the model time step, and 

ut is the velocity of the particle (3-dimentional vector) at time t. The horizontal and vertical 

evolution of particle position depends on the factors shown in Table 2.2. 
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Table 2.2: Factors affecting the horizontal and vertical evolution of particle position in 

the MOHID oil spill model. 

Horizontal Vertical 

Flow (bilinear interpolation) Flow (linear interpolation) 

Turbulence (random walk) Turbulence (random walk) 

Wind drift (only floating particles) Settling (only particles with large density) 

Stokes drift Buoyancy (function of oil density) 

 

2.2.2 Oil Weathering Processes 

The MOHID oil spill model has a series of comprehensive algorithms to simulate oil 

weathering processes which include the following. (Most of the equations in this section 

are unit dependent empirical equations, and units of variables in the equations are listed in 

the List of Abbreviations and Symbols Used.) 

Evaporation 

There are two evaporation models to choose in MOHID. The first is based on the 

evaporative exposure method (Stiver and Mackay, 1984): 

                                           )](exp[ 0

0

eG
see FTT

T

B
A

V

AK

dt

dF
                                    (2.2) 

where Fe is the volume fraction of evaporated oil, t is the time after spill, Ke is the mass 

transfer coefficient, As is the oil slick area, V0 is the initial oil volume, A and B are empirical 

constants, T is oil temperature, T0 is the initial boiling point, and TG is the distillation curve 

gradient.  

The second is based on the more common method proposed by Fingas (1998), which can 



16 

be divided into two types: specified empirical equations for certain types of oil and a 

general equation that can be used when empirical data is unknown. The general equation 

can be expressed as: 

                                       )ln()]15(045.0165.0[ tTDEv                                   (2.3) 

                                         tTDEv ]1501.00254.0[                                          (2.4) 

where Ev is the percentage of evaporated oil, D is the percentage in weight distilled at 

180°C. Equation (2.3) is used in most of crude oil, and (2.4) is used in some refined oil 

and in short-term simulation. 

Emulsification 

The emulsification process can be computed with two different algorithms. The method 

proposed by Mackay et al. (1980) can be expressed as: 

                                            )1()1( 2

final

WV

WV
W

WV

F

F
WK

dt

dF
                                          (2.5) 

where FWV is the water volume fraction incorporated in emulsion, W is the wind speed at 

10 m height, final

WVF  is the final volume fraction of water incorporated in emulsion, and KW 

is an empirical constant introduced by the user.  

The method proposed by Ramussen (1985) can be expressed as: 

                                                     21 RR
dt

dFWV                                                    (2.6) 
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where R1 is the water incoming rate, and R2 is the water outgoing rate. 

Dispersion 

Two dispersion algorithms are available. The algorithm of Delvigne and Sweeney (1998) 

can be expressed by: 

                                                   ddFfDc
dt

dm
wcsbaoil

d  7.0

0

57.0                                     (2.7) 

where md is the oil dispersed, coil is an experimental parameter that depends on oil type, 

Dba is the wave dissipation energy per unit area, fs is the surface fraction covered by oil, 

Fwc is the whitecap coverage per unit time, d0 is the droplet diameter, and Δd is the oil 

droplets’ diameter range. 

The algorithm proposed by Mackay et al. (1980) can be expressed as: 
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                                       (2.8) 

where moil is the oil mass remains on surface, µ is the oil dynamic viscosity , h is the slick 

thickness , and σ is the oil-water interfacial tension. 

Sedimentation 

MOHID uses the equation developed by Scientific Application International (Payne et al., 

1987): 

                                                
sisedoila

W

sed AzCCK
V
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dt

dm
3.1                                      (2.9) 



18 

where msed is the mass of oil sediment, E is the rate of dissipated energy from the water 

surface, VW is the water dynamic viscosity, Ka is the stick parameter, Coil is the oil droplet 

concentration in the water column, Csed is the sediment concentration in the water column, 

zi is the intrusion depth of oil droplets in the water column due to breaking waves. 

Dissolution 

MOHID computes oil dissolution with the Cohen method:  

                                                          SAKf
dt

dDiss
ss                                              (2.10) 

where Diss is the mass of dissolved oil, K is the dissolution mass transfer coefficient, fs is 

the surface fraction covered by oil, and S is the oil solubility in the water. 

2.3 MODELING BIODEGRADATION 

MOHID does not consider oil biodegradation, so it is necessary to add this component to 

the model. Biodegradation is a long term process which involves many variables, and there 

was no mathematical description of the rate until 1988. According to Spaulding (1988) and 

the Natural Research Council (2005), the unrealistic experimental system for oil 

biodegradation makes it difficult for scientists to evaluate the biodegradation in a real 

ocean situation. Even with a realistic experimental system, the results of controlled 

laboratory experiments may not be applicable to real world scenarios. Venosa and Holder 

(2007) evaluated the concentration variation of different analytes according to results from 

a Prudhoe Bay crude oil study in which sample oil was dispersed using different chemical 

dispersants and exposed to different temperatures. They found that the analyte 



19 

concentration data could be fit into a simple exponential decay model:  

                                                             
kteCtC  01 )(                                                (2.11) 

where C1 is the concentration of analyte (mg/L) at any given time t in days, C0 is the initial 

concentration of analyte (mg/L), and k is the biodegradation coefficient (day-1). 

OSCAR uses a complex biodegradation model that combines a pseudo-component 

algorithm and a component transformation algorithm with a decay model, leading to 

improved simulation accuracy by separating the fate of different oil components. The 

degradation pathway schematic is presented in Figure 2.2. Due to the limited description 

of the model, specific algorithms are not available. Reed and Hetland (2002) pointed out 

that the algorithm needs improvement, due to insufficient information on rates and 

characteristics of metabolic products. 
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Figure 2.2: Schematic for hydrocarbon degradation in the OSCAR model. Each 

substance is assigned a pathway, with potentially multiple branches at each step (Reed 

and Hetland, 2002).  

 

Most of the existing oil biodegradation algorithms are based on the exponential decay 

model by Venosa and Holder (2007). For example some models combined the Monod 

expressions with the exponential decay model (Nicol et al., 1994; Geng et al., 2013; Geng 

et al., 2014). The biodegradation model with Monod expressions may produce a better 

simulation than basic exponential decay biodegradation model, but the required local 

biological information may not be available when an oil spill occurs. To better support 

emergency response, any biodegradation model must be accurate and applicable. 

Combining the exponential decay biodegradation model and the pseudo-component 

algorithm could improve accuracy and keep the model applicable at the same time. 
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2.4 MODELING NATURAL DISPERSION  

Huang (1983) found that oil dispersion can be affected by oil thickness, whitecap coverage, 

oil-water interfacial tension, and sea state, and subsequently many experimental studies 

were done in the 1980s based on his findings. However, almost all of the dispersion models 

today are still empirical or semi-empirical, and most models are based on the assumption 

that oil droplets caused by each breaking wave are independent.  

Representative dispersion models were presented in Section 2.2 (Mackay et al., 1980; 

Delvigne and Sweeney, 1988), but they are both empirical, based on a finite number of 

experiments, and use the concept of an entrainment rate to mathematically describe the 

process with no theoretical or physical basis. The Delvigne and Sweeney (1988) method is 

more widely used, yet is only suitable for a very limited viscosity range (Johansen et al., 

2015). The model considered the oil-water interfacial tension to be the major factor that 

determining entrainment, although it is now known that viscosity plays an important role, 

so SINTEF recently built a new dispersion model (Johansen et al., 2013; 2015) based on 

a non-dimensional ‘modified Weber number’ (We*). The modified Weber number 

combines Reynolds (Re) and Weber (We) numbers, and can be used to determine oil 

droplet distribution. Definitions and details of We and We* are presented in Chapter 4. The 

relationship between oil droplet diameter and We* can be expressed by: 

                                                      
aA

h

D  )We( *
                                                    (2.12) 

where D is the characteristic diameter, and a and A are coefficients which can be 

determined by experimental data (Johansen et al., 2015). Oil droplet size distribution can 

be computed with (2.12). Then oil dispersion can be computed with an entrainment model. 
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This oil dispersion model using the modified Weber number scaling approach can produce 

a more accurate dispersion simulation. 

Natural dispersion is affected by waves, and most of the algorithms (empirical or semi-

empirical) are related to wave height and wave period. MOHID is capable of using wave 

field data, but when this data is unavailable, wave conditions are defined by constant wave 

height and wave period. Wind-related empirical wave equations can be used to generate 

the input data and reduce model preparation time during an actual spill. Therefore, wind-

related empirical wave equations should be integrated with the dispersion model. The 

empirical wave equations proposed by Neuman and Pierson (1966) are widely used (e.g., 

Johansen et al., 2015) in which significant wave height (Hs) and mean wave period (Tm) 

are calculated as follows: 

                                                                                                              (2.13) 

                                                            
g

U
Tm


812.0                                               (2.14) 

where U is the wind speed at 10 m height, and g is the acceleration due to gravity. The 

equations apply to a fully developed sea. 

Whitecap coverage (WCC) is computed with following equations (Callaghan et al., 2008): 
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For wind speed below 3.7 m/s, the WCC is set to 0. The maximum wind speed covered by 

the model is 23.1 m/s.  

These empirical equations can reduce the uncertainties introduced by the user defined 

2021.0 UHs 



23 

constants. 

2.5 SUMMARY 

The transport and fate of spilled oil are difficult to predict, due to the complexity of oil 

behavior and interaction with the environment. Oil spill models allow scientists an 

estimation of these complex processes to support marine oil spill response, by enabling a 

certain degree of prediction. To select the best one for this research, sixteen modern spill 

models have been reviewed. Most of these are based on commercial software, and only 

three of them (GNOME, OD3D, and MOHID) have open-source code. A comparison of 

weathering and trajectory algorithms showed that the OSCAR and MOHID models are 

relatively more comprehensive than the others. Of these two, MOHID is chosen as the 

basic study model because it facilitates model modifications, in spite of the following 

limitations: (1) MOHID uses constant wave height and waver period defined by users, 

when wave data is not available; (2) the oil dispersion algorithms in MOHID are purely 

empirical; (3) MOHID cannot compute oil biodegradation. An assessment of the existing 

version of MOHID is carried out in Chapter 3. In addition, the evaluation specifies the 

performance and limitations of the original weathering algorithms in MOHID.  
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CHAPTER 3   INTER-COMPARISON OF MOHID AND 

OSCAR 

The MOHID oil spill model is a comprehensive, 3-dimensional model, with oil 

evaporation, dispersion, dissolution, and sedimentation processes included. However, as 

reviewed in Chapter 2, limitations in the oil weathering algorithms still exist, such as oil 

dispersion and biodegradation. The MOHID model has limited publications and lacks 

sufficient validation in oil weathering process. Therefore, assessment and evaluation of 

this model is necessary before using it. In this chapter, the MOHID oil spill model is used 

in a case study on the Scotian Shelf focusing on oil dispersion and biodegradation 

processes. Then an inter-comparison with the OSCAR model is carried out to evaluate the 

performance of the weathering algorithms in the existing version of MOHID. Both 

MOHID and OSCAR models use the same model inputs. The results of the case study and 

the inter-comparison highlight the limitations of the original weathering algorithms in 

MOHID, and provide a reference for the evaluation of the newly developed weathering 

algorithms in Chapter 4. 

