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Chpt. 3: Properties of Water and Seawater   James W. Murray  
(9/30/04)        Univ. Washington 
 
I. The Nature of pure water 
 Seawater is composed mostly of water (H2O). In fact it is about 96.5 wt % water. 
Sediments are also mostly water. Most fine grained surface sediments have a porosity  
( Φ = volume of pores to volume of solids) of greater than 90%.  Almost every process 
we discuss will occur and be affected by water. Thus, water has been called the universal 
solvent. 
 Water has unique and unusual properties both in pure form and as a solvent. 
These properties influence chemical reactions.  
 
 Structure of the water molecule: The 
structure of  H2O is shown in Fig 3-1. It consists of an 
O atom with 6 e-  that have the electronic 
configuration of:  
                     1 s2  2s2  2pz

2 2py 2px 
which merge with two H atoms with 1 e- each 
resulting in a neutral molecule with 8 e-  which form 
four pairs of electron orbitals called sp3 hybrids. The 
most stable configuration of these four lobes is a 
tetrahedral arrangement, with two e- in each  lobe. 
Two lobes are used for O-H bonds (shared electrons)         
and two lobes have  free lone pairs of electrons             
Figure 3-1 Electronic Orbitals 
(Fig 3-1). The water molecule lacks symmetry, the                     of the water molecule 
charge is not evenly distributed (it is polar). Electrons are shared unequally between O 
(highly electronegative) and H (not so greedy).   
 
The H-O-H tetrahedral angle is 105° which is less than the  ideal tetrahedral angle of 
109° (Fig 3-2). The reason this is so is because of e- repulsion by the lone pairs. As a 
result of this bent structure water has a separation of charge or a dipole moment. Thus 
H2O is a polar molecule.  

 
  Fig 3-2 Bent Structure                Fig 3-3 Hydrogen Bonding 
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As a result of this dipole moment, the water molecule has a propensity to form  hydrogen 
bonds (H-bonds) (Fig 3-3). H-bonds often occur in liquids made up of molecules in 
which H is bonded to a highly electronegative element (e.g. O, N, Cl or F).  
1. H-bonds can be thought of as resulting from "resonance" of an H between two  

more polar atoms and necessitates that the three atoms be collinear (see Fig 3-3). 
2. The H-O----H bond is relatively strong and has a strength  of about 4.5 kcal mol-1, 

compared to 10-20 kcal mol-1 for ionic bonds and ~0.5 kcal mol-1 for  van der Waals 
bonds.  

 
These H-bonds also lead to "cooperative 
bonding" in which  water molecules link together 
to actually form regions with structure. The 
formation of one H-bond makes it easier to form 
a stronger second H-bond because of  the first. In 
some ways these regions may have an ice like 
structure. One line of evidence is that when ice 
melts only about 15% of the bonds are broken. In 
one model these  regions are called "flickering 
clusters" because they form  and reform at a 
rapid rate (the Frank-Wen Flickering Cluster 
Model - Fig 3-4). There are many models for the 
structure of water but it is not necessary to 
review all of them here (see Horne, 1969; 
Eisenberg and Kauzmann, 1968)  
 
 
                         Fig 3-4 Frank-Wen Flickering  
                                                                                                        Cluster Model 

The structure of the H2O molecule explains why it is easier to freeze water than 
convert it to a gas. It also explains why H2O is a good solvent, because it is attracted to 
anions and cations. When a salt dissolves in solution, water molecules surround each ion 
in a process called hydration (see Fig 3-5). Such hydration numbers are difficult to 
measure but the strength of hydration is probably proportional to the charge to radius 
ratio (q/r) of the central ion. Thus divalent Ca2+ hydrates more strongly than monovalent 
Na+ and small Mg2+ hydrates more strongly than large Ca2+ . Hydration isolates ions from 
each other and enhances solubilization relative to other solvents (Fig 3-6).  

The water molecules around a central ion are called the hydration sphere. The 
water molecules probably arrange themselves into an inner sphere of tightly bound 
waters and an outer sphere that is less tightly bound. The water molecules are oriented 
with their oxygen atoms (or negative side) pointed toward a cation. The process of 
hydration usually results in a decrease in volume and is called electrostriction and 
influences the molal volumes occupied by ions (e.g. Vion in cm3/mol). 
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Example 3-1: Electrostriction and Volume 

The effect of hydration and electrostriction can be illustrated using a simple 
example. If we make a 0.5m NaCl solution we can predict the volume of the solution 
from the weights and densities of the  recipe and compare the predicted volume with that 
measured. Thus: 

 
Component    density                volume 
29.22 g NaCl  ÷ 2.165 g/cm3   =    13.50 cm3 
970.78g H2O  ÷  0.997 g/cm3   =  973.70 cm3 
 
1000.0g of 0.5m of NaCl           =  987.2 cm3 (predicted) 

            983.0 cm3 (actual) 
 
                           Volume difference  =        4.2  cm3
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Fig. 3-5 Electrostriction      Fig. 3-6   Hydration assists dissolution of 
               salt crystals 
 

 
 

 
 
