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2 Density and stratification of natural waters 
 

2.1 Density-relevant properties of waters 
 

The density ρ [kg m-3] of natural waters (oceans, estuaries, lakes, reservoirs), 
defined as the ratio of mass per volume, depends on temperature T and pressure p, as well 
as on dissolved (Cn; relevant are salts, gases) and suspended particulate constituents (P) 
in the water. In extreme cases, even isotopic compositions can influence density differences. 
Under natural conditions, the water column is always stratified to some extent, mostly by 
temperature gradients, often by salinity gradients (especially in oceans and deep lakes) and 
almost always by both (oceans). In fact, in lakes, ponds and reservoirs large varieties of 
stratifications occur. At the end of this chapter and throughout the class, you will find 
examples.  
 

a) Temperature-dependence of thermal expansivity 
 The thermal expansivity of water, α, characterizes the temperature-dependency of 
density and is defined by (Figure 2.1): 
 
(2.1)  α = -ρ−1(∂ρ/∂T)Cn,p

 [K-1] . 
 
It can be calculated from any density functions, such as Eq. (2.2) below (Figure 2.1). 
 
 Approximations for α are: α(T) = 10-6·(- 65.4891 + 17.12544·T - 0.178155·T2) [K-1]  
 or simpler but less accurate: α(T) = 14·10-6·(T - 4 °C)  [K-1]. 
 
With T in units [°C]. The relative density change caused by a temperature change ∆T can 
directly be estimated by ∆ρ/ρ = - α(T)·∆T [Example: T = 20 °C und ∆T = 0.1 °C; → α(20 °C) = 
207·10-6 °C-1; and therefore ∆ρ/ρ = -20.7·10-6]. α(T) increases with warmer temperatures 
(Figure 2.1) and for ~4 °C (details depend on salinity S) α → 0 (density reaches the 
maximum). The temperature-dependent density, expressed by a three-order polynomial 
expression,  
 
(2.2)  ρ0(T) = 999.84298 + 10-3·(65.4891·T - 8.56272·T2 + 0.059385·T3) [kg m-3]    
 
has been determined by Bührer and Ambühl (1975) from water density at p = 1.013 bar (sea 
level). It is valid for temperatures from 1 to 20 °C with a relative deviation from measured va-
lues, δρ/ρ, of less than 2.10-6. Even simpler but less correct, is the quadratic approximation (T 
in [°C]), which can easily be memorized as a rule of thumb:  
 
(2.3)  ρ0(T) ≈ 1000 - 7·10-3 (T - 4 °C) 2      [kg m-3] 
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Figure 2.1 Density ρ0(T) und thermal expansivity α(T) as a function of temperature from 0 to 25 °C. 
Note: For T→ 4 °C (fine vertical line): ρ → max and therefore α → 0. 
 

 

b) Freezing temperature and temperature of maximum density 
 Low saline water has the odd property that the densest water is not at the freezing 
point TF, but a few °C above TF. The water is densest at TF (i.e TF = TMD) only if it has a salinity 
S > 24.695 g kg-1). The freezing point, being reduced by salinity and pressure p [bar], is given 
by (Chen and Millero 1986; see Figure 2.2): 
 
(2.4)  TF(S,p) = -0.0137 - 0.052·S - 0.00748·p     
 
Another approximation is TF(S,p) = TF(S,0) - 0.000753.p (Fujino et al. 1974; UNESCO 1978).  
 
 The temperature TMD of maximum density for low saline water (Chen and Millero 
1986) is:  
 
(2.5) TMD(S,p) = 3.9839 - 0.019911.p - 5.822·10-6·p2 - (0.2219 + 1.106·10-6·p)·S  [°C]   
 
For atmospheric pressure (p = 0), the temperature and salinity where TF(S,0) = TMD(S,0) are 
as follows:  
 
 T* = -1.33 °C and S* = 24.695 g kg-1.  
 
