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1 Introduction 
The marine environment is complex and can is conveniently divided into zones, each zone 

having its own characteristics which impact differently with respect to the degradation of  

engineering metals exposed in a particular zone. Taking the vertical dimension from sea 

floor to altitude above sea level as the differentiating factor, the obvious zones are 

atmosphere, splash zone, tidal region and subsea and, these can be further subdivided into 

distinguishing regions. We can also consider differences from a lateral perspective and 

consider the effect of coastal shelves and land masses from shallow to deep water regions 

and further, consider the influence of wind and ocean currents on climate. Wind is primarily 

caused by the movement of large air volumes due to differential heating between the 

equator and poles and Coriolis effect due to planet rotation. Ocean currents are also a factor 

in prevailing climatic conditions and result from large movements of water due to wind, 

Coriolis effect and variations in salinity, temperature and gravitational factors.  Proximity to 

human land based societies whether leisure driven or industrial also has an influence on 

physical and chemical aspects of the marine environment and, in many cases, the biological 

profile of the marine vicinity. We shouldn’t ignore the polluting aspects of vessels and 

offshore installations too, whose practices over the decades have become more tightly 

controlled through legislation and international agreements. 

This module describes the marine zones and their characteristics in more detail, including 

the influence of meteorological conditions and their importance for energy transmitting 

waves within the atmosphere (wind) and at the atmosphere/sea interface (waves) and 

subsea. The nature of waves will be considered in detail and a brief discussion on their 

relevance to corrosion, erosion and vessel design will be discussed. These topics will be 

considered I more detail however in modules 2, 3,  8 and 9. 

Prior to describing the marine zones it is useful to begin with a description of seawater 

composition as this is particularly critical for the engineered metals that can be exposed 

without significant degradation i.e. with and without any protective method required and, in 

combination with meteorological conditions exerts an influence on characteristics of the 

splash zone and atmosphere above the splash zone. 

2 The Marine Environment 

The marine environment is a complex one, it consists of two obvious media air and water, 

however, in combination these divide into several zones and arguably sub-zones, each with 

distinct physical, chemical and, in some cases, biological characteristics that impact on 

selection of materials and their performance. As with all material selection decisions it is 

particular important to understand conditions that prevail in these distinct zones if fit-for-

purpose materials are to be selected for specific applications.  

2.1 Zones in the Marine Environment  

Several well recognized zones are differentiated in the marine environment, namely air, 

water and the sea bottom i.e. mud, rock, sand etc. On further consideration and, partly 

driven by simple observation of their physical and chemical influence we can add in the 

splash zone and tidal range zone. Of particular importance from both a practical travel and 

corrosion perspective is what happens at the air/water interface. We all see waves and the 

manifestation of current and are also familiar with sailing boats and powered vessels and, 

we also regularly witness the power of coastal water when storms build and culminate to a 
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frenzy; both the erosive power in addition to the corrosive character of sea water is well 

known to us. 

 

Figure 1.  Effect of Marine Environment Zone on Corrosion Rate of Steel Piling1 

 

It is constructive to look at the zones in much more detail as ultimately a greater knowledge 

of the physical, chemical and biological attributes intimately link to both the selection of 

metals used for marine applications and the design of vessels, whether  these are 

predominantly driven by wind or motors or, some other power source. 

2.1.1 Atmosphere 

The atmospheric zone is the region above the splash zone, and by its very definition, this 

zone is not wetted or affected by the rise of tidal waves (Figure1); hence, it is not in seawater 

electrolyte. Typically corrosion control of this zone is achieved through choice of materials 

that exhibit insignificant corrosion rates for the conditions that prevail or, if this is not the 

case a suitable protective coating system can be applied (see Module 8, section ???).  

Given that this zone is not in contact with the electrolyte (seawater), the coating does not 

need to be complimented by cathodic protection, the structure design essentially tries to 

minimize the exposed steel surface area in this zone. 

The sea salt particles in the marine atmosphere could be deposited on the surface of carbon 

steel. As salts, particularly calcium chloride and magnesium chloride, can absorb water and 

deliquesce easily, they tend to form a thin liquid film on the metal surface, promoting the 

corrosion of carbon steel. In addition, due to the effect of Cl− ions, the corrosion products 

lose their protective function, making carbon steel peel layer by layer beneath the liquid film. 
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The corrosion rates of carbon steels in the marine atmosphere are mainly influenced by the 

salts deposited on their surface, while the deposition amount of salts and 

their corrosivity are related to the height of the metal structure away from the sea level, the 

distance between structures and sea, the wind speed and orientation, the waves, the rainfall, 

and the sunlight conditions. Generally, the farther the building facilities along the coast are 

from the coast, the lower the metal corrosion rate is. Without violent storms, the inner harbor 

far from the coast about a mile away has basically no salt deposition. Solar radiation is 

another factor affecting the corrosion behavior of carbon steel. Solar radiation promotes the 

photosensitive reaction on the surface of the metal and the activities of certain fungi, and the 

latter contributes to gathering corrosive water particles and dusts. Rainfall and its distribution 

within a certain period of time also affect the rate of metal corrosion in the marine 

atmosphere. Frequent rains wash away the metal salt deposits on the exposed surface, 

which would reduce the corrosion of the metal. However, the hidden areas of metal buildings 

are less susceptible to rain washing. Therefore, the corrosion on the shadow side of the 

metal structure is much more serious than the light side. The temperature can also affect the 

the rate of metal corrosion in a marine atmosphere too. The corrosivity of a tropical marine 

environment is serious, followed by the temperate zone, and lastly by the arctic. 

The average corrosion rates of carbon steels and low-alloy steels are 0.13 mm/a and 0.04 

mm/a, respectively, in the Oceanic Atmospheric District. Low-alloy steels containing 

elements such as Cu, P, Mn, etc., can form dense and solid corrosion products to prevent 

further corrosion in the marine atmospheric. 

In this respect it is of interest to consider the distribution both vertically and laterally of salts 

present in moist air, in particular the presence of chloride. Consider humidity as this alone 

has a significant influence on corrosion rate. Corrosion is typically caused in the atmosphere 

when about 70% of the humidity is present, as this is the value in equilibrium with saturated 

NaCl solution and NaCl is commonly present on surfaces. In the presence of such humidity, 

an invisible thin film of moisture is formed on the surface of a metal. The thin film of moisture 

acts as an electrolyte for the passage of current. Structures which are exposed to open air, 

are affected by damp environments. Beyond 80% relative humidity, a sharp increase in the 

rate of corrosion is observed. Each metal has a critical value of relative humidity beyond 

which the rate of corrosion increases significantly, see Figure 2 and 3. 

  

Figure 2.  Corrosion of Iron in Air 

Containing 0.01% SO2 2 

Figure 3.  Adsorption Isotherms 

for Water on -Fe2O3 3 
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2.1.2 Splash Zone 

The splash zone is the region of the shore immediately above the highest levels of the water 

that result in wetting by splash from breaking waves and is submerged only during 

exceptionally high tides or severe storms4. The splash zone refers to the wave splash 

wetting sections that are above the average level of the high tide. The corrosion of carbon 

steel in the splash zone is quite severe, see Figure 1; since the surfaces of carbon steel are 

frequently in contact with the seawater inflated by the air, resulting in long-term preservation 

of the liquid films that stick to the surface of the metal components. These liquid films are 

thick and fully oxygenated and have a minimal difference of oxygen concentration, and thus, 

they create a favourable condition for oxygen-depolarization corrosion. Moreover, there is no 

biological contamination in the splash zone, leading to oxide layers that develop on the metal 

surface being easy to deteriorate and spall off under the action of storms. All these factors 

make the splash zone the most corrosive marine environment, with an average corrosion 

rate of carbon steel up to 0.4 mm/a. Similarly, low-alloy steels in the splash zone are more 

resistant to corrosion, with an average corrosion rate of 0.12 mm/a. 

2.1.3 Tidal Zone 

The tidal zone floods during the peaks of daily high tide but remains dry for long stretches 

between high tides. It is inhabited by hardy sea life that can withstand pounding waves, such 

as barnacles, marine snails, mussels, limpets, shore crabs, and hermit crabs. The tidal zone 

specifically refers to the seawater section between the average levels of high tide and low 

tide, also known as the tidal difference zone. The zone can be further subdivided into the 

‘high intertidal zone’: a region that floods during the peaks of daily high tides, but remains dry 

for long periods between high tides, middle intertidal zone: a region over which the tides ebb 

and flow twice a day and which is inhabited by a greater variety of both plants and animals, 

including star ‘fish’ and anemones and finally, ‘low intertidal zone’: a region almost always 

under water except during the lowest of spring tides. Life is even more abundant in this 

region because of the protection afforded by seawater coverage.   

The tide zone refers to the seawater section between the average levels of high tide and low 

tide, also known as the tidal difference zone. The corrosion environment of this region is 

similar to that of the splash zone in that most of the time, the surfaces of the carbon steel 

contact with the water are well aerated, which promotes oxygen depolarization corrosion. 

Moreover, the large tide motion causes the corrosion rate of carbon steel to increase further. 

Unlike the splash zone, marine organisms present on the surface of metal in the tide zone, 

can sometimes protect part of the carbon steel surfaces. The main reason that the corrosion 

rates of carbon steel in the tidal zone are significantly less than the splash zone is that the 

steel structures in the tide zone are connected to the structures in the immersion zone, and 

as the oxygen contents in the two zones are different i.e. the tide zone contains more 

oxygen, the two zones form an oxygen concentration cell. As a result, the steel structures in 

the tidal zone are protected and the corrosion rate decreases. The average corrosion rate of 

carbon steel in the tidal zone is 0.1 mm/a. It is important to note that the average corrosion 

rate of low-alloy steel in the tidal zone is 0.1 mm/a, which is equal to carbon steel where the  

deepest pitting corrosion often occurs. 
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2.1.4 Submerged Zone  

According to depth away from the sea level, the submerged zone can be divided into  

neritic regions and abyssal regions. Because of the stirring action of storms and seawater, 

the surfaces of the neritic regions are saturated with oxygen. Moreover, the temperature on 

the surface of the neritic zone is higher than that in the abyssal region. Consequently, the 

corrosion rate of carbon steel in the neritic zone decreases gradually with increases in 

depths. 