          Fig 3-7 Boiling Point and Freezing Point for hydrides 
                       of elements (O, S, Se, Te) of group VIA in the            
                       Periodic Table 
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The anomalous properties of water  
Water has many unusual properties that indicate strong intermolecular associations. The 
structure of the H2O molecule and the hydrogen bonding of water explain many of these 
unique physical properties. These properties (which were originally presented by 
Sverdrup, Johnson and Fleming in 1942) include: 
 
high heat capacity Heat Capacity (Cp) is the thermal energy it takes to raise 1 

gm of a substance by 1°C. Water has the highest heat 
capacity of all solids and liquids except liquid NH3. This is 
because it takes a lot of energy to break the hydrogen bonds 
and change the structure of water. Thus water has a large 
thermal buffer capacity and acts as a climate buffer. Energy 
transport by water transport in currents is large. 

 
high heat of evaporation Mammals cool by sweating! - it takes energy (∆H = 540 cal 

g-1) to break the hydrogen bonds. Water has the highest  
heat of evaporation of all liquids.   

 
high boiling point The boiling points and freezing points of  the group VIA 

hydrides (S, Se and Te) fall on a line of decreasing 
B.P./F.P. with decreasing molecular weight except water 
(see Fig. 3-7). The projected B.P. of H2O should be - 68°C 
while the real value is 100°C.   

 
high freezing point It is easier to freeze water than convert it to a gas. The 

freezing point of 0°C is anomously high. The projected F.P. 
, based on the other elements of its group in the Periodic 
Table, is -90°C (see Fig 3-7). Water exists in 3 phases 
within the critical temperature range that accommodates 
life.  

 
low heat of freezing The water structure can move easily to the ice structure. 

The heat of freezing is only 1/7 that of evaporation 
implying that there is a relative small difference in the 
number of bonds between water and ice. 

 
 
 
 
 
 
 
 
 
high surface tension Water likes itself relative to most other surfaces and 

because of this water tends to minimize its surface area. 
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When air bubbles break at the sea surface the high surface 
tension causes the surrounding water to snap back into the 
depression left by the bubble resulting in injection of a 
small droplet of surface seawater into the atmosphere (Fig. 
3-8). The water soon evaporates leaving a small aerosol of 
seasalt. This is the mechanism by which seasalt is 
transfered from the ocean to land. 

 
Fig. 3-8 Aerosol formation after an air bubble comes to the sea surface 
 
high dielectric constant Water has the highest dielectric constant of all substances 

except H2O2 and HCN. Water has a high dissolving power 
because the water molecules reduce the forces of attraction 
between ions. You could consider this as a result of ion 
hydration. The force between ions (F) is coulombic and the 
dielectric constant (ε) reduces this force according to:  F = 
q1q2/r2ε , where q1 and q2 are the charges on two ions 
separated by a distance, r. For water at 25°C, ε = 78.  

 
The high heat capacity and heats of fusion  
and evaporation provide immense 
thermostating capacity in the critical 
temperature range that accomodates most 
life (-50 to 100 °C).  
a) It takes 766 calories to raise the 

temperature of 1 gram of water from -50 
°C (as ice) to +150 °C (as steam). The 
same number of calories would elevate 
the temperature of 10 grams of granite  

      (heat capacity = 0.2 cal g-1) to 383 °C.  
b) Water is unusual for having two phase 

transitions so close together in 
temperature,  

      thereby allowing large amounts of energy to   Fig. 3-9 Temperature and phases of 
      be exchanged while the temperature of the          water versus energy (as calaries) 
      two-phase system (ice/water or water/steam) remains constant (Fig 3-9) 
 
Liquid water is best considered as a mixture of densely packed "monomers" and ice-like 
"polymers". Their proportions vary with temperature. As temperature decreases 
monomers are converted to polymers, the fraction as structured regions increases and the 



 7

density decreases (Fig 3-10). The maximum density for pure water (with no ions) occurs 
at 4°C. Ice is much less dense than water at all temperatures. 
 
Have you wondered why lakes don't freeze solid all the way to the bottom?  
The key is that the density of freshwater reaches a maximum at 4°C (see Fig 3-10). This 
explains why lakes and streams freeze from top down and rarely freeze solid all the way 
to the bottom. As the lakes get colder in the winter the water gets denser and sinks to the 
bottom until it gets colder than 4°C, then the water is lighter and can't displace the deeper 
water. So it only freezes at the surface and the bottom water remains at 4°C all winter. 
That way the fish survive! 
 
 
Structure of water vapor 
 Water vapor (gaseous water) has essentially no structure because the molecules 
are unassociated water "monomers". 
 
 
Fig. 3-10 Density of water versus temperature interpreted in terms of water structure. 

 
 
 
 
Structure of Ice 
 Ice has a well defined structure at 1 atmosphere pressure (Ice-I). The structure is 
shown in Fig 3.11. The oxygen (O) atoms lie in a network of puckered hexagonal rings 
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with hydrogen (H) atoms cementing the O network together. Every hydrogen atom is in 
an oriented H-bond between 2 oxygens, which are spaced about 2.76 Å apart. Every O is 
bonded to 4 H's in an undistorted tetrahedron. The network is full of holes thus ice is less 
dense than water. It floats!. At 0°C the density of ice, ρice , is 0.915 while the density of 
water at 0°C is,  ρwater = 0.999. There are several different phases of ice that are stable 
at different T-P conditions. 
 