For freshwater (S = 0), TF(0,p) and TMD(0,p) cross at p* = 284 bar (Figure 2.2). The maximum 
density is given by Chen and Millero (1986):  
  
(2.6) ρMD(S,p) = 999.972 + 4.94686·10-2·p - 2.0918·10-6·p2 + (0.80357 + 1·10-4·p)·S   [kg m-3] 
 

0 5 10 15 20 25
-100

-50

0

50

100

150

200

250

300

997.0

997.5

998.0

998.5

999.0

999.5

1000.0

α

 T
he

rm
al

 e
xp

an
sio

n 
α 

[1
0-6

 °C
-1
]

Temperature [°C]

ρ

De
ns

ity
 o

f p
ur

e 
wa

te
r ρ

 [k
g 

m
-3
]



Limnology ENV-425  Natacha Tofield-Pasche, EPFL 
Density and stratification of natural waters 17 Courtesy from Alfred Wüest 

 
 

 
 

 

 

 

 

 

 

 

 
 
 
 

 
 
Practical things to know: 

• Stratification by temperature is the most common situation in freshwater lakes. In 
summer and especially in the tropics, where temperature is far above temperature of 
maximum density (T >> TMD ≈ 4 oC for freshwater), water is commonly stably stratified 
due to warm water overlying cool water. In winter and especially in polar regions, 
where temperature sinks below temperature of maximum density (T < TMD), water 
becomes stably stratified due to cool water at the surface and warmer water 
underneath. 

• Most freshwater lakes have a typical salinity of S ≈ 0.1 to 0.2 g kg-1. For such waters, 
the temperature of maximum density is at TMD = 3.96 and 3.94 oC, respectively. The 
salt water bodies of Caspian Sea (S ≈ 13 g kg-1), Black Sea (S ≈ 18 g kg-1, surface) and 
Lake Van (S ≈ 22 g kg-1) have TMD at the surface of 1.10, -0.01 and -0.90 oC. 

• With increasing depth, TMD decreases at a rate of ~2 oC per 1000 m (Figure 2.2) and 
Eq. (2.5). The pressure-dependence of TMD is relevant in all deep cold lakes such as 
Lake Baikal (see below), Crater Lake (see below), the Arrow Lakes (Figure 2.3) and 
many more.  

• There are freshwater lakes (S ≈ 0) in the ice shield of Antarctica with TF(S=0, p) > 
TMD(S=0, p). This condition is fulfilled if p > 284 bar (i.e > 3170 m of ice), such as in 
Lake Vostok (Figure 2.2) and other under-ice lakes located in Eastern Antarctica 
(Siegert et al. 1996). 

 

 
Figure 2.2 
 
Cross over of TF(S=0,p) with 
TMD(S=0,p) under ice in 
Antarctica at p* = 284 bar. For 
ice density = 913 kg m-3 the 
corresponding depth is 3170 m 
(from Wüest and Carmack 
2000). 
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c) Density effect of total dissolved solids  
 For freshwater one would expect that the effect of salinity is negligible. However, in 
temperate and polar regions, where deep-water is cool and therefore temperature is close to 
TMD (where α = 0 by definition), even small salinity gradients contribute to the density stratifi-
cation. A typical example is given in Figure 2.3 (Lake Arrow).  
 
 The haline contraction coefficients describe the contribution of salinity (or total 
dissolved solids, TDS) to the density, defined by:  
 
(2.7)  βn = ρ−1(∂ρ/∂Cn)T,p,Cm     
expressing the relative change of density per unit of salinity for the individual salts Cn in so-
lution. If sufficiently diluted (e.g. low ionic strength), the contribution of solute n = 1,2,... (with 
concentration Cn) on the density ρ can be expressed by the linear superposition (Eq. (2.13, 
below). The coefficient βn is slightly temperature-dependent; values for various solutes at T = 
25 °C are given in Table 2.1. For dissolved gases, βn can be negative, which means that the 
density of the water decreases with increasing gas concentration - the classical example is 
methane (βCH4 = -1.25⋅10-3 kg g-1). The other important gas, CO2 has a positive βCO2 ≈ 0.25⋅10-3 
kg g-1 (increasing the density). For ocean water βS ≈ 0.78⋅10-3 kg g-1.  
 