In the submerged zone, marine organisms on the metal surfaces often hinder the diffusion of 

oxygen to the metal surface. However, as the steel structures in the submerged zone usually 

are connected with the structures in the tide areas, in contrast, biological contamination 

promotes the effect of an oxygen concentration cell, accelerating the corrosion rate of 

carbon steel in the submerged zone. With water depth increasing, the oxygen content of the 

water and its temperature drop, and the amount of marine fouling organisms is reduced. In 

many sea areas, water velocity in areas 10 - 30 m below sea level is very slow. Therefore, 

the corrosion rates of carbon steel in the abyssal region are lower as a consequence of the 

reduced mass transport of oxygen to potential corrosion sites.  

The corrosion rate of carbon steel in the submerged zone is characterized by a fast rate at 

the beginning but gradually slows down after a few months and finally a steady-state rate 

develops and more uniform corrosion occurs with an average corrosion rate of about 0.10 

mm/a. In the submerged region, as low-alloy steels cannot form the same protective films as 

formed in the marine atmosphere zone, their corrosion rate tends to be similar to that of 

carbon steel. 

2.1.5 Composition and Properties of Seawater 

A typical Seawater contains more dissolved ions than all types of freshwater, however, the 

ratios of solutes differ dramatically. For instance, although seawater contains about 2.8 times 

more bicarbonate than river water, the percentage of bicarbonate in seawater as a ratio of all 

dissolved ions is far lower than in river water. Bicarbonate ions constitute 48% of river water 

solutes but only 0.14% for seawater. Differences like these are due to the varying residence 

times of seawater solutes; sodium and chloride have very long residence times, while 

calcium (vital for carbonate formation) tends to precipitate much more quickly. The most 

abundant dissolved ions in seawater are sodium, chloride, magnesium, sulfate and calcium. 

A typical analysis of seawater, giving only the major constituents of dissolved salts is given 

in Table 1. 

The average corrosion rate of carbon steel in the tidal zone is 0.1 mm/a. It should be noted 

that the average corrosion rate of low-alloy steel in the tidal zone is 0.1 mm/a, which is equal 

to carbon steel whose deepest pitting corrosion often occurs in the tide zone. 

In the submerged zone, marine organisms on the metal surfaces often hinder the diffusion of 

oxygen into the metal surface. However, as the steel structures in the submerged zone 

usually are connected with the structures in the tide areas, on the contrary, biological 

contamination promotes the effect of oxygen concentration cell, accelerating the corrosion 

rate of carbon steel in the submerged zone. With water depth increasing, the oxygen content 

of the water and its temperature drop, and the amount of marine fouling organisms gets 

lower. In many sea areas, water velocity in areas 10–30 m below sea level is very slow. 

Therefore, the corrosion rates of carbon steel in the abyssal region are lower. 
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Table 1.  Typical Components of a Litre of Seawater 

Component Mass in grams 

Pure Water 965.31 

Major Constituents 

Chlorine 19.10 

Sodium 10.62 

Magnesium 1.28 

Sulphur 2.66 

Calcium 0.40 

Potassium 0.38 

Minor Constituents 0.24 

Trace Constituents 0.01 

Total 1000.00 

 

2.1.6 Mud Zone  

This zone consists of seabed mud and sediment, with high salinity, low resistivity, 

aggressive corrosivity, and lower corrosion rate of carbon steel than that in submerged zone 

because of the lower oxygen concentration. Sometimes, due to the effect of sulfate-reducing 

bacteria, submarine steel structure can exhibit localized corrosion. Table 2 lists the average 

corrosion rates of medium-carbon steel and low-alloy steel in different marine environments. 

Table 2.  Average corrosion rates of medium-carbon steel and low-alloy steel in different 

marine environments. 

Marine 

Environment 

Average Corrosion Rates, 

mm yr-1 

Carbon 

Steel 

Low Alloy 

Steel 

Marine atmosphere 0.130 0.04 

Splash zone 0.40 0.12 

Tidal zone 0.083 0.08 

Submerged zone 0.10-0.15 0.10-0.15 

Sea mud zone 0.08 0.06 

 

The influence of the marine environment on corrosion can briefly be summarised:- 
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i) Seawater and marine atmospheres are aggressive environments due to the presence of 

chloride ions (Cl-), but generally the concentration in atmosphere decreases with altitude, 

and the concentration in atmosphere falls rapidly inland with distance from the shore. Severe 

wind can transport moist saline air to high altitudes and to further distances inland.   

ii) Mechanical factors, such as erosion corrosion, vacuole corrosion i.e. corrosion triggered 

by sea plants, fungal spores etc, may be involved in seawater corrosion.  

iii) Seawater corrosion can further be influenced by organisms and some conditions promote 

the formation of biofilms. Of particular concern are species such as gallionellae and sulphate 

reducing bacteria (SRBs).  

iv) Seawater has relatively high conductivity and hence contact between dissimilar metals 

can result in severe galvanic corrosion due to higher current density – higher material loss at 

the anode; the extent  of galvanic corrosion is governed by factors such as position in the 

galvanic series, design and anode : cathode area ratio. 

2.2 Atmosphere Characteristics 

2.2.1 Classification of Dry, Damp and Wet Corrosion 

Atmospheric corrosion can be classified into the following categories: 

i) Dry corrosion 

ii) Damp corrosion 

iii) Wet corrosion 

Dry Corrosion 

In the absence of significant water vapor, many common metals develop films of oxide. In 

the presence of trace gaseous pollutants, copper, silver and other non-ferrous metals 

undergo film formation known as tarnishing. The tarnishing of silver in air is well-known. 

Tarnishing by hydrogen sulphide may be retarded by moisture if present in very small 

amounts. 

Damp Corrosion 

Damp corrosion will occur only when the relative humidity reaches 70% which is generally 

considered a critical value for the onset of corrosion (Figures 2 and 3). The precise level of 

critical humidity varies with the type of contaminants, such as dust and salt particles, and the 

composition of metals. For instance, in the presence of marine salts corrosion is stimulated 

at lower values of relative humidity. The difference between the damp and wet environment 

is very narrow and it is more representative of a climatic condition rather than the magnitude 

of corrosion. 

 

Damp environments promote the corrosion of most metals. Water saturated with dissolved 

gases, such as CO2, H2S and SO2, cause severe corrosion of iron and steels, copper, nickel, 

silver and other non-metallic materials and alloys. For instance, silver loses its luster and 

develops a tarnished film of sulphfide on coming in contact with H2S, and copper develops 

tints and becomes black. In agricultural areas abundance of ammonia, particularly during the 

rainy seasons, subjects copper fittings to seasonal cracking and causes serious damage to 

water distribution systems. 

Wet Corrosion 

This is the most frequently observed form of atmospheric corrosion, where the water layers 

or pockets are formed on the metal surface, and the metal surface remains constantly in 
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contact with water. The rate of corrosion would depend on the solubility of the corrosion 

product. Higher solubility means a higher rate of corrosion, because the dissolved ions 

increase the electrolytic conductivity. In case of alternate dry and wet conditions, the dry 

corrosion product film may absorb moisture from the air which increases the rate of 

corrosion of the metal by bringing the moisture in contact with the metal surface. Patina 

formation on copper, such as brochantite, and corrosion of iron and steel structures are 

common examples of corrosion caused by wet atmosphere. 

2.2.2 Types of Atmosphere 

Weather may be defined as the sum of all atmospheric conditions at a given place and time. 

Atmospheres are divided into four categories: 

i) Rural 

ii) Urban 

iii) Industrial 

iv) Marine 

2.2.3 Climatic Zones 

Broadly speaking, there are three major climatic zones - polar, temperate and tropical. The 

characteristics of each zone with examples are shown in Table 3. 

Table 3.  Climatic Zones 

Category Attribute Example Location 

Polar Extremely Cold Alaska, Greenland, Siberia 

Temperate Moderate Temperatures Europe, USA 

Tropical Humid and hot South East Asia, Africa, Central America 

 

The aggressivity of atmospheres in different climatic zones is shown in Table 4. 

Table 4.  Aggressivity of Atmospheres 

Climatic 

Zone 
Category 

Corrosion Aggressivity in Atmosphere 

Rural Urban Industrial Marine 

Frigid or 

Arid 

Outdoor 

Indoor 

2 

1 

3 

2 

4 

3 

3 

2 

Temperate Outdoor 

Indoor 

3 

2 

4 

3 

5 

4 

4 

3 

Tropical-

Humid 

Outdoor 

Indoor 

4 

3 

5 

4 

5 

4 

5 

4 
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2.2.4 Atmospheric Pollutants 

The major atmospheric pollutants are SO2, H2S, NOx (oxides of nitrogen), CO2, dust particles 

and marine salts. The sources of the contaminants are shown in Table 5. Common air 

pollutants are SO2 and NaCl. The concentration of major pollutants and corrosion rates of 

selected materials in different atmospheres is shown in Tables 6 and 7, respectively. 

Table 5. Sources of Contaminants 

Molecule Major Pollutant Source Natural Source 

SO2 Combustion of coal and oil Volcanoes 

H2S Chemical processes, 

sewage treatment 

Biological processes, decaying 

vegetable matter 
CO Automotive emission and 

combustion process 

Forest fires 

NOX Combustion Lightning 

NH3 Sewage Treatment Biological decay 

Hydrocarbon Chemical processes and 

automotive exhaust 

Methane from thawing artic ice, 

biological decay, marsh gas 
CO2 Combustion Biological decay, release from ocean 

HCl Chemical Industries ----- 

 

Table 6.  Major Air Pollutants in Atmosphere 

Types of 

Atmosphere 

Air Pollutants 

SO2, g/m2.day NaCl, mg/m2.day 

Rural <0.01 <0.3 

Urban 0.01-0.1 <0.3 

Industrial >0.01 0.3-2000 

Marine >0.01 >2000 

 

Table 7.  Corrosion rate of Selected Materials in Different Atmospheres 

Metals 
Corrosion Rate in Atmosphere, m/year 

Rural Urban Industrial Marine 

Pb 0.7-1.4 1.3-2 1.8-3.7 1.8 

Cd ----- 2-15 15-30 ----- 

Cu 1.9 1.5-2.9 3.2-4 3.8 

Ni 1.1 2.4 4-5.8 2.8 

Zn 1-3.4 1-6 3.8-19 2.4-60 

Steel 4-60 30-70 40-160 64-230 
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2.3 Factors Affecting Atmospheric Corrosion 

The following factors largely affect the corrosion of metals in an atmosphere: 

2.3.1 Time of Wetness 

Time of wetness is defined as the time during which the metal surface remains covered with 

water before inducing corrosion. At a sufficient thickness of water layer, an emf is generated 

which exceeds a critical value to induce corrosion. 

