
A STUDY ON THE CONSUMPTIVE USE OF

WATER HYACINTH, WATER LETTUCE

AND DUCKWEED

NATTAPONG  SUPMANEENAN

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR

THE DEGREE OF MASTER OF SCIENCE
(TECHNOLOGY OF ENVIRONMENTAL MANAGEMENT)

FACULTY OF GRADUATE STUDIES
MAHIDOL UNIVERSITY

2003

ISBN 974-04-3380-4
COPYRIGHT OF MAHIDOL UNIVERSITY







ACKNOWLEDGEMENT

I would like to express my grate gratitude and deep appreciation to my major-

advisor, Asst. Prof. Kampanad  Bhaktikul, Ph.D., for his active guidance, valuable 

advice, and help in solving many problems, I am equally indebted to my                  

co-advisors, Lect. Patana  Thavipoke, Ph.D. and Lect. Va-son  Boonkird M.S. in 

Agri.Eng., for all of their constructive comments and kindness to me.

I really thank to Mr. Supachai  Kaewlamyai, Mr. Pilom  Khanthong, staff of 

Research and Laboratory, Greater Maeklong Irrigation Project, Amphur Kampangsan, 

Changwat Nakornpatom and Mr. Sawang  Jongsutjarittham from Thailand Institute of 

Scientific Research and Technological for their generous assistance.

This thesis is supported in part by the Ministry of University Affairs and Faculty 

of Graduate Studies, Mahidol University in the academic year of 2002-2003.  My 

appreciation is also extended to the Postgraduate Education, Training and Research 

Program in Environmental Science, Technology and Management, Mahidol 

University for their partial supporting scholarship.

My special thanks are given to my friend, Miss Krittayaporn  Charoenpol for 

her patience in stressful times and encouragement throughout my study as well as to 

all of my friends ET 27 for their contribution.

Last but not least, I would like to express my deep appreciation to my beloved 

family, father, mother and sister for their never ending support, understanding, and 

continuous inspiration.  The usefulness of this thesis, I dedicate to my family and all 

the teachers who have taught me since my childhood.

Nattapong  Supmaneenan

  May, 2003



Fac. of Grad. Studies, Mahidol Univ.  Thesis / iv

  A STUDY ON THE CONSUMPTIVE USE OF WATER HYACINTH,

  WATER LETTUCE AND DUCKWEED

  NATTAPONG  SUPMANEENAN 4337289 ENTM/M

  M.Sc. (TECHNOLOGY OF ENVIRONMENTAL MANAGEMENT)

  THESIS ADVISORS: KAMPANAD BHAKTIKUL, Ph.D. (CLVIL AND

  ENVIRONMENTAL ENGINEERING), PATANA THAVIPOKE, Ph.D.

  (ENVIRONMENTAL PROTECTION TECHNOLOGY), VA-SON  BOONKIRD,

  M.S. in A.E. (AGRICULTURAL ENGINEERING).

ABSTRACT

The main objectives of this research are to study on the Consumptive Use and 
growth rate of Water Hyacinth, Water Lettuce, and Duckweed.  Consumptive Use is 
directly measured with rice lysimeter.  The results are compared with Consumptive 
Use based on climatological data i.e. Thornthwaite method, Blaney–Criddle method, 
Makkink method, Jensen–Haise method, Penman method, and Consumptive Use from 
Evaporation pan.  This research was conducted at Research and Laboratory Station, 
Greater Maeklong Irrigation Project, Amphur Kampangsan, Changwat Nakornpathom 
for 150 days (June 14, 2002 - November 10, 2002).  

It was found that, the Consumptive Use of Water Hyacinth was significantly 
different (p<0.01) from that of Water Lettuce and Duckweed. The average 
Consumptive Use of Water Hyacinth, Water Lettuce, and Duckweed was 6.01, 4.86, 
and 4.33 mm/day, respectively.

The average growth rate of Water Hyacinth, Water Lettuce, and Duckweed was 
6.65, 33.36, and 1,072.07 plants/m2/week, respectively.

In addition, the comparison of the Consumptive Use directly measured and by 
computation using climatological data found that, for Water Hyacinth, the 
Consumptive Use with Blaney–Criddle method was closest to that measured from 
lysimeter because it also used Kc for computation.  As to Water Lettuce, Jensen–Haise 
method gave the value closest to that measured from lysimeter because it was 
proposed in an area having semi–arid climate similar to the climate of the study area 
and for Duckweed, both Blaney–Criddle method and Jensen–Haise method gave the 
value closest to that measured from lysimeter.

  KEY WORDS:  CONSUMPTIVE USE / EVAPOTRANSPIRATION /
                            WATER HYACINTH / WATER LETTUCE / DUCKWEED
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บทคัดยอ
การศึกษาครั้งนี้มีวัตถุประสงคเพื่อศึกษาปริมาณการใชนํ้ าของผักตบชวา จอก และแหน ศึกษาอัตรา

การเจริญเติบโต และศึกษาเปรียบเทียบปริมาณการใชนํ้ าจากการวัดโดยตรงในถังวัดการใชนํ้ าของขาวและ
ปริมาณการใชนํ้ าจากการคํ านวณโดยใชขอมูลภูมิอากาศดวยวิธีของ Thornthwaite Blaney-Criddle
Makkink Jensen-Haise Penman และการหาปริมาณการใชนํ้ าจากถาดวัดการระเหย ทํ าการศึกษาที่สถานี
ศึกษาและทดลองการใชนํ้ าชลประทานแมกลองใหญ อํ าเภอกํ าแพงแสน จังหวัดนครปฐม ระยะเวลาทํ า
การศึกษาทั้งสิ้น 150 วัน (14 มิถุนายน 2545 – 10 พฤศจิกายน 2545)

จากผลการศึกษาแสดงใหเห็นวา ปริมาณการใชนํ้ าของผักตบชวา จอก และแหนมีความแตกตางกัน
อยางมีนัยสํ าคัญยิ่งทางสถิติ (p<0.01) โดยผักตบชวา จอก และแหน มีปริมาณการใชนํ้ าเฉลี่ยวันละ 6.01  
4.86 และ 4.33  มิลลิเมตร ตามลํ าดับ

ผลการศึกษาอัตราการเจริญเติบโตของผักตบชวา จอก และแหน พบวา ผักตบชวา จอก และแหนมี
อตัราการเจริญเติบโตเฉลี่ย 6.65   33.36 และ 1,072.07  ตน/ตารางเมตร/สัปดาห  ตามลํ าดับ

ผลการศึกษาเปรียบเทียบปริมาณการใชนํ้ าของผักตบชวา จอก และแหนจากการวัดโดยตรงและ
ปริมาณการใชนํ้ าจากการคํ านวณโดยใชขอมูลภูมิอากาศ พบวา เมื่อใชวิธีการคํ านวณของ Blaney-Criddle
กับผักตบชวา จะไดคาปริมาณการใชนํ้ าใกลเคียงกับปริมาณการใชนํ้ าท่ีวัดไดจากถัง lysimeter มากที่สุด 
เนื่องจาก มีการนํ าคา Kc มาใชในการคํ านวณดวย สํ าหรับจอกการใชวิธีการคํ านวณของ Jensen-Haise จะ
ไดคาปริมาณการใชนํ้ าใกลเคียงกับปริมาณการใชนํ้ าท่ีวัดไดจากถัง lysimeter มากที่สุด เนื่องจากวิธีนี้คิด
ข้ึนในเขตภูมิอากาศกึ่งแหงแลงซึ่งมีสภาพภูมิอากาศใกลเคียงกับพื้นที่ศึกษา และเมื่อใชวิธีการคํ านวณของ 
Blaney-Criddle และวิธีของ Jensen-Haise กับแหน จะไดคาปริมาณการใชนํ้ าใกลเคียงกับปริมาณการใชนํ้ า
ท่ีวัดไดจากถัง  lysimeter มากที่สุด
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CHAPTER I

INTRODUCTION

1.1  Background and Significance of Problem

Water Hyacinth (Eichornia crassipes (mart.) Solms.), Water Lettuce (Pistia

stratiotes Linn.), and Duckweed (Spirodela polyrhiza Linn.) are aquatic weeds that

can grow and reproduce very fast, especially Water Hyacinth.  It is able to adapt itself

to the tropical environment very well.  For this reason, their fast reproduction making

them one of the world’s top ten harmful weed flora (1).  They cause a variety of

economic and environmental losses such as blocking the flow of water and hindering

water transportation, making rivers shallower, causing floods, losing water for

irrigation and fishery, and especially, losing water for agriculture through their

evaporation.

Wolverton (2) performed an experiment by cultivating Water Hyacinth in an 

experimental pond covering 2.5 rai of area in Pensylvania University, U.S.A. in 1976.  

A result of this experiment was that Water Hyacinth could increase its number from 

10 to 600,000 and cover the whole area within 8 months or in other words, its weight 

would increase twice within 8-10 days.  For suitable environment, on an area of 

10,000 square meters, it would grow approximately 38-875 kilograms/10,000 square 

meters/day (3).

As these aquatic weeds can grow and reproduce very fast, it is expected that 

there will be considerable amount of losing water which should be used for other 

purposes, for example water used for irrigation in particular, small irrigation water 

supply such as reservoir, pond, swamp or marsh.  An objective of this study is to 

study on the Consumptive Use of Water Hyacinth, Water Lettuce, and Duckweed 

throughout the experimental period. The obtained data is to be used in planning to 

solve the problem of these aquatic weeds in irrigation water supplies.
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1.2  Objectives

1.  To study on the Consumptive Use of Water Hyacinth, Water Lettuce, and 

Duckweed.

2.   To study on the growth rate of Water Hyacinth, Water Lettuce, and

Duckweed.

3.  To compare the Consumptive Use of Water Hyacinth, Water Lettuce, and 

Duckweed by directly measuring, rice lysimeter, and computation by using a 

climatological data with various empirical methods i.e. Thornthwaite, Blaney-Criddle, 

Makkink, Jensen-Haise, Penman, and the Consumptive Use from Class A-pan.

1.3  Scope of Study

This study is conducted by using rice lysimeter which is used to measure the 

Consumptive Use of rice and aquatic plants at Research and Laboratory Station,  

Greater Maeklong Irrigation Project, Amphur Kampangsan, Changwat Nakornpatom  

for 150 days (June 14, 2002-November 10, 2002).

1.4  Definitions

1.  Consumptive Use or Evapotranspiration means loss of total water quantity 

from cultivation area into atmosphere in the form of water vapour.  Consumptive Use 

comprises 2 main parts as follows: (4,5)

1)  The vaporization of liquid water contained in plant tissues and the vapour 

removal to the atmosphere.  This part is called “Transpiration”.

2)  The process whereby liquid water is converted to vapour (vaporization) and 

removed from the evaporating surface (vapour removal).  This part is called 

“Evaporation”.

2.   Lysimeter is a container for cultivated plants which require measurement of 

Consumptive Use.  It is placed in the same area of plants which require such 

measurement and the condition inside and outside of lysimeter must be most similar 

to natural condition.  It is designed to be able to measure lost water quantity in order 
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to compute the Consumptive Use in various duration times.  Consumptive Use is 

expressed in water depth per time unit such as millimeter/day.

3.  Stolon is asexual reproduction of Water Hyacinth and Water Lettuce by 

seedlings germinated from boles of mother plant and grow as new plant (1).

1.5  Expected Results

1.   The Consumptive Use of Water Hyacinth, Water Lettuce, and Duckweed.

2.  The growth rate of Water Hyacinth, Water Lettuce, and Duckweed to be 

used in dealing with the problem of an increasing of these aquatic plants in nature 

water resource and man made lake.

3.   The differences in Consumptive Use of Water Hyacinth,  Water Lettuce, and 

Duckweed derived from direct measure from rice lysimeter and the Consumptive Use 

derived from computation based on climatological data by using various empirical 

methods i.e. Thornthwaite, Blaney-Criddle, Makkink, Jensen-Haise, Penman, and the 

Consumptive Use from Class A-pan.  It makes to know about a computing method 

which is suitable for the study area.
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CHAPTER II

LITERATURE  REVIEW

2.1  Water Hyacinth

Scientific name Eichornia crassipes (MART.) Solms.  (6)

Family Pontederiaceae

Synonymous name Pontederia crassipes MART.  (1823) (6)

Eichornia speciosa    Kunth.   (1843) (6)

Piaropus crassipes    Britton.  (1893) (6)

Common name United Kingdom:        Water Hyacinth, Water Orchid

           United States of America:  Million-dollar weed

Thailand:        Phak top chawaa, Phak top pong,       

                                           Sawa, Phak bong, Phak pong

2.1.1  Place of Origin and Distribution

Water Hyacinth was first found in Brazil (7).  It was a native plant of South 

America Continent.  Distribution of Water Hyacinth in Brazil was not as severe as 

countries in tropical zone such as Indonesia, Malaysia, and Thailand because in the 

origin source had natural enemies to control distribution rate and some environmental 

factor restricted their growth rate.  Water Hyacinth was brought from South America 

Continent for cultivating in various places such as Europe.  It had been popular 

among Europeans for 150 years because it had beautiful flowers likes Hyacinth 

(Flowering plant growing from bulb), so it was called “Water Hyacinth” which was 

accepted as a common name of it in the present time.  Moreover, a report started that 

Water Hyacinth was brought to cultivated in various places as follows: (7)
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In  1881,  Dutch people brought Water Hyacinth to be cultivated at a botanical 

garden in Boger City, Indonesia.  It could well adapt itself to the environment and 

distribute along various water bodies throughout the country.

