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EVAPOTRANSPIRATION 
 
SOLAR ENERGY DISSIPATION THROUGH EITHER OPEN OR CLOSED WATER 
CYCLES 
(text for IPGL  Course, Wetland Ecology, Třebon 2006 by Jan Pokorný, Andrea Kučerová, Jakub 
Brom et al.) 
 
 
Evapotranspiration, Short and Long Water Cycles 
The dissipation of the sun´s energy by the water cycle is mainly through what is collectively known as 
evapotranspiration. The completion of the water cycle requires an area of landscape relatively cooler 
over which condensation (dew) and possible precipitation (rain and snow) can occur. Such heat sinks, 
or relatively colder localities, are often provided locally to the sources of high evapotranspiration, by 
extensive areas of vegetation cover such as forests and wetlands. Water is cycled over short distances, 
in frequent small amounts, and can be thought of as a closed (little water lost to the system), short 
circuited or simply short water cycle. In contrast, where the landscape provides no such heat sinks of 
sufficient thermal capacity (e.g. sparsely vegetated and urban areas), great extremes in temperature can 
occur and any evaporated water must finally condense a long way away, over the sea, coast or distant 
mountain range. The cycle can be called a long or open water cycle (see Ripl et al. 1994, Ripl 1995). 

In principle, over large areas, the amount of evapotranspiration is limited by the energy of incoming 
solar radiation and cannot be higher than corresponding latent heat from the energy balance equation 
(Penman 1948; Calder 1990): 

 Rn = E + H + G + J + P         (1) 

where Rn = net radiation input, E = evapotranspiration, H = sensible heat, G = soil heat flux, J = heat 
accumulation in biomass,  p = photosynthesis. 
 
With the latent heat of evaporation of 1 litre water using up 2.5 MJ (0.7 kWh), for average daily values 
of Rn of 20 MJ evapotranspiration should not be more than 8 mmd-1 in large stands. Due to the 
advection of dry hot air and to its relatively large surface area exposed to solar radiation, a solitary tree 
can evaporate some several times more water than the potential evapotranspiration corresponding to its 
ground area (Čermák 1989). In hydroponic wetland cultures continuously supplied with wastewater, 
for example in Belgium, an average evapotranspiration of 25 l d-1 was measured directly (by lysimeter) 
from 1 m2 of young willow trees over 14 sunny days (Kučerová et al. 2001). The average daily 
evapotranspiration in summer, as measured over several seasons, from wet meadows within temperate 
central Europe ranged between 2 and 5 mm (Přibáň & Ondok 1985). 
 
Solar Energy Conversion In Wet And Drained Ecosystems 
In temperate central Europe, approximately 1200 kWh of solar energy falls annually on each square 
metre surface, equivalent to 250 kg of brown coal a year. In the tropics and subtropics, the amount of 
incident solar energy can be even 2 to 3 times higher than this and can reach values of 3000–4000 
kWh. Over a summer day, maximum solar irradiance could be 800–1000 W/m2 in mid-Europe. The 
installed capacity of all electricity stations in the Czech Republic is about 14,000 MW; on sunny 
summer days, an equivalent amount of solar energy descends on a surface area of roughly a square of 
only 4 x 4 km. What would be the fate of such solar energy on our typical cultured landscape? 
Photosynthesis uses up very little; an annual biomass production of 1–2 kg represents 18–36 MJ (5 to 
10 kWh), less than 1% of average annual solar energy income. More than 99% of incoming solar 
energy is distributed through latent heat of evapotranspiration, sensible heat, flux into soil and 
reflected radiation. 
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What effect might humankind have on the fate of this energy? Let us compare the dissipation of solar 
energy on a drained field, or, for example, a large area sealed with concrete, with that of a water-
saturated landscape covered by functional vegetation. Typically, in a temperate summer day, 6 to 8 
kWh of net solar radiation would fall on each 1 m2. Most energy falling on the drained field is 
converted into heat (sensible heat), bringing about massive convection and the transport of gases and 
dust into the upper atmosphere. If less than 10 % of radiation is reflected, 5–10 % fluxes into the 
ground and the rest, about 80%, is converted into heat, then starting with 6 kWh net radiation m-2 per 
day, 4 to 5 kWh (or 14 to 18 MJ) would be converted into heat, an energy-equivalent of 1 kg brown 
coal for each square metre of drained field per hot summer day. 
 