 
Table 2.1 
Haline contraction coefficients βn of different salts in lakes (Imboden and Wüest 1995). 
  

Substance βn (kg g-1) 
Ca(HCO3)2 0.807 · 10-3 
Mg(HCO3)2 0.861 · 10-3 
Na(HCO3) 0.727 · 10-3 
K(HCO3) 0.669 · 10-3 
Fe(HCO3)2 0.838 · 10-3 

 
Practical things to know:  

• In temperate and polar regions - where α is very small - salinity defines the density 
stratification in the deep waters (say typically below 50 m; see Figure 2.3). In fresh-
water lakes, TDS gradients are often due to photosynthesis / calcite precipitation 
(surface) and mineralization / calcite re-dissolution (deep). Details in Chapter 1. 

• In salt lakes (Dead Sea, Black Sea, Lake Van, etc.) salinity is the dominant factor for 
density stratification (less so in the Caspian Sea), and vertical salinity gradients are 
mainly caused by the freshwater balance (river input versus evaporation).  

• The coefficient of haline contraction β does not vary much among different aquatic 
systems. For most waters, β is within a few % equal to the value of 0.804⋅10-3 kg g-1 
given by Chen and Millero (1986). Even for Dead Sea water (among the most saline on 
Earth with S ≈ 280 g kg-1) β deviates only a few %. In the natural waters in Switzerland, 
with Ca2+/HCO3

- as the dominant ions, also this β value is very close (Table 2.1). 
• In some cases, the chemistry of the lake water is dominated by a single anion/cation 

pair, e.g. by calcium and bicarbonate. The electrical conductivity κ20C or κ25C [µS/cm] 
can then serve as a direct measure of the total concentration of these ions. Given their 
specific electrical conductivity (Chapter 1) and ionic volumes, we can obtain an 
expression for the dependence of ρ on κ20. For the case of calcium carbonate, the 
following relationship is obtained:  

 



Limnology ENV-425  Natacha Tofield-Pasche, EPFL 
Density and stratification of natural waters 19 Courtesy from Alfred Wüest 

(2.8)  ρ(T,κ20) = ρ0(T) . [1 + βκκ20], with βκ = ρ-1.(∂ρ/∂κ20) = 0.705.10-6 (µS/cm)-1 
 

In practice, the salinity is determined based on conductivity (usually CTD) measurements (see 
Chapter 1). For a specific natural water body, the conductivity-TDS relation can be derived 
(Chapter 1). In addition the TDS-density relation can be calculated based on the specific salt 
composition (some values in Table 2.1). The procedure is described in Wüest et al. (1996).  
 
 
 

d) Density effect of suspended matter  
 Suspended solids (e.g. mineral particles, eroded soil, etc) – often called total 
suspended sediments (TSS) or total suspended matter (TSM) - also contribute to the 
density of water (without changing conductivity/salinity; not charged ions). Their effect 
therefore needs to be included as a separate term in the density estimation. The contribution 
of the particle concentration P [kg m-3] to the density of the “particle-containing” water depends 
on the density of the particles ρP [kg m-3]. The contribution is: 
 
(2.9)   ∆ρ(P) = [1 - (ρw/ρP)]⋅ P      [kg m-3]  
 
For inorganic particles with ρP = 2700 kg m-3 (quartz) the relation is ∆ρ(P) = 0.63⋅P. 
 
