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EVAPORATION AND TRANSPIRATION .

TRANSPIRATION FROM VEGETATION

As part of the normal biological actiy ities of plant growth, water and
nutrients are transferred from the root zone to the leaf surface, Eventually
the excess of W ;ut‘r ey .apgmlm to the atmosphere, This process is calle(i
franspiration. It first begins with the osmotic pressures at the root zone
to move water and soil minerals into the roots. From the roots, water is
transported through the plant stem to the leaves via an elaborate water
transportation system. In the case of trees, this System is so vast that it has
made trees deserve the name of “masters of microfluidics™ by modern
scientists (Holbrook and Zwieniecki, 2008).

In the stem of a large tree, the number of interconnected water
transport conduits can exceed hundreds of millions, and their total length
can exceed several hundred kilometers. This natural system allows a tree
to easily move tens of cubic meters of water from the soil to its leaves on
a sunny day, without any moy ing parts or noise. On a global scale, the
moving of water through plants is a major contributor of moisture from
the soil to the atmosphere.

The driving water pump of a tree is not in its roots, since trees whose
roots have been cut can temporarily provide water to the leaves: it is not
inits leaves either, since this air-vacuum pump would limit the maximum
suction height, and thus a tree’s height, to 10.33m, failing to explain the
existence of trees that surpass the 100 in height, like the redwoods in
California, Plants transport water to the leaves via an ingenious arrange
of capillary vessels. Under capillary, water can be elevated against gravity
thanks to the attraction of water molecules to the wettable conduit surface
and the ability of water to experience a large surface tension. The
diameter i the capillary tubes range from the large ones cncmlmtered in
the stem, about 50t0 100 ., to the small ones in the air-water nﬂex:facgs
of the cell walls of the leaves, about 5 to 10mm. The gradual reduction in
ube diameter promotes an efficient flow that reduces viscous losses.
Many intriguing questions remain unanswered, such as the ability tha
e to prevent the formation of vapor bubbles, which would render the
Tansport of v ater useless. While science labors to undcrst-am“l tht‘se
Problems (see Pickard, 1981), we should turn to the SxpiAnNE

¥ MyStical hydrologists, who focus on the effect of 40H8 nz%? IIes

“@uum) eneréies. and vortex movements. l’ndcrsmmhnfhg :)(fl . lll)eW

ching these silent plant engineers may provide mfl‘[ul‘i::':u—— motors

A
Pumps in the future. For illuminating

Banholo”‘e“ (2005), and Schauberger (1998).

|
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\s water 1s Il‘lll\]‘\‘IlL‘\f from the roots, air enters the Iea\'es [hmugh
amall surface openings called stomata. (A'hlm'nplasls within the lea"es
consume carbon dioxide from the air and water to S}'mhesize
carbohvdrates necessary for plant growth. Since the atmospheﬁc
concentration of carbon dioxide is low (e.g., 0.038%), then as much 4
009 of the water that enters the roots travels through the stem system ang
escapes through the stomatal orifices to the leaf surfaces where i
available for evaporation (Holbrook and Zwieniecki, 2008). This explajns
why the demand of water for plants exceeds that of animals.

[ranspiration is a continuous process that occurs even withoy
precipitation. However the rate of transpiration may be affected by the
rate moisture becomes available to the root system. Furthermore, during
a rainfall storm, intercepted water may transfer some of the energy
available for evaporation away thereby reducing transpiration.

[ranspiration rate is a distinct function of the precipitation regime,
the season, the root system depth, the soil type and soil-water content, the
density of vegetation, and especially the type of vegetation (i.e.. plant
species). Vegetation in humid areas has a completely different pattem of
transpiration from that in dry or arid areas. The stomatal orifices are
sensitive to the solar radiation. In humid areas they open during the day
and close at night. In desert areas, where the availability of moistureis
limited, the reverse is true. The stomatal orifices close during the day
minimize the loss of precious plant moisture, and open during the night=
The season of the year is an important factor affecting transpiration.
[ranspiration rates, and overall plant activity, is minimal during
winter, and maximum during the summer. In addition, water that migraiss
10 the surface of the leaves through the stomatal orifices is available
evaporation and therefore the normal meteorological factors, such

vapor pressure gradient, radiation, wind velocity, ete., also ©
transpiration rates.