In 1884, Water Hyacinth was brought from Venezuela, South America 

Continent to be cultivated in New Orlean, U.S.A. on an occasion of ornamental plants 

and flowers exibition.  It could well adapt itself and distribute in Saint John River,  

Florida.  This caused problems of water transportation, logging, and utilization of 

water supplies for other purposes.

In  1901,  Water Hyacinth was first brought from Indonesia to Thailand for use 

as ornamental plant and was known in the name “Phaktop Yawa”.  Later it distribute 

along canals and rivers throughout the country.

2.1.2  Botanical Characteristics

Botanical characteristics of Water Hyacinth are divided into stem, leaf, flower,  

fruit, and seed.  Details are as follows: (7)

Stem:  Stem is divided into 2 types as follows: underground stem is short.  The 

other stem is on the ground.  Stem rises into the air when there is a flower.  This stem 

is round, tapering, and upright.  At the end, there are nodes which produce leaves and 

flower buds are 4-5 centimeters long.

Leaf:  Leaf is divided into 2 types.  The normal leaf is ovate or orbicular or 

reniform.  The other leaf germinates on flower buds, it is small and has cordateform.  

Boles of petioles spread as bulb covering flower buds.

Flower: Flower buds of Water Hyacinth are spikes.  There are sub-flowers 

arranging on a single axel without stalk of sub-flowers.  A flower of Water Hyacinth 

comprises 4-60 sub-flowers.  Sub-flowers are zygomorphic.  Boles of petals are tube-

shaped.   The end of petals scatters but arranges and overlaps.  Flowers are purple.  

The middle petal is 2.3 × 3.5 centimeters long.  Other petals are 1.2 × 3.5 centimeters 

long.  There are 6 stamens comprising 3 short stamens which are 2.5 centimeters long.  

The end of stalk of stamens has round and swelling hairs.  Pistils have a superior 

ovary having 3 rooms.  Embryos attach to axile plaventation.  Stalks of pistils have 

short hairs.  The end of hairs are round and swelling.
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Fruit:  Fruit of Water Hyacinth is a capsule type.  When it is fully mature, it will 

break in the middle.  Fruit is cylindrical, its base being round and 0.3 × 1 centimeters 

long.  The end of fruit is pointed.

Seed:  Seed size of Water Hyacinth is 0.25 × 1.17 millimeters long.  It is 

comprises 10-12 ribs.
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2.1.3  Reproduction

Reproduction of Water Hyacinth comprises 2 methods.  The first method is 

asexual reproduction by stolon from original clump.  Generally, asexual reproduction 

of plants are budding and stolon.  The second method is sexual reproduction by 

germination of seedling from seed.  Generally, sexual reproduction of plants is 

fertilized process between stamens and pistils.

2.1.4  Growth and Development

Water Hyacinth which has asexual reproduction by stolon ruptures from mother 

plant and becomes a new plant.  Initially, spathes germinate at the inside bole of old 

petioles which are outside clumps.  Spathes grow as small sheets on short petioles and 

are wrapped by sheaths.  Later, leaf sheets wrap boles of petioles.  When petioles are 

longer, they will push out sheaths.  Leaf sheets begin to bloom and are dark green 

when they are older.  Sheaths can be seen at the boles.  Water Hyacinth clumps which 

are uncrowed will have long and tapering petioles.  In Thailand, Water Hyacinth 

produces flowers once a year, most favorably in November to February.  In India, it 

can produce flowers almost throughout the year but it germinates seeds during 

October to November (8).

Flower buds directly develop out of stems.  Stems rise into the air at the end of 

cordate leaf sheets.  There are transparent thin sheaths and thick sheaths wrapping this 

part and nearby boles of petioles.  Boles of petioles existing on these stems slightly 

swell and they are parts of bulb which generates flower buds.  When flower buds 

grow, stem and petioles are longer. The sheaths are then torn apart.  When flower 

buds increasingly grow, they gradually penetrate out and break bulbs and sub-flowers 

gradually bloom only one day in the morning when exposed to sunlight and close in 

the evening.  Petals are spiral.  Flower buds bend into the water bottom and develop 

as fruits.

Sexual reproduction of Water Hyacinth requires seeds.  A report stated that 

Water Hyacinth seeds which suspended in 2-3 centimeters depth could germinate.  

After germination, they would float on water surface.  Seeds existing in mud also 
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could germinate too.  After germination, fibrous roots would attach to mud (8).  

Seedlings germinating from seeds had only one cotyledon which was green and 

tapering.  The end of cotyledon was round.  Initially, cotyledon was spiral and had 

short white roots.  Later, sprouts would extend and have small leaves opposite the 

cotyledon.  When sprouts grew, they had more new leaves whose apex was flat green 

sheet.

Limsoonthorn (9) reported that natural germination of Water Hyacinth seeds 

was few and quantity of seed germination was different in each area such as 35% in 

India, 16-25% in Japan, and 9% in Thailand.  If fertilization between stamens and 

pistils was supported, seed germination rate would increase about 20-91% depending 

on environment of Water Hyacinth growth.  Suitable environment for seed 

germination was stagnant water with depth below 80 centimeters.  Size of Water 

Hyacinth was small (Height of stems did not exceed 30 centimeters).  There was a 

low seed germination rate in Thailand because Water Hyacinth was generally big 

(Height of stems exceeded 30 centimeters), and found in both stagnant and running 

water deeper than 80 centimeters. 

As for the number of Water Hyacinth seeds in nature, Saipanit (10) reported 

that, in 1 rai of area, there were 18 million Water Hyacinth seeds in mud, which could 

exist in soil for 15 years.  These seeds could tolerate in temperature between 4-40 °C.  

Normally, seeds could germinate in temperature not less than 22 °C amid the light.

2.1.5  Ecology of Water Hyacinth

Water Hyacinth is a floating aquatic plant.  It can grow in general freshwater, 

either contaminated with high levels of organic and inorganic nutrients or waters with 

low levels of nutrients.  Petioles of freely floating Water Hyacinth are swollen as a 

float.  In shallow water, petioles are swollen and attach to soil.  As for this condition, 

petioles are tapering.  If crowded, petioles have more length or height.

As for an increase in the number or mass of Water Hyacinth per area, a report 

stated that, under floating condition, Water Hyacinth could increasing its number up 

to 12 plants/square meter within 2 weeks, and would increase to 155 plants/square 
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meter within 6 weeks.  During 6 weeks, weight would increase 35 times or average 

dry weight increasing 11 grams/day/square meter (11).

Prakongwong (1) studied Water Hyacinth clumps in nature found that, Water 

Hyacinth clumps had different sizes for examples, 12-111 centimeters high.  Dry 

weight was 220-2,500 grams/square meter.  There were 20-179 Water Hyacinth 

plants/square meter.  In conclusion, very height Water Hyacinth (60-110 centimeters) 

had higher plant weight/square meter than short Water Hyacinth (12-59 centimeters)

but lower plant number/square meter.

2.1.6  Factors Which Affect Growth of Water Hyacinth

Water Hyacinth is an aquatic plant which has highest growth rate.  It has high 

environmental tolerance.  Reddy and Sutton (12) reported that growth rate of Water 

Hyacinth depended on several important factors such as temperature, solar radiation 

or light radiation, nutrient quantity of water, and density.

Temperature affects growth rate of Water Hyacinth.  Water Hyacinth can 

tolerate in water which temperature above 34 °C for 4-5 weeks.  If air temperature is  

–22.7 °C, its leaves will wilt and die within 24 hours and it dies at temperature of 5 °C 

within 48 hours (13).

Chassany (14) reported about productivity of Water Hyacinth in the harvest 

system.  This system had to eliminate crowded Water Hyacinth existing in water 

supply by dragging or using a bulldozer to scoop it to the bank.  Productivity of Water 

Hyacinth by dry weight was 30.6-35.2 grams/square meter/day.  As for non-harvest 

system, there was a decrease in productivity for half of harvest system.

Saknimit (15) studied productivity of Water Hyacinth found that, when density 

of Water Hyacinth was 40.58 kilograms by wet weight/square meter.  If cultivation 

continued, part of it would die and density would continuously decrease and remain at 

only 17.11 kilograms by wet weight/square meter in 60 days.
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2.1.7  Problems from Water Hyacinth

Water Hyacinth causes impacts on biological environment, physical 

environment, human use values, and quality of life (16).

2.1.7.1  Impacts on physical environment

1)  Impacts on water quality:  Water Hyacinth in any water supplies 

causes impacts on water supply development and water quality because crowded 

Water Hyacinth covers water surface, thus blocking oxygen dissolving in water.  This 

leads to a lower content of dissolved oxygen (DO) in water than the normal condition, 

and cause wastewater.  The situation becomes worse when there are considerable 

amounts of organic matter, and dead Water Hyacinth also causes shallowness and 

lower water quality as well as suspended substances on the water surface.

2) Impacts on water supply:  Water Hyacinth in flowing water 

blocks the flow of water and causes flooding.  Dead Water Hyacinth depositing makes 

the waterway shallower and blocks water transportation.

2.1.7.2  Impacts on biological environment

1) Impacts on water ecosystem:  Water Hyacinth blocks light, 

resulting in the decrease of light in water and then the decrease number of plankton.

2) Impacts on fishery and aquaculture:  Water Hyacinth which 

covers over 20% of water surface causes a considerable decrease of dissolved oxygen 

such that fish cannot survive.  Moreover, this causes not only a decrease of 

phytoplankton, important food of aquatic animals but also water shallowness which 

retards aquatic animal growth.

2.1.7.3  Impacts on Human Use Values

1) Impacts on transportation:  Crowded Water Hyacinth in canals 

and rivers obstruct water transportation, making such water bodies unnavigable or 

requiring a longer time.  A waste of fuel and damages to propellers can often occur.

2) Impacts on amount of water:  With a high rate evaporation of 

Water Hyacinth can cause a considerable impact on the amount of water because with 

its presence, water evaporation is approximately 3-5 times higher than normal.  Water 

Hyacinth in an area of 1 square meter causes evaporation of water approximately 0.35 
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cubic meter/day (16).  So it can cause a great loss of water and even lack of water in 

water supply.

3)   Impacts on agriculture:  Water Hyacinth impacts on agriculture 

can occur because it competes with crops in water and nutrients consumption.  It 

trespasses agricultural area.  It is a breeding source and habitat of pests and animals 

for example, shellfish and rats.  It blocks irrigation for agriculture.

4)   Impacts on irrigation:  Water Hyacinth in canals and rivers

blocks water drainage sluice gates and causes damage to them.

5) Impacts on electricity generation: Water Hyacinth causes 

important problems to hydroelectric generation and electricity generation from dams.  

It causes shallowness and reduces storage capacity of dams.  Moreover, it causes 

losses of water through evaporation 3-5 times faster than normal (16).

2.1.7.4  Impacts on Quality of Life

1)   Impacts on Public Health:  Water supplies with crowded Water 

Hyacinth is a breeding source of mosquitoes which are a vector of filariasis.  It is also 

a habitat of Bithynia sp., a vector of worm disease, and a habitat of rats, reptiles, and 

poisonous snakes.

2)  Impacts on landscape:  Crowded Water Hyacinth in beautiful 

places for recreation and relaxation can decrease their beauty to a great extent.

3)   Impacts on economy:  Water Hyacinth also causes economical 

damages because a large budget is needed for eliminating it, and wide distribution of 

Water Hyacinth also leads to losses of income.  Details are as follows:

 3.1) Economic damage from Consumptive Use: Water 

Hyacinth covering water surface of Thachin river basin over 20 square kilometers 

causes loss of water through its Consumptive Use as much as 2,555 million 

cubicmeters/year.  This causes an economic loss approximately upto 1,280 million 

baht/year.  This water quantity can irrigate for approximately 1.28 million rai of 

paddy field.  The remuneration is derived from paddy price of 1,000 baht/rai (17).

3.2) Economic damage from blocking drainage: Water 

Hyacinth covering water surface causes a lot of expenses for draining water out of 

flooded area and for removing it from various canals before the rainy season.  For
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example, in Bangkok Metropolitan, an annual budget of approximately 200 million 

baht is needed for eliminating it from canals in order to prevent flooding (17).