3.1 BACKGROUND OF RESEARCH DOMAIN AND MODEL INPUTS 

3.1.1 Background of the Scotian Shelf 

The Scotian Shelf is part of the North American continental shelf off Nova Scotia (Breeze 

et al., 2002). Figure 3.1 shows the geological location of the Scotian Shelf. It is about 700 

km long, and its width varies from 125 km to 230 km (MacLean et al., 2013). At the shelf 

break, where the seafloor falls steeply, the depth is about 200 m (MacLean et al., 2013). 

The Scotian Shelf is bounded on the north-east by the Laurentian Channel, and south-west 



25 

by the Northeast Channel (MacLean et al, 2013). From coast to deep ocean, it can be 

divided into an inner shelf, middle shelf, and outer shelf (King and MacLean, 1976). The 

inner shelf is an underwater extension of the coastal areas. The middle shelf consists of the 

deep basins in the central area, a complex network of valleys, ridges and banks in the east, 

and a smaller bank and basin in the west (MacLean et al., 2013). The outer shelf is defined 

by several large, shallow banks that act as a barrier that separates the waters of the shelf 

and deep ocean (MacLean et al., 2013). 

 

Figure 3.1: Map and bathymetry of the Scotian Shelf. Kindly provided by Pengcheng 

Wang. 
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Ocean circulation on the Scotian Shelf is strongly influenced by three currents (Figure 3.2): 

the Nova Scotia Current, the Labrador Current, and the Gulf Stream (MacLean et al., 2013). 

Influences of these currents vary seasonally and spatially (MacLean et al., 2013). Water 

from Gulf of St. Lawrence is cool and fresh. Part of this water turns at Cape Breton and 

flow along the coast of Nova Scotia, and the rest of this water flows to the shelf break 

through the Laurentian Channel. The warmer and saltier water of Gulf Stream mixes with 

the cool water of Labrador Current over the Scotian Slope. The mixed water mass is the 

slope water, and it leaks onto the shelf through the channels and the Gully periodically 

(MacLean et al., 2013). The waters from Gulf of St. Lawrence and Newfoundland Shelf 

are cool, and affect the bank of eastern Scotian Shelf. The water of Gulf Stream is warm, 

and mainly affects the Scotian Slope and deep channels and basins of the shelf (MacLean 

et al., 2013). Generally, the flow on the shelf is from the northeast to the southwest, parallel 

with the coast of Nova Scotia (MacLean et al., 2013; Hebert et al., 2013). 
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Figure 3.2: Large scale surface circulation of the western North Atlantic. The path of the 

shelf break jet is drawn in blue, and the Gulf Stream origin currents are drawn in red 

(Fratantoni and Pickart, 2007). 

 

3.1.2 Hydrodynamic and Wind Field Inputs  

The hydrodynamic inputs for the MOHID oil spill model come from the Regional Nucleus 

for European Modeling of the Ocean (NEMO) model of the Scotian Shelf and Gulf of 

Maine (Katavouta and Thompson, 2016). This regional model was developed by 

downscaling ocean conditions generated by a global prediction system and evaluating the 

results using observations from the Gulf of Maine, Scotian Shelf and adjacent deep ocean 

(Katavouta and Thompson, 2016). The HYbrid Coordinate Ocean Model (HYCOM)/Navy 
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Coupled Ocean Data Assimilation (NCODA) system is the global prediction system. The 

regional model is one-way nested to the global prediction system, and has a horizontal 

resolution of about 1/36°. The vertical layers have a z-level coordinate with resolution 

varying from 0.7 m (near surface) to 233 m. The hydrodynamic data used in this study is 

hourly output from the model, and tides are included. Figure 3.3 is a typical snapshot of 

surface current speed on the Scotian Shelf from the regional NEMO model. 

 

Figure 3.3: Example of ocean circulation from the regional NEMO model of the Scotian 

Shelf and Gulf of Maine. Figure shows the circulation at 00:30, 1st, January, 2010. Grey 

indicates land. 

 

The wind field need to drive the oil spill models is the same as that used to force the 

regional model. It was obtained from the Climate Forecast System Reanalysis (CFSR) 



29 

supplied by National Centers for Environmental Prediction (NCEP), with a time interval 

of 6 hours, and a horizontal resolution 0.312° in longitude/latitude.  

3.1.3 Oil Properties and Model Settings 

In the case study, Alaskan North Slope (ANS) crude oil (Table 3.1) is chosen as the 

hypothetical released oil. It is a light oil with relatively low viscosity and oil-water 

interfacial tension (before weathering), which makes it easy to be dispersed. The surface 

slick of this oil can be dispersed into the water column in a relatively short time. This 

allows relative short simulation times. 

Table 3.1: ANS properties used in the oil spill model (Fingas, 2015). 

Oil Property Value 

API (American Petroleum Institute) Gravity 27.6 

Asphaltene Content 1.27% 

Wax Content 2.9% 

Resin Content 6.1% 

Saturate Content 75.0% 

Maximum Water Content 70% 

Oil Water Interfacial Tension 21 mN/m 

Reference Dynamic Viscosity (at 15°C) 26 cP 

Pour Point -31.7°C 

 

This research focuses on offshore oil spills on the sea surface. This implies that the release 

point has to be set in a location near the center of the domain, far from the shoreline and 

model boundaries. A practical consequence is that the spilled oil never reaches the 
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shoreline or model domain boundaries. The release point for 5000 m3 oil, at 01:00, 3 

January 2010, is 64.0894°W, 43.3391°N (Figure 3.4). The same scenario was used for 

OSCAR, which only supports constant water temperature and salinity. To eliminate 

difference in the model inputs and thereby facilitate inter-comparison, the temperature of 

the seawater is held constant at 2°C, and salinity is set to a constant 35 ppt. In the MOHID 

oil spill model, the wave conditions are specified by a constant wave height and a constant 

wave period when wave field data is unavailable. The mean wave period and significant 

wave height are computed based on (2.13) and (2.14) as proposed by Neuman and Pierson 

(1966). Based on the oil trajectory and simulation time, the significant wave height and 

mean wave period are averaged temporally and spatially over the region shown in Figure 

3.4. The region covers the whole simulated oil trajectory. The result is that the wave height 

and wave period in MOHID are set to 2.27 m and 2.56 s, respectively (Figure 3.5).  
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Figure 3.4: Release location and region for the spatial averaging of wind speed, wave 

height, and wave period. The particles represent the oil at the end of the simulation (20 

day). The “*” represents the release location. The blue box shows the area, 40.5° to 43.5° 

N and 65° to 62° W, over which the wind, wave height, and wave period are averaged. 

The area covers the whole oil trajectory over the 20 day simulation. 
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Figure 3.5: Horizontally averaged significant wave height and mean wave period (black 

lines) as they vary with time for the model region in Figure 3.4. Red lines represent the 

time averaged values of the significant wave height and mean wave period. 

 

Since this study focuses on the oil dispersion and biodegradation processes, oil beaching, 

dissolution, and sedimentation are turned off to eliminate their impact on the oil mass 

balance. The following algorithms, which are widely used for oil weathering processes, 

are selected. Natural dispersion is based on the algorithm proposed by Delvigne and 

Sweeney (1998), which is more advanced than the algorithm proposed by MacKay et al. 

(1980). Evaporation is based on the algorithm proposed by Fingas (1998), since the 

evaporation algorithm proposed by Stiver and Mackay (1984) performs unsatisfactorily 

with the above dispersion algorithm. Oil emulsification is simulated based on the 

algorithm proposed by Mackay et al. (1980). The time step of the Lagrangian module 

(simulate oil trjectory) is set to 3600 s, which is the same with the interval of hydrodynamic 

input. The time step of the oil module (simulate oil weathering) is set to 60 s. Because 
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some oil weathering processes vary fast, and a small oil module time can enhance the 

accuracy of weathering simulation. The particle number/oil volume ratio (the ratio 

between the number of particles in the model setting and volume of oil that particles 

represent) is set to 1:5 (1000 particles represent 5000 m3 oil). A too small particle 

number/oil volume ratio may leads to large uncertainties of oil concentration oil 

distribution, and a too large particle number/oil volume ratio will increase the model 

simulation time. These three model settings are adjusted based on the results of a number 

of model simulations. 

3.2 MOHID MODEL RESULTS AND DISCUSSION 

After oil released on the surface, the light components in the oil evaporate, and the heavier 

components remain. This variation of oil components leads to a large increase of oil 

viscosity from about 30 cP to 50000 cP (Figure 3.6). As the light components evaporate, 

oil density also increases (Figure 3.6). The density of ANS crude oil is normally less than 

sea water, and the oil density reached about 980 kg/m3 by day 2. After day 2, the density 

increases relatively slowly. With the water entrainment and evaporation of the light 

components, the oil density reaches about 1007 kg/m3 at day 20 (Figure 3.6). After oil 

release, sea water entrains in the oil during the emulsification process. Water content of 

the emulsion increases rapidly over day 1, reaching the maximum value by the end of day 

1, which is about 70% for the ANS crude under these environmental conditions (Figure 

3.6). The maximum value for water content of the oil during the weathering process is a 

parameter set by users for the computation of the emulsification algorithm. 
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Figure 3.6: Time series of oil properties. (a) viscosity, (b) density, and (c) percentage of 

water content for ANS crude oil during the simulation. 
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Figure 3.7 shows the oil mass balance changing with time due to weathering processes. 

The ANS crude oil is dispersed quickly at the beginning of the simulation, and natural 

dispersion increases with a roughly constant dispersion rate from day 2 through 16, 

reaching a maximum of about 2650 tonnes after day 16. 

 

Figure 3.7: Mass balance of spilled ANS crude oil on the Scotian Shelf simulated by 

MOHID, showing surface (black line), evaporated (blue) and dispersed oil (red). The 

sum of the three compartments is equal to the total amount of spilled oil. 

 

Evaporation of the light components in the oil is rapid, and begins as soon as the oil is 

released at the surface. Over the first day, the evaporation rate decreases quickly, becoming 

very small thereafter. The final mass of evaporated oil is about 1800 tonnes at day 16, with 

the remaining surface oil being heavy components that are resistant to evaporation. The 

decrease in surface oil mass is concurrent with increases in dispersed and evaporated oil. 

Figure 3.8 shows the particle distribution of surface and dispersed oil from 80 to 480 h 
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after release. Generally, the oil moves initially towards the southeast, and then turns 

southward after 160 h. After 320 h, part of the oil at about 41.8°N moves eastwards, 

separating it from the oil at lower latitudes. It is evident from Figure 3.8 that surface oil 

generally moves faster than dispersed oil. After 320 h, most of the surface oil concentrates 

at about 41°N, 62.5°W due to wind drift and ocean current, while the dispersed oil moves 

to the region between 41°N to 43°N and 62°N to 64°N due to the ocean current alone. By 

the end of the simulation, no surface particles are left, corresponding to no surface oil left 

in the oil mass balance shown in Figure 3.7. To evaluate the results of the MOHID model, 

the same scenario is simulated by the OSCAR model. 
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Figure 3.8: Horizontal distribution of ANS oil simulated by MOHID. Red particles 

represent surface oil, black particles represent dispersed oil. A, B, C, D, E, and F show 

results at 80, 160, 240, 320, 400, and 480 h after the release.  

