
The physics of inland waters

(a) Lake ecosystems



117 million lakes > 0.002 km2 covering 

3.7% of Earth’s non-glaciated land area Area: 

Exchange with 

atmosphere

Perimeter:

Exchange with terrestrial 

environment

Why do lake basins have different geometries?



The genesis of lakes



Glacier lakes

Lakes that form from the melting of dead ice (disconnected from the active galcier, hence not 

nurtured by the glacier)



http://upload.wikimedia.org/wikipedia/commons/th

umb/d/da/Receding_glacier-en.svg/800px-

Receding_glacier-en.svg.png

Glacier lakes

• Glacier forefields are highly dynamic systems

• Undergo rapid geomorphological change

• Various nascent ecosystems

Terminal moraines can serve as 

natural dams (Glacier lake 

outburst floods)



Glacier lake outburst floods (GLOFs)



• Owing to climate-induced glacier melt, 

new lakes form

• Overdeepenings (in blue) can form 

new lakes

• Potential for future aquatic life and 

hydropower

Rhone Glacier, CH

Parbati Glacier, Himalaya



• Distribution of overdeepening of the terrain as 

glaicers melt

• Numerous small and shallow lakes

• Potential for new lakes

Different climate scenarios



Glacier lakes

High turbidityLow turbidity

• Turbidity is a function of lake age 

and glacier influence

• Affects ligh regime, primary 

production, food webs and 

biogeochemistry



Rift lakes
African Great Lakes



Rift lakes

Lake Albert Lake Tanganyika



Rift lake formation

• Endhoreic lakes

• High evaporation

• Elevated salinity



Maar lakes
Result from volcanic activities



Oxbow lakes
Result from the meandering of rivers



Sinkhole lakes
Result from the weathering of limestone (karst)



Lake geometry and function

• Depth (mixing)

• Surface area (exchange with atmosphere)

• Perimeter (exchange with catchment)

The morphology of the lake basin is relevant 

for lake hydrology, biogeochemistry, 

biodiversity and management

Basic lake geometry given by 



• Water storage

• Circulation and transportion 

processes

Lake bathymetry
Spatial distribution of water depth

Matters for: 



Hypsographic curves

Relating depth to surface area

Lake bathymetry
Spatial distribution of water depth
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Lake bathymetry
Spatial distribution of lake depth Global distribution of lake water 

depth (and volume)

• Glaciation

• Plate tectonics

Impacts for 

• Climate

• Water resources

• Irrigation

• Hydrological cycle (e.g., see

Pamir anomaly)



The longest distance an air 

mass can travel across a lake

Depends on the lake geometry 

and the embedment of the lake 

in the landscape

• Lake mixing

• Energy exchange and balance 

(evaporation)

Consequences of lake geomorphology: The wind fetch

http://www.lakescientist.com/lake-shape/



Horizontal Vertical

Life, biogeochemical processes, gases, bathing

Consequences of lake geomorphology: Temperature and light



Consequences of lake geomorphology: Biodiversity

Depth distribution and 

perimeter translate into habitat 

zonation and heterogeneity, 

hence biodiversity

• Littoral zone

• Benthic zone

• Limnetic zone

• Euphotic zone 

• Aphotic zone Light regime



Light regime
• Thermal regime

• Photosynthesis

http://design.bi/natural-landscapes/



Light regime in aquatic ecosystems

Chemical energy 

WatchFit

Thermal energy

Photons

How much energy a lake receives depends 

on its geomorphometry

Thermal energy: Heat transfer by 

electromagnetic waves or photons; 

absorption by dissolved molecules and 

suspended particles in the water. 

Chemical energy: Photosynthesis, 

primary production, organic carbon 

production, oxygen production, CO2 

assimilation. 



Solar radiation



Photosynthetic Active 

Radiation (PAR)

• Range of radiation wavelengths used for 

photosynthesis
• Major pigments capable to absorb 

various wavelengths

• Wavelengths changing with attenuation 

and depth

• Vertical stratification of niches

Solar radiation



Light attenuation in a water body



Vertical distribution of light intensity (I)

Reflection

Absorptio

n 

Scattering

Attenuation, Transmission

I1 = Io e-cd

Lambert-Beer Law

I1: Intensity of transmitted light (W m-2)

I0: Intensity of incipient light (W m-2)

: Extinction coefficient (m2 mol-1)

c: Molar concentration (mol l-1)

d: Path length (depth) (m) 



Light attenuation

Reflection (season, daytime, turbulence)

Reflection

• Time of the day

• Season (3% summer, 15% winter)

• Latitude

• Surface characteristics (waves, turbulence)



Depends on: 

• Suspended particle composition 

and size

• Phytoplankton

• Dissolved organic matter 

concentration and composition

Scattering: 
Absorption (internal reflection) by 

molecules and particles

Light attenuation



Scattering varies as a function of the ratio of the

particle diameter to the wavelength of the radiation

The strong wavelength dependence of the scattering 

implies that shorter (e.g., blue) wavelengths are 

scattered more strongly than longer (e.g., red) 

wavelengths. 

Light attenuation

Scattering: 
Absorption (internal reflection) by 

molecules and particles

• Blue penetrates deepest into the water, while red, 

orange etc are absorbed in shallow layers.

• Strongest internal reflection of blue light; magnified 

by particles (e.g., calcite) in clear water.



The interplay between light and temperature



Light and Temperature

Turbid lake Clear-water lake

• Strong attenuation of UV and 

visible light

• Elevated warming of the 

shallow waters

• Weak attenuation of UV and 

visible light

• Reduced warming of the 

shallow waters



Vertical distribution of temperature in lakes



Lake stratification and recirculation

Vertical distribution of temperature in lakes

Mixis patterns and magnitude depend on 

numerous factors:

• Geometry and wind fetch

• Energy balance

• …



Modified from Hutchinson and Löffler 1956

Amictic: polar and alpine lakes with permanent 

ice cover

Cold monomictic: polar and subpolar lakes; 

summer circulation; winter stagnation

Dimictic: temperate lakes, recirculation in fall 

and spring

Warm monomictic: subtropical; winter

circulation

Oligomictic: tropical; circulation unpredictable

Warm polymictic: tropical; circulation at night

Cold polymictic: tropical; high-elevation lakes

Lake stratification and recirculation



Lake stratification and recirculation

Temperature stratification affects oxygen distribution
Critically important for the life in lakes

• Temperature affects O2 solubility

• Temperature affects O2 consumption 

and replenishment



https://www.lternet.edu/research/keyfindings/real-world-solutions

Temperature stratification affects oxygen distribution

• Temperature affects O2 solubility, 

hence O2 concentration

• Phytoplankton (chlorophyll a) in 

deeper layers produces O2 



Erosion of lake stratification



40

A seiche is a standing wave in an 

enclosed or partially enclosed body

of water

First described by F.A. Forel for

Lake Geneva ("to sway back and

forth“).

Seiches – internal waves



Eawag

Seiches – internal waves
Facilitated by long wind fetch and continous wind



Uni-nodal or poly-nodal seiches depending on 

lake geometry, size and wind action

Mixing and erosion of stratification

Seiches – internal waves



Benoit Cushman-Roisin

Seiches – internal waves



Benoit Cushman-Roisin

Loch Ness (A glacier lake)

Elongated geometry

Seiches – internal waves



Lakes

• Different origins

• Basin morphometry

• Radiation and temperature

• Oxygen

• Stratification and recirculation

• Seiches
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