 

 
Figure 2.3 Example of water column stratification: Temperature, salinity, and density ρ(T,S) as well as 
stability N2 (see section 2.5) as a function of depth for the Columbia Basin lake Upper Arrow on 14 
August 1998 (Matzinger et al. 2007). The density profile based on temperature alone (without salinity) 
would not be stable (see middle panel where TMD indicates the pressure-dependent temperature of 
maximum density). 
Sigma-units: σ(T,S) = ρ(T,S) - 1000 kg m-3 (this is a convenient way to show density at a higher 
resolution). For the definition of stability N2 see section 2.5. 
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2.2 Equation of state of pure and low-saline water 
 
 Formula by Chen and Millero - The density of pure water as a function of temperature 
is often calculated by the equation Chen and Millero (1986), covering the limnological range (S 
< 0.6 g kg-1; T = 0° to 30 °C, and ρ = 0 to 180 bars). The equation of state has a precision of 
better than 2 x 10-6 g cm-3. The density at the surface, ρp=0, is given by 
 
(2.10)  ρp=0 (g cm-3) =  0.9998395 + 6.7914 . 10-5T - 9.0894 . 10-6.T2 + 1.0171 . 10-7.T3 

   - 1.2846 . 10-9.T4 + 1.1592 . 10-11.T5 - 5.0125 . 10-14T6 
   + (8.181 . 10-4 – 3.85 x 10-6.T + 4.96 .10-8.T2) .S, 

 
where T is the temperature in °C, and S is the salinity in units of g kg-1. In-situ density increa-
ses with pressure, given by the compressibility K-1 of water. The density at pressure p, ρp, can 
be calculated from:  
 
(2.11)  ρp = ρp=0 (1 – p/K)-1 
 
(2.12)   K (bar) = 19,652.17 + 148.113.T - 2.293.T2 + 1.256.10-2.T3 - 4.18.10-5.T4 
      + (3.2726 – 2.147.10-4.T + 1.128.10-4.T2).P 
      + (53.238 – 0.313.T + 5.728.10-3.p).S.  
 
Values for K-1 are given in Table 2.3. The in-situ density is relevant if we are interested in 
absolute density for processes such as underwater acoustics or for the calculation of pressure 
from CTD profiles. For mixing and transport, the effect of compressibility on density is rever-
sible and therefore irrelevant for stratification. Therefore, in the following, density is always 
calculated for pressure p = 0 (surface). The effect of compressibility on in-situ temperature has 
to be corrected for a reference at the surface (p = 0; see potential temperature below). 
 
 Addition to density by low Total Dissolved Solids (salinity) - If salinity or TDS is very 
low (say S < 0.4 g kg-1) and the chemical composition of the TDS is known, then the contribu-
tions of the different constituents Ci to the density can - as a good approximation - be added 
linearly by (Table 2.1): 
 
(2.13)  ρ(T,C1,C2, ...) = ρo(T) . [1 + β1.C1 + β2.C2 + ..]   
 
 If the relative chemical composition of the TDS is constant (as is nearly the case for 
seawater), then the influence of the different components Ci can be represented by one single 
parameter such as the salinity S. The influence of S on ρ is then described by a single 
coefficient of haline contraction βS, as follows: 
 
(2.14)  ρ(T,S) = ρo(T) . [1 + βSS], with βS = ρ-1 . (∂ρ/∂S)T,p   
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Table 2.2 Thermal expansivity (10-6 K-1) of pure water at various T and p (Chen Millero, 1986). 

 
 
Table 2.3 Isothermal compressibility (10-6 bar-1) of pure water at various temperatures and 
pressures (Chen and Millero, 1986). 

 
 
 
Table 2.4 Specific heat at constant pressure (J g-1 K-1) for pure water at various temperatures 
and pressures (Chen and Millero, 1986). 
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2.3 Potential temperature  
 
 The in-situ temperature is modified by thermal expansivity α and the pressure p and it 
deviates from the “potential temperature” that a water parcel would have if virtually displaced 
to p = 0 (to the surface). This is a well-known phenomenon in air (when hiking down from a 
mountain you feel the warming of ~6 °C / 1000 m elevation). In water this adiabatic correction 
is strongest for high temperatures and is most relevant for water bodies with very small tempe-
rature gradients, as the correction depends via α on the absolute temperature but not on the 
gradients. It implies that the adiabatic correction is most important in deep tropical waters such 
as Lake Tanganyika, Lake Malawi, etc. An example, showing the difference between in-situ 
and potential temperature is given in Figure 2.4. 
 