 

A. t=80 hour B. t=160 hour 

C. t=240 hour D. t=320 hour 

E. t=400 hour F. t=480 hour 



38 

3.3 COMPARISON OF MOHID AND OSCAR 

3.3.1 Description of OSCAR 

The widely used OSCAR model is a commercial, 3-dimensional oil spill model with 

comprehensive oil weathering processes. Because there are no experimental data or 

historical oil spills for the study domain, a comparison between the MOHID and OSCAR 

models is performed. Figure 3.9 is a schematic overview of OSCAR. The model uses the 

Lagrangian particle approach to represent the spilled oil. With environmental inputs and 

the internal oil database, the model combines oil weathering and oil trajectory modules to 

simulate the behavior and fate of spilled oil. As a commercial software, the OSCAR model 

has limitations for scientific use, and its results may not be totally consistent with the real 

situation. However, it has been tested and calibrated with oil spill experiments and shows 

good uniformity with observations (Reed et al., 1996a). A sensitivity study of the OSCAR 

model shows it to be numerically robust (Aamo et al., 1997). Also, it has been used to 

support emergency response for offshore platforms and coastal terminals (Aamo et al., 

1995; Reed et al., 1995a; Reed et al., 1996b; Aamo et al., 1997). OSCAR is considered to 

be the best option for model inter-comparison and the evaluation of the weathering 

algorithms. Therefore, results of OSCAR are used as a reference here. 
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Figure 3.9: Schematic overview of OSCAR (Aamo et al., 1997). 

 



40 

3.3.2 OSCAR Inputs and Settings 

The only differences between OSCAR and MOHID are the release type and computation 

grid. There is no instantaneous release option for OSCAR, so a release period of 0.001 h 

is used as an approximation. The computation grid must be specified by users of the 

OSCAR model. The OSCAR model only supports regular grids; therefore, a regular grid 

with a horizontal resolution of 3.0 km, approximating the horizontal resolution of the 

MOHID model, is set for the domain (Figure 3.10).  

 

Figure 3.10: Release location and domain settings for OSCAR. The horizontal resolution 

is 3.0 km. Yellow represents land, green represents shallow areas, and blue represents 

deeper areas. 
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3.3.3 Results of Inter-Comparison 

Mass balance results for both MOHID and OSCAR models are shown in Figure 3.11. For 

OSCAR, oil dispersion increases with time to about 2350 tonnes by day 16. The slope of 

the dispersion curve is greatest over the first 8 days. The most likely reason for the 

subsequent decline is that increasing oil viscosity during weathering reduces oil dispersion. 

Fluctuating values in the OSCAR model dispersion curve, especially at day 1, 6, 12, and 

14.5, correspond with surfacing of oil droplets. (Surfacing oil droplets increase surface oil 

mass, and decrease dispersed oil mass.) After day 14, the dispersed oil decreases slightly, 

due to the oil biodegradation.  

Evaporation in OSCAR is very fast within the first half day, which is caused by the fast 

evaporation of light components. Then the evaporation rate decreases due to the heavy 

components that remain. The evaporation continues until it reaches its maximum of about 

1850 tonnes at day 16. 

Oil biodegradation in OSCAR increases slowly but consistently until the end of the 

simulation. By day 20, about 200 tonnes of oil has biodegraded. 
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Figure 3.11: Comparison of the oil mass balance simulated by OSCAR and the existing 

version of MOHID. Figure shows surface (black), evaporated (blue), dispersed (red), and 

biodegraded oil (cyan). Solid lines are results of MOHID, and dash lines are results of 

OSCAR. Unlike MOHID, OSCAR model includes biodegradation. 

 

Comparison of the two models shows that they generally follow the same trend. Over the 

first two days, evaporation in MOHID is significantly greater than that in OSCAR, with a 

maximum difference near day 2 (about 860 tonnes). The difference between the two 

evaporation curves decreases with time, becoming almost equivalent from day 11 onward. 

The reason for this is that the logarithmic evaporation algorithm proposed by Fingas (1998) 

is used in MOHID. (This algorithm is empirical, based on experiments for the percentage 

of oil evaporated up to 180°C.) This evaporation model performs better in long-term 

predictions. The evaporative exposure algorithm proposed by Stiver and Mackay (1984) 

should be able to perform better, since it is based on oil properties, slick area, and initial 

release volume; however, it does not give reasonable results while working with the 

dispersion algorithm proposed by Delvigne and Sweeney (1988). Another reason for the 
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difference between the evaporation curves is that in the OSCAR, oil is released 

continuously over 0.001 h, which could limit the evaporation rate at the start. Solving the 

incompatibility problem between the evaporative exposure algorithm and the dispersion 

algorithm may help reduce the difference of the evaporation between MOHID and OSCAR. 

The amount of dispersed oil in OSCAR is greater than for MOHID between day 2 and day 

12; the maximum difference between the two dispersion curves is about 465 tonnes at day 

7. The final amount for MOHID is about 250 tonnes more than OSCAR. The significant 

difference between day 2 and day 12 is mainly caused by the greater slope in OSCAR, 

whereas the slope in MOHID is approximately constant over time. As light components in 

the oil evaporate, oil viscosity increases and so the oil dispersion rate should decrease. 

This mismatch is caused by the oil dispersion model proposed by Delvigne and Sweeney 

(1988). This model is purely empirical, based on experiments that cover a very limited 

viscosity range. It has not been validated for high viscosity situations and thus, the 

viscosity dependency becomes a major source of uncertainty in this dispersion model 

(Johansen et al., 2015). To achieve better dispersion simulation, natural dispersion based 

on the modified Weber number scaling approach could be integrated with MOHID. 

The absence of the biodegradation model in MOHID contributes about 200 tonnes to the 

dispersion difference at the end of the simulation. Oil biodegradation by microbes is an 

important part of the oil mass balance in a long term oil spill simulation, although it is a 

much slower process compared with evaporation and dispersion (Figure 3.11). The 

absence of oil biodegradation also causes more dispersed oil remaining in the water 

column. Oil biodegradation in OSCAR removes the oil in the water column during the 

whole weathering process, and it is the major reason for the dispersion difference after day 
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16. 

Another major difference is due to the fluctuations in the OSCAR dispersion curve 

(especially for days 1, 6, 12, and 15), which are not found in the MOHID model. These 

correspond to the surfacing process of oil droplets in OSCAR, which might have caused a 

higher dispersion value than MOHID before the surface oil mass is reduced to zero. 

Surfacing is caused by the vertical displacement of oil droplets in the water column, which 

is determined by vertical turbulence diffusion and the oil droplet rise velocity (Reed and 

Hetland, 2002). In OSCAR, the vertical turbulence diffusion coefficient above the 

pycnocline is computed from wave height, wave period, and wave number (Ichiye, 1967). 

The wave height, period, and number are computed by empirical wave equations proposed 

by the U.S. Army Corps of Engineers Shore Protection Manual (1984) according to the 

wind speed at 10 m height. At times when wind speed decreases significantly, the vertical 

turbulence decreases as well, such that buoyancy becomes the dominant factor affecting 

vertical diffusion. This results in significant surfacing of oil droplets. The process is 

represented by the sudden decrease on the dispersion curve, or sudden increase in the 

surface oil curve of OSCAR (Figure 3.11). However, MOHID currently does not include 

such a surfacing process. MOHID simulates particle vertical evolution according to the oil 

mass balance, so the particle vertical distribution can only approximate the oil vertical 

distribution. These particles cannot represent oil droplets, and are not connected with the 

surfacing process of the oil droplets. In addition, no oil biodegradation process is 

considered to remove the dispersed oil, so that the oil dispersion rate in the MOHID is 

always larger or equal to zero. 

To better illustrate the relationship between wind speed and surfacing process, the average 
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wind speed is presented with the dispersion curve of OSCAR (Figure 3.12). When wind 

speed increases, the dispersion rate increases. When wind speed decreases, the dispersion 

rate decreases, sometimes even becoming negative. Major drops in wind speed occur 

around day 1, 6, 12, and 14.5, and dispersed oil in OSCAR decreases simultaneously 

(Figure 3.12). According to Figure 3.12 and the mechanism of oil droplet surfacing, the 

oil dispersion is very sensitive to wind speed, and they are connected with each other 

through waves and vertical turbulence diffusion. MOHID cannot simulate the oil droplet 

surfacing process; however, to better simulate oil dispersion, a series of wind related 

empirical wave equations should be integrated to make the dispersion model more 

sensitive to waves. 

 

Figure 3.12: Oil dispersion in OSCAR and horizontally averaged wind speed. Upper 

panel shows the horizontally averaged wind speed for the region shown in Figure 3.4. 

The lower panel shows the oil dispersion of OSCAR. Red lines mark significant 

decreases in both panels. 
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To quantify the differences between the mass balances of the two models, the correlation 

and Root-Mean-Square-Deviation (RMSD) are used. The correlation coefficient for 

evaporation is 0.92, and the RMSD is 360.46; the correlation coefficient for dispersion is 

0.96, and the RMSD is 247.93. Although results of the two models are highly correlated, 

the large RMSD indicates that the differences in the dispersion and evaporation curves 

between the two models are significant.  

Figures 3.13 and 3.14 show the horizontal particle distributions of MOHID and OSCAR 

models at 80, 160, 240, 320, 400, and 480 h after oil release. Some differences between 

the particles distributions of the two models appear: (1) more oil is dispersed at the 

beginning of the spill in the OSCAR model, corresponding with more submerged particles 

in the figure; (2) particles in MOHID concentrates more in the southern area, as opposed 

to the middle and northern areas in OSCAR. There are two possible reasons for these 

differences. First, the difference from the oil weathering processes (especially dispersion) 

can lead to different amounts of submerged particles. Also, different vertical depths of the 

submerged particles have different horizontal current speed, which leads to different 

distributions. Second, different algorithms for vertical and horizontal turbulence diffusion 

lead to different random walk results in oil trajectory. In MOHID, random displacement is 

calculated using the mixing length and the standard deviation of the turbulent velocity 

component (Allen, 1982). However, in the OSCAR model the random movement is 

computed as: 

                                                             tKu  /'6'                                                      (3.1) 

where u' is the random walk velocity, K' is the turbulence dispersion coefficient, and Δt is 
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the model time step (Reed and Hetland, 2002). In the horizontal, K' depends on time. In 

the vertical, K' depends on the wave conditions and depth. These two algorithms use 

different parameterization methods to simulate the random walk process. 
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Figure 3.13: Horizontal distribution of oil simulated by MOHID and OSCAR at 80, 160 

and 240 h after release. Left panels are results of MOHID, right panels are results of 

OSCAR. The legend for MOHID is shown. In the OSCAR model, black particles 

represent surface oil, and brown and white particles represent oil in the water column.  

 

A: t=80 hour 

B: t=160 hour 

C: t=240 hour 
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Figure 3.14: Horizontal distribution of oil simulated by MOHID and OSCAR at 320, 400 

and 480 h after release. Otherwise same as Figure 3.13. 

D: t=320 hour 

E: t=400 hour 

F: t=480 hour 
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3.4 SUMMARY 

According to this Scotian Shelf case study, the MOHID oil spill model can simulate 

changes in oil properties, trajectory and weathering process. During the model inter-

comparison with OSCAR, the trajectory results of the two models are very similar. There 

are significant differences in oil weathering simulation: (1) evaporation from MOHID is 

significantly larger than from OSCAR before day 10; (2) the oil dispersion slopes from the 

two models have different trends; (3) MOHID lacks an oil droplet surfacing process which 

causes differences in the dispersion mass balance; (4) MOHID also lacks an oil 

biodegradation process. 