3.3)  Economic damage on water transportation:  River basins 

in the central region such as Thachin, Maeklong, and Chaophraya river basin are used 

for transportation.  There are also canals connecting them.  Water Hyacinth obstructs 

on travelling and transporting in Chaophraya, Thachin, Maeklong river, and tourism 

by boat.  It is estimated that there are more than 30,000 rounds/year ships travelling 

between Chaophraya and Thachin river basin.  Water Hyacinth blocks sluices in 

Thachin and Chaophaya river and causes delay of travelling and transporting by ships 

costing not less than 100 million baht/year.  Thailand Institute of Scientific Research 

and Technological (17) reported that, in 1993, there were 8,700 freighters (excluding 

passenger ships and tourism boats) passing Thachin river, connected canals, and 

Chaophraya river.  Damages from delay in travelling due to Water Hyacinth blocking 

were approximate to 12,000 baht/round.

3.4) Agricultural damage:  Water Hyacinth is a habitat of 

Sherry Shellfish which is a rice pest.  Sherry Shellfish lives on Water Hyacinth and 

floats along the water, enabling it to distribute easily.  This pest causes damage 

costing at over 200 million baht/year to paddy fields (17).

3.5)  Economic damage to irrigation system:  Water Hyacinth 

in irrigation canals (main canals and sub-canals) blocks water from flowing into those 

irrigation canals.  For example, Regional Irrigation Office 7 spends approximately 

130 million baht/year for eliminating weeds in irrigation system, but it can control 

only one-third of weeds in irrigation canals and drainage canals.  It is estimated that 

expenses used in controlling weeds in the lower part of Chaophraya river are 

approximately 400 million baht/year (17).

3.6) Economic damage from shallowness of rivers:  Dead 

Water Hyacinths flowing to tide end and sinking at the river mouth or river bed 

causes shallowness of water and costs large expenses for its elimination.  For 

example, there are about 1,800 tons of Water Hyacinth flowing daily to Thachin river 

mouth, where it dies and deposits, approximately 32,250 tons/years (like the lower 

part of Chaophraya river).  It can be estimated that an annual budget of 400 million 

baht is needed for excavating the river basin (17).
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Total economic damages and expenses spent by various agencies in 

the central and local levels, the private sector, and the people for eliminating Water 

Hyacinth and solving problems caused by Water Hyacinth are estimated to be no less 

than 2,500 million baht/year (17, 18).

2.1.8  Utilization

2.1.8.1  Water Hyacinth is used as food of various animals such as cow, 

buffalo, and horse.  Analysis of its nutrients showed that, there were 0.9–2.5% of 

Nitrogen, 5.0% of Potassium, 0.4% of Phosphorus, 3-4% of Chlorine, 3.5% of 

Calcium, and 0-0.09% of Magnesium.  Its Nitrogen quantity is nearest to that of food 

plants of various animals such as Guinea grass and Napear grass (19).

2.1.8.2 Water Hyacinth is produced as manure.  Analysis of various 

nutrients derived from fermenting Water Hyacinth existing in Makkasan Marsh, 

Bangkok for 3 months found that, manure comprised 1.5% of Nitrogen, 0.56% of 

Phosphorus, and 1.17% of Potassium.  Moreover, there were supplementary nutrients.  

As for heavy metal elements, there were Cadmium, Lead, and Chromium 0.94, 102.6 

and 130.3 ppm, respectively (20).

2.1.8.3  Water Hyacinth is used to produce cooking gas.  The obtained gas 

is methane.  The equipment and production method is similar to those used for 

producing gas from dung.  An experiment of NASA, U.S.A. found that, Water 

Hyacinth in the area of 1 hectare (6.25 rai) could be used to produce 70,000 cubic 

meters of gas.  One kilogram of dry Water Hyacinth could produce 770 liters of gas 

comprising 69% of methane gas.  However, this method was not popular because the 

production method had to be further improved for using in farms (21).

2.1.8.4  Water Hyacinth is used as material for culturing mushroom.  The 

first step is to dry Water Hyacinth by piling and arranging it in layers.  Each layer is 

25 centimeters high.  Sprinkle fermenting agent between layers and cover it with a 

plastic sheet (4x2x1 meters).  The heap produces 12-15 kilograms of mushroom 

within 2-3 weeks (22).

2.1.8.5  Water Hyacinth is used for treating wastewater.  It can grow well 

in water containing a high quantity of nutrients and oil slick.  It can well absorb 
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various substance masses.  A report on an experiment at Makkasan Marsh said that, 

Water Hyacinth could absorb 7 kinds of heavy metal elements comprising 

Manganese, Zinc, Lead, Copper, Nickel, Chromium, and Cadmium in very high 

quantities when compared with concentration in water.  Its efficiency in absorbing 

heavy metals varied along the individual weight mass of the plant.  The root and stem 

of Water Hyacinth was more efficiency in absorbing heavy metals than leaf and 

petiole.  Moreover, the plant was more efficient in absorbing insecticides such as 

Alpha BH Celinden, Heptachlor, Heptachlor Epoxide Alkrin, DDT, and compounds 

than other aquatic plants  (20, 23, 24).

2.1.8.6  Petioles of Water Hyacinth which are 80-100 centimeters long can 

be used in making several kinds of products such as hats, cradles, bags, files, fruit 

baskets, and furniture.  The price of dry Water Hyacinth petioles sold in the upcountry 

is 2-5 baht per kilogram.  In Bangkok, the price of 100 petioles is 10 baht (25).

2.1.8.7  Water Hyacinth is used as material for making paper pulp.  When 

mixed with cotton at suitable proportions it can be used for making thread (25, 26).

Utilization of Water Hyacinth as mentioned above is a way which can help

reducing the great quantity of the plant, and increase community income.

2.2  Water Lettuce

Scientific name Pistia startiotes Linn. (6)

Family Araceae

Common name Eastern Africa:        Nile Cabbage, Water Lettuce

United States of America:  Water Lettuce

Thailand:        Chok, Jawg

2.2.1 Place of Origin and Distribution

Water Lettuce is a floating aquatic plant found in the tropical zone   Place of 

origin of the plant is uncertain.  It can rapidly grow and block water transportation.  It 

is a breeding source of mosquitoes and causes a problem towards utilization of water 

for other purposes.
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2.2.2  Botanical Characteristics

Botanical characteristics of Water Lettuce can be divided into stem, leaf, flower,

fruit, and seed.  Details of various parts are as follows: (7).

Stem:  Water Lettuce has stems forming as leaves in the form of rosette.  Leaves 

are arranged in the shape of a rose.  A tuft of fibrous roots is beneath the stem.  Stems 

are stolon.

. Leaf:  Leaf of Water Lettuce has only one cotyledon.  It has no petioles.  The 

size of leaf is 2.5-15 centimeters (5).  The underside has a lot of small soft hairs.  

Swollen leaf sheets help Water Lettuce float well.  The upper part of leaf is fresh 

green while the lower part is pale green.

Flower:  Flower of Water Lettuce is white.  It is pilose outside and smooth 

inside.  Flower is 7-12 millimeters long and 5 millimeters wide.

Fruit:  Fruit of Water Lettuce is small and combined like baccate.  It will 

rupture, when it is old.

Seed:  Seed of Water Lettuce is oblong and 2 millimeters long.

2.2.3  Reproduction

Reproduction of Water Lettuce can be divided into 2 types, sexual reproduction 

and asexual reproduction.

Sexual reproduction is a process of fertilization between stamens and pistils 

from separate flowers.  Male flowers and female flowers will combine as small flower 

buds germinating along leaf boles.  Male flowers exist on female flowers.  Fertilizing 

between male flowers and female flowers will bear green fruits containing a lot of 

seeds.

Asexual reproduction occurs out of stolons around the mother plant which 

germinate new roots and stems.
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2.2.4  Growth and Development

Water Lettuce with asexual reproduction will rupture from its mother plant by 

stolon and develop as a new plant.  As for sexual reproduction, fertilization between 

male flowers and female flowers will bear fruits which contain a lot of seeds.  When 

these seeds rupture from the fruits, they will float on water for 2 days and begin to 

germinate as new plants within 5 days (6).

2.2.5  Ecology of Water Lettuce

The leaf of uncrowded Water Lettuce will lie flat on the water surface but under 

crowded condition, the leaf will rise and point towards the air.  Water Lettuce can 

float on water because it has swollen leaf sheets which store air.  The air quantity 

which is stored is as high as 70% when compared with general terrestrial plants which 

contain only 3-9% of air in their tissues (6).

2.2.6  Problems from Water Lettuce

Water Lettuce causes several impacts on human beings.  Therefore, studies have 

been made on how to control this weed.  Problems caused by Water Lettuce are as 

follows:

2.2.6.1 Impacts on fishery and aquaculture:  Crowded Water Lettuces 

blocks sunlight and thus causes a decrease of light in water.  This leads to a lesser 

plankton quantity in water.  Water Lettuce covering water surface also reduces 

dissolved oxygen and makes fish and other aquatic animals die.

2.2.6.2  Impacts on Public Health:  Water Lettuce covering water surface 

is a breeding source of mosquitoes which are a vector of various diseases.  For 

example, Anopheles sp. mosquito carries malaria.  This mosquito lays eggs in the 

undersides of the leaves which touch the water surface because there are a lot of small 

soft hairs on the leaf undersides which eggs can well attach (27).

2.2.6.3  Impacts on Agriculture:  Water Lettuce also grows in paddy fields 

and causes weed problems to the crop.
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2.2.7  Utilization

Water Lettuce is used as food for animal such as pigs and ducks.  Some parts of 

dry stems can be used as a skin disease curing medicine (28) such as rash curing 

medicine and itchiness curing medicine.  Moreover, it is used in initial wastewater 

treatment.

From the literature review it was found that, no study on Consumptive Use of 

Water Lettuce had ever been conducted.

2.3  Duckweed

Scientific name Spirodela polyrhiza Linn. (6)

Family Lemnaceae

Common name United Kingdom:        Duckweed

United States of America:  Duckweed

Thailand:        Nae

2.3.1  Place of Origin and Distribution

Duckweed is a floating aquatic plant which is found in the tropical zone and the 

temperate zone.  Place of origin is uncertain (29).

2.3.2  Botanical Characteristics

Botanical characteristics of Duckweed are divided into stem, leaf, root, flower,  

fruit, and seed.  Details of various parts are as follows: (27)

Stem:  Duckweed has no stem.

Leaf:  Leaf of duckweed is small and called “Frond”.  Its shape is oblong.  

There are single frond or cluster frond stemming from budding.  Each frond is 2-3 

millimeters wide and 3-4 millimeters long (30).  Frond back is green and the 

underside is red-purple.
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Root:  Duckweed has 4-9 roots per frond.

Flower:  Flower of Duckweed germinates beside duckweed plant and has a thin 

sheet which can be seen in small pouch concave into the leaf edge.  Flower is very 

small.

Fruit and seed:  Duckweed produces flowers and seeds like general flowering 

plants by sexual reproduction. Fruit and seed are very small.  Each fruit contains a lot 

of oblong seeds.

2.3.3  Reproduction

Reproduction of Duckweed can be divided into sexual reproduction and asexual 

reproduction.  Most Duckweed has asexual reproduction by budding.  Duckweed will 

produce a new frond from 2 fronds producing organs which exist on each side of 

mother frond.  A new frond is “daughter frond”.  When it grows, it will become 

mother frond and produce daughter frond according to the growth cycle while it 

attaches to mother frond.  The group of these attached fronds is called “colony”.  Each 

mother frond can produce daughter fronds about 10-20 times or over during its life 

cycle (31).  The number of produced fronds depends on several factors such as 

temperature, light intensity, and pH.

Sexual reproduction of Duckweed is to produce flower, fruit, and seed like 

general flowering plants.  Flower germinates beside Duckweed plant in the form of 

thin sheet which can be seen as small pouch concave into the leaf edge.  There are 

transparent and thin tissues around leaf edge.  The leaf edge is slightly concave in the 

undersides and has a white stalk projecting over water resembling small fungi lines.  

The end of stalk has 2 round nodes.  When they are old, they break into 4 serrated 

parts, and pollens will scatter.  Some pollens are light yellow, some are white.  There 

may be 1 or 2 stamens which may or may not simultaneously occur while pistils will 

also occur in those pouches found in every side.  Duckweed has pistils which emerge 

separate but exist in the same Duckweed plant, so an opportunity for breeding and 

germinating seeds is quiet possible.  Duckweed having flowers is smaller than the 

normal size.  Flowering occurs during December to January.
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Figure 2-5  General Characteristics of Duckweed (Spirodela polyrhiza Linn.) (32)

2.3.4  Growth and Development

Duckweed can adapt itself to grow in different topographic and climatic 

conditions.  Duckweed can be generally found in water, deserts, or the polar regions.  

However, it is generally found in the tropical and temperate zones.  Duckweed can 

distribute by carriage of water current and some kinds of water bird.

2.3.5  Ecology of Duckweed

Duckweed is a small floating aquatic plant.  Its size ranges from 1-15 

millimeters.  Its fruit and seed are very small.  It is not complicated.  Its leaf called 

frond, has no petiole and stem.  Duckweed have few fibers and can be used as animal 

food.
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2.3.6  Factors Which Affect Growth of Duckweed

Main factors which affect growth of Duckweed are as follows:

2.3.6.1  pH

Duckweed can grow in a wide pH range but can grow best in pH 4.5-7.5.  

An environmental condition with pH around 10 will affect growth of Duckweed by 

limiting water in Duckweed tissue (33).