The time of wetness of a metal surface is dependent upon: 

i) Temperature: a high temperature leads to decreased adsorption. 

ii) Porosity voids: the larger the number of voids, the greater the volume of water adsorption. 

iii) Degree of oxidation: lesser adsorption with higher oxidation. 

iv) Grain boundaries: More adsorption with a larger number of grain boundaries i.e. smaller  

     grain size 

v) Nature of surface: more adsorption on a rough surface. 

More often, the time during which the relative humidity exceeds 80% and the temperature 

stays above 32°C, is taken as a limit for time of wetness. Typical wetness values in 

temperate zones are 100-2700 h/year. In South East Asia (tropic-humid zone), the values 

are much higher (3000-5000 h/year). 

The amount of water adsorbed depends upon hydrophobic and hydrophilic surface 

properties. 

2.3.2 Water Adsorption 

Water may be adsorbed in the molecular or dissociated form on a metallic surface. The 

oxygen atoms bond to the substrate and donate an electron pair causing a net transfer of 

charge from the water molecule to the substrate , see Figure 4. Water can also bond in a 

dissociated form by metal-oxygen, or metal-hydrogen (OH) bonding. The film of hydroxyl 

(OH) groups is fairly protective. The aqueous phase formed on the metal surface acts as a 

solvent for gaseous constituents of the atmosphere. The dissolution of corrosive gaseous 

species in the adsorbed layer provides sites where corrosion is prompted. When the 

thickness of the adsorbed layer reaches three monolayers, the properties of the adsorbed 

layer approach those of bulk water and the relative humidity approaches close to ‘critical 

humidity.’ Above the critical humidity the rate of corrosion increases significantly and below, 

it is virtually insignificant. The critical relative humidity level is pushed to lower values in the 

presence of SO2 and other atmospheric contaminants. 
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Figure 4.  Water Adsorption on a Metal Surface8 

2.3.3 Relative Humidity 

This is the primary driving force for atmospheric corrosion to occur. Atmospheric corrosion 

does not occur in dry air. The relative humidity is expressed as, 

RH = Amount of water vapour in air/Amount of water vapour required to saturate the air 

The corrosion rates of metals increases sharply beyond a threshold level of relative humidity 

called ‘critical relative humidity.’ The level of the critical humidity varies with the nature of the 

metal and the type of contaminant. If the atmosphere is clear and uncontaminated, corrosion 

is negligible at a relative humidity as high as 99%. However, in the presence of 

contaminants, corrosion begins to increase around 80% RH. The critical humidity 

requirement in the presence of contaminants, such as KCl and NaCl is considerably 

reduced. For example, steel can corrode even at 35% RH, in the marine environment. At a 

relative humidity of 55%, a surface film of 15 molecules thick is formed on mild steel, which 

increases to a 90 molecular layer as the relative humidity increases to 100%, causing an 

acceleration of the corrosion process. 

2.3.4 pH 

Decreased pH on a metallic substrate caused by dissolution of certain contaminants like 

SO4
2- may lead to an acidification process and acceleration of atmospheric corrosion 

2.3.5 Dew Point 

Dew is more corrosive than rain water because of a higher concentration of atmospheric 

contaminants, hygroscopic salts and a lower pH value. 

2.3.6 Fog 

Due to the low pH of fog water (1.8-3.5) in highly contaminated regions, like the cities of 

Lahore and Karachi in Pakistan, fog is a corrosion promoter. 

2.3.7 Dust and Soot 

Dust has an abrasive effect on metallic surface in combination with wind velocity in desert 

and on shore regions, like the sea coastal environment of the Gulf countries. Impurities from 

emissions, such as CO2 and CO are adsorbed in dust particles and create micro-corrosion 

cells. Dust particles being hygroscopic promote serious corrosion by adsorption of salts 

promoting corrosion, see Figure 5. A list of air pollutants are given above in Table 6. 
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Figure 5.  Formation of Micro-Corrosion Cells by adsorption of Dust Particles8 

Soot particles are efficient sites for hydrogen evolution because of low hydrogen over-

potential of carbon. Corrosion is localized in areas with high moisture content. Soot particles 

may be combined with chromium, nickel or manganese. Soot may also have toxic molecules 

containing cancer causing agents. Charcoal particles induce severe corrosion in the 

presence of small amounts of SO2 because charcoal has excellent adsorption properties. 

 

2.3.8 Wind Velocity 

Wind velocity affects the concentration profile of salt particles in a particular area. It is 

responsible for the transport of pollutants which may be deposited on a metallic substrate. It 

may also dislodge a protective layer formed on a metal surface and promote corrosion. Wind 

velocity, wind direction and structural geometry are major contributors in areas subjected to 

strong winds. 

2.3.9 Corrosion Products 

The corrosion products formed on a metallic surface (for example, Fe2O3, Fe3O4) may 

induce or retard atmospheric corrosion depending on the thickness, homogeneity and 

degree of bonding and solubility of the film. Breakdown of the protective films by corrosion-

inducing ions, such as chloride ions, destroy passivity and accelerate the rate of atmospheric 

corrosion. The adsorption of chloride is shown schematically in Figure 6. 

 

Figure 6.  Breakdown of Oxide Layer by Adsorption of Chloride Ions8 
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2.3.10 Pollutants 

Outdoor pollutants, like SO2, H2S, CO2, HNO3, NH3, HCl and HCOOH, are corrosion 

promoters. They act synergistically to accelerate corrosion with humidity, temperature, wind 

and weather cycles. Table 8 shows approximate outdoor range of selected pollutants. 

Table 8.  Outdoor Ranges of Selected Pollutants 

Constituents 
Range, 

ppm 

H2O2 10 - 30 

SO2 1 - 65 

H2S 0.7 - 24 

NO2 9 -78 

NH3 7 -16 

HCl 0.18 - 30 

HCOOH 4 - 20 

 

Distance from the contamination source is an important factor in atmospheric corrosion. For 

instance, the fall out of salts may vary from a high level of 0.34-0.45 kg/m2/year in the 

coastal areas and islands (e.g. Pacific Islands), to a low level of 5.62 x 10~4 kg/m2/year in 

inland areas. Proximity to sea accelerates the corrosion rate due to abundance of sea salts. 

At a distance inland of 10 km or more, the corrosion rate is similar to that observed further 

inland. 

Chlorine containing pollutants include CI2 and HCl. For instance, the atmospheric corrosion 

rate of steel is accelerated at a critical humidity level of 70%. The value of critical relative 

humidity varies with the metals and the pollutants. A hygroscopic salt absorbing water from 

the atmosphere can produce an electrolyte which decreases the saturation relative humidity 

level. Such salts abundantly present in the environment. Table 9 shows some hygroscopic 

salts in equilibrium with saturated solution. Saturated solutions have an equilibrium relative 

humidity.  

If the humidity exceeds this critical value, the saturated salt solution takes up water until 

equilibrium is achieved and conversely the salt solution releases water if the humidity level 

falls below the critical value. The number of monolayers of adsorbed water formed on the 

substrate increases with decrease in the saturation relative humidity level and pushes the 

relative humidity to critical levels for onset of corrosion. For instance, on increasing the 

relative humidity from 2 to 80%, the number of monolayers may increase one to five.   
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Table 9.  Outdoor Ranges of Selected Pollutants 

Salts in Solution Saturation Relative Humidity at 20oC (%) 

Na2SO4 98 

(NH4)2SO4 81 

NaCl 76 

CaCl2.6H2O 32 

ZnCl2 80 

 

2.3.11 Rain 

Rain plays a dual role, increasing the rate of atmospheric corrosion or decreasing it under 

certain conditions. 

Increase corrosion conditions: 

i) Rain promotes thicker layers of electrolyte on the substrate. In the presence of 

atmospheric pollutants, like SO2 in the air, it may wash corrosion promoters, like H+ and 

SO4
2- from the atmosphere and wet deposit them in the presence of the electrolyte layer, 

thus accelerating corrosion. 

ii) Degree of contamination. In a less contaminated atmosphere, rain has a pro- pronounced 

effect and promotes corrosion. 

iii) Orientation and design. Orientation of the structure partially exposed to rain and 

containing water traps would contribute to increased corrosion. 

iv) Nature of substrate. The action of rain would be subject to the nature of the substrate, 

porous, smooth, rough, etc. A smooth surface would not hold an aqueous layer for a great 

length of time. 

Decrease corrosion conditions: 

i) Period of dry deposition. If the period of dry deposition is followed by rain, then this would 

decrease the degree of corrosion by washing out the deposits. 

ii) Structure and design. Structures facing the atmosphere would receive maximum rain and 

be subjected to maximum washing out of deposits. Similarly, good designs, devoid of water 

traps would also decelerate atmospheric corrosion. 

iii) Droplets or crystals of chloride are formed in the atmosphere in a marine environment. 

Their concentration decreases with increasing distance from the sea. Burning of coal is a 

major source of emission of HCl. Chlorine dissociates to form a chlorine radical which reacts 

with organic compounds to form hydrochloric acid 

 

 



Module 6: The Marine Environment                                                                                                          

18 

 

Where h = solar radiation energy,  = wavelength, RH is an organic compound and Cl/ is 

the chlorine radical 

The adsorption of chloride and destruction of a protective layer is shown in Figure 7. In the 

presence of chloride, iron and steel corrode at significantly lower humidity levels. 