The oil mass balance differences between MOHID and OSCAR reveal the following major 

limitations in the weathering algorithms in the existing version of MOHID: (1) the 

evaporation algorithm is purely empirical, and not related to oil area; (2) the dispersion 

algorithm proposed by Delvigne and Sweeney (1988) is purely empirical, and cannot well 

represent the dispersion rate changing with oil viscosity; (3) the user defined constant wave 

height and wave period cannot represent influence of wave conditions on dispersion; (4) 

the lack of biodegradation algorithm introduces errors in the oil mass balance, especially 

for the long-term simulation, and cannot represent the decrease of dispersed oil after 

surface oil is totally removed. 

In the next chapter, the details of newly developed weathering algorithms are described, 

and their performances are evaluated. 
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CHAPTER 4   IMPACTS OF INCLUDING NEW 

WEATHERING ALGORITHMS IN MOHID  

In the preceding model overview and assessment, the performance of MOHID and its 

limitations in the weathering simulation have been illustrated. As the new knowledge of 

oil spills increases, more advanced algorithms can be applied to oil spill models. The 

MOHID model has open-source code, facilitating model modification. Therefore, the 

newly developed weathering algorithms can be integrated with MOHID for evaluation. In 

this chapter, the following extensions are undertaken: (1) a series of empirical wave 

equations are integrated with MOHID; (2) an oil dispersion model based on the modified 

Weber number scaling approach is developed and integrated with MOHID; and (3) an oil 

biodegradation model, combining the exponential decay model and pseudo-component 

algorithm, is developed and integrated with MOHID. To evaluate model performance, oil 

dispersion results from MOHID before and after modification are compared with the 

results from the OSCAR model.  

4.1 EMPIRICAL WAVE EQUATIONS 

Surface oil dispersion is mainly caused by breaking waves. Before integrating the 

dispersion model based on the modified Weber number scaling approach, a series of 

empirical wave equations are integrated with MOHID to improve the simulation of oil 

dispersion.  

In the dispersion model based on the modified Weber number scaling approach, the surface 

wave height, the mean wave period, and the whitecap coverage are important factors to 

determine the oil droplet size distribution, and also influence the oil entrainment rate as 
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well. As mentioned before, constant wave height and wave period are defined by users 

when wave data are unavailable in the existing version of MOHID. The oil dispersion 

process is complex, and its relationship with waves is not linear. Therefore, constant wave 

height and wave period is not accurate enough for the computation of the oil dispersion. 

To improve the performance of oil dispersion algorithm, a series of empirical wave 

equations need to be integrated with MOHID. The empirical wave equations proposed by 

Neuman and Pierson (1966) and whitecap coverage equation proposed by Callaghan et 

al. (2008) are selected for this study (see section 2.4). 

After integrating the empirical wave equations, the fluctuations in the dispersion curve 

becomes evident in MOHID, especially on day 5, 10, 12 and 15 (Figure 4.1). The new 

dispersion curve reaches its maximum value at about day 15.5 – a delay of about half a 

day compared with the previous dispersion curve. This is mainly caused by the higher 

dispersion rates at day 5.5, 6.5, 8, and 15. The higher dispersion rates are also shown at 

the same locations on the dispersion curve of OSCAR. This variation of dispersion rate 

also agrees with the theory that the oil dispersion rate is influenced by the different wave 

conditions, instead of a constant dispersion rate.  

The integration of the empirical wave equations does not change the final mass value of 

dispersed oil. This is because the oil evaporation is not influenced by integration of the 

wave equations. Especially for the empirical evaporation algorithm proposed by Fingas 

(1998), the final evaporation amount is determined by the experimental data. With the 

same total release amount and the same evaporation amount, the final dispersion amount 

remains the same. 
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The correlation coefficient of natural dispersion between the modified MOHID and 

OSCAR is 0.97, and the RMSD is 220.36. The previous correlation coefficient values is 

0.96, and RMSD is 247.93 before integrating the empirical wave equations. The 

correlation coefficients are close and the RMSD has decreases by 11%. Given the 

decreased RMSD and the reasonable variation of the dispersion curve, the weathering 

algorithms perform reasonably with the newly integrated empirical wave equations.  

 

Figure 4.1: Comparison of oil dispersion with and without the empirical wave equations. 

The blue line is the oil dispersion simulated by MOHID, the red line is the oil dispersion 

simulated by MOHID with empirical wave equations included. The black line is the 

reference of the oil dispersion simulated by OSCAR. 

 

4.2 NATURAL DISPERSION BASED ON MODIFIED WEBER NUMBER SCALING 

APPROACH 

The natural oil dispersion algorithm based on the modified Weber number scaling 

approach can be generally divided into two parts: determination of the oil droplet size 
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distribution based on the modified Weber number, and computation of the oil dispersion 

with the improved first-order entrainment model and the oil droplet size distribution 

(Figure 4.2).  

 

Figure 4.2: Flow chart of oil dispersion algorithm based on the modified Weber number 

scaling approach. 

 

4.2.1 Oil Droplet Size Distribution 

According to experiment results from the Coastal Response Research Center (CRRC) 

/SINTEF, the dispersed oil droplet size created by each breaking wave can be modeled by 

a lognormal distribution (Johansen et al., 2015). Therefore, the dispersed oil droplet size 

distribution can be approximated by a median diameter and standard deviation. Figure 4.3 

shows an example of the oil droplet size distribution. 
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Figure 4.3: Example of cumulative lognormal droplet number distribution with median 

diameter of 0.438 mm, and a standard deviation of 0.403 in log10 units (Johansen et al., 

2015). 

 

Based on studies of oil dispersion experiments, Johansen et al. (2013, 2015) assumed that 

two breakup regimes govern oil dispersion. One is limited by oil-water interfacial tension, 

and is correlated with the Weber number (We). The We is defined as 


 hU 2

We   (ρ is oil 

density, U is the free fall velocity and sgHU 2  in this study, h is oil film thickness, 

and σ is the oil-water interfacial tension), and it describes the importance of fluid’s inertia 

compared with interfacial tension. The relationship between We and oil dispersion is: 
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where D is characteristic diameter of dispersed oil, a and A are constants to be determined. 

Another one is limited by oil viscosity, and is correlated with Reynolds number 
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where b and B are constants to be determined, and µ is the oil viscosity. By dimensional 

analysis and additive combination of the Reynolds and Weber numbers, an equation that 

connects the two non-dimensional numbers and the characteristic diameter of the oil 

droplets is established. Johansen et al. (2015) assumed that a = b, and added (4.1) to (4.2). 

The sum of the two equations can be written as: 

                                                 )Vi'1(We aa- BA
h

D
                                            (4.3) 

where  , and 


U


Re

We
Vi   is the viscosity number. Also the equation can be 

expressed as:  

                                                           
aA

h

D  )We( *
                                                   (4.4) 

where  aaB Vi'1WeWe*   is the modified Weber number. 

Equation (4.3) was fit to experimental data and the parameters were estimated to be a = 

0.6, A = 2.251 and B' = 0.027 (Johansen et al., 2015). Then experiments to test the 

relationship between hD /  and We* showed that a = 0.6 was valid throughout the whole 

range (D/h varied from 0.015 to 0.15) of experiments (Johansen et al., 2015). Thus, the 

parameter estimates a=0.6 and b=0.6 can be used as the common coefficients in (4.3) and 

(4.4). 

A

B
B '
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With (4.4), the characteristic diameter can be determined, which is used as the median 

diameter in the model. This model uses the same standard deviation, 0.403 in log10 units 

that Johansen et al. (2015) used in his experiments. Then the log normal distribution is 

determined by the standard deviation and median diameter, and the oil droplet size 

distribution is determined at the same time. 

4.2.2 Oil Entrainment Model  

With determination of the oil droplet size distribution, the oil droplets created by each 

breaking wave can be determined. However, only a portion of the oil droplets can remain 

in the water column. An entrainment model is needed to determine which oil droplets stay 

in the water column, and to compute the oil dispersed per unit time according to wave 

conditions. MOHID has only one particle class, which makes it difficult to compute 

vertical displacement in oil droplet scale. To compute the oil entrainment, the first-order 

entrainment model used by Johansen et al. (2015) is applied here. The limiting diameter 

is used to simplify the process of computing vertical displacement by assuming that 

droplets with diameters smaller than the limiting diameter remain in the water column, and 

the larger ones surface immediately. Johansen et al. (2015) used a constant limiting 

diameter from their experimental data, however, limiting diameter changes with wave 

conditions and different types of oil. In this research, an algorithm for computing limiting 

diameter based on oil droplet vertical displacement and regression analysis is developed 

and integrated with the first-order entrainment model. This means that the limiting 

diameter can be computed at each time step instead of being constant (see below). 

In the first-order entrainment model, the reduction in surface oil mass Qs due to 
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entrainment by breaking waves can be expressed by a first order decay equation with an 

entrainment coefficient 
mTP /WCC* , where P* is the volume fraction of oil contained 

in oil droplets smaller than the limiting diameter D* in each braking wave, WCC is the 

whitecap coverage. Then surface oil decay due to dispersion can be expressed as: 

                                                      s
s Q

dt

dQ
                                                          (4.5) 

Noted the factor P* is a function of the volume distribution and limiting diameter D*. 

Droplet vertical displacement is computed by the rise velocity and vertical turbulence 

velocity (Reed and Hetland, 2002). Assuming that there is a function of vertical turbulence 

velocity f(Wturb), when the rise velocity of the oil droplet is less than f(Wturb), the oil droplet 

will stay in the water column. 

Oil droplet rise velocity can be estimated using the following equations (Reed and Hetland, 

2002): 

                                                       )/(1 1

2

1

1

  WWWrise
                                               (4.6) 

                                                       18/'2

1
gdW                                                   (4.7) 

                                                       '32 gdW                                                    (4.8) 

where Wrise is the rise velocity of the oil droplet, and ʋ is the kinetic viscosity of water. The 

rise velocity is computed using the harmonic mean of two extremes: W1 is the extreme 

when the Reynolds number is smaller than 1000, and W2 is the other extreme when the 

Reynolds number is larger than 1000. The relative gravity of the oil droplet is
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wowgg  /)('  , ρw is the sea water density, and ρo is the density of the oil droplet. For a 

specific type of oil, the density and viscosity are known during the weathering process, 

and droplet diameter (d) is the only factor influencing rise velocity. For those oil droplets 

stay in the water column, the droplet will achieve maximum rise velocity when droplet 

diameter is equal to the limiting diameter. If the limiting diameter, D*, satisfies the 

relationship )()( *

turbrise wfDW  , the oil droplet will stay in the water column. 

In the current version of MOHID, wave conditions are computed with the wind speed at 

10 m height (U), and the vertical turbulence velocity is considered to be a function of the 

wind speed: wturb=g(U). Therefore, the above relationship can be rewritten as 

))(()( * UgfDWrise  . It follows that the relationship that keeps a droplet in the water column 

can be written as )(')( * UfDWrise  , where f ’(U) is a function to be determined. Results from 

a regression analysis can be used to approximate this function, but no experiment data is 

available for this regression analysis at the moment. The results of OSCAR model can be 

used for the regression analysis. The maximum rise velocity and wind speed are the 

variables analyzed in the regression analysis. 