 
Fig 3.11 The structure of Ice-I 
 

 
 
 
Sea-ice is formed by the freezing of seawater itself. When seawater first begins to freeze, 
relatively pure ice is formed and the iosn are excluded. The salt content of the 
surrounding seawater is increased, which both increases its density and depresses its 
freezing point further. Most of the salt in sea-ice is in the form of concentrated brine 
droplets trapped within the ice as it forms, this brine is much more saline than the ice 
itself (brine remains liquid). 
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Properties of Seawater 
Water is called the universal solvent because of its ability to dissolve at least a little of 
virtually evert substance. Water is a particularly good solvent for substances held togther 
by polar or ionic bonds. Indeed, the most abundant substances dissolved in seawater are 
ionic solids (salts such as sodium chloride). When we add salt to pure water to make 
seawater (Table 3-1), what happens?  
 
The density is increased: Any substance dissolved in a liquid has the effect of increasing 
the density of that liquid. The greater the amount of solute, the greater the effect. Since 
the density of seawater decreases continuously with temperature, and there is no density 
maximum like for freshwater, we never see the strange density inversion like in 
freshwater lakes.  
 
The freezing point is depressed: This is why salt is spread on frozen roads. Salts also 
lower the temperature at which water reaches its maximum density. That is because 
dissolved salts inhibit the tendency of water molecules to form direct bonds with other 
water molecules. 
 
The boiling point is elevated: The salts have the effect of making the water molecules 
cluster and become more ordered, thus harder to pull apart and evaporate. 
 
The conductivity is increased: If an electromagantic field is applied to seawater, the 
ions will migrate, producing an electric current. 
 
Table 3-1 

 
 
Each of these changes can be explained as due to the interactions of ions with the water 
molecules. 
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Properties of Pure Water and Solutions 
Viscosity 

Viscosity is defined as the internal fluid friction or the forces of drag which its 
molecular and ionic constituents exert on one another. We expect that the ease with 
which water molecules can move about should be strongly dependent on the extent to 
which they are bound (i.e., on the amount of structure present). The effect of ions on the 
viscosity gives us clues regarding the effect of the ions on the structure. 

For most liquids, the viscosity 
normally increases with pressure as the 
molecules get compressed (Fig. 3-12). Pure 
water is clearly anomalous because the 
viscosity goes through a minimum with 
increasing pressure. With small increase in 
pressure, water molecules move about 
more easily. With increasing temperature 
and salinity, the depth of the minimum 
decreases. This behavior is best explained 
by a Flickering Cluster model of liquid 
water, as shown in Fig 3-4.. The initial 
decrease in viscosity is a result of the 
breaking down of the "structured" cluster 
units. Once the structures are broken down, 
compression increases the relative viscosity 
as found for normal liquids. Also note that 
the magnitude of the decrease is most 
pronounced at lower temperatures, because 
there the water is more structured to begin 
with. 

The viscosity of pure water and  
seawater also decreases with increasing 
temperature. The decrease closely parallels the   Fig.3-12 Viscosity vs Pressure & Temp. 

average size    Pure water = dashed; SW = solid lines 
 
of the "structured" clusters (as shown in Fig 3-10). We 
showed earlier that an increase in temperature 
dissolves and fragments the clusters. The effect of 
increasing temperature is to decrease cluster size and 
this parallels the viscosity of pure water and seawater. 
In addition, seawater has a higher viscosity at all 
temperatures, suggesting that the salts in seawater 
have a net effect of enhancing the structure of water. 
Thus, temperature and ions have an opposite effect. 

This leads us to a discussion of the effect of 
electrolytes on the viscosity. Detailed studies of single 

Fig. 3-13 Structure makers/breakers     salt solutions show that some electrolytes increase 
the viscosity (e.g., NaCl and MgSO4) while other salts decrease the viscosity (e.g., KCl) 
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(Fig. 3-13). When salts increase viscosity, it implies that their net effect is to enforce the 
structure of water due to electrostriction and hydration. These salts are called structure 
makers. Salts that decrease viscosity are called structure breakers. The viscosity of 
seawater is greater than pure water at all temperatures. This suggests that seawater is 
dominated by structure makers. Thus, at a given temperature, seawater is more viscous 
than freshwater. 
 
Conductivity 

Conductivity is an important property of seawater. Conductivity increases almost 
linearly with temperature and slightly less linearly with concentration.  It is one 
measurement commonly used to determine the salinity of seawater (Cox et al., 1967). In 
addition, it provides insight into solvent structure.The electrical mobility of an ion in 
solution is related to the ionic conductivity. The conductance of a solution is a inversely 
related to the resistance the solution offers to the flow of current. The mechanism of 
electrical conduction in aqueous electrolyte solutions is not well understood. In a simple 
atomistic picture we can imagine the ions in a solution or in seawater in a constant 
random walk. The superposition of an electric field causes them to tend to walk in the 
direction dictated by the field. However, ions are hydrated and relatively bulky, and the 
structure of water itself is probably discontinuous. One model postulates that the rate-
determining step for transport processes in solutions is the formation of a hole or vacancy 
into which an ion can move or jump.  

At one atmosphere and over the temperature range of 0 to 30°C, the conductivity 
of an aqueous electrolyte solution increases almost linearly with temperature. It appears 
that increasing the temperature increases the size and number of the vacancies into which 
an ion can jump as well as increase the energy available for the ion to make the jump. 