There are several methods to estimate transpiration for a plan
given species and stage of development, or a group of plants ata sp
field density. These methods are useful in transpiration predi
small agricultural fields. Alternatively, hydrologists have
combine the concept of free-water evaporation with that of trans
in a single function called evapotranspiration. This functi
practical advantages in the determination of combined evap
tra}nspiration of watersheds whose vegetation is composed 0
of vegetation, each with different degrees of density
development, The relationship between hydrology and plant
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is an active research area called eco h

wirology which
interface between physical science and biology

cee Rodriguez-Tturbe (2004)

explores the
For |Ilunnmmng;m'nunh

3.4 EVAPOTRANSPIRATION

Potential Evapotranspiration and \ctual By

apotranspiration
poiranspiration 18 a combined function that

mncludes the

evaporation from soils, lakes and reservoirs, and transpiration from

vegetation. A useful concept in hydrology is that of porential

ET, introduced in chapter | after equation (1.12),

n water balance calculations Potential ev apotranspiration is a maximum

possible evapotranspiration amount that could oceurina watershed given
I I

ample supply of water from precipitation, This theoretical maximum

would oceur under ideal conditions, Potential evapotranspiration tends to

be equated to pan evaporation rates. The concept is useful in caleulations

ofactual evapotranspiration in hy drologic models, and in situations such

as irrigation systems design, In the latter, a design crop is used in the
estimaty

on of the maximum amount of water consumed for optimal plant

dm«‘?u}‘mcm This amount is the potential evapotranspiration, o

Piive use as normally called in agricultural engineering. The
difference between the potential evapotranspiration and the expected
Precipitation for a typical dey vear is the amount of water to be supplied

by the Irrigation svstem. This information is used in the hydraulic design

of Appropriate water conveyance systems

tion amo El
Fora giy en period of time, the actual evapotranspiration amount - {
by PET

IS In between its potential value and zero. In other words, 0<E7
Potentia] evapotranspiration oceurs only under a sufficient supply of
ater from precipitation or soil moisture. Since precipitation may be l“‘\I'
O 2ero for certain periods of the year, and at the same time the sol

Moisture is Jow, £7 is usually less than /

‘\;I]mlI';Ill\l’il’:lli(vn from Water Balance Techniques balance
i . ot balance
In chapter | we discussed at length the use of the watet

se Iy
" W equation is commaon
ation as a fundamental tool in hydrology. This eq

\ spion, For instance,
used as g moans to evaluate evapotranspiration for a region, For i

: \ ay be used o
) "”."\‘ Watersheds and long durations, equation (1.14) may be

o wand
Sstimay Mtation anc

2 3 s easures ofpreciy
* EVapotranspiration, given adequatet
e ' : could illustrate this point i

e
Streamflow, Example | The Thomas

5 Wi
Piration, rather than streamflow, is the unkix ot
\ & BOO
del, CQuations (1,8) through (1.19), constitute 8 OO (X

Vapotrgn

Mo, y evaluate
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the different components of streamflow and evapotranspirati .
watershed (see Example 1.5). Errors involved in the application of :

balance techniques are directly related to the accuracy in precipitag;
streamflow, and change in storage measurements. Generally, "‘!»

between 10 and 20% are normal. In spite. Of.the errors, water bahu
techniques are usually preferred due to their simplicity. ;