Based on the wind speed limitation of the dispersion model (from 3.7 m/s to 23.1 m/s), a 

series of experiments with constant wind speeds (4, 8, 12, 16, 20 and 23 m/s) are set up 

for both MOHID and OSCAR models. Each maximum rise velocity corresponds with a 

dispersion rate in MOHID. When the dispersion rates of the two models give the best fit, 

the corresponding Wrise(D
*) is used for the regression. The different oil emulsification 

algorithms and release methods of the two models cause different dispersion rates before 

day 0.2 of the simulation (Figure 4.4). The dispersion rate of MOHID is generally constant 
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after 0.2 days, and the same is true for OSCAR, although there are some fluctuations in 

the curve caused mainly by the particle surfacing process. The dispersion rate after 0.2 

days is used to judge whether the rates of the two models are the same. The maximum 

rising velocities that fit best with the results from OSCAR are shown in Table 4.1, and the 

fitted curve is shown in Figure 4.5.  

 

Figure 4.4: Example of natural dispersion results for OSCAR and MOHID with constant 

wind speed. The red curve represents the oil natural dispersion of MOHID with 12 m/s 

wind speed and 2.3×10-4 m/s maximum rise velocity. The blue curve represents the oil 

dispersion of OSCAR with 12 m/s wind speed. From day 0.2 to day 2, the slopes of both 

model are close. 

 

Table 4.1: Wind speed and the corresponding maximum rise velocity. 

Wind speed (m/s) 4.0 8.0 12.0 16.0 20.0 23.0 

Maximum rise velocity (10-4 m/s) 8.5 4.5 2.3 1.6 1.2 1.0 
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Figure 4.5: Regression data based on simulation results from OSCAR. The red dots 

represent the data in Table 4.1. The black curve represents the regression curve. 

 

The relationship between droplet maximum rise velocity and wind speed can be estimated 

with the following equation: 

                                            00008.00017.0 21.0   U

rise eW                                       (4.9) 

The RMSD of the curve is 2.192×10-5, and R2 is 0.9935. The equation indicates that all oil 

droplets with rising velocities satisfying 00008.00017.0 21.0   U

rise eW   can be 

considered as remaining in the water column. The maximum rise velocity is correlated 

with the limiting diameter D*. According to (4.6)-(4.8), the limiting diameter D* can be 

computed. Knowing the oil droplet distribution and the limiting diameter D*, P* can be 

determined, and the entrainment coefficient, α, can be computed. 
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4.2.3 Evaluation of Natural Dispersion Model 

The developed oil dispersion model is integrated with MOHID to test its performance. 

Figure 4.6 is an example of the characteristic diameter computed by the modified Weber 

number over the 20 day simulation. 

 

Figure 4.6: Example of the changes in characteristic diameter of one particle over time. 

 

When wind speed is low, wave dissipation energy is not large enough to break up the oil 

slick into small droplets. Wave height is small as well, when wind speed is low. According 

to the equation of the modified Weber number (4.1) and (4.2), the characteristic diameter 

will increase. Therefore, the characteristic diameter is relatively large at around days 1, 6, 

12, and 14.5 after release, corresponding to low wind speeds (Figure 3.12). The amplitude 

of the diameter generally decreases with time, because the oil thickness decreases. The oil 

emulsification process enhances oil slick thickness during the first day, but after the water 

content reaches the maximum value at day 1, slick thickness begins to decrease due to oil 
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spreading, dispersion, and evaporation until it reaches the minimum thickness of this kind 

of oil. This process reduces the size of droplets that can form during natural dispersion. 

Also during this process, the viscosity increases more than 1500 times than the initial value, 

which makes the oil difficult to be dispersed into droplets by breaking waves. 

The dispersion curve based on the modified Weber number scaling approach is compared 

with the original dispersion curve simulated based on Delvigne and Sweeney (1988) in 

Figure 4.7. Over the first two days, dispersion based on the modified Weber number 

scaling approach is very small, because most of the droplets are larger than the limiting 

diameter, leading to no oil droplets remaining in the water column. In addition, when wind 

speed is less than 3.7 m/s, there is zero whitecap coverage, which limits the oil dispersion.  

The dispersion with modified Weber number scaling approach reaches a maximum value 

at about day 14, which is close to that of the OSCAR model. This is caused by the generally 

higher dispersion rate. Meanwhile, the variations of dispersion rate are clearer. The 

dispersion rate is larger than that of the original dispersion model between day 1.5 and 3. 

Because the oil viscosity is very small at the beginning, the oil is easy to disperse. Then 

the dispersion rate decreases slightly, which is governed by the increasing oil viscosity. 

Although there are some fluctuations during weathering, which is influenced by the 

different wave conditions, the general trend of the dispersion rate is larger at the beginning, 

and decreasing with time. Especially between day 13 and 14.5, the oil viscosity is more 

than 1500 times compared with the initial value (Figure 3.6). The dispersion rate is very 

small, and the dispersion curve reaches its maximum value smoothly. The dispersion curve 

of the original dispersion algorithm has a large dispersion rate during this time. These 

results show that the new dispersion model can better represent the changing dispersion 
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rate with increasing oil viscosity. 

For the reasons given in Section 4.1, the algorithm based on the modified Weber number 

scaling approach does not change the final amount of dispersion. The oil evaporation 

reaches its maximum value at about day 10 (Figure 3.7), which limits the amount of oil 

left to be dispersed. 

After including empirical wave equations and the dispersion model with the modified 

Weber number scaling approach, the correlation coefficient between the dispersion results 

of the modified MOHID and OSCAR is 0.98, and the RMSD is 211.55. Compared with 

the previous results (Section 4.1), the correlation coefficients are close, and the RMSD 

decreases by 4%. Based on the correlation coefficient, RMSD, and the analysis above, we 

can conclude that the newly developed oil dispersion algorithm, based on the modified 

Weber number scaling approach, performs reasonably with the MOHID oil spill model, 

and it is more sensitive to the variation of oil viscosity. 
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Figure 4.7: Comparison of the oil dispersion with and without applying the modified 

Weber number scaling approach in MOHID. The empirical wave equations are included 

in both versions of MOHID. The red line represents the oil dispersion simulated by the 

MOHID with the modified Weber number scaling approach, the blue line represents the 

oil dispersion simulated by MOHID with the original algorithm of Delvigne and 

Sweeney (1988). The black line represents the oil dispersion of OSCAR. 
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4.3 PSEUDO-COMPONENT EXPONENTIAL DECAY BIODEGRADATION 

ALGORITHM 

There are complicated oil biodegradation models requiring extensive information on the 

oil, environment, and local biological data to obtain reliable results. Such information is 

often not available during an actual oil spill. Considering the efficiency and accuracy of 

the oil spill model, the biodegradation algorithm is based on the idealized exponential 

decay model proposed by Venosa and Holder (2007): 

                                                        
ktCtC  e)( 01                                                      (4.10) 

where C1 is the concentration of analyte (mg/L) at any given time t in days, C0 is the initial 

concentration of analyte (mg/L), and k is the biodegradation coefficient (day-1). 

A pseudo-component algorithm is combined with the exponential decay model to enhance 

the accuracy of simulation with the known information of different types of oil. In this 

model, the impact of biological variability, bio-interaction and component transformation 

are not considered. 

The evaporation ability and biodegradability of each analyte vary greatly, which can lead 

to large uncertainties if all the components of the oil are computed together. Therefore, the 

pseudo-component algorithm is combined with the exponential decay model to compute 

the oil components separately. However, in the MOHID oil spill model, oil components 

are not separated into different groups. The first step is to separate different oil components 

into different groups according to their molecular weight and vapor pressure, which 

represents their evaporation and biodegradation characteristics. These characteristics are 

obtained from the SINTEF oil database, which is also used by OSCAR. To determine the 

amount of each group that remains to be biodegraded, the loss of each group during 
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evaporation is specified. Based on the work of Lyman et al. (1982), for each analyte, the 

mass transfer rate from water column to atmosphere can be expressed as follows: 

                                                                                                              (4.11) 

where 

                                                 )')('( 1221 KKHKKHK                                          (4.12) 

where m is the analyte mass, d is the diffusive depth, K is the mass transfer coefficient, 'H  

is the non-dimensional Henry’s law constant, 
WMK /44201  , 

WMK /1830002  , and MW 

is molecular weight. The diffusion depth 
oZ tDd  2   is a function of local vertical 

diffusivity, DZ, and the time step of the oil module, Δt0. The equation indicates d is the 

same for the same particle at the same time. The mass transfer coefficient K is a function 

of non-dimensional Henry’s law constant and the analyte molecular weight. For the same 

particle at a certain time, the analyte transfer rate is proportional to Km. Therefore, the 

percentages of each analyte group’s concentration to total evaporation can be determined 

by computing Km. The evaporation algorithms in the existing MOHID only calculate the 

total oil evaporated. With the total evaporation and the percentages of each group in the 

evaporation, the contribution of each analyte group in the evaporation can be determined. 

The detailed algorithm is shown in Figure 4.8. By separating different oil components into 

different groups, it is feasible to compute the percentage of each group’s contribution to 

evaporation based on (4.11) and (4.12). Then, by combining the initial percentages of 

different groups in the oil and the total oil evaporation at the current time step, the 

percentages of analyte groups in the surface oil after evaporation can be determined. With 

dKm
dt

dm
/
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the oil dispersed by breaking waves, the oil entraining the water column has same analyte 

percentages with the surface oil, since the dispersion process does not change the chemical 

composition or component percentages. Then the concentration of each analyte groups in 

the water column can be determined. Finally, after applying the exponential decay model 

to each group, the sum of the biodegradation of each analyte group is the total oil 

biodegraded. 

 

Figure 4.8: Flow chart of the pseudo-component exponential decay model. The 

evaporation abilities of analytes are calculated using the non-dimensional Henry’s law 

constant. The biodegradation algorithm is based on the exponential decay model 

proposed by Venosa and Holder (2007). These two algorithms are combined in this 

model. 
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4.3.1 Evaluation of the Oil Biodegradation Model 

To test the performance of the above biodegradation model, it is integrated with MOHID. 

Before running the modified MOHID with the biodegradation model, ANS crude oil 

components are sorted into five analyte groups according to molecular weight and vapor 

pressure (Table 4.2). From group 1 to 5, their molecular weights decrease, while vapor 

pressures and biodegradation coefficients generally increase, since light molecules are 

easier to escape into the air and be decomposed by microbes. 

Table 4.2: Average values of physical properties for the five analyte groups of ANS 

crude oil. Data is from the oil database of SINTEF. 

 Percentage 

(%) 

Vapor 

pressure 

(atm) 

Solubility 

(ppm) 

Molecular 

weight 

(g/mole) 

Biodegradation 

coefficient  

(day-1) 

Group 1 50.0 1.1×10-10 1.0×10-7 465 0.005 

Group 2 17.9 1.1×10-7 1.0×10-6 290 0.004 

Group 3 18.3 5.0×10-5 5.0×10-6 180 0.010 

Group 4 11.7 1.0×10-3 1.0×10-2 130 0.050 

Group 5 2.1 29.6 40.0 37 0.100 

 

The following figures show the variation of the five groups during the weathering process. 

Figure 4.9 shows the amount of biodegradation of five groups, and Figure 4.10 shows the 

amount of each group changing in the water column during the simulation.  