Measurements are made on salt solutions. It is not possible to calculate the 
conductances of individual ions without making a non-thermodynamic assumption. One 
common assumption made is that the    Table 3-2 
conductivities of K+ and Cl– are 
equal (the MacInnes Assumption). 
Notice that the equivalent 
conductances follow the sequences: 
 Ca2+ < Ba2+ 
 Na+ < K+ 
These trends suggest that the more 
strongly hydrated ions face more 
resistance to their movement 
through solution. 
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Partial Molal Volumes 
Adding salts to seawater will change the volume because of the volumes of the 

ions themselves, as well as the effects of hydration and electrostriction (see Example 3-
1). The partial equivalent (or molal) volume  V1

* of a salt in seawater is defined as: 

 

  

V1
*

=
∂V
∂n1

 

 
  

 

 
  

T
1
P
1
N

2
,...

      (3-1) 

where   V1
*
 is the increase in volume (V) of an infinitely large volume of seawater due to 

the addition of one equivalent of salt l (n1) at constant T, P and composition of other salts 
(n2,...). The star is used to signify that this is the volume in seawater rather than pure 
water. The value of the partial molal volume extrapolated to zero salt addition is shown 
with a superscript zero V*0 to indicate that it refers to the infinite dilution value in the 
ionic medium seawater as a standard state. The best references for partial molal volumes 
in seawater are Millero (1969), Millero (2001) and Duedall and Weyl (1967). 

Partial molal volumes are useful for oceanographers because 
1) They can be used to calculate the effect of pressure on ionic equilibrium; 
2) They can be used to develop correlations between density, salinity, and 

conductance; and 
3) They can be used to quantify ion pair formation. 

The values for individual salts are additive (neglecting ion pair formation), and thus you 
should be able to sum the individual partial equivalent volumes of the individual salts in 
seawater and calculate the density (Duedall and Weyl, 1967). 
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Salinity (Read Chpt. 3 from Pilson (1998) for a good overview presentation) 
At the simplist level, salinity is the total amount of dissolved material in grams in one 
kilogram of seawater. Thus, salinity is a dimensionless quantity. It has no units. The 
variability of dissolved salts is very small so we must be very careful to define salinity in 
ways that are accurate and precise. For example, the range of salinity for most of the 
world’s oceans is from 34.60 to 34.80 parts per thousand (g/kg). The variability in a 
given ocean basin is even smaller. So if we want to classify the salinity of different water 
masses we need definitions and measurement techniques accurate to better than 1 ppm 
(mg/kg). 
 
Summary of units for dissolved solids 
 weight ratio (grams solute/grams solvent or solution) 
  parts per million - ppm = mg/kg 
  parts per billion -  ppb = µg/kg 
 molar scale   (1 mol = 6.02 x 1023 atoms) 
  mol/kg of solution - molal 
  mol/l                      -  molar 
The average salinity of seawater is S = 35 which means that SW is 3.5% salt and 96.5% 
H2O by weight. 
 
Some definitions important to the concept of salinity are given in Table 3-3. 
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A simple definition 
Originally salinity was defined to be the total amount of dissolved material in grams in 
one kilogram of sea water. This is not useful because the dissolved material is almost 
impossible to measure in practice. For example, how do we measure volatile material like 
gasses? Nor can we evaporate sea-water to dryness because chlorides are lost in the last  
stages of drying (Sverdrup, Johnson, and Fleming, 1942: 50). 
 
A More Complete Definition 
To avoid these difficulties, the International Council for the Exploration of the Sea set up 
a commission in 1889 which recommended that salinity be defined as the “Total amount 
of solid materials in grams dissolved in one kilogram of sea water when all the carbonate 
has been converted to oxide, the bromine and iodine replaced by chlorine and all organic  
matter completely oxidized”; The definition was published in 1902. This is useful but 
difficult to use routinely. 
 
Salinity Based on Chlorinity 
Because the above definition was difficult to implement in practice, because  
salinity is directly proportional to the amount of chlorine in sea water,  
and because chlorine can be measured accurately by a simple chemical analysis,  
salinity was redefined using chlorinity: 
 
      S  = 1.805 Cl  + 0.03                                                                               (3-2) 
 
where chlorinity Cl is defined as “the mass of silver required to precipitate completely 
the halogens in 0.328 523 4kg of the sea-water sample.’ 
 
As more and more accurate measurements were made, (Eqn 3.2) turned out to 
be too inaccurate. In 1964 UNESCO and other international organizations 
appointed a Joint Panel on Oceanographic Tables and Standards to produce 
a more accurate definition. The Joint Panel recommended in 1966 (Wooster,         
Lee, and Dietrich, 1969) that salinity and chlorinity be related using:  
 
      S = 1.80655  Cl                                                                                             (3-3) 
 
This is the same as (Eqn 3-2) for S = 35. 
 
Salinity Based on Conductivity 
At the same time as Eqn 3.3 was adopted, oceanographers had began using conductivity  
meters to measure salinity. The meters were very precise and relatively  
easy to use compared with the chemical techniques used to measure chlorinity. As a 
result, the Joint Panel also recommended that salinity be related to conductivity of sea 
water using: 
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S = -0.08996 + 28.2929729 R15 + 12.80832R15
2 -10.67869 R15

3                    (3-4) 
+ 5.98624 R15

4 - 1.32311 R15
5  

 
where R15 = C (s, 15, 0)/ C (35,15,0)                                                                (3-5) 
 
where C (S, 15 , 0) is the conductivity of the sea-water sample with salinity s, at 15°C 
and atmospheric pressure, having a salinity derived from (Eqn 3-6), and C (35 , 15 , 0) is 
the conductivity of standard “Copenhagen”; sea water. Millero (1996) pointed out that 
(Eqn 3-4) is not a new definition of salinity, it merely gives chlorinity as a function of 
conductivity of seawater relative to standard seawater. 
 