 The adiabatic lapse rate, Γ, i.e. the rate of increase of in-situ temperature T with depth 
caused by isentropic compression of water, is given by the thermodynamic equation: 

 

(2.15)  Γ(T,p,S) = )15.273( KT
C
g

p
+

α
   [K m-1]  

 
where g = 9.81 m s-2 is the acceleration of gravity, α = −ρ−1.(∂ρ/∂T) [K-1] the thermal expansivity, 
cp [J kg-1 K-1] the specific heat at constant pressure and T [oC] + 273.15 K is the absolute 
temperature. The two parameters α and cp, which are functions of T, p and S, are calculated 
from Chen and Millero's (1986) equations. With respect to a reference depth of zO (here zO = 0 
m = lake surface), the potential temperature, θ(z,zO), of a water parcel at depth z (positive 
upwards), is defined as the temperature of that water parcel if it were to be displaced isentropi-
cally from z to zO:  

 
Polynomial expressions for θ(T(z),p(z),S(z),zo), provided by Bryden (1973), are valid only for 
the range of seawater salinities. Thus, for freshwater, we solve eq. 2.16 iteratively by the 
procedure: 

 
which converges well enough after 2 iterations (|θ(2) - θ(3)| < 10-4 oC). In warm waters, the 
adiabatic correction (integral term) is positive (Γ > 0) and, consequently, θ < T. The differences 
between in-situ and potential temperature in Lake Malawi (up to 0.12 oC; Figure 2.4) are 
significantly larger than in temperate lakes. This is due to the high thermal expansivity α of 
warm water (eq. 2.15). The minimum in-situ temperature occurs at a depth of approximately 
400 m, below which the in-situ temperature gradually increases (Figure 2.4), whereas the 
minimum potential temperature is reached close to the deepest layers of the lake (details in 
Figure 2.4).  
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Figure 2.4 In-situ temperature (red), T, and potential temperature (blue), θ, as a function of depth in 
Lake Malawi. At the deepest point, the potential temperature is ~0.12 oC cooler than the in-situ T. Most 
important, the vertical gradient indicates that temperature is stabilizing the whole water column (except 
in the bottom boundary layer, where geothermal heat from the earth's interior and bottom boundary 
mixing homogenize a 40 m thick bottom layer; constant within 0.001 oC). This stabilizing, N2 > 0, is only 
evident from the potential temperature but not from in-situ T.  
 

  

Practical things to know:   

• In the ocean, α is not varying strongly in deep waters and therefore the adiabatic lapse 
rate Γ is almost ~constant. The correction from in-situ to potential temperature is ~0.1 K 
per 1000 m depth (or ~1 K at the greatest depth of ~10 km of the ocean; Mindanao 
Trench). 

• For α = 0, the correction vanishes and therefore for cool waters of great depth (such as 
Lake Baikal or Upper Arrow (Figure 2.3), the differences between in-situ T and potential θ 
are usually negligible.  

• In deep tropical waters, the transformation to potential temperature is necessary, as it is in 
the order of 0.1 K per 600 m depth (see example in Figure 2.4) and more than the in-situ 
temperature variations.  
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2.4 Water-column stability  
 
a) Definition 
 The strength of the stratification of a water column is expressed in terms of the intrinsic 
buoyancy frequency N, which a parcel experiences in a stratification ρ(z). The stability N2 is 
given by  
 

(2.18)  N2   = - (
ρ
g .

z∂
∂ ρ

) = g . [α . (
z
T

∂
∂

- Γ) - βS 
.

z
S

∂
∂ ] = g . (

z∂
Θ∂

α - 
z
S

S ∂
∂

β + ..)  [s-2]  

 
where g = gravitational acceleration, ρ = potential density, z = vertical coordinate (positive 
upward), α = thermal expansivity, βS = haline contraction coefficient, Θ = potential temperature 
and S = salinity. Besides the temperature and the salinity term, additional terms may become 
relevant, when (i) stability is very low (e.g. gradient of gases, such as CO2 or CH4, or silica in 
deep lakes), or when (ii) inflowing river water or bottom boundary water contains high particle 
concentrations.  
 