 

Figure 7.  Adsorption of Cl2 on a Rust Surface8 

2.4 Seawater and Factors that Impact Corrosion 

2.4.1 Salinity 

The total quantity of dissolved salts in sea water is expressed as salinity , which can be 

calculated from conductivity and temperature readings. Salinity was historically expressed 

quantitatively as grams of dissolved salts per kilogram of water (1mg/L ≡ 1ppm) or, more 

commonly, in parts per thousand (ppt). To improve the precision of salinity measurements, 

salinity is now defined as a ratio of the electrical conductivity of the sea water to the electrical 

conductivity of a standard concentration of potassium chloride solution. Thus, salinity is now 

defined in practical salinity units (PSU), though the older measure of salt concentration in a 

solution as parts per thousand (PPT) or mg/L  are relatively common. 

Seawater contains a large amount of salts, whose main component is sodium chloride 

(Table 1.). The salt concentrations of ~99% of seas and oceans around the world ranges 

between 1 and 4%, but mainly lies within 3.3 to 3.8% (33-37PSU). There are examples 

where water salinity in inland sea exhibits large deviations such as the dead sea with an 

average content of salts rising up to 37% (40PSU). Overall, however, variation in salinity has 

little effect on the metal corrosion rate, but when the salt concentration exceeds a certain 

value, due to the decline in oxygen solubility, the corrosion rate of the metal decreases 

significantly. 

The diluted seawater around the mouth of an estuary tends to be more corrosive. The 

carbonate in ordinary water is saturated, but not in diluted seawater and therefore, carbonate 

scales which can be protective do not easily form at the surface of water. Furthermore, the 

activity of marine organisms in diluted seawater decreases or disappears, and similarly, 

protective biofilms are difficult to form. 

 



Module 6: The Marine Environment                                                                                                          

19 

 

 

Figure 8.  Relationship between the corrosion rate of mild steel and the concentration of 

dissolved oxygen in NaCl solutions9 

2.4.2 Dissolved Oxygen Concentration 

Dissolved oxygen in seawater plays an important role in metal corrosion, whose rate could 

increase with the increase in oxygen content, See Figure 4. The surface of the sea is always 

in contact with the atmosphere, and the contacting area is large. Seawater would be 

subjected to the action of continuous stirring of the waves and the dramatic changes in the 

natural environment. Consequently, the oxygen content in seawater is relatively high, and it 

can be considered that the outer layer of seawater has been oxygen saturated. The oxygen 

content in seawater with a salinity of 3% at 20°C is 8 mg/L or 5.6 cm3/L. With the increase in 

salt concentration and temperature, the amount of dissolved oxygen decreases. Table 10 

lists the relationship between the dissolved oxygen content, the salt concentration, and the 

temperature of seawater. 

Table 10.  Solubility of oxygen in seawater (cm3/L)10 

Temperature, 
oC 

Salt Concentration, % 

0.0 1.0 2.0 3.0 3.5 4.0 

0 10.30 9.65 9.00 8.36 8.04 7.72 

10 8.02 7.56 7.09 6.63 6.41 6.18 

20 6.57 6.22 5.88 5.52 5.35 5.17 

30 5.57 5.27 4.95 4.65 4.50 4.34 

 

The dissolved oxygen content varies with sea depth. From sea level to −800 m, oxygen 

content decreases and reaches the lowest value. This is because marine animals consume 

oxygen and the decomposition of the animal carcasses falling from the upper ocean areas 
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also consumes oxygen. From −800 m to −1000 m, the amount of dissolved oxygen begins to 

rise again and becomes close to the oxygen concentration of the seawater near the surface, 

which is due to, according to analysis, the lower oceanic water temperature and high water 

pressure. The relationship between water depth and dissolved oxygen concentration, 

seawater temperature, and salt concentration is shown in Slide ??? 

2.4.3 Seawater Temperature 

According to the principle of kinetics, corrosion rate will accelerate with an increase in 

temperature. It is generally believed that if seawater temperature increases by 10°C, the 

metal corrosion rate approximately doubles. However, as the seawater temperature 

increases, the solubility of oxygen decreases, causing a decrease in corrosion rate. When 

the temperature increases by 10°C, the solubility of oxygen is reduced by approximately 

20%. In addition, temperature variations return to have an influence on the biological activity 

of the seawater and calcareous scale deposited layers. The relationship between seawater 

temperature and metal corrosion rate is quite complicated. To carry out a specific analysis, 

in seawater, the corrosion rates of copper, iron, and their alloys in a hot environment and 

seasons are generally little faster.  

2.4.4 Seawater pH 

Seawater pH value is between 7.2 and 8.6, close to being neutral, having little impact on the 

corrosion rate of metal. In the deep sea zone, the seawater pH value is slightly lower and the 

protective carbonate layer is not easy to generate on the metal surface, resulting in an 

increase in corrosion rate. Due to the photosynthesis of green plants, the seawater pH value 

may have small changes during the whole day, for example, from 8.0 to 8.2, which has little 

direct impact on the corrosion behavior of the metal but may affect the deposition of 

calcareous scale and thus bring an indirect effect on the corrosion rate. 

2.4.5 Flow Velocity 

The corrosion rates of many metals in seawater have a close relationship with flowing 

velocity of seawater. The corrosion rates of carbon steel, copper, and others increase to 

reach a maximum with the velocity increasing and then stabilize. High-chromium stainless 

steel has a high corrosion resistance in seawater with high flowing velocity. When the 

flowing velocity of seawater is very high, due to the mechanical forces of the medium, such 

as friction, impact, etc., the metal component can be undermined by ‘special’ forms of 

erosion corrosion, cavitation corrosion, corrosion wear, etc. 

2.4.6 Carbonates and Contaminants 

In conditions with the seawater pH value, it is easy for carbonates to saturate and deposit 

on the metal surface, forming a protective film. The applied cathodic protections on the steel 

structures in seawater make it easier for the precipitation of carbonate deposition. Seawater 

contaminants such as H2S reach a high concentration in bays, harbors, and estuaries, which 

has adverse effects on metal corrosion. 

2.4.7 Biological Organisms 

Metal surfaces in seawater often become contaminated with a layer of biological slime which 

encourages further colonisation by sea creatures. Sessile organisms, which come in the 

form of tiny embryonic to the slime-covered surfaces and firmly attach to it and then grow up 

fast and is finally fixed on the surface, have the greatest impact on metal corrosion. The 



Module 6: The Marine Environment                                                                                                          

21 

 

attachment areas with marine organisms, water barnacles, oysters, bryozoans, water snails, 

rapanas, etc., where gaps produce easily, are likely to have crevice corrosion. In addition, 

the role of microorganisms produce corrosive substances such as chlorine, carbon dioxide, 

and hydrogen sulphide and the sulfate reducing bacteria (SRB) produce oxygen. All of them 

accelerate metal corrosion. However, the respiration of marine animal and the 

decomposition of dead organisms consume oxygen, lowering the oxygen content of 

seawater and the corrosion rate of metal in seawater. Due to the complementary roles of 

these factors, the difference in corrosion rates of carbon steel in seas worldwide is relatively 

small. According to the Uhlig Corrosion Handbook (Second Edition), the average corrosion 

rate of carbon steel immersed in seawater in the first 5 years is 0.14 mm/a, and for 5 to 10 

years, 10 to 20 years, and more than 20 years, the average corrosion rates are 0.07 mm/a, 

0.07 mm/a, and 0.05 mm/a, respectively, indicating that the corrosion rates decline slowly 

with time. 

 

 

Figure 9.  Relationship between the corrosion rate of mild steel and the concentration of 

dissolved oxygen in NaCl solutions4 

2.5 Corrosion in Seawater and the Marine Atmosphere 

The general subjects of corrosion of metals used in the marine environment and their 

corrosion resistance is a big topic and will be covered comprehensively in Modules 7, 8, but 

some brief comments are appropriate here. Currently, in the marine environment, the most 

widely used material is mild steel. The corrosion resistance to seawater of copper and its 

alloys is good and has many applications in the marine environment. The applications of 

aluminum and its alloys in the marine environment are increasing. Titanium and its alloys are 

known as the most anticorrosive materials in the marine environment. As their costs are 

much more expensive than the commonly used structural metals, their applications in the 

marine environment are limited. Generally there is a desire to improve the service life of 

steel in seawater and have clarity on material selection for applications exposed to specific 

marine zone conditions.  

3 Meteorological and Oceanographic Factors 

The atmosphere and water, the two most important components of the marine environment, 

are ideal media for the generation of energy transmitting waves. While naturally occurring  

waves in both media can be harnessed for the benefit of man, whether to aid transport, 

reducing fuel cost and generating electricity, in contrast, waves can be highly destructive. A 

balance has to be struck with these forces of nature. To strike a good balance it is important 

to understand the nature of waves and ensure that vessels exposed to the worst conditions 

can survive their impact or, alternatively the limitations of vessels are fully understood and 

can survive their impact or are only operating in acceptable conditions. 
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3.1 Waves 

All waves begin as disturbances. A rock thrown into a still pond creates waves that radiate 

out in all directions. Releases of energy, similar to the rock hitting the water, are the cause of 

all waves. 

Wind blowing across the surface of the ocean generates most ocean waves. The waves 

radiate out in all directions, just as when the rock is thrown into the pond, but on a much 

larger scale. 

The movement of fluids with different densities can also create waves. These waves travel 

along the interface (boundary) between the two different fluids. Both the air and the ocean 

are fluids, so waves can be created along interfaces between and within these fluids in the 

manner described below (see Figure 10). 

i) Along an air-water interface, the movement of air across the ocean surface creates ocean 

waves (simply called waves). 

ii) Along an air-air interface, the movement of different air masses creates atmospheric 

waves, which are often represented by ripple-like clouds in the sky. Atmospheric waves 

are especially common when cold fronts (high-density air) invade an area. 

iii) Along a water-water interface, the movement of water of different densities creates 

internal waves. Because these waves travel along the boundary between waters of 

different density, they are associated with a pycnocline: Internal waves can be much 

larger than surface waves, with heights exceeding 100 meters (330 feet). Tidal move-

ment, turbidity currents, wind stress, or even passing ships at the surface create internal 

waves, which can sometimes be observed from space.1 

Internal waves can even be a hazard for submarines because they can carry submarines 

to depths exceeding their designed pressure limits. At the surface, parallel slicks caused 

by a film of surface debris may indicate the presence of internal waves below. On a 

smaller scale, internal waves are prominently featured sloshing back and forth in “desktop 

oceans,” which contain two fluids that do not mix. 