When dispersed oil increases in the water column, oil concentration in the water column 

increases, and the oil biodegradation rate rises (Figure 4.9). Although the amount of oil in 
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the water column increases between day 9 and day 14, the oil biodegradation rate does not 

change significantly. This is because the oil advection and turbulence diffusion distribute 

the oil in the water horizontally and vertically. The concentration of oil does not change 

much. After all the surface oil evaporates or is dispersed after day 14, no more oil entrains 

into the water column. As the dispersed oil spreads out and biodegrades, the concentration 

begins to decrease. Correspondingly, the oil biodegradation rate decreases slightly. With 

the oil biodegradation process going on and dispersion stops, oil mass in the water column 

begins to decrease after day 15. 
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Figure 4.9: Biodegradation of the five analyte groups. The red, yellow, green, blue, and 

cyan areas represent the biodegradation of group 5 to group 1, respectively. The sum of 

their biodegradation is the total oil biodegradation. 

 

 

Figure 4.10: Mass of the five analyte groups in the water column. The red, yellow, green, 

blue, and cyan areas represent the dispersion of group 5 to group 1, respectively. The 

sum of their dispersion is the total oil dispersion. 
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Figure 4.11 shows the percentages of analyte groups before the weathering, biodegradation, 

and after the weathering. Analyte groups with smaller biodegradation coefficients appear 

as low percentages in biodegradation, and the final percentages of heavier groups like 1 

and 2 are larger after weathering than the initial percentages. Groups with low molecular 

weight components, such as 4 and 5, have large biodegradation coefficients, show larger 

percentages in the biodegraded oil, and smaller final percentages than the initial 

percentages, because they are metabolized by microbes. 
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Figure 4.11: Percentages of the five analyte groups initially, during biodegradation, and 

after weathering. The cyan, blue, green, yellow, and red areas represent the percentages 

of group 1 to group 5, respectively. 
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Figure 4.12 shows the comparison of the biodegradation results between MOHID with the 

newly developed biodegradation algorithm and OSCAR. The biodegradation rate of 

OSCAR changes little with time, varying between about 0.015 to 0.023 tonnes/day during 

the 20 days simulation. The biodegradation rate of MOHID is more variable compared 

with OSCAR. The biodegradation rate of the newly developed biodegradation algorithm 

is very small in the first 2 days, then increases gradually before decreasing at about day 

15. The reason for this variation has been illustrated in Figure 4.9. According to Figure 

4.10, the oil concentration already begins to decrease at day 15. According to Venosa and 

Holder (2007), the oil biodegradation rate should decrease as well. The biodegradation 

rate has a significant decrease at about day 15; however, the biodegradation curve of 

OSCAR does not vary significantly with time. The newly developed biodegradation model 

is more sensitive to oil concentration than OSCAR. 

 
Figure 4.12: Comparison of the oil biodegradation results between MOHID and OSCAR. 

The black line represents the biodegradation of OSCAR model, and the red line 

represents the biodegradation of MOHID with the newly developed oil biodegradation 

algorithm. 

 



75 

Generally, the biodegradation of MOHID is smaller before day 13, and larger thereafter 

compared with that of OSCAR. The maximum difference is about 60 tonnes at day 20. 

The biodegradation rate will continue decreasing slowly as the oil concentration decreases, 

if the simulation continues after day 20. Correspondingly, the difference between the two 

curves will decrease.  

One possible reason for the above differences is that the biodegradation of OSCAR 

includes the biodegradation of dissolved oil. Although the percentage of dissolved oil is 

10 to 100 times smaller compared with dispersed oil, the oil dissolution process is fast, so 

that the biodegradation of OSCAR has a higher biodegradation at first. Another possible 

reason is that the different particle distributions in the two models can lead to different oil 

concentrations. Then, according to the exponential decay theory proposed by Venosa and 

Holder (2007), the different oil concentrations lead to different amount of biodegradation.  

Figure 4.13 compares MOHID dispersion (empirical wave equations and dispersion model 

based on the modified Weber number included) with and without biodegradation, against 

OSCAR dispersion. The dispersion amount with biodegradation is smaller than that 

without biodegradation, and the difference increases with time. Because the 

biodegradation is a slow process, the difference between these two dispersion curves are 

not obvious before day 6. The difference reaches about 270 tonnes at the end of the 

simulation, and continues to increase with time. After the dispersion reaches its maximum 

value, it begins to decrease slightly due to biodegradation. The similar decreasing feature 

is also presented on the dispersion curve of OSCAR. Although it is not very obvious due 

to the fluctuations caused by surfacing process, the general decreasing trend occurs 

between day 16 and 20, especially between day 18.5 and 20. 
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Figure 4.13: Comparison of the oil dispersion with and without oil biodegradation. The 

empirical wave equations and the dispersion model based on modified Weber number 

scaling approach are included in both versions of MOHID. The red line represents the oil 

dispersion simulated by MOHID with oil biodegradation, the blue line represents the oil 

dispersion simulated by MOHID without oil biodegradation, and the black line 

represents the oil dispersion of OSCAR. 

 

The correlation coefficient between OSCAR dispersion and the modified MOHID is 0.99, 

and the RMSD is 152.93. Compared with previous results (Section 4.2) which only 

includes the empirical wave equations and dispersion model based on the modified Weber 

number scaling approach, the correlation coefficients are close and the RMSD decreases 

by 28%. In this section, the newly developed biodegradation algorithm is discussed based 

on the biodegradation of each group, comparison of biodegradation from the two models, 

and its influence on the oil dispersion. The discussion illustrates that the newly developed 

pseudo-component exponential decay biodegradation model performs reasonably. 
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4.4 ASSESSMENT OF MODIFIED MOHID 

A series of model inter-comparisons between the modified MOHID and OSCAR models 

are conducted using four simulated oil spills on the Scotian Shelf. The oil mass balances 

of the two models are compared. The oil trajectory of MOHID is presented to illustrate the 

influence of the weathering process on trajectory. In Section 4.4.1, the scenario is the same 

as in Chapter 3 for the evaluation of the overall performance of the modified MOHID after 

integrating the new weathering algorithms. In Section 4.4.2, the other three scenarios are 

set up to evaluate the performance of modified MOHID under different situations. In the 

first scenario the amount of oil released is changed. In the second and third scenarios, the 

release time and type of oil are changed respectively. 

4.4.1 Overall Assessment of Modified MOHID 

For the initial assessment, the release amount is 5000 m3, release time is 01:00, 3rd, January, 

2010, and the released oil is ANS crude. In Chapter 3, it is noted that the evaporative 

exposure method proposed by Stiver and Mackay (1984) does not perform well in the 

previous version of MOHID; however it performs better than that of Fingas (1998) in the 

modified MOHID, so it is selected in these evaluations. To evaluate the overall 

performance of the modified MOHID with new weathering algorithms, the oil mass 

balance is compared with OSCAR and the previous version of MOHID (Figure 4.14). The 

changes in oil evaporation, biodegradation, and dispersion are discussed separately. 
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Figure 4.14: Comparison of oil mass balance among OSCAR, the previous version of 

MOHID, and the modified version. Dash lines represent results of OSCAR, the light 

dash lines represent results of the previous version of MOHID, and solid lines represent 

results of the modified MOHID. Red lines represent the amounts of dispersion, black 

lines represent the amounts of surface oil, blue lines represent the amount of evaporation, 

and the cyan lines represent the amounts of oil biodegradation. 

 

Evaporation 

The performances of the evaporative exposure evaporation algorithm and the evaporation 

algorithm proposed by Fingas (1998) have both similarities and differences (Figure 4.14). 

Both algorithms have a large evaporation rate at the beginning of the simulation. However, 

after the quick start, evaporation simulated by the evaporative exposure algorithm is 

smaller than that of Fingas (1998). On day 1, the evaporation amount of the evaporative 

exposure algorithm is only half of the algorithm proposed by Fingas (1998). Then, the 

difference begins to decrease with time, and the final evaporation amounts of the two 

algorithms are very close. Comparing the two evaporation curves of MOHID with that of 
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OSCAR, the evaporative exposure algorithm performs more similarly with OSCAR, but 

some differences remain. OSCAR computes oil evaporation based on the slick area and 

the oil properties with a pseudo-component algorithm. The evaporative exposure 

algorithm, proposed by Stiver and Mackay (1984), also computes the evaporation based 

on the oil properties and slick area; however, it is not a pseudo-component model, and the 

different evaporation abilities of oil components are not considered during the simulation. 

Evaporation algorithm proposed by Fingas (1998) only considers the oil properties, and 

the evaporation curve is represented by the logarithmic equation. Thus, its result leads to 

a large difference with that of evaporative exposure and OSCAR. 

Biodegradation 

The amount of biodegradation is only about 1/10 of the dispersion or evaporation at the 

end of this 20 day simulation. The biodegradation curves of the newly developed 

biodegradation model and OSCAR agree well with each other, with only slight differences 

remaining (Figure 4.14 and Figure 4.12). The maximum difference of 60 tonnes occurs at 

about day 20. Possible reasons for the difference has been illustrated in Section 4.3. 

Considering the small percentage of oil biodegradation, the difference is reasonable. 

Dispersion 

Compared with the dispersion curve simulated by the original algorithm in MOHID, the 

new dispersion curve has the following major differences: (1) the dispersion rate is more 

variable; (2) the short-term fluctuation structures are more evident; (3) the time of reaching 

maximum dispersion value is about 2.5 earlier; (4) the final dispersion amount is about 

300 tonnes smaller; and (5) a decreasing trend appears after the curve reaching its 
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maximum. The new weathering algorithms and modification to MOHID contribute to all 

the above changes. Also, the dispersion curve with new weathering algorithm is closer to 

that of OSCAR compared with the original curve. However, MOHID cannot simulate the 

oil droplet surfacing process in the droplet scale. The negative dispersion rates of OSCAR 

before day 13 (Day 6, 12, and 15) cannot be simulated with MOHID. 

After integrating the new weathering algorithms, the correlation coefficients for 

evaporation and dispersion between MOHID and OSCAR increase (Table 4.3). The 

evaporation correlation coefficient increases by about 7% and the dispersion correlation 

coefficient increases by about 3%. Although the increases are not large, the results 

illustrate a greater similarity with the results of OSCAR model. The RMSD between the 

two models decreases: evaporation decreases by about 59%, and dispersion decreases by 

about 38% compared with the previous version of MOHID (Chapter 3). The increasing 

correlation coefficients, the decreasing RMSDs, and the reasonable changes on the curves 

illustrate the newly developed weathering algorithms perform reasonably with the 

MOHID oil spill model referring to the results from OSCAR. 

Table 4.3: Oil mass balance of the previous and modified MOHID correlated with 

OSCAR. 

Model Weathering process Correlation 

coefficient 

RMSD 

Previous version 

of MOHID 

Evaporation 0.92 360.46 

Dispersion 0.96 247.93 

 

Modified MOHID 

Evaporation 0.98 147.81 

Dispersion 0.99 152.93 

Biodegradation 0.99 24.87 
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The particle distribution of the MOHID with the new weathering algorithms (not shown) 

is very similar with Figure 3.8. Although the surface oil is removed two days earlier than 

the previous version of MOHID, the difference is not significant in the oil trajectory. The 

new weathering algorithms do not have significant influence on the oil trajectory in this 

scenario.  

4.4.2 Further Model Assessment with Different Scenarios 

For the next three inter-comparisons, the basic settings (salinity, water temperature, and 

model time steps) and environmental forcing (wind and ocean current) are the same as the 

scenario in Figure 4.13. 