Practical Salinity Scale of 1978 
By the early 1970s, accurate conductivity meters could be deployed from ships to 
measure conductivity at depth. The need to reevaluate the salinity scale led the Joint 
Panel to recommend in 1978 that salinity be defined using only conductivity, breaking 
the link with chlorinity. All water samples with the same conductivity ratio have the 
same salinity. 
 
The Practical Salinity Scale of 1978 is now the official definition: 
 
Spsu =  0.0080 - 0.1692 R15

1/2  +  25.3851 RT + 14.0941 RT
3/2 

-7.0261 RT
2 + 2.7081 RT 

5/2  + ∆S      (3-6) 
 
RT = C (S, T, 0) / C (KCl, T, 0)                                                                      (3-7) 
 
∆S = [(T - 15) / (1 + 0.0162(T - 15))] + 0.005 - 0.0056 RT

1/2 - 0.0066 RT  
  - 0.0375 RT

3/2 + 0.636 RT
2  - 0.0144 RT

5/2                                                    (3-8) 
         
For  2 ≤ S ≤ 42 
 
where C (S, T, 0) is the conductivity of the sea-water sample at temperature T and 
standard atmospheric pressure, and C (KCl, T, 0) is the conductivity of the standard 
potassium chloride (KCl) solution at temperature T and standard atmospheric pressure. 
The  standard KCl solution contains a mass  of 32.435 6 grams of KCl in a mass 
of  1 kg of solution. An extension of (3-6) gives salinity at any pressure (see Millero 
1996) 
           
Comments 
The various definitions of salinity work well because the ratios of the various ions in sea 
water are nearly independent of salinity and location in the ocean. Only very fresh 
waters, such as are found in estuaries, have significantly different ratios. The result is 
based on Dittmar's (1884) chemical analysis of 77 samples of sea water collected by the 
Challenger Expedition and further studies by Carritt and Carpenter (1958). 
 
The relationship between conductivity and salinity has an accuracy of  around ± 0.003 in 
salinity. The very small error is caused by variations in constituents such as SiO2 which 
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cause small changes in density but no change in conductivity (Brewer, 197x). 
Instruments for measuring salinity are calibrated using Normal Standard Seawater (P-
series). The standard water is made from large samples of water from the North Atlantic, 
carefully diluted to S = 35, and distributed in 275 ml sealed glass ampoules. Each is 
labeled for its conductivity ratio and salinity according to the Practical Salinity Scale 
1978 and distributed worldwide by Ocean Scientific International in England since 1989. 
Each sample is carefully calibrated using the standard KCl.  
 
How is salinity determined? 
 
 1)Gravimetric Method  Take a volume or weight of seawater.     
                                                                        Evaporate to dryness then weigh the    
                                                                        remaining salts. 
                                                                        Problems: loss of volatiles (HCl, CO2);  
           hydroscopic salts) 
  

2)Analyze all major ions and sum Problems: 11 analyses and some are   
      difficult, lots of work, cumulative errors are  

large. 
  

3) utilize the "law of constant proportions" or "Marcet's Principle" 
 chlorinity approach (Cl% ): Measure Cl %   (which actually gives the sum of all 
 halides; Cl- + F- + Br- + I-) by titration with AgNO3 to precipitate AgCl. The  

titration gives the g Cl equivalent in 1 kg sw.  
 
  Ag+ + seawater  =  AgCl(s) + AgBr(s)                                              (3-9) 
  

The Cl can be converted to salinity using the Knudsen equation (Eqn 3-3) 
  
 4) Conductivity 

In the "old" days the measurements were done with a conductive 
salinometer and standardized with  Copenhagen Seawater. Today these 
standards are called IAPSO Standard Seawater and cost $45 a vial. Note 
that the modern vial is labeled with K15 = 0.99986 and the Salinity = 
34.994 is almost a footnote. 

   
  This is because electrical conductivity is standardized with a standard KCl 
   solution and salinity is calculated from the following equation 
                        
              S = 0.0080 - 0.1692 K151/2  +  25.385 K15  +  14.0941 K153/2  - 7.0261    
                     K152  +  2.7081 K155/2                                                                     (3-10) 
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where :   K15 =  the ratio of conductivity of 
sample/conductivity of KCl at 15°C and the 
standard is prepared so that   
K = 1 at S = 35. The precision of this approach 
for S is  0.001 (e.g. 35.000 + 0.001)  
 
As S has no units because it is a ratio it is 
wrong to use PSU as salinity units or refer to a 
practical salinity scale! See attached Letter 
from Oceanography Magazine by Millero 
(1993).  
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Variations in Salinity 
 
Salinity in the ocean varies by 5 - 10%. Its value is determined by the net evaporation at 
the seasurface. 
 
What controls the salinity of surface seawater?  
 