 

 

 

 

 

 



Module 6: The Marine Environment                                                                                                          

23 

 

 

Figure 10.  Surface (wind generated) and Internal Waves (produced by water layers of 

different density)12 

Mass movement into the ocean, such as coastal landslides and calving icebergs, also create 

waves. These waves are commonly called splash waves. 

Sea floor movement, which changes the shape of the ocean floor and can release large 

amounts of energy to the entire water column (compared to wind-driven waves, which affect 

only surface water), can create very large waves. Examples include underwater avalanches 

(turbidity currents), volcanic eruptions, and fault slippage. The resulting waves are called 

seismic sea waves or tsunami. Fortunately, tsunami occur infrequently. When they do, 

however, they can flood coastal areas and cause large amounts of destruction. 

The gravitational pull of the Moon and the Sun tug on every part of the planet’s oceans and 

create vast, low, highly predictable waves called tides. 

Human activities also cause ocean waves. When ships travel across the ocean, they leave 

behind a wake, which is a wave. In fact, smaller boats are often carried along in the wake of 

larger ships, and marine mammals sometimes play there. Also, the detonation of nuclear 

devices at or near sea level releases huge amounts of energy that creates waves. 

 

Figure 11.  Energy Distribution in Ocean Waves12 
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In all cases, though, some type of energy release creates waves. Figure 7 shows the 

distribution of energy in waves, indicating that most ocean waves are wind generated. 

3.1.1 How Waves Move 

Waves are energy in motion. Waves transmit energy by means of cyclic movement through 

matter. The medium itself (solid, liquid, or gas) does not actually travel in the direction of the 

energy that is passing through it. The particles in the medium simply oscillate, or cycle, back- 

and-forth, up-and-down, or around-and-around, transmitting energy from one particle to 

another. If you thump your fist on a table, for example, the energy travels through the table 

as waves that someone sitting at the other end can feel, but the table itself does not move. 

Waves move in different ways. Simple progressive waves (Figure 8) are waves that oscillate 

uniformly and progress or travel without breaking. Progressive waves may be longitudinal, 

transverse, or a combination of the two motions, called orbital. 

 

Figure 12.  (a) Longitudinal waves – particles in medium move in a direction parallel to the 

direction of wave progression, (b) Transverse waves – particles in medium move in a 

direction perpendicular to the direction of wave progression 

In longitudinal waves (also known as push-pull waves), the particles that vibrate "push and 

pull” in the same direction that the energy is traveling, like a spring whose coils are 

alternately compressed and expanded. The shape of the wave (called a waveform) moves 

through the medium by compressing and decompressing as it goes. Sound, for instance, 

travels as longitudinal waves. Clapping your hands initiates a percussion that compresses 

and decompresses the air as the sound moves through a room. Energy can be transmitted 

through all states of matter—gaseous, liquid, or solid—by this longitudinal movement of 

particles. 

In transverse waves (also known as side-to-side waves), energy travels at right angles to the 

direction of the vibrating particles. If one end of a rope is tied to a doorknob while the other 

end is moved up and down by hand, for example, a waveform progresses along the rope 

and energy is transmitted from the motion of the hand to the doorknob. The waveform 

moves up and down with the hand, but at right angles to the direction in which energy is 

transmitted (from the hand to the doorknob). Generally, transverse waves transmit energy 

only through solids, because the particles in solids are bound to one another strongly 

enough to transmit this kind of motion. 

Figure 9 shows the characteristics of an idealized ocean wave. The simple, uniform, moving 

waveform transmits energy from a single source and travels along the ocean-atmosphere 

interface. These waves are also called sine waves because their uniform shape resembles 

the oscillating pattern expressed by a sine curve. Even though idealized waveforms do not 

exist in nature, they help us understand wave characteristics. 
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Figure 13.  Detail of an Idealised Wave12 

As the idealized wave passes a permanent marker, such as a pier piling, a succession of 

high parts of the waves, called crests, alternate with low parts, called troughs. Halfway 

As the idealized wave passes a permanent marker, such as a pier piling, a succession of  

high parts of the waves, called crests, alternate with low parts, called troughs. Halfway 

between the crests and the troughs is the still water level, or zero energy level. This is the 

level of the water if there were no waves. The wave height, designated by the symbol H. is 

the vertical distance between a crest and a trough. 

Longitudinal and transverse waves 

Longitudinal and transverse waves are called body waves because they transfer energy 

through a body of matter. Ocean waves, on the other hand, transmit energy along an 

interface between the atmosphere and the ocean. The movement of particles along the 

interface involves components of both longitudinal and transverse waves, so particles move 

in circular orbits. Thus, waves at the ocean surface are orbital waves (also called interface 

waves). between the crests and the troughs is the still water level, or zero energy level. This 

is the level of the water if there were no waves. The wave height designated by the symbol 

H. is the vertical distance between a crest and a trough. 

The horizontal distance between any two corresponding points on successive waveforms, 

such as from crest to crest or from trough to trough, is the wavelength, L. Wave steepness is 

the ratio of wave height to wavelength: 

Wave steepness = Wave Height (H)/Wave Length (L) 

If the wave steepness exceeds 1/7, the wave breaks (spills forward) because the wave is too 

steep to support itself. A wave can break anytime the 1:7 ratio is exceeded, either along the 

shoreline or out at sea. This ratio also dictates the maximum height of a wave. For example, 

a wave 7 meters long can only be 1 meter high or it will break. 

The time it takes one full wave - one wavelength - to pass a fixed position (like a pier piling) 

is the wave period, T. Typical wave periods range between 6 and 16 seconds. The 

frequency (f) is defined as the number of wave crests passing a fixed location per unit of 

time and is the inverse of the period: 

Frequency (f) = 1/T 

For instance, consider waves with a period of 12 seconds. These waves have a frequency of 
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1/12 or 0.083 waves per second, which converts to 5 waves per minute. 

3.1.2 Wind Created Waves 

The life history of a wind-generated wave includes its origin in a windy region of the ocean, 

its movement across great expanses of open water without subsequent aid of wind, and its 

termination when it breaks and releases its energy, either in the open ocean or against the 

shore. 

 

Figure 14.  Wind Created Capillary and Gravity Waves12 

As the wind blows over the ocean surface, it creates pressure and stress. These factors 

deform the ocean surface into small, rounded waves with V-shaped troughs and 

wavelengths less than 1.74 centimeters (0.7 inch). Commonly called ripples, 

oceanographers call them capillary waves (Figure 10, left). The name comes from capillarity, 

a properly that results from the surface tension of water. Capillarity is the dominant restoring 

force that works to destroy these tiny waves, restoring the smooth ocean surface once 

again. 

As capillary wave development increases, the sea surface takes on a rougher appearance. 

The water "catches” more of the wind, allowing the wind and ocean surface to interact more 

efficiently. As more energy is transferred to the ocean, gravity waves develop, which are 

symmetric waves that have wavelengths exceeding 1.74 centimeters (0.7 inch) (Figure 10-8, 

middle). Because they reach greater height at this stage, gravity replaces capillarity as the 

dominant restoring force, giving these waves their name. 

The length of gravity waves is generally 15 to 35 times their height. As additional energy is 

gained, wave height increases more rapidly than wavelength. The crests become pointed 

and the troughs are rounded resulting in a trochoidal (trokhos = wheel) waveform (Figure 10, 

right). 

Energy imparted by the wind increases the height, length, and speed of the wave. When 

wave speed equals wind speed, neither wave height nor length can change because there is 

no net energy exchange and the wave has reached its maximum size. 

The area where wind-driven waves are generated is called “sea” or the sea area. It is 

characterized by choppiness and waves moving in many directions. The waves have a 

variety of periods and wavelengths (most of them short) due to frequently changing wind 

speed and direction. 
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Factors that determine the amount of energy in waves are (1) wind speed, (2) the length of 

time during which the wind blows in one direction, and (3) the fetch—the distance over which 

the wind blows in one direction. 

Wave height is directly related to the energy in a wave. Wave heights in a sea area are 

usually less than 2 meters (6.6 feet), but waves with heights of 10 meters (33 feet) and 

periods of 12 seconds are not uncommon. As “sea” waves gain energy, their steepness 

increases. When steepness reaches a critical value of 1/7, open ocean breakers—called 

whitecaps—form. 

Figure 11 is a satellite map of average wave heights during October 3-12.1992. The waves 

in the Southern Hemisphere are particularly large because the prevailing westerlies between 

40 and 60 degrees south latitude reach the highest average wind speeds on Earth, creating 

the latitudes called the “Roaring Forties,” “Furious Fifties,” and “Screaming Sixties.” 

 

Figure 15.  Satellite Map showing Global Distribution of Wave Heights12 

The largest wind-generated waves authentically measured occurred during a typhoon in the 

western Pacific Ocean in 1935. The 152-meter (500-foot) long U.S. Navy tanker USS 

Ramapo encountered 108- kilometer (67-mile)-per-hour winds en route from the Philippines 

to San Diego, California. The resulting waves were symmetrical, uniform, and had a period 

of 14.8 seconds. The vessel’s officers carefully measured the waves, using the dimensions 

of the ship including the eye height of an observer on the ship’s bridge. The waves were 34 

meters (112 feet) high, taller than an 11-story building. Fortunately, the Ramapo was 

traveling in the same direction as the waves, so the ship was largely undamaged. Other 

ships traveling in heavy seas aren't always so lucky 

For a given wind speed, Table 11 lists the maximum fetch and duration of wind beyond 

which the waves cannot grow. Waves cannot grow because an equilibrium condition, called 

a fully developed sea, has been achieved. Waves can grow no further in a fully developed 

sea because they lose as much energy breaking as whitecaps under the force of gravity as 

they receive from the wind. 
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Table 11.  Description of a Fully Developed Sea for a given Wind Speed12 

Wind 

speed in 

km/h (mi/h) 

Average 

height in m (ft) 

Average length 

in m(ft) 

Average 

period in sec 

Highest 10% of 

waves in m (ft) 

20 (12) 0.33(1.0) 10.6 (34.8) 3.2 0.75 (2.5) 

30(19) 0.88 (2.9) 22.2 (72.8) 4.6 2.1 (6.9) 

40 (25) 1.8 (5.9) 39.7 (130.2) 6.2 3.9(12.8) 

50 (31) 3.2(10.5) 61.8(202.7) 7.7 6.8 (22.3) 

60 (37) 5.1 (16.7) 89.2 (292.6) 9.1 10.5 (34.4) 

70 (43) 7.4 (24.3) 121.4 (398.2) 10.8 15.3 (50.2) 

80 (50) 10.3 (33.8) 158.6 (520.2) 12.4 21.4 (70.2) 

90 (56) 13.9 (45.6) 201.6 (661.2) 13.9 28.4 (93.2) 

 

3.1.3 Deep Water Waves 

If the water depth (d) is greater than the wave base (L/2), the waves are called deep-water 

waves, see Figure 12. Deep-water waves have no interference with the ocean bottom, so 

they include all wind-generated waves in the open ocean, where water depths far exceed 

wave base. 