Table 3.3: Range of Seasonal Crop Coefficients. £ ,

Crop Range of k, Crop
Alfalfa 0.90-1.05 Onions
Avocado 0.65-0.75 Orange 0.60-0.75
Bananas 0.90-1.05 Potatoes 025040
Beans 0.20-0.25 Rice 045065
Cocoa 0.95-1.10 Sisal 0.650.75
Coffee 0.95-1.10 Sorghum 030045
Cotton 0.50-0.65 Soybeans 030045
Dates 0.85-1.10 | Sugar Beets 0.50-065

| Deciduous Trees 0.60-0.70 | Sugarcane

| Flax 0.55-0.70 | Sweet Potatoes

| Grains (small) 0.25-0.30 | Tobacco

| Grapefruit 0.70-0.85 | Tomatoes
Maize 0.30-0.45 ’ Vegetables
Oil Seeds 0.25-0.40 | Vineyards

i ‘ Walnuts

Source: Ponce (1989).

Temperature Models of Evapotranspiration
Since air temperature is functionally related to the
factors affecting evapotranspiration, and it is an easily
variable, several empirical methods relating temy
evapotranspiration have been developed. One of the 1
methods in this category is the Blaney and Criddle form
Criddle, 1950, 1962). After a modification by Doo
(1977), the potential evapotranspiration, or ¢
particular crop is given by N

i PET=kc(§A*:‘bﬂ’ : fﬁd
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Table 3.4 summarizes the values of the constants a and p. Tq read ghe
table, select the appropriate actual insolation time, I, from i e
column. Then, select the wind speed, ¥, from the second colump, p%
move horizontally to match the column corresponding to the mi :

ini
relative humidity, ». The factor p is summarized in Table 3.5.

Example 3.8 :
Estimate the potential evapotranspiration for potatoes during

month of May at a watershed with a latitude of 40°N, and a mean d

air temperature of 22°C.. Assume a high actual insolation time,

relative humidity, and a mean wind speed of 20km/hour.

Solution

From Table 3.3, the value of k, for potatoes with an a
consumption rate is 0.32 mm/(day.’C). For a high actual insolation
medium relative humidity, and wind speed greater than 18km/hour,
3.4 gives the correction factors a=-2.55 and »=1.82. For a latituc

40°N and the month of May, the value of p=0.32 in Table 3.5. Thus,
equation (3.13)

f=p(0.467,+8.13)=0.32x(0.46x22°C+8.13)=.84°C

PET=k (a+5/)=0.32—"""_x(-2,55 +1.825.84°C)=2.6mml
day.°C

_ Another widely used method to estimate potential ev.
is the one developed by Thornthwaite and Wilm (1944
According to this method, the potential evapotran
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31 IMPORTANCE OF EVAPORATION AND TRANSpIRA e

Evaporation a}ld transpiration constitute the
processes by which water in the liquid or solid phase, at or near |

earth's land surfa‘ce. becomes atmospheric water \':1;)()|" These iwfl ; ;L
evaporation of IlQpid water from rivers, lakes, soil. .;md \:'“lknmk
surfaces; evaporation from within the leaves of plants ;uilhtr:‘\'k'
(transpiration): and sublimation from jce .
Evapotranspiration is the collective term for

transpiration processes in a region.

physical and biological

and snow surfaces,
all evaporation and

The most important source of evaporation is the ocean. Oceans
provide a large portion of water vapor to the atmosphere for its
subsequent precipitation in various parts of the earth. Continental waters
also provide water to the atmosphere. It is estimated that over 60% of the
precipitation that falls on the continents of the earth is evapotranspired.
This is an average that varies greatly according to the precipitation
regime, the season, the soil type, the vegetation, and the land use of the

suela. region.