In comparison, for the functional vegetation supplied with sufficient water, by far the largest part of 
energy is dissipated harmlessly through evapotranspiration (1 liter water evaporated = 0.694 kWh). In 
a temperate summer, on average 3 to 4 litres of water are evaporated during one sunny day from stands 
supplied with water, while 7 to 8 litres is still a realistic value. Up to 80 % of incident solar energy 
may be taken up by latent heat of evapotranspiration, i.e. 2.5 to 5.5 kWh m-2 can be ‘stored’ in water 
vapour and transported to cooler places – the ‘stored’ latent heat energy being again released during 
condensation as dew or precipitation. This form of solar energy dissipation, balancing temperature 
differences between night and day, and between warmer and cooler places, disperses and attenuates 
possible energy potentials in time and space – the reduction of energy potentials which could 
otherwise result in increased soil reactivity, increased mineralization, etc., and thus increased 
irreversible system losses. Is it possible to truly visualize how important is this process? The solar 
energy bound in vapour from water-saturated landscape has an energy content equivalent to 0.7 to 1 kg 
of coal. During a single sunny day on an average (100 ha), Czech, drained agricultural field, solar 
energy converted to sensible heat (through lack of available water) is equivalent in energy to 750 to 
1000 metric tons of brown coal. By the act of drainage of 1 km2, the change in energy dissipation on a 
sunny day is one train of brown coal! Or, approximately the annual biomass production from drained 
fields is released as heat every 1 or 2 days of sunshine. The lack of the cooling functionality within our 
cultured landscapes, greatly increases hot thermals transporting gases, fine dust and soil particles high 
into the upper atmosphere with all the consequences that has on regional and global climate (Pokorný, 
2001). 
 
Advertisement 
The search is on for a fully-automatic cooling (air-conditioning) device, solely for outdoor use, with a 
maximum capacity of the order of several tens of kW, preferably driven by solar energy, and made 
only from fully-recyclable material. The apparatus should not be noisy, and require minimum 
maintenance. The device will typically be expected to be permanently located outdoors for several 
decades. The energy gained from cooling should be able to be used for balancing the temperature 
elsewhere at colder localities. Continuous and instantaneous responsive regulation of its cooling 
capacity according to changes in solar radiation is essential. 
Such an apparatus already exists – an everyday tree. A large tree (lime, oak, or chestnut) with a crown 
diameter of 10 metres (ground area 78 m2) is easily able to transpire 400 l day-1, if we should 
calculate the evapotranspiration at 5 l m-2 (Čermák 1989). The latent heat exchanged from 400 l of 
water would be 278 kWh. The average cooling efficiency of a single tree transpiring water for about 
12 hours is 23 kW over a  24 hour period. The control system of such a tree is incomparably perfect in 
every way – 50 to 100 stomata on each mm2 of leaf surface can react individually to both inner water 
turgor and outside conditions (temperature, humidity, solar radiation). Can you imagine the amount of 
sensors, wires, valves which would be needed with a man-made system if each stoma is individually 
controlled and at the same time its activity is coordinated with the whole of the tree? One large tree 
has several billions of stomata, as its leaf area is several times higher than the tree’s simply-projected 
ground area (a typical leaf area index of 3 to 6). Water vapour from the tree is transported and is 
condensed on some cooler place, heating it through the latent heat released, which is the perfect way 
of solar energy dissipation. Fallen leaves, with any adherent dust, decompose – and all nutrients can 
be recycled. End of Advertisement. (from Pokorný et al. 1998). 



 
EVAPOTRANSPIRATION – METHODS OF ESTIMATION 

 
1. Direct measurement:  
• lysimeter 

 
For details see e.g. Allen et al. 1991. 
 

2. Indirect measurement – micrometeorological methods: 
• Aerodynamic methods: 

– Thorntwaith method 
– Penman-Monteith method and FAO reference evapotranspiration method 
– Meteorological models – MORECS, AVISO 
– Pristley-Taylor method 
– Turbulent difusivity method etc. 

• Bowen ratio method 
• Eddy covariance method 

 
Details on evapotranspiration methods see in: Monteith 1975, Monteith & Unsworth 
1990, Kaimal & Finnigan 1994, Allen et al. 1998, Arya 2001, Eagleson 2002, Gieske 
2003, Lee et al. 2004, etc. 
 