 

Figure 15.  Deep Water Waves12 

 

Wave speed is more correctly known as celerity (C), which is different from the traditional 

concept of speed. Celerity is used only in relation to waves where no mass is in motion, just 

the wave form. 

According to progressive wave theory, the general formula for the speed of a deep-water 

wave is: 
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where g is the acceleration due to gravity [9.8 meters (32.2 feet) per second per second] and 

L is the wavelength. Filling in the numbers gives: 

 

Since wave speed (S) is defined as L/T, we can replace S with L/T and square both sides of 

the equation to give: 

  

Then, using algebra to reduce terms in the equation, wave speed becomes: 

 

 

Filling in numbers gives: 

 

The graph in Figure 12 uses these equations to relate the wavelength, period, and speed of 

deep-water waves. Of the three variables, the wave period is usually easiest to measure. 

Since all three variables are related, the other two can be determined using Figure 12. For 

example, the vertical red line in Figure 12 shows that a wave with a period of 8 seconds has 

a wavelength of 100 meters. Thus, the speed of the wave is shown by the horizontal red line 

in the figure, which is: 

 

The general relationship shown by Figure 13 is the longer the wavelength, the faster the 

wave travels. A fast wave does not necessarily have a large wave height, however, because 

wave speed depends only on wavelength. 

 

Figure 16.  Speed of Deep Water Waves12 
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3.1.4 Shallow Water Waves 

Waves in which depth (d) is less than 1/20 of the wavelength (L/20) are called shallow-water 

waves, or long waves, see Figure 14. Shallow-water waves are said to touch bottom or feel 

bottom because the ocean floor interferes with their orbital motion. 

 

Figure 17.  Shallow Water Waves12 

The speed of shallow-water waves is influenced only by gravitational attraction (g) and the 

water depth {d):  

 

 

Since gravitational attraction remains constant, the equation gives: 

  

Thus, wave speed in shallow-water waves is determined only by water depth. 

Shallow-water waves include wind-generated waves that have moved into shallow near-

shore areas: tsunami (seismic sea waves), generated by earthquakes in the ocean floor: and 

the tides, which are a type of wave generated by the gravitational attraction of the Moon and 

the Sun. Tsunami and tides are very long-wavelength waves, which far exceeds even the 

deepest ocean water depths. 

Particle motion in shallow-water waves is in a very flat elliptical orbit that approaches 

horizontal (back-and-forth) oscillation. The vertical component of particle motion decreases 

with increasing depth, causing the orbits to become even more flattened. 

3.1.5 Transitional Waves 

Waves that have some characteristics of shallow-water waves and some of deep-water 

waves are called transitional waves. The wavelengths of transitional waves are between two 

times and 20 times the water depth. The wave speed of shallow-water waves is a function of 

water depth: for deep-water waves, wave speed is a function of wavelength.Thus, the speed 

of transitional waves depends partially on water depth and partially on wavelength. 

Deep-water waves exist in water that is deeper than wave base and move at speeds 

controlled by wavelength; shallow-water waves occur in water shallower than wave base and 

move at speeds controlled by water depth. 

3.1.6 Constructive and destructive Interference 

When swells from different storms run together, the waves clash, or interfere with one 

another, giving rise to interference patterns. An interference pattern produced when two or 

more wave systems collide is the sum of the disturbance that each wave would have 
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produced individually. Figure 15 shows that the result may be a larger or smaller trough or 

crest, depending on conditions. 

  

(a) Constructive Interference (b) Destructive Interference 

Figure 18.  (a) Waves Combining Constructively and (b) Waves Combining to 

Cancel Each Other Out 

When swells from two storm areas collide, the interference pattern may be constructive or 

destructive, but it is more likely to be mixed. Constructive interference occurs when wave 

trains having the same wavelength come together in phase, meaning crest to crest and 

trough to trough. If the displacements from each wave are added together, the interference 

pattern results in a wave with the same wavelength as the two overlapping wave systems, 

but with a wave height equal to the sum of the individual wave heights (Figure 15(a)). 

Destructive interference occurs when wave trains having the same wavelength come 

together out of phase, meaning the crest from one wave coincides with the trough from a 

second wave. If the waves have  identical heights, the sum of the crest of one and the trough 

of another is zero, so the energy of these waves cancel each other (Figure 15(b)). 

It is more likely, however, that the two swells consist of waves of various heights and lengths 

that come together with a mixture of constructive and destructive interference. A more 

complex mixed interference pattern develops which explains the varied sequence of high 

and lower waves (called surf beat) and other irregular wave patterns that occur when swell 

approaches the seashore. In the open ocean, several swell systems often interact, creating 

complex wave patterns and, occasionally, large waves that can be hazardous to ships. 

Constructive interference results from in phase overlapping of waves and creates larger 

waves, while destructive interference results from waves overlapping out of phase, reducing 

wave height. 

3.2 Wave Reflection, Refraction and Bending 

3.2.1 Reflection 

Not all of the energy of waves is expended as they rush onto the shore. A vertical barrier, such as a 

seawall or a rock ledge, can reflect waves back into the ocean with little loss of energy - a process 

called wave reflection, which is similar to how a mirror reflects (bounces) back light. If the incoming 

wave strikes the barrier at a right angle, the wave energy is reflected back parallel to the incoming 

wave, often interfering with the next incoming wave and creating unusual waveforms. More 

commonly, waves approach the shore at an angle, causing wave energy to be reflected at an angle 

equal to the angle at which the wave approached the barrier. 
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An outstanding example of wave reflection occurs in an area called “The Wedge,” which develops 

west of the jetty that protects the harbor entrance at Newport Harbor. California (Figure 16). The jetty 

is a solid man-made object that extends into the ocean 400 meters (1300 feet) and has a near-vertical 

side facing the waves. As incoming waves strike the vertical side of the jetty at an angle, they are 

reflected at an equivalent angle. Because the original waves and the reflected waves have the same 

wavelength, a constructive interference pattern develops, creating plunging breakers that may exceed 

8 meters (26 feet) in height (Figure 16, LHS). Too dangerous for board surfers, these waves present a 

fierce challenge to the most experienced body surfers. The Wedge has crippled and even some who 

have come to try it. 

 

Figure 19.  Wave Reflections at ‘The Wedge’, Newport Harbour, California12 

Standing waves (or stationary waves) can be produced when waves are reflected at right angles to a 

barrier. Standing waves are the sum of two waves with the same wavelength moving in opposite 

directions, resulting in no net movement. Although the water particles continue to move vertically and 

horizontally, there is none of the circular motion that is characteristic of a progressive wave. 

Figure 8-20 shows the movement of water during the wave cycle of a standing wave. Lines along 

which there is no vertical movement are called nodes (node = knot), or nodal lines. Antinodes, crests 

that alternately become troughs, are the points of greatest vertical movement within a standing wave. 

 

Figure 20.  Sequence of Motion in a Standing Wave12 

In a standing wave, water is motionless when antinodes reach maximum displacement (a, c, and e; a 

and e are identical). Water movement is at a maximum (blue arrows in Figure 17) when the water is 

horizontal (b and d). Movement is vertical beneath the antinodes, and maximum horizontal movement 

occurs beneath the node. After e, cycle begins again at b. 

No particle motion exits when an antinode is at its greatest vertical displacement, and the maximum 

particle movement occurs when the water surface is level. At this time, the maximum movement of the 
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water is in a horizontal direction directly beneath the nodal lines. The movement of water particles 

beneath the antinodes is entirely vertical. 

3.2.2 Refraction and Bending 

Waves seldom approach a shore at a perfect right angle (90 degrees). Instead, some segment of the 

wave will “feel bottom” first and will slow before the rest of the wave. This results in the refraction 

(refringere = to break up) or bending of each wave crest (also called a wave front) as the waves 

approach the shore. 

Figure 18 shows how waves coming toward a straight shoreline are refracted and tend to align 

themselves nearly parallel to the shore. This explains why all waves come almost straight in toward a 

beach, no matter what their original orientation was. 

Figure 19 shows how waves coming toward an irregular shoreline refract so that they, too, nearly 

align with the shore. However, the refraction of waves along an irregular shoreline distributes wave 

energy unevenly along the shore. The long black arrows in Figure 8-18 are called orthogonal (ortho = 

straight, gonia = angle) lines. Or¬thogonal lines are drawn perpendicular to the wave fronts (so they 

indicate the direction that waves travel) and are spaced so that the energy between lines is equal at 

all times. They help determine how energy is distrib¬uted along the shoreline by breaking waves. 

The orthogonals in Figure 19 are equally spaced far from shore. As they approach the shore, 

however, the orthogonals converge on headlands that jut into the ocean, and diverge in bays. This 

means that wave energy is concentrated against the headlands, but dispersed in bays. The result is 

heavy erosion of headlands and depo¬ 

Wave refraction is the bending of waves caused when waves slow in shallow water; wave reflection is 

the bouncing back of wave energy caused when waves strike a hard barrier. 