2.3.6.2  Light and temperature

Duckweed grows well in environment with high light intensity.  Suitable 

temperature is 20–30 °C.  It can tolerate temperature of 35–40 °C (30).  It can also 

grow in environment with temperature as low as 7 °C by sinking into water and 

waiting until warmth has increased before gradually floating on water surface.  This 

process is adaptation of the plant when it is in unsuitable environment (having very 

low temperature) (27).

2.3.6.3  Pollutants in water

Heavy metals contaminated in water inhibit growth of Duckweed.  For 

example, Ethylene and Cadmium decrease the number of Duckweed by killing some 

of it.  Duckweed cannot grow well in case of lack of Nitrogen and in the presence of 

crowded algaes in water.

2.3.6.4  Wind and water currents

Wind and water currents make Duckweed adapt its growth by gathering in 

groups under environmental condition with wind and water currents. Suitable 

environments for Duckweed growth are streams or ponds where there is no change of 

wind and water currents.

2.3.7  Problems from Duckweed

Problems from Duckweed are as follows:

2.3.7.1  Impacts on aquatic ecosystem:  Crowded Duckweed which covers 

the water surface blocks light by reducing light in water.  This causes a decrease in 

plankton and aquatic animals finally die from lack of food.
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2.3.7.2  Impacts on water quality:  Crowded Duckweed also blocks 

oxygen dissolving in water.  So the water has a lower dissolved oxygen content than 

the normal level.  This may cause lack of dissolved oxygen in the water.

2.3.7.3  Impacts on transportation:  Crowed Duckweed in rivers and 

canals block water transportation, causing a waste of time and fuels.

2.3.8  Utilization

2.3.8.1  Duckweed is used as food for animals such as fish and duck 

because it has few fibers and high protein.  Culley and Epps (29) reported that 

Duckweed picked from natural water and wastewater contained approximately 140-

260 and 290-410 grams of protein/kilogram by dry weight, 20-40 and 40-60 grams of 

nitrogen/kilogram by dry weight, 2-10 and 13-29 grams of phosphorus/kilogram by 

dry weight, 90-120 and 60-90 grams of fibers/kilogram by dry weight, respectively.

2.3.8.2   Duckweed is used in wastewater treatment system.  It can absorb 

nutrients such as nitrogen, phosphorus, potassium, calcium, and magnesium from 

wastewater.  So it is used in initial wastewater treatment before using other treatment 

methods.

Related Researches

Prakoonhangsit et al. (34) studied the Consumptive Use of Water Hyacinth at 

Research and Laboratory Station, Greater Maeklong Irrigation Project, Ampher 

Kampaengsan, Changwat Nakornpathom, by using rice lysimeter, a container used for 

studying Consumptive Use of rice and aquatic plants.  Three sizes of Water Hyacinth 

were used, i.e. small size (a stem not over 20 centimeters high), moderate size (a stem 

20-40 centimeters high), and big size (a stem over 40 centimeters high), and lysimeter 

without Water Hyacinth.  Each lysimeter contained 40 Water Hyacinths.  Experiments 

were divided into 2 groups, each group being made in 2 replicate.  In Group 1, the 

lysimeter contained soil approximately 30 centimeters high while in Group 2, the 

lysimeter contained no soil.  The study found that, average Consumptive Use of 
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Water Hyacinth in lysimeter with soil was 8.86 mm/day, while that in lysimeter 

without soil was 8.46 mm/day.

Sirivorakul et al. (35) studied evaporation of Water Hyacinth at Research and 

Experiment Section, Weed Division, Irrigation Department, Ampher Pakkred, 

Changwat Nonthaburi.  He performed an experiment in a greenhouse and in an open 

area.  In the greenhouse he found that, water surface fully covered by Water Hyacinth 

had more evaporation than water surface without Water Hyacinth 3.02 times/day.  In 

the open area he found that, water surface fully covered by Water Hyacinth had more 

evaporation than water surface without Water Hyacinth about 3.67 times/day.  During 

the experiment the greenhouse had air temperature between 23-32 °C, water 

temperature between 24-30 °C, and relative humidity between 73-89.5%.  The 

experiment in the open area had air temperature between 23-35 °C, water temperature 

between 25-32 °C, and relative humidity between 70-79%.

Panyaporn et al. (36) studied evaporation of Water Hyacinth in a laboratory and 

in open field at Engineering and Physics Division, Scientific Department.  The 

experiment in a laboratory showed that, water having Water Hyacinth had more 

evaporation than water without Water Hyacinth.  Evaporation per 1 square centimeter 

of leaf area and 1 square centimeter of water surface in 24 hours was 0.12 grams of 

water weight/1 square centimeter of leaf area at the temperature of 30.8 °C and 56% 

of average relative humidity.

The experiment in the open field showed that, water having Water Hyacinth had 

more evaporation than water without Water Hyacinth about 3 times.  Evaporation in a 

bucket without the plant was approximate to 0.35 grams of water weight/1 square 

centimeter of leaf area in 24 hours.  Evaporation in a bucket having Water Hyacinth 

was approximate to 1.18 grams of water weight/1 square centimeter of leaf area in 24 

hours at the temperature of 35 °C and 58% of average relative humidity.

Kaewlamyai et al. (37) performed an experiment for studying the Consumptive 

Use of cattail by using rice lysimeter at Research and Laboratory Station, Greater 

Maeklong Irrigation Project, Ampher Kampangsan, Changwat Nakornpathom by 

cultivating cattail in 1 open bottom lysimeter and 1 closed bottom lysimeter. Two 

other lysimeters, one with an open bottom and the other with a closed bottom were 
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without cattail but contained other materials in order to have similar condition like 

those having Cattail.  The experiment found that, during a period of cultivating for 1 

year, cattail had Consumptive Use of 2,083.09 mm throughout the experiment period 

or 5.66 mm/day.

2.4  Consumptive Use of Water

Consumptive Use is important information for engineers who design an 

irrigation system and an irrigation project because it is concerned with quantity and 

frequency of giving water, designing size of irrigation structures, and providing water 

to the irrigation project.

Consumptive Use or Evapotranspiration means loss of total water quantity from 

cultivation area into atmosphere in the form of water vapour.  Consumptive Use 

comprises 2 main parts as follows:

1) The vaporization of liquid water contained in plant tissues and the vapour 

removal to the atmosphere.  This part is called “Transpiration”.

2) The process whereby liquid water is converted to water vapour (vaporization) 

and removed from the evaporating surface (vapour removal). This part is called 

“Evaporation”.
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Figure 2-6  Consumptive Use is Water Quantity Lost from Cultivation Area into 

Atmosphere in the form of Water Vapour, which Comprises Evaporation and 

Transpiration (4)

2.4.1  Transpiration

Transpiration is a process of the vaporization of liquid water contained in plant 

tissues and the vapour removal to the atmosphere from stomates as shown in Figure  

2-7

Figure 2-7  Loss of Water Through Stomates in the form of Water Vapour (5)
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Figure 2-8 represents that some cells of leaf attach to veins which are tubes 

bringing water to leaf.  When water is lost from leaf, its cells will wilt.  This makes 

cells have more power to bring water from veins.  Then water will increasingly flow 

from stem to leaf and roots will increasingly bring water from soil.  So if soil always 

has enough humidity, rate of plants bringing water from soil will depend on the 

transpiration rate.  On the contrary, if humidity in soil decreases and is not enough for 

the requirement of plants, transpiration rate will be equal to the rate which plants 

bring water from soil.

Figure 2-8  Cells at Leaf (4)

Transpiration of plants will be efficient if plants always have water for use in 

growth.  If humidity in soil decreases or the transpiration rate is higher than the rate 

which plants bring water from soil, plants will wilt.  Stomates will close and 

transpiration will decrease or stop in order to prevent plants from damage.  Stop of 

transpiration causes damage to plants.  If there is no transpiration, cells will wilt and 

reduce photosynthesis.  This causes plants to stop growth.  Damage may be prevented 

by always providing enough water to those plants and making soil easy for roots to 

widely and deeply spread by tillage, for example.  This will enable plants to bring 

enough water for use.
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2.4.2  Evaporation

Evaporation is distribution of water in the form of water vapour from water 

surface into atmosphere.  Evaporation rate depends on characteristics of the surface 

where there is evaporation.  Difference between water vapour pressure depends on 

temperature, wind, and atmospheric pressure.  In the study on Consumptive Use, 

evaporation will include the quantity which directly evaporates from soil surface or 

water surface and the quantity which evaporates from water which attaches to leaf and 

stem (4).

Evaporation is useful for plants because evaporation of water requires help from 

heat energy.  If this heat energy is not used for evaporation, it will be used to make 

plants release water approximate to water which evaporates from the soil surface.

2.5  Factors Effecting Consumptive Use

Consumptive Use depends more or less on 4 main factors as follows: (4)

1. Climate around plants which comprises heat energy from the sun or 

solar radiation, temperature, air humidity, and wind speed.

2.  Plant which comprises species and age of plants.  Each plant requires a 

different amount of water.  Consumptive Use of the same species of plant increases 

with plant growth and become more when it is in reproduction process.  After that 

Consumptive Use decrease gradually.

3. Soil which comprises soil humidity, soil texture, water storage

capability, salt concentration or other toxic substances.

4. Other factors such as a method of irrigation, depth of irrigating water, 

growing season, tillage, and mulch.

2.6  Methods in Finding Consumptive Use

There are several methods of finding Consumptive Use and could be classified 

into 2 main methods as follows: (4, 38)
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2.6.1  Direct Measuring

 

There are several methods of finding Consumptive Use by directly measuring. 

Each method has different advantages and disadvantages.  To use any method 

depends on required accuracy, budget for buying installing tools, and plant species.  

In this study, the method of finding Consumptive Use by measuring from lysimeter 

was selected.

Present lysimeter can be divided into 2 types, non-weighing lysimeter and 

weighing lysimeter.  In this study rice lysimeter which is specifically designed for 

measuring Consumptive Use of rice and aquatic plants was used.  It is a non-weighing 

lysimeter.  Details are as follows:

2.6.1.1  Rice Lysimeter

This lysimeter is designed for measuring Consumptive Use of rice only.  

Apart from measuring E = Evaporation and T = Transpiration, it can measure P = 

Percolation which is a part of water quantity which must be provided for rice. 

Ordinarily, this equipment comprises 4 same-sizes which can be divided into 2 

groups.  Group 1 had 2 lysimeters with open top and bottom and Group 2 had 2 

lysimeters with closed bottoms.  For each type, there is 1 lysimeter without rice or 

without measurement of transpiration.  Loss of water in lysimeters with open bottoms, 

there is percolation of some part in the paddy field.  Water level of each lysimeter

which decreased was measured by hook gauge.  After subtraction of value measured 

from 2 different lysimeters, factors of Consumptive Use in paddy field were obtained 

(4).

Rice lysimeters were used in this study because it was designed for rice and 

aquatic plants only, and Water Hyacinth, Water Lettuce, and Duckweed are floating 

aquatic plants.  As these plants generally had not any root to attach to soil in water 

(1,39), percolation value was not computed.  This research used only lysimeters with 

closed bottoms.
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Advantages and disadvantages of rice lysimeter

 1.  It can be easily built and is cheap.

2.  It can measure every composition of water required in paddy field.

 3.  It is designed for rice and aquatic plants only

4. Error of measurement may occur if soil which is an installation place of 

lysimeters with open bottom is different.

5.  While rice is young, wind may splash water into lysimeters.

 6.  Evaporation value of lysimeter without rice was higher than lysimeter with 

rice because it fully received sunlight and wind.  After this value was subtracted from 

the value measured from other lysimeters, the proportion of Consumptive Use such as 

transpiration or percolation in paddy field had less value than reality.

Figure 2-9  One Set of Rice Lysimeter Compound of  4 Same-Sizes Used for 

Different Purposes  (4)

2.6.2  Consumptive Use by Using Climatological Data

As there was limitation to finding Consumptive Use from direct measuring such 

as climate changing, it was difficult to measure.  Therefore, scientists tried to find 

method of finding Consumptive Use by using climatological data.  This is based on
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the principle and concept that Consumptive Use depends more or less on 4 main 

factors comprising soil condition, species and age of plants, climate, and cultivating 

management (38).

Principles for implementation are to find plants which grow well, having 

Consumptive Use rate without depending on age, receiving water or have high 

humidity all times.  A result of Consumptive Use does not affect other factors in order 

to make the Consumptive Use of studied plants depend on climate factor only.  Plant 

which has most of this qualifications is grass.

Consumptive Use of reference plant which is grown in soil with high humidity 

at all times in order to make Consumptive Use rate depend on climate factor only is 

called “Potential Evapotranspiration”, abbreviated as ETp.  Consumptive Use value of 

other plants other than the reference plant can be computed by using Equation 2–1 (4) 

as follows:

where; ET   =    Evapotranspiration  (mm day-1)

ETp =    Potential Evapotranspiration  (mm day-1)

Kc   =    Crop coefficient  (no unit)

Equation 2–1 is used for the conditions which plants receive enough water (non- 

water stress condition), have no disease, usually grow and distribute, soil has enough 

water, and climate is notchanged (5).