Surface seawater salinity is determined by the balance between evaporation and 
precipitation, which in turn is controlled by solar heating. The variation in evaporation 
and precipitation with latitude is shown in Fig 3-14 as well as the difference between 
evaporation and precipitation as a function of latitude. Insolation decreases with latitude 
and thus temperatures are highest in the tropics and decrease towards the poles. 
Evaporation is highest near the equator but this is not the location with highest salinity 
because rainfall is also high.  
 
Attached are maps of the annual average sea-surface salinity (Fig 3-15a) and temperature 
(Fig 3-15b)(data source is NODC (www.nodc.noaa.gov/OC5/WOA01f/prwoa01f.html)). 
The highest surface salinities for the open ocean are located at about 25°N and S in the 
center of the subtropical gyres. Salinities can reach higher values in relatively isolated 
waters like the Red Sea (S = 39). 
 
Fig. 3-16 shows the N - S sections for temperature and salinity in the Atlantic (Fig 4-11a) 
and Pacific (Fig 4-11b). Temperature and salinity vary in the interior of the ocean but all 
the variability is acquired at the sea surface. 
Q Why is there a plume of relatively salty water extending from high to low latitude in 
the Atlantic? 
Q Why does the Atlantic tend to be saltier than the Pacific. Thus no deep water forms, 
under present day conditions, in the North Pacific. 
 
Fig 3-14 Evaporation and precipitation versus latitude
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Fig. 3-15a Map of surface salinity in the world’s oceans 



 20

Fig 15b Map of sea surface temperature in the world ocean. 
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Fig 3-16 North-South sections of Potential Temperature and salinity in the Atlantic (a) 
and Pacific (b). 
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Density 
 
 How do we measure density? Normally we don't. We calculate it using very 
carefully determined equations. The relationships between the density of seawater and 
salinity, temperature and pressure have been carefully determined in the lab and 
equations prepared that we can use routinely.  
 
 A. Definitions 

The density of seawater as a function of temperature, pressure, and salinity is a 
fundamental oceanographic property. The average density (ρ) of seawater is near 1.025 
gm cm-3. The significant part of this number is generally in and beyond the third 
decimal.  
When considering the stability of a water column, it is convenient to be able to say 
whether a displaced parcel of water will be heavier or lighter than its surroundings from 
consideration only of its temperature and salinity. In order to remove the effect of 
pressure on density, a parameter called σs,t,p (called σt) is calculated. This is the density 
of a parcel of water after it has been brought from the in situ depth to one atmosphere 
 
 Thus, the convention is to report density as the function 
 
 σs,t,p  = (ρs,t,p  – 1)1000                                                                 (3-11) 
 
Thus, a density of (ρs,t,p  = 1.02544 gm cm-3 becomes σs,t,p = 25.44. In computing ocean 
currents from the distributions of mass, it is desirable to evaluate density to a precision of 
at least ±0.00001 gm cm3 or 10 ppm. Densities can be measured to about 1 ppm. 

. 
The calculation of σt neglects adiabatic effects. As a water parcel moves upward 

or downward in the ocean, its temperature varies slightly due to compression of the 
molecules. The compressibility of water is less than that of steel, nevertheless, increasing 
hydrostatic pressure causes an increase in the temperature of the water. This adiabatic 
change in temperature can be calculated from the Kelvin equation: 

 

 
  
∆T =

Tα
Kcp

g ∆h                                                                             (3-12) 

where T = the absolute temperature (°K) 
 α = coefficient of thermal expansion 
 g = acceleration due to gravity 
 ∆h = vertical displacement in decibars 
 cp = specific heat at constant pressure 
 K = the mechanical equivalent of heat 
 

Potential temperature (θ) is defined as T–∆T where T is the temperature in situ 
and ∆T is the adiabatic temperature change due to lifting the parcel without exchange of 
heat from in situ pressure to one atmosphere. The difference between in situ and potential 
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temperature can be easily seen in the bottom of deep trenches. There the potential 
temperature is uniform with depth while the in situ temperature slowly increases. An 
example of data from the Philippine Trench is shown in Figure 3.17. We can calculate 
potential density from potential temperature. This is the density a parcel of water would 
have if brought to the sea surface adiabatically. The potential density (ρs,θ,0) is routinely 
reported as 

 
 σθ = (ρs,θ,0 – 1) x 103                                                                (3-13) 
 
The pressure effect on density is removed in both σt and σθ, but differs from σt by the 
adiabatic difference in temperature (θ – t). 

The unit most commonly used to express pressure in the ocean is the decibar, 
which is defined as: 
 1 decibar = 1/10 bar = 105 dynes cm-2 
A bar is approximately equal to one atmosphere and common practice is to neglect 
atmospheric pressure. The decibar is a convenient unit because hydrostatic pressure 
increases by about one decibar per meter. 
 
Fig 3.17 Temperature (T) and potential temperature (θ) versus depth in the Philippine 
Trench (from Von Arx, 1962). 
 