 

Figure 21.  Refraction Along a Shoreline, Resulting in ‘Wave Bending’12 
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Figure 22.  Refraction Along an Irregular Shoreline12 

4 Brief Introduction to Sailing and Powered Vessels   

4.1 Sailing Vessels 

A more detailed consideration of yacht design will be given in Module 3, but it is useful to 

give a brief introduction here. The motion of a boat through the water may at first 

consideration appear quite simple and natural, but in reality it is a very complex 

phenomenon. Since a boat sails partly immersed in water, with the remaining part immersed 

in air, it is subject both to hydrodynamic and aerodynamic force,s respectively 

When a boat moves through the water, it creates turbulence in the fluid surrounding it, which 

produces resistance to its motion and also develops forces that assist that motion via very 

different mechanisms. For example, the loss of energy in the boundary layer, or the energy 

used to create waves and the turbulence left behind in the boats wake, all are forms of 

energy that can only come from the engine and sails, the system that drives the boats 

motion. Consequently these represent energy that must be subtracted from the ‘energy 

resource’ available for propelling the boat forward. 

Forces on sails depend on wind speed and direction and the speed and direction of the craft. 

The direction that the craft is traveling with respect to the "true wind" (the wind direction and 

speed over the surface) is called the point of sail. The speed of the craft at a given point of 

sail contributes to the "apparent wind" - the wind speed and direction as measured on the 

moving craft. The apparent wind on the sail creates a total aerodynamic force, which may be 

resolved into drag - the force component in the direction of the apparent wind - and lift - the 

force component normal (90°) to the apparent wind. Depending on the alignment of the sail 

with the apparent wind, lift or drag may be the predominant propulsive component. Total 

aerodynamic force also resolves into a forward, propulsive, driving force - resisted by the 

medium through or over which the craft is passing (e.g. through water, air, or over ice, sand) 

- and a lateral force, resisted by the underwater foils, ice runners, or wheels of the sailing 

craft. 
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At a stable angle of heel (for a sailboat) and a steady speed, aerodynamic and 

hydrodynamic forces are in balance. Integrated over the sailing craft, the total aerodynamic 

force (FT) is located at the centre of effort (CE), which is a function of the design and 

adjustment of the sails on a sailing craft. Similarly, the total hydrodynamic force (Fl) is 

located at the centre of lateral resistance (CLR), which is a function of the design of the hull 

and its underwater appendages (keel, rudder, foils, etc.). These two forces act in opposition 

to one another with Fl a reaction to FT, see figure 20 and terminology defined in Table 12. 

 

 

 

 

 

 

 

 

(a) Top View (b) Side View 

 

Figure 23.  Aerodynamic forces in balance with hydrodynamic forces on a close-hauled 

sailboat, (a) Top View, (b) Stern View 

In fact, currently there is no simple mathematical method capable of producing reliable 

results for the resistance and lift developed by a boat under way. 

A common experimental approach for the assessment of hydrodynamic forces is to use 

scale models in a towing tank is still the most frequently used method. The with the 

availability of powerful computational power, application of specialist fluid dynamics software 

is proving increasingly useful. 

The widespread use of the experimental approach is also due to the fact that it can be used 

to advantage in methods that break down the complex mechanism of interaction between a 

boat and the water surrounding it and analyse the effects separately, bringing them together 

later to build up an overall picture. 

Each of these elementary mechanisms, into which the distinctly complex problem of the 

interaction of the boat with the water is broken down, can be dealt with using fairly simple 

formulae. These will be part of the material covered in Module 3. 
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Table 12.  Terms Identifying Aerodynamic and Hydrodynamic Forces Acting 

on a Sailing Boat 

Term described Vector Scalar 

Variables relating to forces on sails 

Centre of effort  CE 

Apparent wind angle from 

course over ground 
 β 

Angle of attack on jib  αj 

Angle of attack on main  αm 

Heel angle  θ 

Heel force FH FH 

Vertical aerodynamic 

force 
FVERT FVERT 

Vertical moment arm  h 

Variables relating to forces on hulls 

Centre of Lateral resistance  CLR 

Centre of buoyancy  CB 

Centre of gravity  CG 

Leeway angle  λ 

Total hydrodynamic force 

on hull 
Fl Fl 

Hydrodynamic lift Pl Pl 

Hydrodynamic lateral force PLAT PLAT 

Hydrodynamic resistance Rl Rl 

Hydrostatic displacement 

weight 
W W 

Buoyancy force Δ Δ 

Horizontal moment arm  b 

 

4.2 Powered Boats and Ships 

In contrast to sailing vessels, but for similar reason, it is useful to make a few comments on 

ship design here. A more detailed consideration is given in Module 2. 
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4.2.1 Ship Strength: Load on Vessel, Hogging and Sagging 

If we think from a very basic viewpoint, there are only two kinds of loads on a ship (ignoring external 

wind/current forces), namely, 

Weight of the ship - acts downwards and distributed over entire length of ship and, buoyancy force 

which the water exerts on the ship’s underwater body -  acts upwards and is distributed over the 

length of the underwater portion of ship, see Figure 21. 

 

Figure 24.  Weight and Buoyancy Forces acting on a Ship15 

The buoyancy, on the other hand, is the upwards force exerted by water on the ship. When the ship is 

in equilibrium, its weight is equal to its buoyancy. The buoyancy force distribution depends on the 

underwater profile of the ship, which keeps changing because the ship keeps encountering waves of 

different sizes. Coming to the weight of a ship  there are different types of weights on the ship. First is 

the self-weight of the ship, also called the lightweight. It comprises of the ship hull’s structural weight, 

the weight of machinery and the weight of outfitting (basically, all the items which are unchanging are 

part of Lightweight). The other type of weight is the Deadweight (DWT). This is the weight of all the 

changeable items like Cargo, Fuel, Ballast Water, Fresh Water, and all the other items in the ship’s 

tanks. Together, Lightweight and Deadweight add up to the total weight of the ship called 

displacement. 

A ship can be considered to be a long structure or beam with hollow compartments in between. What 

happens if the load is distributed more at the ends of the ship and less on the midship part? The ends 

of the ship will bend down, while the middle part will be pushed up, leading to the ship taking the 

shape of an arch, with the deck being convex, and bottom of the ship being concave. This is called 

‘Hogging’ of the ship. Similarly, if the ship is loaded more on the middle and less at the ends, then the 

midship will go down, while ends will go up, leading to a condition called ‘Sagging’, see Figure 22. 

Hogging or sagging can also be induced by the wave which a ship is encountering. A long wave with 

crest at the midship and troughs at ends will increase the hogging of the ship (by increasing buoyancy 

in midship), and a wave with crest at ends and trough at midship will increase sagging. Hogging and 

sagging are depicted below. Needless to say, these deflections put stress on the structure of the ship, 

and the ship structure should be strong enough to bear them. 
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Figure 25.  Ship Sagging and Hogging Conditions15 

To carry out a ship strength calculation, what is more important is not the total load on the ship (which 

is total weight minus total buoyancy, and is zero for a ship in equilibrium), but the load distribution 

along the length of the ship. To elaborate, this means how the weight and buoyancy are distributed 

along the ship’s length. For example, if the machinery of the ship is located aft, then the weight 

distribution will show heavier weights towards aft. Similarly, if the ship has a fuller bow, then the 

forward portion of the ship carries more buoyancy, and so the buoyancy distribution will show higher 

buoyancy in the forward part of the ship. 

The load distribution is nothing but the net load plotted at each point along the length of the vessel. 

Load is the Weight minus Buoyancy at any point along the length of the ship. 

          Load = Weight – Buoyancy 

So, how do we plot the Load Distribution along the length? The three-step process is below: 

Step 1 - Plot the weight distribution along the ship’s length 

Step 2 - Plot the buoyancy distribution along the ship’s length 

Step 3 - Find out the load distribution by subtracting the buoyancy from weight along the length of the 

ship 

4.2.2 Ship Strength: Pounding and Panting 

When a ship meets heavy weather and commences heaving and pitching, the rise of the fore 

end of the ship occasionally synchronises with the trough of a wave. The fore end then 

emerges from the water and re-enters with a tremendous slamming effect, known as 

pounding. While the event does not occur with great regularity, it may nevertheless cause 

damage to the bottom of the ship at the forward end. The designers must ensure that the 

shell plating is stiffened to prevent buckling due to the pounding. Pounding also affects the 

aft end section of the vessel but the effects are not nearly as great. Nevertheless provision 

must be made in the design of the hull to counteract the effects of pounding at the aft end. 

As waves pass along the length of a ship the various parts of the vessel are subjected to 

varying depths of water which causes fluctuations in water pressure. This tends to create an 

in-and-out movement of the shell plating. The knock on effect of this is found to be greatest 

at the ends of the ship, particularly at the fore end, where the shell is relatively flat. Such 

movements are termed panting, and, if unrestricted, panting could eventually lead to fatigue 

of the material and must therefore be prevented as much as possible. This is achieved by 
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the structure at the ends of the ship being stiffened to prevent any undue movement of the 

shell plating. 

The structure is strengthened to resist the effects of pounding from the collision bulkhead to 

25% of the ship's length from forward. The flat bottom shell plating adjacent to the keel on 

each side of the ship is increased in thickness by between 15% and 30% depending upon 

the length of the ship, larger ships having smaller increases. 

In addition to increasing the plating, the unsupported panels of plating are reduced in size. In 

transversely framed ships the frame spacing in this region is 700 mm compared with 750-

900 mm amidships. Longitudinal girders are fitted 2.2 m apart, extending vertically from the 

shell to the tank top, while intermediate half-height girders are fitted to the shell, reducing the 

unsupported width to 1.1 m. Solid floors are fitted at every frame space and are attached to 

the bottom shell by continuous welding. 

If the bottom shell of a ship is longitudinally framed, the spacing of the longitudinals is 

reduced to 700 mm and they are continued as far forward as practicable to the collision 

bulkhead.The transverse floors may be fitted at alternate frames with this arrangement and 

the full-height side girders may be fitted 2.1 m apart. Half-height girders are not required, 

Figure 23. 