Crop coefficient or Kc is the value which depends on species and age of plants 

only.  Crop coefficient during growth in any period or throughout crop season can be 

computed by using Equation 2-2 (4) as follows:

ET and ETp are values of Consumptive Use derived from measuring in the same 

period.  Because climate, soil qualification, and other factors are similar, so Kc value 

cp KETET ×=

p
c ET

ETK =

(2-1)

(2-2)
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depends on species and age of plants only.  Therefore, Kc value can be generally used 

without depending on specific place or climate.

2.6.2.1  Potential Evapotranspiration (ETp)

There are several methods in computing Potential Evapotranspiration 

(ETp) by using climatological data.  To use any equations for computing ETp must 

take into account work characteristics, required accuracy, existing data, and tools used 

for measuring data.  Methods of computing ETp are as follows: (4)

1.  Thornthwaite method

2.  Blaney-Criddle method

3.  Makkink method

4.  Jensen-Haise method

5.  Penman method

1)  Thornthwaite method

 
In 1948, Thornthwaite who was an American Scientist (5) studied 

the Consumptive Use in the Central Region and Eastern Region of U.S.A.  He found 

the relationship between monthly mean temperature and Consumptive Use when soil 

humidity was enough for requirement of plants at all times.  Consumptive Use when 

there was enough soil humidity was called “Potential Evapotranspiration”.   

Thornthwaite equation (Equation 2-3 (4)) is as follows:

where; ETp =    Potential Evapotranspiration which occurs in 30 days (cm.)

Ld      =    Mean of sunlight duration which indicates number of times of 

12 hours in various months having 30 days (no unit) (as shown in Tale B–2 in 

Appendix B)

T       =    Monthly mean temperature in degree Celsius

a

dp I
T10L60.1ET 





×=

(2-3)



Fac. of Grad. Studies, Mahidol Univ.                M.Sc. (Technology of Environmental Management) / 35

I    =   Annual heat index (no unit) which is equal to the sum of 

monthly heat index (i) throughout the year.  Monthly heat index value (i) for 

temperature in degree Celsius can be seen in Table B–1 in Appendix B or computed 

by Equation 2–4 (4) as follows:

and Equation 2–5 (4) is as follows:

a = 0.000000675I3 - 0.0000771I2 + 0.01792I + 0.49239

where; a  =  Coefficient involving annual heat index value (no unit).

This ETp value is the value for a month having 30 days.  For a 

month having more or less than 30 days, the value of ETp can be computed by 

multiplying number of days with computed value and dividing by 30.  Then ETp for 

that month is obtained (4).

A method of computing Potential Evapotranspiration (ETp) from 

Equation 2–3 of Thornthwaite method can be easily used because this equation 

requires only monthly mean temperature.  But this equation is not widely used 

because of the following disadvantages:

1) Atmospheric temperature cannot directly indicate heat energy 

used for evaporation and transpiration because real energy used in evaporation and 

transpiration is solar radiation.  Energy from the sun does not vary along with 

atmospheric temperature of the earth surface.  For example, mean temperatures in 

November and March in Netherlands are equal to 5.4 and 5.0 °C, respectively, which 

are very close.  While solar radiation and ETp measured are different nearly 4 times.

2)  Atmospheric temperature after winter increases more slowly than 

the earth receiving solar radiation.  This means that the earth receives solar radiation 

514.1

5
Ti 






=

∑=
=

12

1j
jiI

(2-4)

(2-5)
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for several weeks while atmospheric temperature begins to increase, so ETp computed 

by using this equation is always less than the real value.

3) If atmospheric temperature is equal to or lower than 0 °C,  

evaporation and transpiration do not occur.  But temperature used in Thornthwaite 

equation is monthly mean temperature.  There may be a day with temperature higher 

or lower than 0 °C.  This causes an error of the computed value.

4) Thornthwaite did not consider wind speed and a result of having 

dry and hot wind for computation in this equation.  These characteristics affected to 

evaporation and transpiration.

However, as for an area where there are only atmospheric 

temperature data, Thornthwaite equation may be used to roughly compute ETp (4).

2)  Blaney-Criddle method

In 1942, Blaney and Morin (4) proposed equation for use in 

computing Consumptive Use by using temperature, relative humidity, and length of 

day time hours as required data.  As relative humidity was very little in that period, so 

in 1950, Blaney and Criddle altered equation by cutting relative humidity out of the 

original equation.  Later, this new equation was well known as Blaney and Criddle 

equation (Equation 2-6 (4)) as follows:

where; U   = Consumptive Use throughout cultivating season (inch)

K   =     Crop coefficient which depends on species of plants and 

length of cultivating season (no unit)  (as shown in Table B-4 in Appendix B)

F   =      Consumptive Use factor which is equal to the sum of 

multiplication between mean temperature in degree Fahrenheit and percent of day 

time hours throughout annual cultivating season (no unit)








∑

×
×=×=

100
ptKFKU (2-6)
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t   =    Mean temperature in degree Fahrenheit.  If climatological data 

are in degree Celsius (°C), it can be changed to degree Fahrenheit (°F) by the 

following equation

°F = (1.8 x °C) + 32

p  = Percent of daytime hours of annual cultivating season (%)

As for computation of monthly Consumptive Use, small letters are 

used in Equation 2-7 (4) as follow:

where; u    =    Monthly Consumptive Use (inch)

k    =    Monthly crop coefficient (no unit)

f    =    Consumptive Use factor which is equal to the sum of 

multiplication between mean temperature in degree Fahrenheit and percent of daytime 

hours throughout annual cultivating season (no unit)

f   = 1, if it is Potential Evapotranspiration

t    =     Monthly mean temperature in degree Fahrenheit

p   =     Percent of daytime hours of the month during 1 year (%)      

(as shown in Table B-3 in Appendix B)

From the literature review it was found that, Blaney-Criddle 

equation used in various places had disadvantages.  But Blaney-Criddle equation is 

more widely used because it has Crop Coefficient (Kc) which depends on species and 

age of plants.  If Consumptive Use is correctly measured, value of Kc which is 

suitable for climate in that area can be computed, so the Consumptive Use derived 

from this equation in nearby area or an area where there is similar climate will be 

more accurate.







 ×

×=×=
100
ptkfku (2-7)
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3)  Makkink method

Makkink, who was a Dutch scientist (4) proposed equation for use 

in computing Potential Evapotranspiration by using solar radiation for computation. 

Makkink equation (Equation 2–8 (4)) is as follows:

where; ETp = Potential Evapotranspiration of grass (millimeter day-1)

Q =     Incoming solar radiation compared as evaporation rate of 

water (millimeter day-1).  As for Thailand, which is located between Latitude 6–26 °

North, if incoming solar radiation is not measured, it can be computed from Equation 

2–9 (4) as follows:

where; QA =    Incoming solar radiation on the earth surface without 

atmosphere is compared as evaporation rate of water in mm day-1  (as shown in Table  

B–5 in Appendix B)

n =    Actual duration of sunlight (hours)

N =    Longest duration of sunlight (hours)

As for an area where there is no measurement of actual duration of 

sunlight, it can be computed from cloudiness which is data measured and gathered by 

the Meteorological Department.  Cloudiness value can be measured from 0–8.

As for Thailand, Palayasoot (41) found n/N ratio in the form of 

Equation 2–10 (41) as follows:

where; Cc =       Cloudiness derived from statistics of the Meteorological

Department, having value from 0–8 (no unit)

12.0
γ∆

∆Q61.0ETp −
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∆ =    Slope of saturated vapour pressure and temperature which is 

equal to mean temperature (k Pa °C-1)

γ =     Psychrometric constant (k Pa °C-1)

=     0.49 for temperature in degree Celsius and pressure in 

millimeter of mercury

=     0.27 for temperature in degree Fahrenheit and pressure in 

millimeter of mercury

Value of ratio ∆/( ∆ + γ) for temperature in degree Celsius can be 

seen in Table B–6 in Appendix B.

Boonyatarokul (4) tried to use Makkink equation in Thailand and 

found that, this equation gave the computed value which was lower than reality.  This 

was because this equation was proposed in the Netherlands which was humid and 

cool.  Makkink did not bring a result of having hot and dry wind which occurred in 

the temperate zone and tropical zone for consideration in equation.  As dry and hot 

wind had heat energy used in evaporation and transpiration, so the value computed by 

this equation was lower than reality.

4)  Jensen–Haise method

In 1963, Jensen and Haise (4) studied the relationship between 

Consumptive Use and solar radiation in the western region of U.S.A by using 3,000 

data derived from measurement.  After considering 1,000 data derived from standard 

measurement they found that, solar radiation was the main energy which controlled 

Consumptive Use and the obtained relationship was that ratio between Consumptive 

Use and solar radiation directly varied on atmospheric temperature.  In the case of 

ETp using alfalfa as a reference plant had relationship as shown in the Equation 2-11 

(4) as follows:

where; ETp =      Potential Evapotranspiration of alfalfa (millimeter day-1)

T =      Monthly mean air temperature (Degree Celsius)

Q)TT(CET xTp ×−= (2-11)
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Q  =      Solar radiation compared as evaporation rate (millimeter day-1)

CT =      Coefficient involving atmospheric pressure (no unit)

where; Elev = Average height of area over mean sea level (meter)

C1 =    Coefficient involving atmospheric pressure (no unit)

C2 =    7.6 for temperature in degree Celsius

where; e2 = Saturated vapour pressure at highest mean air temperature in 

the hottest month of the year (millibar)  (as shown in Table B–8 in Appendix B)

e1 = Saturated vapour pressure at lowest mean air temperature in 

the hottest month of the year (millibar)  (as shown in Table B–8 in Appendix B)

TX =    Constant value for cultivating area (no unit) computed by 

Equation 2–12 (4) as follows:

Boonyatarokul (4) tried to use Jensen–Haise equation in Thailand 

and found that this equation also had problems because it was proposed in an arid area 

and semi–arid area in the Western Region of U.S.A.  When it was used in Thailand, 

computed value was higher than reality.  Moreover, alfalfa also used more water than 

grass.  If it required comparison as Consumptive Use of grass, the value computed by 

Jensen–Haise method had to be multiplied by 0.87.
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5)  Penman method

In 1948, Penman (4) proposed equation which gathered all energy 

causing evaporation, including energy from the sun and energy stemming from the 

movement of wind and air humidity.  Penman equation (Equation 2–13 (4)) is as 

follows:

where; ETp = Potential Evapotranspiration of grass (mm day-1)

∆ =   Slope of saturated vapour pressure and temperature which is 

equal to mean temperature (k Pa °C-1)

γ =    Psychrometric constant (k Pa oC-1)

Qn =   Net solar radiation compared as evaporation rate of water   

(mm day-1)

If net solar radiation was not measured, this value might be 

estimated from Equation 2–14 (4) as follows:

where; QA =    Incoming solar radiation on the earth surface without 

atmosphere compared as evaporation rate of water (mm day-1)  (as shown in Table B–

5 in Appendix B)

r =  Reflection coefficient which is a ratio between solar radiation 

which reflected and solar radiation which fell on that object surface.  Penman used r = 

0.05 for water surface, and r = 0.10 for wet soil which was not covered by plants, and 

r = 0.20 for fresh green plant

n =    Actual duration of sunlight (hours)

N =   Longest duration of sunlight which occurred during the study 

period (hours)
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EγQ∆ET an

p +
+

=

)))N/n(90.010.0()e0797.056.0(Tσ()))N/n(5.026.0()r1(Q(Q d
4

An +×−−+×−=

(2-13)

(2-14)



Nattapong  Supmaneenan  Literature Review / 42

Ratio of n/N could be computed by using cloudiness from  

climatological statistics of Thailand, Meteorological Department and Palayasoot 

equation (41)

σT4 =  Radiation reflected from black object compared as 

evaporation rate of water (mm day-1)  (as shown in Table B–7 in Appendix B)

ea =    Saturated vapour pressure at atmospheric temperature 

(millibar)  (as shown in Table B–8 in Appendix B)

ed =   Saturated vapour pressure at mean dew point temperature 

(millibar).  If mean dew point temperature was not measured, it could be computed 

from Equation 2–15 (4) as follows:

ed = (Relative Humidity) x ea

Ea =   Evaporation of water due to movement of wind and air 

humidity (mm day-1)

whereas Ea = 0.262 (ea – ed) x (1+0.0062 U2)

U2 =    Mean wind speed 2 meters over the ground (mm day-1)

If wind speed at the level of 2 meters was not measured, value 

measured at other level might be changed as value at the level of 2 meters by using 

Equation 2–16 (4) as follows:

where; U1 =   Wind speed (km day-1) measured over the ground h meter

The value of wind speed in a climatological statistics of Thailand 

prepared by Meteorological Department was expressed in knot.  One knot is equal to 

44.478 km day-1 (47).