The principle of the conservation of energy (the First Law of Thermodynamics) states 
that energy cannot be created or destroyed, but only changed from one form to another. 
Applying this to a plant canopy (or leaf) it can be seen that all the energy fluxes into and 
out of the system must be equal, thus: 
 

reflsn RRR −=         (2) 
 
Rs . . . global radiation  
Rrefl .  . . reflected global radiation 
Rn . . . net radiation 
 
α . . . albedo (percentage of global radiation reflected) 
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The energy balance equation: 
 

Rn = P + J + G + H + L.E      (4) 
 
where  Rn . . . .  net radiation (shortwave + longwave) 
 P . . . .  energy stored in biochemical reactions, e.g. in photosynthesis 
 J . . . .  energy used for heating of plants 
 G . . . .  ground heat flux 
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 H . . . .  sensible heat flux 
 L.E  . . .  latent heat flux 
       L . . . latent heat of water (2 439,4 MJ.kg-1 or 0.69 kWh kg-1) 
       E . . . evapotranspiration rate (mm h-1) 
 
The values of J and P are usually less than 5% of Rn – we can neglect them and use the 
simplified heat balance equation (for really ratio between important energy fluxes see Fig. 
A): 
 
  
 Rn = G + H + L.E        (5) 

 
  
BOWEN RATIO METHOD 
 
Bowen ratio is a widely used technique, based on the simplified energy balance 
equation (5). The Bowen ratio (β) is the ratio of sensible (H) to latent heat (LE) losses: 
 

 
LE
H

=β          (6) 

 
Substituting this in equation (5) gives: 
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−
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1

GRnLE       [W m-2]  (7) 

  
The values of G, β a Rn are measured and computing using these equations: 
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= λ       [W m-2]  (8) 

measurement of T in several depth levels brings more accurate results 
where λ  . . . thermal conductivity of the soil [for wet sand = 1.627 W m-1°C-1] 
 T0 . . . temperature at the bottom surface [°C] 
 T1 . . . temperature at 20 cm under bottom surface [°C] 
 z0–z1 . . . 0.2 m 
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where γ  . . . psychrometer constant (= 0.066 kPa °C-1) 
 Tl . . . air temperature at surface of vegetation cover, lower level [°C] 
 Tu . . . air temperature at 1.5 m above the bottom surface, upper level [°C] 
 el, eu . . . water vapour pressure at these levels [kPa] 
 
     [W m↑↑↓↓ −−+= LsLsn RRRRR -2]  (10) 

 4



 
where Rs↓ . . . incoming global radiation [W m-2] 

Rs↑ . . . reflected global radiation [W m-2] 
RL↓ . . . incoming long wave radiation [W m-2] 
RL↑ . . . outgoing long wave radiation [W m-2] 

 
When data on long wave radiation are missing, the following equation can be used: 
 
 Rn = (1 – α) Rs↓ – 1.1 (0.2 + 0.8n/N) (100 – T) [Wh m-2]  (11) 
 
where  T  . . . screen air temperature [°C] 
 n  . . . actual sunshine duration [h] 
 N . . . potential sunshine duration in given period [h] 
The relative sunshine duration serves here for estimating the proportion of longwave 
radiation in the heat balance. 
 
 
Meteorological station records following variables: 
 
 incident global radiation (short wave and long wave) 
 reflected short wave and long wave radiation 
 from these values Rn is calculated (eq. 10) 
 
 Tl . . . air temperature at lower level (above the canopy surface) 
 Tu . . . air temperature at upper level (1.5 m above the bottom surface) 
 T0 . . . soil temperature at the bottom surface 
 T1 . . . soil temperature at 0.2m below the surface 

–  soil temperatures are measured either by mercury or Pt soil thermometers  
 
rl . . . relative air humidity from which water vapour pressure at lower level (el)  
is calculated using eq. 12 
ru . . . relative air humidity from which water vapour pressure at upper level (eu)  
is calculated using eq. 12 
 

100⋅=
aE

er      [%]   (12) 

 
where Ea - saturation water pressure of air, computed using eq. (Jones 1998) for lower 
(l) and upper (u) level: 
 

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+
⋅
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x
a T

T
E

97,240
502,17

exp61121,0    [kPa]   (13) 

 
where Tx is either Tl or Tu. 
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From the measured data we will calculate and discuss daily courses of:  
 Incoming global radiation 
            Net radiation 
            Sensible heat 
            Latent heat 
            Ground heat flux 
            Evapotranspiration expressed in mm of water  
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