Evapotranspiration is one of the most important quantities in
equations simulating hydrologic systems. Since a vast portion of
precipitated water is lost through evapotranspiration, a quantitative

calls it understanding of the physical processes involved in evapotranspiration is
Jermes of vital importance in the planning, development, and management of
e, it IS water resources projects. This is easy to see, since the diﬂ‘cre}ncc between
wother. precipitation and evapotranspiration, over a long term, is the water

When available for human use. The design of surface and shallow gmundwa'ter
.r is S reservoirs are examples of water resources pro_ieujts where evaporation
hich i prediction is a fundamental requisite. Evaporauon has a‘Slgllli.lt?‘al:;
, eart” influence on the yield of water supply reservoirs and on the economics ¢

¢ building reservoirs of various sizes. Much of the W 01‘1(}'5 food supp}y is
8rown on artificially irrigated land. Irrigation constitutes one gt.lhe
largest users of water around the world. The design of an efhgwm
i imigation system requires a knowledge of crop-water use (transpxr‘at.lon)-‘

irrigation system should aim at providing only the deficit of
Precipitation necessary for a healthy crop development.

ew, most of the water lost vi'a
o iration i ich form the basis of the carth's

: een
€COSystems. For this reason, an understanding  betwe
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response to climate change. In the analysis of ‘:}:‘at pecom®®
f precipitation in a storm il m
recharge, depends on the S(;
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ding the rainfall event.

runoff and groundwater
the storm, The soil moisty
the period of time prece,
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3.2 EVAPORATION FROM FREE WATER B

Fundamental Physical Processes change of the phas’i‘acéiw?;]cr
In its simplest case, evaporation is a an evaporating Su . n‘(
from a liquid to a vapor state through of a lake, river, or.ocea‘n, e j
UG Hurthce Ix the uges boundar{iiation, which provides ey 3
driving force in this process is the solar rﬁ surface. The solar radiatioy
to the molecules of liquid water near the rgy of the water molecules
causes an increase in the vibratory kinetic eni’;S the forces of moleculy
When the amplitude of vibration overcon:he Hiiid mass Al diede e
attraction, the water molecules escape from

e . ; e this boundary.
surface to enter the air immediately above th

Table 3.1: Latent Heat ovaaporation', L} an({ Sa:;ltr-at:d
Vapor Pressure, e, .for Water Under Normal Conditions

Temperature “C) L (callkg) ef ('t"’"Hg) o S o {N/MZ)
23 0 [ a0 | 4ss 611
5 594 5x107 6.54 872
10 591.7x10° 9.20 1227
15 588.9x10° 12.78 1704
20 586.0x10% 17.53 2337
25 583.2x10% 2376 3167
30 580.4x10° 31.83 4243
35 577.6x10° 42.18 5624
40 574.5x10° 55.34 7378
50 569.0x107 92.56 12.40
60 5632107 149 46 19.26
70 557.4x107 233.79 31169
40 5514107 35528 47367
90

5453108

525.89 70113
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solar radiation. However, evaporation may still occur in the absence of
sufficient solar energy provided that other atmospheric conditions are
favorable. This implies that the required ey aporation energy is supplied
by the surrounding water or air media. The amount ofenerg‘\.' required for
the evaporation of one gram of water is called the latent heat of
vaporization, L (cal/g). The required energy decreases as the temperature
of the evaporating water increases. Table 3.1 shows the value of the latent
heat of vaporization as a function of temperature of clean water under
normal atmospheric conditions. The energy utilized in the process of
evaporation is later released in the process of condensation.

Once the molecules of water have absorbed the required amount of
energy, they become water vapor. Water vaporisa gas that approximately
behaves as an ideal gas. It will occupy the volume of air immediately
above the evaporating surface. Thus, if we observed a small control
volume just above an evaporating surface (see Figure 3.1), we would note
that it is contained by dry air, which is a mixture of oxygen and other
gases, and by water vapor. The atmospheric pressure registered by a
barometer at this point is the summation of the partial pressure exerted by
the dry air, P, and the partial pressure exerted by the water vapor, e.
Water-vapor pressure, or simply vapor pressure, is a function of the
number of water vapor molecules contained in the control volume.