Boonyatarokul (4) tried to use Penman equation in Thailand and 

found that, Penman equation gave a computation result which was approximate to the 
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measured value and was better than other equations.  However, the equation proposed 

for a specific area was the most suitable equation.  Penman gave more accurate value 

because this equation gathered all factors which affected Consumptive Use such us 

solar radiation, temperature, air humidity and wind speed.  Moreover, a method of 

created equation depended on a basis of theory which was more acceptable than other 

equations (4, 38).

Tongaram et al. (38) reported that, there was a comparative study on 

all equations as already mentioned by using reliable data from various places around 

the world.  The conclusion of a shortest period for computation of average Potential 

Evapotranspiration (ETp) which was accurate and reliable is as follows:

1.  Thornthwaite method -  Not less than 1 month

2.  Blaney–Criddle method   -  Throughout crop season or not less than 1 month

if there was calibration for a specific area

3.  Makkink method           -  Not less than 10 days 

4.  Jensen–Haise method  -  Not less than  5 days

5.  Penman method             -  Not less than  1 day

2.7  Consumptive Use with Evaporation Pan

Consumptive Use could be found by computing with various equations and by 

direct measuring.  Moreover, it could be found by using Evaporation pan which can 

be divided into 2 types.  The first type is a pan which contained water called 

Evaporation pan which allowed water to directly evaporate from water surface and the 

other type was Evaporation pan which allowed water to evaporate from the riddled 

object surface.  Although evaporation of water was not identical with transpiration of 

plants, both processes were similar because they were distribution of water vapour 

into atmosphere. Transpiration was controlled by closing and opening of stomates 

while evaporation from the water surface was not controlled by any factor. 

Various factors such as solar radiation, temperature, relative humidity, and wind 

speed which affected transpiration also affected evaporation of water from 

Evaporation pan too.  So, Evaporation pan which was correctly installed could be 

used to compute Consumptive Use in a short period more accurately than 

When using value
of solar  radiation
derived from
measurement
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computational equations which used only one kind or 2-3 kinds of climatological data 

such as Thornthwaite equation or Blaney–Criddle equation.  Moreover, Evaporation 

pan was easily used and cheap (4).

2.7.1   Installation of Evaporation Pan

Evaporation pan which was widely used and acceptable to World 

Meteorological Organization was U.S. Weather Bureau Class A or Class–A pan.  Its 

diameter and depth were 120 centimeters (47.5 inches) and 25 centimeters (10 

inches), respectively.  It was made of zinc-coated iron or mixed metals which were 

durable to corrosion if water in that area had high pH.  This pan was placed on the 

wood sheets on the soil surface.  Pan button had to be approximately 10 centimeters  

over original soil level.  Area around this pan had to be smooth and was not blocked 

by building or trees which gave shade and changed blowing direction of wind towards 

the pan.  Water level of the pan should be approximately 5 centimeters (2 inches)   

lower than the pan edge.  Water had to be filled when water evaporated approximately 

2.5 centimeters (1 inch).

Consumptive Use derived from evaporation of water from Class-A pan 

could be computed by using Equation 2-17 (4) as follows:

where;  ET    =   Potential Evapotranspiration ( mm day-1)

Ep =   Evaporation value of water read from Class-A Pan (mm)

Kp    =   Pan coefficient, for Thailand, Kp  =  0.85 (37)

Kc    =   Crop coefficient (no unit)

cpp K)KE(ET ××= (2-17)
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Figure 2-10  Installation of U.S. Weather Bureau Class – A pan (4)
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CHAPTER III

MATERIALS AND METHODS

3.1  Research Characteristic

This experimental research is performed under natural environment (43,45) at 

Research and Laboratory Station, Greater Maeklong Irrigation Project, Amphur 

Kampangsan, Changwat Nakornpatom.  Experiment period was 150 days (June 14, 

2002 – November 10, 2002).

3.2  Materials

1.  12 rice lysimeters with closed bottoms

2.  12 Hook gauges for measuring water level of lysimeters

3.  Class–A pan

 4.  Meteorological data from Meteorological Station in the study area

5.  Water Hyacinth, Water Lettuce, and Duckweed of approximate size

6.  Aluminum frame 30 centimeters wide and 30 centimeters long

7.  1 water pump

8.  Bamboo for making a walkway in an experimental plot

9.  Equipment for digging soil

        10.  A screen for containing plants for weighing

        11.  Weighing machine

        12.  Oven

        13.  A ruler for measuring plant sizes

        14.  Data recording form
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3.3  Methods

1)  Preparing soil by digging soil for burying rice lysimeter with the size 75 cm. 

wide x 75 cm. long x 100 cm. high.  This lysimeter was designed for studying 

Consumptive Use of rice and aquatic plants only.  Soil would be dried for 7-15 days 

then it was ground and smoothed (44) before burying lysimeter with the edge 

approximately 40 centimeters higher than soil level.  Distance between each lysimeter 

was 3 meters.  As this study used floating aquatic plants, so lysimeters with closed 

bottoms were used.  This experiment had 3 replicates and used 12 lysimeters.  Burial 

of lysimeters is shown in Figure 3-2.

2)  Filling water in 12 lysimeters with water level approximately 15 centimeters 

lower than lysimeter edge.  After that water was pumped into 12 lysimeters and the 

experimental plot.  Water level outside lysimeters was at the same level as that in 

lysimeters.  Then Water Hyacinth, Water Lettuce, and Duckweed of the same size (as 

used in an experiment) put around the experimental plot for imitating natural 

condition.  Only data on plants existing in lysimeters were collected.  Bamboo was 

used to make walkway between lysimeters.  Plants were put outside lysimeters in an 

experimental plot covering 5 square meters of the water surface/each species.  Figure 

3-3 shows plants put outside lysimeters within the experimental plot.

3) Cultivating plants by putting each species of plants in full coverage of an 

aluminum frame which was 30 cm. wide and 30 cm. long placed on the water surface 

within lysimeters.  This would make it possible to compare density per area of three 

species of plants in the initial stage of an experiment and those plants would have 

more growth area.  Three lysimeters were used for containing Water Hyacinth (stem 

height not over 15 centimeters), 3 for Water Lettuce (stem width not over 10 

centimeters), and 3 for Duckweed (put in full coverage of aluminum frame). The 

other 3 lysimeters contained no plants.  They were used for measuring evaporation of 

water only.

4) Hook gauges were permanently installed in 12 lysimeters and the value of 

decreasing water level was read at 9.00 a.m. everyday throughout 150 days.  After 

reading and recording data, fill water into the lysimeters by keeping the water level 

approximate 15 centimeters below the lysimeter edge.
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5)  Weigh wet weight, count the number of plants and measure stems of the 3 

species of plants once a week in order to know relationship between growth rate of 

each species and the Consumptive Use.  A method of measuring sizes of plant stems 

is as follows:  For Water Hyacinth, measure height of stem from a bole to the longest 

leaf, for Water Lettuce measure width of stem from the left side of the longest leaf to 

the right side, and for Duckweed measure width of stem frond.  To weigh plants, put 

each species of plants existing in lysimeters on a screen.  After 10 minutes, weigh the 

screen with each plant species on a weighing machine, record the weight and subtract 

the weight of screen.  After that putting plants into lysimeters and finding dry weight 

of plants once a week by selecting plants which were outside lysimeters but were still 

in the experimental plot.  The size and number of selected plants must be most 

approximate to those of the plants in lysimeters.  Bring them to weigh wet weight to 

have the same wet weight as those plants in lysimeters.  After that dry the 

representative plants existing in lysimeters by using an oven at laboratory of the 

Faculty of Environment and Resources Studies, Mahidol University at the 

temperature of 80 °C for 48 hours (46) in order to know biomass of Water Hyacinth, 

Water Lettuce, and Duckweed which increased each week within 150 days.

6)  Data were continuously collected throughout experimental period of 150 

days (June 14, 2002–November 10, 2002).  The obtained data were used to compute 

the Consumptive Use of each species of plants by Thornthwaite method, Blaney–

Criddle method, Makkink method, Jensen–Haise method, Penman method, and 

computing Consumptive Use by Class-A pan.

7)   Comparison of the Consumptive Use of Water Hyacinth, Water Lettuce, and 

Duckweed from the experiment was made by using statistical analysis and then  

compared with the Consumptive Use from Thornthwaite method, Blaney-Criddle 

method, Makkink method, Jensen–Haise method, Penman method and Consumptive 

Use by Class-A pan.  The values of crop coefficient of Water Hyacinth, Water 

Lettuce, and Duckweed were also computed.
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3.4  Statistical Analysis

1)  Descriptive statistics such as mean, maximum value and minimum value 

were used for describing data from the experiment such as Consumptive Use, wet 

weight, and dry weight of each species of plants.

2)  Analytical statistics.  This experiment was designed in the form of CRD 

(completely randomized design) which comprised 4 treatments and 3 experiment units 

as shown in Figure 3-4.  Analysis of variance (ANOVA) of the Consumptive Use of 

each species by F-test was performed in order to find out whether each species of 

plants had different Consumptive Use or not at the statistical significance level.  If 

each species had different Consumptive Use at the statistical significance level, then 

treatment mean would be compared by using Duncan’s New Multiple–Range Test or 

DNMRT in order to know whether each species of plants had different Consumptive 

Use when compared in each species of plants or not.

Step of the study is shown in Figure 3-1.  
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Figure 3-1  Study Diagram

Preparing soil for making an experimental plot

Pumping water into the plot

Putting plants inside and outside lysimeters

Installing hook gauge

Reading value of water level every day

Weighing wet weight, Counting number of plants, Drying plants for finding dry weight

Computing value of ETp,  Kc,  and Consumptive Use of each species of plants

Comparing Consumptive Use of each species of plants by statistical analysis
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Figure 3-2  Burying lysimeter

Figure 3-3  Putting plants outside lysimeter within experimental plot
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Figure 3-4  Characteristic of an experimental plot
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CHAPTER IV

RESULTS AND DISCUSSION

4.1  Consumptive Use of Water Hyacinth, Water Lettuce, and Duckweed

Results of the study on the Consumptive Use of Water Hyacinth, Water Lettuce, 

and Duckweed are as follows:

Throughout the experimental period for 150 days (June 14, 2002–November 10, 

2002) it was found that, total Consumptive Use and average Consumptive Use of 

Water Hyacinth was 900.84 mm and 6.01 mm/day, respectively.  Total Consumptive 

Use and average Consumptive Use of Water Lettuce was 728.90 mm and 4.86 

mm/day, respectively.  Total Consumptive Use and average Consumptive Use of 

Duckweed was 649.99 mm and 4.33 mm/day, respectively. Details of the 

Consumptive Use of the three plants are shown in Table 4–1.

During the experiments, there were totally rainfall 54 days.  Total rainfall was 

559.7 mm.  It did not appear that there was any day having enough rainfall which 

could make water in lysimeters overflow from lysimeters.  Total measured rainfall 

was in the normal reference level of 25 years Rainfall Statistics (1973–1997) of 

Kampangsan Meteorological Station, Changwat Nakornpathom which was equal to 

1,001 mm (47).  Details of the Consumptive Use of Water Hyacinth, Water Lettuce, 

and Duckweed and rainfall are shown in Table C-1 in Appendix C.

Comparison of the Consumptive Use of Water Hyacinth, Water Lettuce, 

Duckweed, evaporation of water, and rainfall showed that, on a day having more 

rainfall than average rainfall, i.e. 10–36 mm, evaporation of water in lysimeters and 

the Consumptive Use of each species of plants would be lower than those of other 

days as shown in Chart 4–1, 4–2, 4–3, and 4–4, respectively.
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Comparison showed that the Consumptive Use of Water Hyacinth, Water 

Lettuce, and Duckweed did not vary as they grew.  This was because at the beginning 

of the experiments the quantity of each species of plants was less and water surface 

area exposed to evaporation was more.  Therefore, initial Consumptive Use came 

from evaporation in lysimeters rather than from transpiration of the plants.  As plants 

gradually grew, they began to cover more water surface area, therefore,  Consumptive 

Use came from transpiration of the plants rather than from evaporation in lysimeters. 

So, the Consumptive Use of the plants from the beginning to the end of the 

experiments was not significantly different.

Analysis of variance showed that the Consumptive Use of Water Hyacinth, 

Water Lettuce, and Duckweed was different at the significance level of 99% 

(α=0.01).

The use of Duncan’s New Multiple Range Test or DNMRT in order to know 

whether Consumptive Use of Water Hyacinth, Water Lettuce, and Duckweed was 

different or not showed that it was different at the significance level of 99% (α=0.01).  

Details of analysis of variance and DNMRT are shown in Appendix D.

4.2 Potential Evapotranspiration (ETp) in Study Area

Potential Evapotranspiration value (ETp) was derived from 25–year 

meteorological data (1973 to 1997) of Kampangsan Meteorological Station, 

Changwat Nakornpathom (as shown in Table E-1 in Appendix E) to be jointly 

computed with equations for computing Consumptive Use (4) by Thornthwaite

method, Blaney–Criddle method, Makkink method, Jensen–Haise method, Penman 

method, and from Class–A pan (Computational method was shown in Appendix F).  

The obtained ETp value was monthly ETp value.  Then average ETp value throughout 

the experimental period was computed.