 N2 varies over ~10 orders of magnitude in natural waters from ~10-11 s-2 (in well-mixed 
bottom layers or double-diffusive layers; arctic Canada Basin) to ~1 s-2 in extreme haloclines 
(merging fresh and salt water; Baltic Sea; and top of salt lakes).  
 
  N2 > 0 indicates stable stratification; N2 = 0 is neutral stratification; N2 < 0 indicates 
unstable stratification. The latter can occur in natural waters only locally, such as in a river 
mouth (delta region), in deep intruding river water parcels, in the convective surface layer (e.g. 
cooling at night) or within a turbulent eddy. In all other water volumes, the stability is positive 
(stable) otherwise the water layer would restratify until the water column is stable again. 
 
 The definition of N [s-1] (including g and ρ) is such that it corresponds with the eigen-
frequency of the harmonic oscillator related to a water parcel bouncing up-down relative to its 
equilibrium position in the stratification ρ(z). 
 
 
b) Biogenic density stratification  
 In low-saline waters, biogeochemical processes, such as photosynthesis and subse-
quent settling of biogenic particles and mineralization by bacteria, may significantly change 
(generally enhance) vertical salinity gradients and thereby increase the stability N2 of the water 
column (see Chapter 1). This phenomenon, common in many deep and eutrophic lakes 
(especially close to the sediment) is usually the cause of permanent density stratification (so-
called meromixis). Ca2+ and HCO3

- are often the dominant ions for biogenic stratification 
(Chapter 1). 
 
 The term meromixis refers to a natural water body, which does not experience deep 
convective mixing (due to winter cooling). Meromixis is mostly linked to permanent salinity 
gradients at greater depth (see example of Powell Lake; Chapter 1). Examples are Lakes 
Tanganyika, Malawi, Kivu, but also shallow lakes with sub-aquatic salt-containing inflows 
(Lago Cadagno) as well as eutrophic lakes. Meromixis can however also occur in deep lakes, 
where pressure changes the temperature of maximum density so much that it becomes 
relevant for the annual temperature dynamics (see Lake Baikal as the classical example).  
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2.5 Examples of stratification in lakes and reservoirs  
 

 
 
Figure 2.5 Temperature stratification under ice. Some of the sunlight is penetrating through ice and is 
warming the water underneath. For T < TMD the warming causes denser water which leads to 
convection. The convection is very clearly visible in the profiles of 22/23 April between 0.4 and 1.4 m 
depth. Source: Malm, et al. 1998. 
 
   
  

 
Figure 2.6: Schematic of thermal bar - mixing of water slightly above and below 4 oC. In this example, 
warm inflow water (see surface) meets lake water of 2 oC. The mixture of the two water parcels (in the 
figure indicated as ~4 oC and slightly warmer) is always heavier than the average of the two original 
densities (due to non-linearity of the density equation).  
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Figure 2.7 Example of a convective surface boundary layer with a slight unstable stratification, due to 
temperature increasing with depth (taken during night in Lake Lucerne in October). Convective mixing is 
relatively strong, as temperature with > 13 oC causes high α. Temperature differences as small as a few 
0.01 °C are typical during convective mixing. For convective plumes: see Figure 2.8. 
  
  
 
  
  
  
  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8 Time-series of vertical velocity profiles observed in the top 6 m of the small wind-protected 
Soppensee during a night of cooling in September. The contour plot reveals a convective surface 
boundary layer with rising (red) and sinking (blue) convective thermals from midnight to 8 am (~sun 
rise), while cooling off. The water parcels reach velocities of only ± 5 mm s-1. Source: Jonas et al. 2003. 
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Figure 2.9 Example of a stable density stratification caused by particles P in Grimselsee. Density from 
temperature alone would be unstable (left; T decreasing with depth for T<TMD and therefore at 
negative α) and the salinity gradient is negligible. This situation occurs in glacier lakes / high-alpine 
reservoirs with high particle concentrations (here about 100 mg L-1). Definition of σ = ρ − 1000 kg m-3.  
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