 

Figure 26.  Solid Floor Used in Pounding Region 

The structure of the ship is strengthened to resist the effects of panting from 15% of the 

ship's length from forward to the stem and aft of the after peak bulkhead. 

In the fore peak, side stringers are fitted to the shell at intervals of 2 m below the lowest 

deck, Figure 24. No edge stiffening is required as long as the stringer is connected to the 

shell, a welded connection being used in modern ships. The side stringers meet at the fore 

end, while in many ships a horizontal stringer is fitted to the collision 
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Figure 27.  Side Stringers Fitted Forward for Added Strength 

5 Introduction to Seawater Corrosion 

This section is gives a general introduction to the corrosion processes and the susceptibility 

of some common metals used in the marine environment including, mild steel, galvanized 

steel, stainless steel, copper alloys and aluminium alloys. A more comprehensive treatment 

covering alloy designations, composition, structure, properties, applications and forms of 

corrosion these alloys are susceptible to is given in modules 7 and 8. 

5.1 Nature of Corrosion in Seawater 

5.2 Introduction to ‘Wet’ Corrosion 

A distinction is first made between ‘wet’ and ‘dry’ corrosion, the latter involves degradation in 

the absence of a liquid i.e. an electrolyte - a liquid which conducts electric current by the 

movement of ions. Conversely, in wet corrosion an electrolyte is required. Typically, dry 

corrosion is not as detrimental as wet corrosion, but it is very sensitive to temperature. If a 

sample of clean iron is held in a flame for example, an oxide layer will be formed, as the 

thickness of the oxide increases a series of colour changes is observed, until finally a dark 

dark blue-black colour is resident on the iron surface; the colour changes reflect the 

increasing thickness of a growing oxide layer and it’s interaction with incident light. Only ‘wet’ 

corrosion will be considered here, however.  

Wet corrosion processes involve electrochemical reactions; for corrosion to take place, the 

formation of a corrosion cell is essential. A corrosion cell is essentially comprised of the 

following four components (Figure 25). 
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• Anode 

• Cathode  

• Electrolyte  

• Metallic path 

 

Figure 28.   Basic Elements of a Corrosion Cell8 

Anode: One of the two dissimilar metal electrodes in an electrolytic cell, represented as the 

negative terminal of the cell. Electrons are released at the anode, which is the more reactive 

metal. Electrons are insoluble in aqueous solutions and they only move, through the wire 

connection into the cathode. For example, in a battery, zinc casing acts as the anode e.g. in 

a Daniel cell, zinc is the anode as it is subject to oxidation and electrons are released.  

Cathode: One of the two electrodes in an electrolytic cell represented as a positive terminal 

of a cell. Reduction takes place at the cathode and electrons are consumed. Example, 

carbon electrode in a battery, copper electrode in a Daniel cell.  

Electrolyte: It is the electrically conductive solution (e.g. salt solution) that must be present 

for corrosion to occur. Note that pure water is a bad conductor of electricity. Positive 

electricity passes from anode to cathode through the electrolyte as cations, e.g. Zn++ ions 

dissolve from a zinc anode and thus carry positive current away from it, through the aqueous 

electrolyte. 

Metallic Path: The two electrodes (anode and cathode) are connected externally by a 

metallic conductor. In the metallic conductor, ‘conventional’ current flows from (+) to (-), but 

in fact electrons flow from (-) to (+). Metals provide a path for the flow of conventional current 

which is actually the passage of electrons in the opposite direction. 

Current Flow: Conventional current flows from anode (-) to cathode (+) as Zn++ ions move 

through the solution. The current is carried by these positive charged ions. The circuit is 

completed by passage of electrons from the anode (-) to the cathode (+) through the 

external metallic wire circuit (outer current). 

Electron Flow: 

H+ + e   H and 2H H2   
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Although the anode (e.g. Fe or Zn) is the most negative of the two metals in the cell, this 

reaction does not occur there because its surface is emanating Fe++ ions which repel H+ ions 

from discharging there. The circuit is completed by negative ions (-) which migrate from the 

cathode (+), through the electrolyte, towards the anode (-). They form Fe(OH)2 when they 

enter the cloud of Fe++ ions coming from the anode. 

Anions: Migrate towards the anode (OH-) but precipitate as Fe(OH)2 before reaching it. 

Cations: Migrate towards the cathode (Fe2+). 

Current flow in an electrochemical cell is shown in Figure 29. 

 

Figure 29.  Current flow in an Electrochemical Cell8 

5.2.1 Anodic and Cathodic Reactions 

‘At the Anode’ 

The anode is the area where metal is lost. At the anode, the reactions which take place are 

oxidation reactions. It represents the entry of metal ions into the solution, by dissolution, 

hydration or by complex formation. It also includes precipitation of metal ions at the metal 

surface. For example Fe2+ + 2OH-   Fe(OH)2. Ferrous hydroxide or rust formation on steel 

surface is a common example. Other examples are: 

(a) 2Al + 6HCl   2AlCl3 + 3H2        

(b) Fe + 2HCl   FeCl2 + H2         

(c) Zn + H2SO4   ZnSO4 + H2        

(d) Zn + HCl ZnCl2 + H2         

The reactions (a-d) involve the release of hydrogen gas. All the reactions shown above 

involve oxidation to a higher valence state. Reactions (a-d) can be written in terms of 

electron transfer as below: 
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(a) Al   Al3+ + 3e 

(b) Fe   Fe2+ + 2e  

(c)  Zn   Zn2+ + 2e 

(d)  Zn   Zn2+ + 2e 

Anodic reaction in terms of electron transfer is written as 

M   Mn+ + ne  

Anodic Reaction Characteristics: 

i) Oxidation of metal to an ion with a charge. 

ii) Release of electrons. 

iii) Shift to a higher valence state. 

 

The process of oxidation in stops. 

‘At the Cathode’ 

Cathodic reactions are reduction reactions which occur at the cathode. Electrons released 

by the anodic reactions are consumed at the cathode surface. Unlike an anodic reaction, 

there is a decrease in the valence state. The most common cathodic reactions in terms of 

electrons transfer are given below: 

(a) 2H+ + 2e   H2  (in acid solution)      

(b) O2 + 4H+ + 4e   2H2O (in acid solution)     

(c) 2H2O + O2 + 4e   4OH- (in neutral and alkaline solutions)   

(d) Fe3+ + e   Fe2+ (metal ion reduction in ferric salt solutions)   

(e) Metal deposition:  

M2+ + 2e   M         

Ni++ + 2e Ni          

Cu2+ + 2e   Cu         

(f) Bacterial reduction of sulfate:  

SO −2

4 + 8H+ + 8e   S- + 4H2O       

As a final comment, it is worth noting that in general the greater the conductivity of an 

electrolyte, the greater the corrosion rate. Table 13 shows the typical conductivity of drinking 

water, brackish water and seawater. 
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Table 13.  Typical Conductivity of Different Waters 

Water Type Conductivity S/cm 

Pure Water 0.055 

Deionised Water 0.1 

Distilled Water 0.5-3.0 

Reverse Osmosis Water 50-100 

Potable Water 1055 

Sea Water 56000 

Brackish Water 100000 
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INDEX (note pages: in black, marine environment slide 

nos. in blue; ‘a’, ‘b’ & ‘c’ refer to slide sections) 

A 

Atmosphere · 10 

corrosion products · 15  ('a': 10) 

dew point · 14 

dry corrosion · 10 

dust and soot · 14 

fog · 14 

pH · 14 

pollutants · 12, 16  ('c': 13, 18-20) 

rain · 17  ('c': 14) 

relative humidity · 14  ('a': 9, 'c': 8) 

time of wetness · 13 

salinity  ('a': 15) 

types · 11 

water adsorption · 13 

wet corrosion · 11  ('c': 7, 9) 

wind velocity · 15 

Atmosphere Standards & Classification · ('c': 15-17, 21) 

B 

Beaufort Scale · 21  ('a': 16, 17/'b': 8, 11-14) 

C 

Capillary and Gravity Waves · 26 

Climatic Zones · 11 

Corrosion 

anode · 41 

anodic and cathodic reactions · 42 

cathode · 41 

conductive path · 41 

conductivity of different water types · 43 

electrolyte · 41 

elements of a corrosion cell · 41  ('c': 22, 23) 

wet corrosion · 40 

F 

Froude Number · 34  ('b': 32-34) 

G 

Galvanic Seawater Series · ('c': 24) 

M 

Marine Environment · 4 ('a': 4) 

corrosion of metals · 21 

mud zone · 9 

splash zone · 7 

submerged zone · 8 

tidal zone · 7 

Meteorology · 21 

wind created waves · 26 

O 

Oceanography · 21 

deep water waves · 28 

how waves move · 24 

longitudinal and transverse waves · 25 

shallow water waves · 30 

transitional waves · 30 

waves · 22 

P 

Powered Vessels · 36 

hogging and sagging · 37  ('b': 29, 30) 

panting · 38  ('b': 37) 

pounding · 38  ('b': 38) 

ship strength · 38 

strengthening for ‘Pounding’ · 39 

strengthening for 'Panting' · 39 

weight and buoyancy · 37 

R 

Redox Potential · 42 

Reynolds Number · 34  ('b': 35, 36) 

S 

Sailing Vessels · 34 

aerodynamic forces · 34 

forces terminology · 36 

hydrodynamic forces · 34 

Seawater 

biological organisms · 20  ('c': 25, 26) 

carbonates · 20 

composition · 8  ('a': 5) 

corrosion · 40  ('a': 7/'b': 27, 28)) 
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dissolved Oxygen · 19  ('a': 12, 13) 

flow velocity · 20  ('a': 11) 

pH · 20 

salinity · 18  ('a': 6, 8, 14) 

Temperature · 20 

Seawater Standards · 18  ('c': 29) 

W 

Wave Characteristics · 25  ('b': 17-25, 27, 28, 31) 

Wave Energy   ('b': 16) 

Wave Types · 28  ('b': 26) 

Waves 

bending · 33 

constructive and destructive interference · 30 

reflection · 31 

refraction · 33 

Wind  ('b': 4-7, 9, 10) 
     salinity  ('c': 4-6) 
Wind Rose · 21  ('b': 15)  
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