| @ | Detail of Volume 2
2

Detail of Volume 1
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Figure 3.2: Saturated Vapor Pressure Versus Air Temperature

Figure 3.1 illustrates the simple case of free

absence of wind. Control volume 1 has a given vapor pressure, e,
control volume 2, located AZ meters above the surface, has a differe

Vapor pressure, e, . Since volume 1 is closer to the evaporating s
than volume 2, then

€,>¢,, and thus water vapor moves vertically
1t0 2. More precisel ortic

¥, We say that the evaporation rate is p
the vapor pressure gradient

-water evaporation in the

s (e;-€,)/AZ. The vapor pressure.
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the change in vapor pressure per unit distance, is the driving force of the
evaporation process,

Some form of atmospheric transport of water vapor is necessary for
the evaporation process to continue over time. Returning to Figure 3.1,
the initial evaporation causes the migration of water molecules from the
water body to the air layers immediately above the surface (control
volume 1). If there is not a transport mechanism causing the migration of
vapor away from the evaporating surface, then the layers of air
immediately above the surface would reach a saturation point. At this
point, no more water molecules are admitted into volume 1 and
evaporation would cease. This maximum number of molecules held by
the air at a given temperature correspond to the so called saturation vapor
pressure, e.. The saturation vapor pressure is a function of air
temperature (see Table 3.1 and Figure 3.2). Warm air has a higher
saturated-vapor pressure (i.e., can hold more moisture) than cold air.

Consider a small volume of air some distance above the evaporating
surface (i.e., volume 2 in Figure 3.1) with an air temperature 7, and a
(not saturated) vapor pressure e. These coordinates are marked in Figure
3.2. Let us assume that by some means we compress the air while keeping
the temperature constant. When this happens, the vapor pressure
increases. When the vapor pressure reaches saturation, the air mass has
moved its coordinates along the vertical path shown in Figure 3.2. An
additional compression of the air would cause the excess of water vapor
to condensate. Alternatively, one could decrease the temperature of the
air mass, while keeping the pressure constant. When the air temperature
intersects the saturated vapor pressure curve (i.e., the dew point
temperature), the air reaches saturation. Additional cooling would cause
condensation of the excess moisture. In upper atmospheric layers,
saturation is reached via a mixture of the above two possibilities: a
decrease in temperature accompanied by a change in pressure.

The ratio of the actual, not saturated, vapor pressure to the saturated
vapor pressure is the air relative humidity:

y=2%100 @D

€
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The pan-to-lake coefficient is 4

. ' major cause of error in the es
of evaporation. Errors in the ran

estimation

evaporation.

Evaporation Estimation U

sing Water Balance Techniques
The most commonly

used technique to estimate evaporation involves
drologic water balance equation to the reservoir

inventory of all streams entering and leaving the lake, each with a
quantitative evaluation of its flow rate. It js also necessary to measure
precipitation in a nearby gage during the period of analysis, and to
evaluate the net groundwater contribution, for large lakes. The accuracy
of the water balance method is a function of the accuracy of the different
variables involved. For annual calculations, average errors between 10
and 20% are normal. This method is usually preferred over other
techniques because of its simplicity of application. In addition, many

watersheds containing reservoirs are routinely gaged for streamflow and

precipitation rates, and thus corresponding evaporation estimates do not
require special instrumentation.

e e s e
Example 3.6

A flood-control reservoir has a surface area of 18%m?2. From an
inventory of streams flowing into and out of the lake, it is estimated that
the average inflow rate in a given day is 45m%/s. The controlled outflow
rate is 12.5m3/s . During the same day, the lake stage (the water level)
increases about 15¢m. Estimate the evaporation rate in mm/day.

Solution

From equation (1.5), neglecting groundwater for a short period of one
day,

As
AS o ey e
.

3 : er an entire
Recal| that to transform a volume into an equivalent depth ov
€ one must divide by its surface area,