 
B. One Atmosphere Equation of State 
 

Until very recently, oceanographers referred to Knudsen's work to calculate the 
density of seawater. The density of seawater at one atmosphere (Knudsen, 1901) was 
based on the measurements of Knudsen et al. (1902). They made density measurements 
(with a precision of  ±3 ppm or 3 x 10-6) on twenty-four samples of seawater from 0° to 
30°C and S = 5 to 40 salinity. Most of the samples were from the Baltic Sea and North 
Atlantic Ocean. Their approach was to start with a parameter called σο where 
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 σo = (ρs,0,0 – 1)103                                                                       (3-14) 
 
which is the density as a function of salinity only at 0°C.  This was expressed as: 
 
 σο  = -0.093 + 0.8149 S – 0.000482 S2 + 0.0000068 S2              (3-15) 
 
In order to include the effect of temperature on density, Knudsen's tables used the 
thermal expansion data at one atmosphere of Forch et al. (1902). σt was then calculated 
from σο using a complicated empirical function D, which considered the effect of 
temperature at different σο. These relationships for the determination of σt = σο – D were 
given in the hydrographic tables of Knudsen (1901). Tabulations can also be found in 
"Tables for Seawater Density," U.S. Naval Hydrographic office Pub. 615 (1952). 

The effect of pressure on the density, ρs,t,p , at different salinities and temperatures 
was first determined by Ekman (1908). From these relationships, correction terms were 
computed which could easily be applied to σt in order to arrive at the in situ density, 
ρs,t,p. Bjerknes and Sandström (1910) presented the first complete tables for calculating in 
situ density. These were later simplified by Hesselberg and Sverdrup (1914) so that σs,t,p 
could be easily calculated from σt. 

Over the past 70 years, a number of workers questioned the reliability of these 
measurements. This led to further measurements of the density of seawater, notably by 
Thompson and Wirth (1931, Cox et al. (1970), Kremling (1972), Millero and Lepple 
(1973), and Millero et al. (1976). In retrospect, it now appears that Knudsen's tables are 
reliable to ±10 ppm in density which is better than thought by earlier works. More serious 
effects were caused by the choice of Baltic seawater as a low salinity seawater and the 
Mediterranean and Red Sea as high salinity samples. 

The definitive studies on the density of seawater are the more recent data from 
Millero et al. (1976) and Poisson et al. (1980). The Millero et al. (1976) densities were 
determined using a magnetic float densimeter and the density data were reported with a 
precision of about 3 ppm. Low salinity samples were prepared by weight diluting 
standard seawater with distilled water. Concentrated seawater solutions were prepared by 
slowly evaporating standard seawater. The experimental approach was to measure the 
density difference between a seawater solution and pure water (∆d = d – do). Poisson et 
al. (1980) conducted their experiments using a vibrating densimeter and also obtained a 
precision of 3 ppm. The Millero-Poisson results agreed well except at high temperatures 
(>25°C). 

These two data sets have been combined to produce an internationally accepted 
one atmosphere equation of state of seawater (Millero and Poisson, 1981). The form of 
the equation of state is 

 
   (ρ − ρo) = AS +  BS3/ 2 + CS2                                                              (3-16) 
 
where A, B, and C are functions of temperature (t°C) and S is salinity. The coefficients 
for the combined data are: 
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 A = 8.24493 x 10-1 – 4.0899 x 10-3 t + 7.6438 x 10-5 t2 – 8.2467 x 10-7 t3 
  + 5.3875 x 10-9 t4 
 B = -5.72466 x 10-3 + 1.0227 x 10-4 t – 1.6546 x 10-6 t2 
 C = 4.8314 x 10-4 
with a standard deviation of 3.66 x 10-3 kg m-3. The absolute densities can be calculated 
using the values for pure water calculated from Bigg (1967). 
 
 ρo (kg m-3) = 999.842594 + 6.793952 x 10-2 t – 9.095290 x 10-3 t2    (3-17) 
  + 1.001685 x 10-4 t3 – 1.120083 x 10-6 t4 
  + 6.536332 x 10-9 t5 
  

Most earlier workers used Baltic seawaters for the low salinity samples. Millero  
et al. (1976) used seawater diluted with pure water. At a given salinity or chlorinity, the 
densities of Millero et al. (1976) are lower than values measured by the other groups. The 
deviation gets progressively larger as you move away from S = 35. These differences are 
due to the fact that at a given chlorinity there are more salts in the Baltic seawater than in 
seawater diluted with pure water. This is due to the fact that the composition of 
freshwaters in rivers feeding the Baltic do not have the same proportion of salts to 
chloride as does standard seawater.  

At high salinities, Millero's results are higher than those of earlier workers. These  
early workers used Mediterranean and Red Sea waters. These results indicate that 
evaporated seawater contains more salts than Mediterranean and Red Sea waters at the 
same  chlorinity. 

The differences discussed above may seem small, yet they are important. The  
increase in accuracy and resolution of modern instruments for measuring pressure, 
temperature, and conductivity/salinity require more exacting standards for accuracy in 
computation of density, specific volumes, and other variables derived from primary 
observations. 
 
C. High Pressure Equation of State 
The complete international equation of state is obtained by combining the one 
atmosphere results given above with the high pressure equation of Millero et al. (1980). 
The resulting density equation is 
 
 ρp = ρο[1/(1 – P/K]                                                                           (3-18) 
 
where P = applied pressure (P = 0 is 1 atm) 
 K = secant bulk modulus 
 
See Table 3-2 for the complete equation with coefficients. 
 
 
 
 
 
 



 26

Heat Capacity of Seawater 
When two bodies of seawater with different salinity and temperature are  

uniformly mixed, it is important to be able to calculate precisely the temperature, salinity, 
and density of the resulting water mass. These calculations require knowledge of the heat 
capacity or specific heat of seawater and its dependency on temperature and pressure. 