Computational results were as follows: average Potential Evapotranpiration 

(ETp) from Thornthwaite method, Blaney–Criddle method, Makkink method, Jensen-

Haise method, Penman method, and from Class–A pan of Water Hyacinth, Water 

Lettuce, and Duckweed throughout the experimental period were 5.65, 5.81, 3.06, 

4.15, 4.08, and 3.23 mm/day, respectively.
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According to ETp computed by various equations, ETp of the plants which was 

computed by the same equation would have an equal value.  This was because 

climatological data in the same period were used in the computation.  For example, 

using 25–year average temperature data of June gave a constant value of temperature 

mean.  Details of average ETp of the plants throughout the experimental period are 

shown in Table 4– 2 as follows:
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4.3  Crop Coefficient (Kc) of Water Hyacinth, Water Lettuce, and Duckweed

The study found that, Crop Coefficient (Kc) of Water Hyacinth from 

computation by Thornthwaite method, Blaney–Criddle method, Makkink method, 

Jensen–Haise method, Penman method and from Class–A pan throughout the 

experimental period were 1.10, 1.03, 1.95, 1.44, 1.46, and 1.85, respectively; Kc of 

Water Lettuce from computation by Thornthwaite method, Blaney–Criddle method,  

Makkink method,  Jensen–Haise method,  Penman method and from Class–A pan 

were 0.91, 0.84, 1.59, 1.17,  1.19, and 1.51, respectively;  and Kc of Duckweed from 

computation by Thornthwaite method, Blaney–Criddle method, Makkink method, 

Jensen–Haise method, Penman method and from Class–A pan were 0.81, 0.75, 1.43, 

1.05, 1.07, and 1.35, respectively.

Details of Crop Coefficient (Kc) of the three plants throughout the experimental 

period are shown in Table 4–3, 4–4, and 4–5, respectively.
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4.4 Comparison of the Consumptive Use

From the study it was found that, Consumptive Use of Water Hyacinth, Water 

Lettuce, and Duckweed from direct measurement and those from computation by 

using climatological data in the study area by Thornthwaite method, Blaney–Criddle

method, Makkink method, Jensen–Haise method, Penman method, and Consumptive 

Use from Class–A pan had similar results as shown in Table 4–6.

Table 4–6  Comparison on Consumptive Use from Computation by Various Methods 

and Direct Measurement

ET (mm/day)

Plant
Lysimeter Thornthwaite Blaney-Criddle Makkink Jensen-Haise Penman E-pan

Water Hyacinth

Water Lettuce

Duckweed

6.01

4.86

4.33

6.215

5.142

4.577

5.984

4.880

4.358

5.967

4.865

4.376

5.976

4.856

4.358

5.957

4.855

4.366

5.976

4.877

4.361

Table 4–6 shows that, using Blaney–Criddle method with Water Hyacinth gave 

Consumptive Use value of 5.984 mm/day.  This value was closest to that measured 

from lysimeters which was 6.01 mm/day.  Jensen–Haise method used with Water 

Lettuce gave Consumptive Use value of 4.856 mm/day.  This value was closest to that 

measured from lysimeters which was 4.86 mm/day.  Blaney–Criddle and Jensen–

Haise methods used with Duckweed gave Consumptive Use value of 4.358 mm/day.  

This value was closest to that measured from lysimeters which was 4.33 mm/day.
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4.5  Growth Rate of Water Hyacinth, Water Lettuce, and Duckweed

The study on growth rate of Water Hyacinth, Water Lettuce, and Duckweed  

was carried out by cultivating the plants in full coverage of aluminum frame 30 cm. 

wide and 30 cm. long by putting on water surface within lysimeters.  This made it 

possible to compare density per area of the plants at the beginning of the experiment 

and this would enable plants to have growth area.  Sizes of the plants are as follows: 

Height of Water Hyacinth stem was not over 15 cm.  Width of Water Lettuce stem 

was not over 10 cm.  Duckweed size was 3–4 mm.

After 4 weeks (June 14, 2002–July 11, 2002) it was found that, each species of 

plants could not grow well.  Duckweed leaf turned into pale yellow while growth of 

Water Hyacinth and Water Lettuce (number of plants/square meter and wet weight 

(grams)/square meter) increased very slowly.  This problem might occur out of the 

initial design of experimental model by installing lysimeters in soil and allowing 

plants in lysimeters to directly receive light without any light filtering material.  This 

caused water in lysimeters to have high temperature.  Average temperature of water in 

lysimeters (measured at 12.00 p.m.) during June 14, 2002–July 11, 2002 was 31 °C.  

This made plants unable to grow well and they might subsequently die.

This problem could be solved by using light filtering material (60% light 

filtering net) 1 meter wide and 1 meter long, stretched out and fastened with bamboo 

fixed at 4 corners of lysimeters.  Then install light filtering nets for 12 lysimeters.  

Space between light filtering net and lysimeter edge was 1 meter.

Figure 4–1  Installation of Light Filtering Net



Nattapong  Supmaneenan   Results and Discussion / 70

After installing light filtering net it was found that, average temperature of water 

in lysimeters (measured at 12.00 p.m.) was 26 °C.  The plants grew well.  Regarding

growth rate of the plants, data derived from the experiment in lysimeters with areas of

75 cm.x 75 cm. were adjusted to be growth in the area of 1 m.x 1 m.  The study result 

is shown in Table 4–7.

Table 4-7  Growth Rate of Water Hyacinth, Water Lettuce, and Duckweed

Growth Rate

Plant Size Growth rate

(plant/m2/week)

Average increasing

wet weight

(gram/m2/week)

Average increasing

dry weight

(gram/m2/week)

Water Hyacinth 18 cm 6.65 204.08 20.16

Water Lettuce 15 cm              33.36 85.60 7.63

Duckweed 3-4 mm         1,072.07 36.70 2.12

Details of growth rate data and chart showing growth rate of Water Hyacinth,  

Water Lettuce, and Duckweed are shown in Table 4–8 and Chart 4–7, 4–8, 4–9, 4–10, 

4–11, and 4–12, respectively.
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Chart 4-7   Growth Rate of Water Hyacinth

Chart 4-8  Number of Water Hyacinth (plants/m2)
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4.6  Discussion

4.6.1  Consumptive Use of Water Hyacinth, Water Lettuce, and Duckweed

The study found that, average Consumptive Use of Water Hyacinth, Water 

Lettuce, and Duckweed are 6.01 mm, 4.86 mm, and 4.33 mm, respectively.  

Consumptive Use of Water Hyacinth is lower than that found in the study by 

Prakoonhangsit et al. (34) which was equal to 8.86 mm/day.  The reason is that the 

study period of Prakoonhangsit et al. (34) was 1 year (365 days) which was longer 

than this study and average Consumptive Use of Water Hyacinth from their study was 

derived from average Consumptive Use of Water Hyacinth of different sizes as 

follows: small Water Hyacinth stem height was not over 20 cm.   Medium Water 

Hyacinth stem height was 20–40 cm, and large Water Hyacinth stem height was over 

40 cm.  Their average Consumptive Use was found by combining Consumptive Use 

of each size.

After comparing evaporation of water surface covered by Water Hyacinth and 

water surface not covered by Water Hyacinth, Sirivorakul et al. (35) found that, water 

surface covered by the plant in the open area had more evaporation than that not 

covered by it for 3.67 times/day.  This study found that, water surface covered by 

Water Hyacinth had more evaporation than that not covered by it (without-plant 

lysimeters) for 1.58 times/day.  This finding was less than that of Sirivorakul et al.

(35) because their Water Hyacinth stem height was 30 cm. put into cement tanks with 

an area of 1x1 square meter.  Wet weight of Water Hyacinth at the beginning of the 

experiment was 5 kilograms.  The experimental period was 1 week.  Height of stem 

and quantity of Water Hyacinth used in Sirivorakul et al. (35) were higher than those 

of this study.  Another reason was that they performed an experiment in the open area 

while this study installed light filtering net.  Therefore, evaporation of water surface 

covered by Water Hyacinth they found was higher than in this study.

Regarding comparison of Consumptive Use of Water Lettuce and Duckweed 

with other researches it was found that, there had not yet been any research on 

Consumptive Use of Water Lettuce and Duckweed.
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4.6.2  Potential Evapotranspiration (ETp) in the Study Area

After computation of Potential Evapotranspiration (ETp) of Water Hyacinth, 

Water Lettuce, and Duckweed by Thornthwaite method, Blaney–Criddle method, 

Makkink method, Jensen–Haise method, Penman method and from Class–A pan 

(Computational methods are shown in Appendix F) it was found that average ETp

throughout the experimental period are equal to 5.65, 5.81, 3.06, 4.15, 4.08, and 3.23, 

respectively.

ETp derived from this study was ETp of areas in Changwat Nakornpathom and 

nearby areas having similar climate such as Changwat Kanchanaburi.  When ETp was 

brought to compute Crop Coefficient of Water Hyacinth, Water Lettuce, and 

Duckweed in order to compute Consumptive use of these plants, it gave accurate and 

reliable value.  To find Consumptive Use of the plants in other areas such as 

Changwat Chiangmai which was in the northern region, ETp should be re–computed 

by using climatological data of Changwat Chiangmai of which the climate is different 

from that of the central region.  This will give ETp which is suitable for the area and 

leads to computation of accurate Crop Coefficient and Consumptive Use of the plants.

4.6.3 Crop Coefficient (Kc) of Water Hyacinth, Water Lettuce, and 

Duckweed

The study result showed that, Crop Coefficient (Kc) of Water Hyacinth, Water 

Lettuce, and Duckweed throughout the experimental period was as follows: Kc of 

Water Hyacinth from computation by Thornthwaite method, Blaney–Criddle method,  

Makkink method, Jensen–Haise method, Penman method, and from Class– A pan was 

equal to 1.10, 1.03, 1.95, 1.44, 1.46, and 1.85, respectively.  Kc of  Water Lettuce 

from computation by Thornthwaite method, Blaney–Criddle method, Makkink 

method, Jensen–Haise method, Penman method, and Class–A pan are equal to 0.91, 

0.84, 1.59, 1.17, 1.19, and 1.51, respectively and Kc of  Duckweed from computation 

by Thornthwaite method, Blaney–Criddle method,  Makkink method, Jensen–Haise 

method, Penman method, and from Class–A pan are equal to 0.81, 0.75, 1.43, 1.05, 

1.07, and 1.35, respectively.  ETp and Kc of Water Hyacinth, Water Lettuce, and 
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Duckweed was suitable for area in Changwat Nakornpathom and nearby provinces 

having similar climate.   So, to know accurate Kc in other areas a new experiment 

should be performed in that study area.  This would enable to find Consumptive Use 

of Water Hyacinth, Water Lettuce, and Duckweed more accurately.

4.6.4  Comparison of Consumptive Use of Water Hyacinth, Water Lettuce,  

and Duckweed

From this study result, the comparison of Consumptive Use of Water Hyacinth, 

Water Lettuce, and Duckweed from direct measurment and that from computation by 

Thornthwaite method, Blaney–Criddle method, Makkink method, Jensen–Haise 

method, Penman method and from Class–A pan is as follows:

Blaney-Criddle method was suitable for computing Consumptive Use of Water 

Hyacinth and Duckweed in the study area because it also used Kc for computation.  If 

Consumptive Use from lysimeters was accurately measured, Kc would be accurate 

too.  Therefore, computing Consumptive Use of Water Hyacinth and Duckweed gave 

a value approximate to that derived from direct measurment.  Jensen–Haise method 

was suitable for computing Consumptive Use of Water Lettuce and Duckweed in the 

study area because it was proposed in an area having semi–arid climate similar to the 

climate of the study area.

4.6.5 Study on Growth Rate of Water Hyacinth, Water Lettuce, and 

Duckweed

The study on growth rate found that, average growth rate of Water Hyacinth 

was 6.65 plants/square meter/week, average increasing wet weight was 204.08 

grams/square meter/week, and average increasing dry weight was 20.16 grams/square 

meter/week.  Average growth rate of Water Lettuce was 33.36 plants/square 

meter/week, average increasing wet weight was 85.60 grams/square meter/week, and 

average increasing dry weight was 7.63 grams/square meter/week and average growth 

rate of Duckweed was 1,072.07 plants/square meter/week, average increasing wet 
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weight was 36.70 grams/square meter/ week, and average increasing dry weight was 

2.12 grams/square meter/week.

It was also found that, average stem of Water Hyacinth is 18 cm. high and was 

considered as short Water Hyacinth (stem height was 12–58 cm. (1)) and not as big as 

that generally found in rivers and canals.  This might be because at the initial stage of 

experiment, collected samples of crowed Water Hyacinth in the flooded paddy field 

adjacent to rivers were of small size only.  Prior to that, attempts had been made to 

collect big Water Hyacinth in several rivers which were not over 15 cm but it was 

found that, this size was difficult to find.  Another reason might be because the 

limited area of lysimeters have not enough area for the plant’s growth.  This caused it 

to increase the number of plants but the height slightly increased.