In the first scenario, the release amount is 1000 m3, release time is 01:00, 3rd, January, 

2010, and the oil is ANS crude (Figure 4.15). Since the release amount is only 1/5 of the 

case study in Figure 4.14, the surface oil is generally removed by natural dispersion and 

evaporation by day 10. The natural dispersion of MOHID is larger than that of OSCAR 

after day 6. This is similar with that on day 10 in Figure 4.14, probably because different 

algorithms for oil thickness computation are used by the two models when oil thickness is 

very thin. If the oil film of MOHID is thicker than that of OSCAR after day 6, the size of 

oil droplets created by the breaking waves will be smaller, and oil dispersion will be faster. 

Considering the different algorithms of the two models, the lack of surfacing process in 

MOHID, and the uncertainties in the regression that determines the equation for the 

limiting diameter, the difference is within a reasonable range. The comparison shows that 

the modified MOHID integrated with the new weathering algorithms performs well with 

a different volume of released oil. 
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Figure 4.15: Comparison of oil mass balance between OSCAR and MOHID with a 1000 

m3 oil release. Dash lines represent results of OSCAR, and solid lines represent results of 

the. Red lines represent the amounts of oil dispersion, black lines represent the amounts 

of surface oil, blue lines represent the amount of oil evaporation, and cyan lines represent 

the amounts of oil biodegradation. 

 

Figure 4.16 shows the horizontal oil distribution with a 1000 m3 ANS oil release simulated 

by MOHID. The horizontal distribution pattern is similar with that of Figure 3.8, since the 

release time, location, particle number, and forcing are all the same in these two scenarios. 

However, the oil distribution in Figure 4.16 has a significantly smaller concentration in the 

southern areas (between 41°N and 41.5°N) compared with Figure 3.8. In Figure 3.8, 

surface particles are taken to the south mainly by wind drift effects, and submerged into 

the water column. In this scenario, less oil is released, and the surface oil is removed faster. 

This causes less particles remaining near the surface and hence reduced wind drift effects, 

finally leading to less particles in southern areas. Most of the surface particles are 

submerged into the water column by 240 h. It is about 6 days less than that in Figure 3.8, 
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in which the surface particles are removed by 400 h. This faster submerging process is 

consistent with the oil mass balance in Figure 4.15. This result also illustrates the 

influences of the oil weathering process on oil trajectory. 
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Figure 4.16: Horizontal distribution of ANS oil simulated by MOHID with a 1000 m3 oil 

release. Red particles represent surface oil, black particles represent dispersed oil. A, B, 

C, D, E, and F show results at 80, 160, 240, 320, 400, and 480 h after the release. 

 

B. t=160 hour 

C. t=240 hour D. t=320 hour 

E. t=400 hour F. t=480 hour 

A. t=80 hour 
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In the second scenario, the release amount is 5000 m3, release time is 01:00, 6th, February, 

2010, and oil is ANS crude (Figure 4.17). Wind speed during this selected time period is 

generally higher and more variable than on 3rd, January. Therefore, this scenario can be 

used to illustrate the model performance under higher wind speed. Under the higher wind 

speed, the oil dispersion is faster. Very little oil is left on the surface by day 10, about 5 

days earlier than in Figure 4.14. Natural dispersion of the modified MOHID is greater than 

that of OSCAR after day 8, and oil evaporation of the modified MOHID is less than 

OSCAR. Again, this might be due to the different oil thickness computation when the film 

is thin. Also, the difference may be influenced by the evaporative exposure algorithm 

(Stiver and Mackay, 1984), which depends on oil type and slick area. The difference in 

slick area caused by the different oil spreading algorithms can lead to a difference in oil 

evaporation. In the scenario of Figure 4.17, the smaller evaporation allows for more oil 

dispersion, which can explain the difference between the dispersion curves. Generally, the 

results of the modified MOHID are reasonable. 
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Figure 4.17: Comparison of oil mass balance between OSCAR and MOHID with a 

different date of oil release. Otherwise same as Figure 4.14. 

 

Figure 4.18 shows the particle distribution with the release at 01:00, 6th, February, 2010. 

As mentioned above, the wind speed during this simulation is higher than that of the 

original scenario in Figure 4.14, and the oil dispersion is faster than that in Figure 4.14 as 

well. Therefore, there are only a few particles remaining on the surface at 240 h after 

release. However, due to the wind drift effect, the remaining surface particles move 

towards south-east, and reach 40°N at 320 h. The submerged particles are carried by the 

ocean currents. Part of the particles in the northern areas (between 42°N and 43.5°N) move 

northwards after 400 h. A few of them reach the coast; however, the oil beaching is turned 

off to eliminate its influence on the oil mass balance. Generally, the particle distribution 

covers a larger area compared with Figure 3.8. 
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Figure 4.18: Horizontal distribution of ANS oil simulated by MOHID with a different 

date of oil release. Otherwise same as Figure 4.16. 

 

B. t=160 hour 

C. t=240 hour D. t=320 hour 

E. t=400 hour 

A. t=80 hour 

F. t=480 hour 
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In the third scenario (Figure 4.19), the release amount is 5000 m3, release time is 01:00, 

3rd, January, 2010, and oil is Statfjord crude. Properties of Statfjord crude are shown in 

Table 4.4. Statfjord crude has a lower viscosity than ANS, so it is more easily dispersed. It 

has a higher percentage of light components, which means it evaporates easier; therefore, 

the mass balance should attribute a larger percentage to evaporation than ANS. Dispersion 

reaches the maximum value at about day 11. It is about 2 days earlier than in Figure 4.14. 

Dispersion, evaporation and biodegradation of the modified MOHID fit well with the 

results of OSCAR model. Evaporation in the modified MOHID is a little larger than that 

of OSCAR (Figure 4.19). The reason for the difference is the same as explained previously 

for Figure 4.17. The evaporative exposure method (Stiver and Mackay, 1984) and 

spreading algorithm depend on the oil type, and since this is a different oil, it may lead to 

slight differences in the results. Generally, the modified MOHID oil spill model performs 

well with the Statfjord crude oil. 
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Table 4.4: Statfjord crude oil properties used in the oil spill model. Information from 

Fingas (2015) and the OSCAR oil database. 

Oil Property Value 

API (American Petroleum Institute) Gravity 35.5 

Asphaltene Content 2.0% 

Wax Content 8.0% 

RESIN Content 6.0% 

Saturate Content 68.0% 

Max Water Content 60.0% 

Oil Water Interfacial Tension 23.2 mN/m 

Reference Dynamic Viscosity (at 15°C) 20.5 cP 

Pour Point -2°C 

 

 

Figure 4.19: Comparison of oil mass balance between OSCAR and MOHID with 

Statfjord crude oil. Otherwise same as Figure 4.15. 
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Figure 4.20 shows the particle distribution of the third scenario. It is very similar to Figure 

3.8. The major difference is that the particle concentration between 40.5°N and 41°N is 

slightly smaller than that in Figure 3.8. According to Figure 4.19, the amount of surface 

oil is very small after day 11, consistent with small amount of surface particles. Therefore, 

the amount of particles influenced by the wind and moving southward after day 11 is very 

small, and leads to lower particle concentration between 40.5°N and 41°N. Also, the 

Statfjord crude oil has a larger percentage of evaporation, and smaller percentage of oil 

dispersion compared with the ANS crude oil. This illustrates that the amount of oil 

represented by each particle in Figure 4.20 is smaller than that in Figure 3.8 at the end of 

the simulation. 
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Figure 4.20: Horizontal distribution of Statfjord crude oil simulated by MOHID. 

Otherwise same as Figure 4.16. 

 

C. t=240 hour 

E. t=400 hour F. t=480 hour 

A. t=80 hour B. t=240 hour 

D. t=320 hour 
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4.5 SUMMARY  

An oil dispersion algorithm based on the modified Weber number scaling approach, and a 

pseudo-component exponential decay biodegradation algorithm have been developed. To 

evaluate their performance, the developed weathering algorithms are integrated with the 

MOHID oil spill model. Based on the characteristics of MOHID, a series of empirical 

wave equations are also integrated with MOHID for better simulation of oil dispersion.  

Every modification made to MOHID causes changes to the oil dispersion curve. To 

evaluate the performance, the oil dispersion curves of MOHID with and without each 

modification, and the OSCAR model are compared. Comparison suggests that the newly 

developed weathering algorithms perform reasonably, and works well with MOHID.  

To evaluate the performance of the modified MOHID under different situations, four 

different scenarios using different release amounts, release times, and types of oil are 

examined. The first comparison illustrates that the modified MOHID with the new 

weathering algorithms can simulate the oil weathering process with more reasonable 

details and overall features. The results from the modified MOHID and OSCAR become 

closer. The other three model comparisons illustrate that the performance of the newly 

developed weathering algorithms is reasonable. The oil trajectories also present reasonable 

changes in different scenarios. 
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CHAPTER 5   CONCLUSIONS 

Four major activities were undertaken in this study: (1) the performances of the existing 

weathering algorithms in MOHID were examined; (2) the influence of the empirical wave 

equations on oil dispersion in MOHID was illustrated; (3) the dispersion algorithm based 

on the modified Weber number scaling approach was developed and evaluated; and (4) the 

biodegradation algorithm combining the exponential decay model and the pseudo-

component algorithm was developed and evaluated. Finally, the performance of the 

modified MOHID was evaluated through comparison with OSCAR using a series of 

simulations. 

A case study on the Scotian Shelf was carried out with the existing version of MOHID and 

OSCAR. Similarities and differences between MOHID and OSCAR, in simulating 

changes in oil properties, trajectory and mass balance, were identified.  

The trajectories simulated by the two models showed similar large-scale patterns and 

different small features: in OSCAR the particles concentrated more in the northern and 

middle areas, while in MOHID the particles were more concentrated more in the southern 

areas. Two major reasons for the differences were identified: (1) the two models use 

different parameterizations in particle random walk algorithms to describe the particle 

movement due to turbulence; and (2) the two models use different oil dispersion 

algorithms, leading to different amounts of particles submerged into the water column at 

the beginning of the simulation.  

Regarding the oil mass balance, the two models show similar trend and magnitude at the 

end of the simulation, but the following differences are noted: (1) oil evaporation in 
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MOHID is significantly larger than in OSCAR during the first few days after release; (2) 

the slope of dispersion curve in MOHID is nearly constant, while that in OSCAR generally 

decreases with time; and (3) the dispersion curve in MOHID does not show the short-term 

fluctuations related to the surfacing process of oil, and the final dispersion amount is larger 

than that of OSCAR.  

OSCAR is a commercial software package. Although there are limited publications that 

describe the algorithms and technologies used in the OSCAR, the model itself was 

examined and calibrated in realistic oil spill experiments. The results of OSCAR were used 

as references in this study. Through comparing the two models, it was shown that the 

original MOHID has the following weaknesses: (1) the simple surface wave characteristics 

does not allow the dispersion model to simulate the effects of waves; (2) the oil dispersion 

algorithm does not represent accurately the oil dispersion rate for high viscosity of oil; (3) 

oil biodegradation is not included, causing reduced accuracy in long-term oil weathering 

simulation; and (4) the use of a simple logarithmic equation in the evaporation algorithm 

proposed by Fingas (1998) causes large differences with OSCAR during the first few days 

of the simulation. 