The classic measurements of the heat capacity of seawater were conducted by  
Cox and Smith (1959). They found that over the temperature range of -2 to 30°C, the heat 
capacity of pure water decreased with increasing temperature. The addition of sea salt 
dampened this decrease, and by a salinity of 20‰ the effect of temperature was reversed 
and heat capacity increased with temperature. Cox and Smith (1959) derived an 
expression for heat capacity by taking the value for pure water at a higher temperature 
and applying a correction for salinity. 
 
 Cp = A – 0.005075 S – 0.000014 S2                                                    (3-19) 
 
where Cp = heat capacity at constant pressure of seawater at salinity S and temperature     
         T°C in joules per gram 
             A = specific heat at constant pressure of pure water at temperature 
     (T + 0.7 S + 0.175 S2)°C in absolute joules per gram. 
At S = 35 and 25°C, the heat capacity of seawater at constant pressure is 3.995 
joules/gram. 
 
Freezing Point of Seawater 
The freezing point of seawater is the temperature, Tf, at which pure ice and seawater are 
in thermodynamic equilibrium. This temperature decreases with increasing salinity and 
increasing water pressure. Accurate freezing point data can be used to obtain the 
chemical potential of water molecules in seawater. The value is of oceanographic 
importance because of reports that temperatures below the atmospheric freezing point 
have been observed for waters at 200 to 500 m near the ice shelves of Antarctica 
(Countryman, 1970; Gordon, 1971). Doherty and Kester (1974) have redetermined the 
freezing point as a function of salinity and established the following relationship: 
 
 Tf = -0.0137 – 0.051990 S – 0.00007225 S                               (3-20) 
 
This equation represents the freezing point of seawater at one atmosphere to within 
0.002°C. 

The effect of pressure on the freezing point can be calculated using 
thermodynamic data and the Clausius-Clapeyron equation: 

 

 
  

dTf
dP

= T ∆Vf

∆Hf
                                                                                (3-21) 

 
 
 
where   ∆ Vf = Vi − Vw  =  the change in the molar volume of water molecules after  
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      formation of ice (  Vi) from water (  Vw ) 
   ∆Hf = Hi − Hw  =  the molar enthalpy of fusion 
  T = absolute temperature 
The best estimates of values for these parameters were made by Doherty and Kester 
(1974). The pressure dependence of Tf is essentially constant over the range of 0 to -2°C 
and 1 to 40 atm. Using an average value of dTf / dP = - 0.00758°C atm, the in situ 
freezing point can be expressed as: 
 
 Tf  = -0.0137 – 0.051990 S – 0.00007225 S2 – 0.000758 z              (3-22) 
 
where   z = depth in meters. 
 

The effect of pressure can be demonstrated using hydrographic data from the 
Ross Sea Ice Shelf (Countryman and Gsell, 1966). A temperature profile to 675 m is 
shown in Figure 3.18. Temperatures are everywhere below -1.0°C. Reference lines are 
shown for the in situ ((Tf)p) and one atmosphere ((Tf)1) freezing points. The water from 
300-600 m has a temperature as much as 0.07°C below the one atmosphere freezing 
point. Water brought quickly from this depth to the surface would flash freeze in the 
sample bottle making sample collection difficult. Comparison of these temperatures with 
the in situ freezing point line ((Tf)p) suggests that this water must have formed by cooling 
in contact with ice at a depth greater than 100 m. 
 
 
Fig. 3.18  Vertical temperature profiles near the Ross Ice Shelf. The reference lines are 
for the freezing point of seawater for in situ and 1 atm conditions (from Doherty and 
Kester, 1974) 
 

 
 



 28

Table 3-4 Density of seawater as a function of salinity, temperature and pressure.
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Problems 
 
3-1 The heat of evaporation of water is related to the energy required to convert water 
from the liquid phase to the gas phase. Freshwater has a high heat of evaporation (540 
cal/g). Seawater has an even higher value. The explanation must be due to the structure 
of water and ionic solutions. 
a) Explain why water has a high heat of evaporation 
b) Explain why seawater has a higher heat of evaporation than freshwater  
  
3-2  The boiling point of seawater is elevated relative to that of distilled water. Give a 
brief explanation in terms of the structure of water and ionic solutions. 
 
3-3  Normally the viscosity of liquids will increase with increasing pressure. Water is 
anomalous. Explain each of the following tendencies in terms of the structure of water 
and ionic solutions.  

a) For pure water the viscosity initially decreases then increases with increasing 
pressure.  

b) As temperature increases the viscosity decreases.   
c) When seawater salts are added the viscosity increases. 
d) The viscosity of a MgCl2 solution is greater than that of a KCl solution. 

 
3-4 True/False: Due to the water molecule's (H2O) great abundance in seawater: 

a) Seawater has a high heat capacity 
b) The activity of H2O is 1 in all equilibrium calculations 
c) Salts dissolve to a greater extent in seawater than in freshwater. 
d) The activity coefficients of all dissolved constituents are equal 
e) The activity of Ca2+ is greater than its concentration. 

 
3-5 True/False:  Due to the great abundance of dissolved salts in seawater: 

a) sea water has a higher density than freshwater 
b) sea water has a higher molar volume than freshwater 
c) sea water has a higher boiling point than freshwater 
d) sea water has a high ionic strength 
e) sea water has a higher sound absorption than freshwater 

 