Guided by the results of the OSCAR-MOHID comparison, we modified the original 

MOHID by integrating the newly developed oil weathering algorithms. Three major tasks 

were completed: (1) a series of wind related empirical wave equations were added for 

better simulation of oil dispersion; (2) the natural dispersion algorithm based on the 

modified Weber number scaling approach was developed and added; and (3) the oil 

biodegradation algorithm was developed by combining the pseudo-component algorithm 

and the exponential decay algorithm.  
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All of the above modifications to MOHID can directly influence oil dispersion in the mass 

balance. For this reason oil dispersion was used as a criterion in evaluating the 

performance of newly developed weathering algorithms. The dispersion curves of MOHID 

with and without each modification were compared. The result of OSCAR was also 

presented as a reference for the evaluation. 

By adding the empirical wave equations, the oil dispersion curve of MOHID exhibited 

distinct short-term fluctuations, indicating the improved sensitivity of oil dispersion to 

surface waves. By integrating the dispersion algorithm based on the modified Weber 

number scaling approach, the dispersion rate generally decreases with time, especially in 

the later part of the simulation when the oil viscosity is very high. This suggests that the 

modified dispersion algorithm represents the changing dispersion rate with viscosity 

reasonably. The newly developed oil biodegradation algorithm gives reasonable 

simulations results. As biodegradation reduces oil in the water column, the oil dispersion 

amount is smaller than that without biodegradation. Although the biodegradation of each 

analyte group cannot be validated, the amount and trend of each group are reasonable 

through analyzing their properties and percentages.  

With the integration of the newly developed weathering algorithms, the results of oil mass 

balance becomes closer to that of OSCAR. With every modification, the correlation 

coefficient between the dispersion curves of MOHID and OSCAR increases slightly, and 

the RMSD between the dispersion curves of the two models decreases. This further 

suggests that the performance of the modified MOHID with new weathering algorithms 

becomes closer to that of OSCAR. 
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Finally, a series of model inter-comparisons between the modified MOHID and OSCAR, 

with different amounts of oil, different release times, and different oil types, were carried 

out. It was found that the modified MOHID works reasonably with the evaporative 

exposure algorithm relative to the logarithmic algorithm proposed by Fingas (1998) in the 

first few days of the simulation. The exposure expositive evaporation algorithm was used 

for the following evaluations.  

For the original scenario (same with that presented in Chapter 3), the dispersion curve, 

evaporation curve, and biodegradation curve of the modified MOHID are similar with 

those of OSCAR. The evaporation curve gives lower values than the previous version of 

MOHID in the first few days of simulation. The dispersion curve represents the changing 

of dispersion rate with oil viscosity reasonably. The dispersion rate is large at the beginning, 

slightly decreases with time, and significantly decreases in the later part of the simulation 

when the oil viscosity is very high. In the modified MOHID, the time when the dispersion 

curve reaches the maximum value is 2.5 days earlier than in the original version of MOHID. 

The modified MOHID has a significantly reduced final dispersion amount, mainly due to 

the integration of the biodegradation algorithm. After reaching its maximum value, the 

dispersion amount continues decreasing due to biodegradation. 

The performance of the MOHID with modified weathering algorithms was evaluated in 

three other scenarios. The evaluation revealed that: (1) the performance of newly 

developed dispersion algorithm is slightly influenced by wind speed; (2) the performance 

of oil evaporation is slightly influenced by oil types and oil thicknesses; and (3) the 

performance of the newly developed biodegradation model is reasonable under the 

selected scenarios. Even after making the above modifications, differences still remain 
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between the modified MOHID and OSCAR; however these differences are relatively small 

in terms of the whole oil mass balance. Overall, the modified MOHID predicts a similar 

oil mass balance to OSCAR. The performance of modified MOHID is reasonable with 

different release times, amounts, and types of oil. Moreover, the results of these scenarios 

illustrate the influence of the weathering process on oil trajectory. 

To summarize, this study addressed the questions raised in the introduction and reached 

the following conclusions: (1) the performance of the existing weathering algorithms in 

MOHID was evaluated, and the specific limitations were identified through comparison 

with the OSCAR model; (2) the empirical wave equations enabled the oil dispersion 

simulation to be more sensitive to wave conditions; (3) the newly developed oil dispersion 

model based on the modified Weber number scaling approach well represented the change 

of oil dispersion rate with oil viscosity, thus obtaining more reasonable oil dispersion 

simulations; (4) the newly developed oil biodegradation model obtained reasonable 

simulations results, and increased the accuracy of oil mass balance in long-term 

simulations. Thus, through integrating and evaluating the new weathering algorithms, the 

modified MOHID can be used for better support oil spill response. 

FUTURE WORK 

There is potential to improve MOHID by including oil droplet surfacing processes. To do 

this, submerged oil needs to be represented with a new group of particles, enabling the 

separation of surface and dispersed oil. A module for the vertical evolution of oil droplet 

is also needed. These developments would replace the entrainment model. Another aspect 

is to develop a pseudo-component model for oil evaporation. With the existing pseudo-
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component algorithm in the modified MOHID, the oil components have already been 

divided into several groups. Components in each group have similar evaporation abilities. 

The evaporation for the component in each group can be specified instead of using the 

total oil evaporation. 

In this study, the MOHID was evaluated through model inter-comparisons. Future work 

should use observational data to evaluate oil trajectory, and oil mass balance. Images of 

oil spill accidents based on Synthetic Aperture Radar (SAR) can be used for oil trajectory 

validation, while, laboratory experimental data can help the evaluation of the oil mass 

balance. 
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APPENDIX A   DIFFERENT WAYS TO TRACK 

PARTICLES 

Most of the oil spill models use particles to represent oil for the oil trajectory simulation. 

The oil trajectory simulation is an application of particle tracking. According to Lynch et 

al. (2015), the baseline for particle tracking simulation is a massless particle that is passive 

physically and biochemically inert. Particle motion generally follows the integration of the 

following equation, 

                                                         ),( tXu
dt

dX
                                                        (A.1) 

where X is the location of a particle, and u is the velocity of the particle. In the simplest 

case, u only includes fluid velocity and a random walk contribution. When (A.1) is applied 

to more complicated cases, more factors are considered. If apply (A.1) to oil, factors such 

as buoyancy, wind drift and influence of weathering process, need to be considered in 

addition to u.  

There are different numerical schemes for the time integration of (A.1). As mentioned in 

Chapter 2, the MOHID oil spill model uses the Euler explicit scheme for time integration, 

                                                          
tttt utXX 
                                              (A.2) 

where Δt is the model time step. A first-order forward method, such as (A.2), is simple and 

can be executed quickly. This method suffices in most situations, but tests are still needed 

to verify the model results (e.g., Lynch et al., 2015). Note that when the diffusivity varies 

spatially, the Euler explicit method can falsely aggregate particles in the areas with low 
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diffusivity (Visser, 1997; Rogers, 2015). 

There are also models using the “Runge-Kutta” method for integration over time; however, 

there are variations that can be debated depending on the application (Lynch et al., 2015). 

Higher order methods require the use of iterative procedures, and they may not have great 

advantage when turbulence is parameterized (Brickman et al., 2009). Also, Costa (1991) 

concludes that higher order schemes are more important when curvature of the flow exists 

and a large time step is used. 

The particle tracking methods mentioned above are all based on discrete in time. These 

methods calculate the distance of a particle will move by considering the influence of a 

flow field over a specified time interval (Lynch et al., 2015; Rogers, 2015). Another way 

of particle tracking is based on discrete in space. This method uses analytical expression 

for a trajectory within a given grid box that is part of a larger-scale spatial discretization 

(see Rogers, 2015 for a review). One example of this type of particle tracking method is 

“Ariane” (Blank and Raynaud, 1997). 

In this study, ocean turbulence is parameterized, and the model time step for particle 

movement is set to 3600 s. Tests show that the Euler explicit particle tracking method 

possesses an acceptable accuracy.  
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APPENDIX B   A CASE STUDY IN THE GULLY 

The Gully is located 200 kilometers off Nova Scotia, to the east of Sable Island on the 

edge of the Scotian Shelf (Figure B.1). It is the largest submarine canyon in eastern North 

America (MacLean et al., 2013). It is over 65 km long, 15 km in width, and more than 

1000 m in depth. Because of the special geological and oceanographic conditions, the 

Gully has a rich diversity of marine habitats and species (MacLean et al., 2013). It has 

become a Marine Protected Area of Canada (MacLean et al., 2013). 

 

Figure B.1: Geological location of the Gully. From www.dfo-mpo.gc.ca. 

 

In this case study, the release location is set at 64.0894°W, 43.3391°N on the sea surface. 

In the model, 5000 m3 of ANS crude oil is released at 01:00, 3rd, January, 2010. The 

hydrodynamic and wind field data is the same with the scenario in Chapter 3, taken from 
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the regional NEMO ocean model and CFSR, respectively. The model settings are the same 

as that of the scenario in Chapter 4. The modified MOHID oil spill model with the new 

weathering algorithms is used. 

Figure B.2 shows the oil distribution over the 20 days following release. At 80 h, most 

particles move toward southeast. After 160 h, the particles are separated into two groups. 

One group consists with the submerged particles, moving toward southwest at first, and 

afterwards keeping between 42.5°N and 43.5°N, and slowly moving westward. The 

movements of these particles are mainly influenced by ocean currents. The other group 

consists with both the submerged particles and surface particles. This group generally 

moves towards southeast at first, mostly distributing between 41.7°N and 43.5°N, and 

keeping around 58°W.  

Generally, the oil has the tendency of moving southward after released in the Gully during 

the simulation period. There are only a few particles in the shelf edge area after 320 h. The 

surface particles generally move southward after 80 h. Most of the surface particles are 

submerged by 400 h. 

 



103 

  

Figure B.2: Horizontal distribution of ANS oil simulated by MOHID for the case study 

in the Gully. Red particles represent surface oil, black particles represent dispersed oil. 

A, B, C, D, E, and F show results at 80, 160, 240, 320, 400, and 480 h after the release, 

respectively. 

A. t=80 hour B. t=160 hour 

C. t=240 hour D. t=320 hour 

E. t=400 hour F. t=480 hour 
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Figure B.3 shows the mass balance of the released oil. Oil evaporation is fast at the 

beginning, and slows with time. At day 15, the evaporation reaches its maximum value of 

about 1900 tonnes. The oil dispersion generally increases with time, and reaches its 

maximum value of about 2480 tonnes at day 14. Generally, the dispersion rate is smaller 

than the original scenario in Chapter 4. In the previous release location, it takes 11 days 

(from day 2 to day 13) to disperse about 2350 tonnes oil (Figure 4.14). In this case, it takes 

14 days to disperse 2480 tonnes oil (Figure B.3). Oil biodegradation increases with time, 

and reaches about 280 tonnes by the end of the simulation. 

  

Figure B.3: Oil mass balance of MOHID in the case study in the Gully. Red, black, blue, 

and cyan lines represent the amounts of oil dispersion, surface oil, evaporation, and 

biodegradation, respectively. 

 

The smaller dispersion rates are caused by the weaker wind speeds in this area. Figure B.4 

shows the average wind speed during the 20 day’s simulation in the study domain. Release 

points of both previous scenario and scenario in the Gully are noted in the figure. In both 
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situations, oil move southward. The wind speeds at the release point and the particle 

distribution area near the Gully are slightly smaller than the particle distribution area in 

chapter 3. According to (2.13) and (2.14), low wind speed leads to reduced significant 

wave height and mean wave period, which in turn leads to reduced dispersion according 

to (4.1), (4.2), and (4.5).  

 

Figure B.4: Wind speed averaged between 01:00, 3rd, January, 2010 and 01:00, 23rd, 

January, 2010. Original wind field data were obtained from CFSR. 
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