Water Lettuce could grow well.  The number of Water Lettuce (plants/square 

meter) and wet weight (grams/square meter) increased after installing light filtering 

net.  As the growth rate of Duckweed during the first 4 weeks of the experiment, it 

could not grow well.  The leaf turned into pale yellow because water temperature was 

too high (average temperature of water in lysimeters was equal to 31 °C).  

Temperature which was suitable for the growth of Duckweed was 20–30 °C (25).  

However, Duckweed could grow well after installing light filtering net.

The result of the study on growth rate of the plants showed that, an increase in 

the number of Water Hyacinth, Water Lettuce, and Duckweed had the relationship 

with wet weight and dry weight each week because the increased number of the plants

would cause an increase in wet weight and dry weight of the plants too.  The charts 

which showed growth rate of Water Hyacinth, Water Lettuce, and Duckweed (Chart 

4-7 to 4-12) indicated that, there were 2 periods for the growth rate of each species of

the plants.  The first period of the growth rate was during Week 1 to Week 12.  The 

second period was during Week 12 to Week 22.  In the second period, each species of 

the plants had more growth than in the first period.  This was because plants used time 

to adapt themselves by gradually growing and growing most in Week 12 after a light 

filtering net was installed in Week 5.

The dry weight obtained in each week was derived from selecting plants which 

existed outside lysimeters but in an experimental plot by selecting ones with size and 

weight most approximate to those of plants which existed in lysimeters.  After that 
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each species of plants was dried at the temperature of 80 °C for 48 hours in order to 

find dry weight.  The study result on Table 4-7 showed that, the value of dry weight in 

Week 21 (before the last week of the experiment) was close to that of dry weight in 

Week 22 (the last week of the experiment).  So, a method of selecting plants outside 

lysimeters to be representatives of the plants within lysimeters was an efficient 

method of finding dry weight of each species of plants.

It was also found that, average growth rate of Water Hyacinth was equal to 6.65 

plants/square meter/week or 13.3 plants/square meter/2 weeks.  This value was close 

to that found by Sivalingam (11), who reported that average growth rate of Water 

Hyacinth was equal to 12 plants/square meter/2 weeks.
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CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

5.1  Conclusions

The result of the study on the Consumptive Use of Water Hyacinth, Water 

Lettuce, and Duckweed in 12 rice lysimeters and 3 experimental units at Research and 

Laboratory Station, Greater Maeklong Irrigation Project, Amphur Kampangsan, 

Changwat Nakornpathom for 150 days (June 14, 2002 to November 10, 2002) can be 

concluded as follows:

1) The Consumptive Use of each species of the plants was statistically different 

at the significance level of 99% (α=0.01).  Water Hyacinth had the highest total 

Consumptive Use and average Consumptive Use i.e. 900.84 mm and 6.01 mm/day, 

respectively, followed by Water Lettuce and Duckweed i.e. 728.90 mm and 4.86 

mm/day, 649.99 mm and 4.33 mm/day, respectively.

2) Potential Evapotranspiration (ETp) and Crop Coefficient (Kc) values of Water 

Hyacinth, Water Lettuce, and Duckweed derived from computation by Thornthwaite

method, Blaney–Criddle method, Makkink method, Jensen–Haise method, Penman 

method, and from Class–A pan throughout the experimental period were the most 

appropriate for computation the Consumptive Use of these aquatic plants in Changwat

Nakornpathom and neighboring areas with have similar climatic conditions.  

Application of ETp and Kc derived from this study to others area with have different 

climatic conditions might be lead to incorrect computation Consumptive Use of these 

plants, so if any study is to be made in other areas such as the southern region, new 

experimentation should be conducted in order to re-compute ETp and Kc which most 

appropriate to those areas.
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3)  From the study found that, Blaney-Criddle method was appropriate for 

computing Consumptive Use of Water Hyacinth and Duckweed because it also used 

Kc for computation.  If Consumptive Use from lysimeters was accurately measured, 

Kc would be also accurate.  Jensen-Haise method was appropriate for computing that 

of Water Lettuce and Duckweed because it was proposed in an area having semi–arid 

climate similar to the climate of the study area.  These two computation methods 

based on climatological data of the study area.  Therefore, they are appropriate for the 

study on the Consumptive Use of these plants in areas with have similar climatic 

conditions.

4) The study on the growth rate of Water Hyacinth, Water Lettuce, and 

Duckweed found that, Duckweed had the highest average growth rate followed by 

Water Lettuce and Water Hyacinth i.e. 1,072.07, 33.36, and 6.65 plants/square 

meter/week, respectively. Water Hyacinth had the highest average increasing wet 

weight and average increasing dry weight i.e. 204.08 and 20.16 grams/square 

meter/week, respectively, followed by Water Lettuce and Duckweed i.e. 85.60, 7.63, 

36.70, and 2.12 grams/square meter/week, respectively.

5.2  Recommendations for Further Study

1)  A longer experimental period should be planned in order to obtain the 

Consumptive Use in various seasons.  It will be more accurate and reliable.

2)  Studies on the Consumptive Use of other species of aquatic plants which 

may cause a problem of loss of water in water supply should be conducted.

3)   An experiment should be performed by cultivating plants in real

experimental condition before collecting data to learn problems and obstacles which

may occur and to prepare correct solutions in advance.

4) An experiment should be performed by cultivating multiple species of 

aquatic plants in the same experiment.  For example, Water Hyacinth and Water 

Lettuce should be cultivated in the same lysimeter to find total Consumptive Use 

because in the natural environment, aquatic plants are often found to live together.
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5)  Studies on the Consumptive Use of Water Hyacinth, Water Lettuce, and 

Duckweed should be conducted in other areas such as the northern and southern 

regions to obtain suitable Crop Coefficient (Kc) for computing the Consumptive Use 

of Water Hyacinth, Water Lettuce, and Duckweed in those areas.
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APPENDIX A

SOIL CHARACTERISTICS AT RESEARCH AND LABORATORY

STATION, GREATER MAEKLONG

IRRIGATION PROJECT
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Soil Characteristics at Research and Laboratory Station,

Greater Maeklong Irrigation Project

Compositions of soil at Research and Laboratory Station, Greater Maeklong 

Irrigation Project, Ampher Kampangsan, Changwat Nakornpathom are as follows

(37):

Soil compositions   Soil depth at 0-30 centimetres

Sand 23.2 %

Silt 45.4 %

Clay 31.4 %

Soil Class Clay

pH          6.8 %

Field Capacity 23.7 %

Permanent Wilting Point 11.0 %

Available Moisture 12.7 %

Bulk Density 1.25 %

Electric Conductivity 0.42 EC x 103

Organic Matter 1.8 %
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APPENDIX B

TABLE FOR COMPUTING POTENTIAL

EVAPOTRANSPIRATION
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Table for Computing Potential Evapotranspiration (ETp)

Table   B–1  Value of   for Use in Thornthwaite Equation (4)

Table B–2  Mean of Sunlight Duration for the North Pole was Expressed in the 

Number of Times of 12 hours in Various Months having 30 days (Ld) for Use in 

Thornthwaite Equation (4)

Table B–3  Percent of Daytime Hours in Various Months of the Year (p) for the 

North Pole at Latitude 0 ° - 30 °North (4)

Table B–4 Coefficient Throughout the Cultivating Season (k) for Use in Blaney– 

Criddle Equation (4)

Table B–5 Incoming Solar Radiation on the Earth Surface without Atmosphere 

for the North Pole, Compared as Evaporation Rate of Water at 20 °C (mm/day) (4)

Table B–6 Value of         for Temperature in Degree Celsius (4)

Table B–7 Value of

Evaporation Rate of Wate

Table B–8 Saturated

514.1

5
Ti 





=

∆
 
 Solar Radiation from Black Object σT4 Compared as

r (mm/day) (4)

 Vapour Pressure Over Water Surface (millibar) (4)

γ∆ +
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Table B–1  Value of             for Use in Thornthwaite Equation (4)

T °C .0

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

.09

.25

.46

.71

1.00

1.32

1.66

2.04

2.44

2.86

3.30

3.76

4.25

4.75

5.28

5.82

6.38

6.95

7.55

8.16

8.78

9.42

10.08

10.75

11.44

12.13

12.85

13.58

14.32

15.07

15.84

16.62

17.41

18.22

19.03

19.86

20.70

21.56

22.42

23.30

5.1Ti 



=
Decimal of temperature

.1 .2 .3 .4 .5 .6 .7 .8 .9

.10

.27

.48

.74

1.03

1.35

1.70

2.12

2.48

2.90

3.34

3.81

4.30

4.81

5.33

5.87

6.44

7.01

7.61

8.22

8.85

9.49

10.15

10.82

11.50

12.21

12.92

13.65

14.39

15.15

15.92

16.70

17.49

18.30

19.11

19.95

20.79

21.64

22.51

.01

.12

.29

.51

.77

1.06

1.39

1.74

2.15

2.52

2.94

3.39

3.86

4.35

4.86

5.38

5.93

6.49

7.07

7.67

8.28

8.91

9.55

10.21

10.89

11.57

12.28

12.99

13.72

14.47

15.22

15.99

16.78

17.57

18.38

19.20

20.03

20.87

21.73

22.59

.01

.13

.31

.53

.80

1.09

1.42

1.77

2.19

2.56

2.99

3.44

3.91

4.40

4.91

5.44

5.98

6.55

7.13

7.73

8.34

8.97

9.62

10.28

10.95

11.64

12.35

13.07

13.80

14.54

15.30

16.07

16.85

17.65

18.46

19.28

20.11

20.96

21.81

22.68

.02

.15

.33

.56

.82

1.12

1.45

1.81

2.23

2.60

3.03

3.48

3.96

4.45

4.96

5.49

6.04

6.61

7.19

7.79

8.41

9.04

9.68

10.35

11.02

11.71

12.42

13.14

13.87

14.62

15.38

16.15

16.93

17.73

18.54

19.36

20.20

21.04

21.90

22.77

.03

.16

.35

.58

.85

1.16

1.49

1.85

2.27

2.64

3.08

3.53

4.00

4.50

5.01

5.55

6.10

6.66

7.25

7.85

8.47

9.10

9.75

10.41

11.09

11.78

12.49

13.21

13.94

14.69

15.45

16.23

17.01

17.81

18.62

19.45

20.28

21.13

21.99

22.86

.04

.18

.37

.61

.88

1.19

1.52

1.89

2.31

2.69

3.12

3.58

4.05

4.55

5.07

5.60

6.15

6.72

7.31

7.91

8.53

9.17

9.82

10.48

11.16

11.85

12.56

13.28

14.02

14.77

15.53

16.30

17.09

17.89

18.70

19.53

20.36

21.21

22.07

22.95

.05

.20

.39

.63

.91

1.22

1.56

1.92

2.35

2.73

3.16

3.62

4.10

4.60

5.12

5.65

6.21

6.78

7.37

7.97

8.59

9.23

9.88

10.55

11.23

11.92

12.63

13.36

14.09

14.84

15.61

16.38

17.17

17.97

18.79

19.61

20.45

21.30

22.16

23.12

.06

.21

.42

.66

.94

1.25

1.59

1.96

2.35

2.77

3.21

3.67

4.15

4.65

5.17

5.71

6.26

6.84

7.43

8.03

8.66

9.29

9.95

10.62

11.30

11.99

12.70

13.43

14.17

14.92

15.68

16.46

17.25

18.05

18.87

19.69

20.53

21.38

22.25

23.12

.07

.23

.44

.69

.97

1.29

1.63

2.00

2.39

2.81

2.25

3.72

4.20

4.70

5.22

5.76

6.32

6.90

7.49

8.10

8.72

9.36

10.01

10.68

11.37

12.06

12.78

13.50

14.24

14.99

15.76

16.54

17.33

18.13

18.95

19.78

20.62

21.47

22.23

23.21

5 
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Table B–2  Mean of Sunlight Duration for the North Pole was Expressed in Number   

                   of Times of 12 hours in Various Months having 30 days (Ld) (4)

Latitude Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0°

5°

10°

15°

20°

25°

26°

27°

28°

29°

30°

31°

32°

33°

34°

35°

36°

37°

38°

39°

40°

41°

42°

43°

44°

45°

46°

47°

48°

49°

50°

1.04

1.02

1.00

.97

.95

.93

.92

.92

.91

.91

.90

.90

.89

.88

.88

.87

.87

.86

.85

.85

.84

.83

.82

.81

.81

.80

.79

.77

.76

.75

.74

.94

.93

.91

.91

.90

.89

.88

.88

.88

.87

.87

.87

.86

.86

.85

.85

.85

.84

.84

.84

.83

.83

.83

.82

.82

.81

.81

.80

.80

.79

.79

1.04

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.02

1.02

1.02

1.02

1.02

1.02

1.02

1.02

1.01

1.02

1.03

1.04

1.05

1.06

1.06

1.07

1.07

1.07

1.08

1.08

1.08

1.09

1.09

1.09

1.10

1.10

1.10

1.11

1.11

1.11

1.12

1.12

1.13

1.13

1.13

1.14

1.14

1.14

1.15

1.04

1.06

1.08

1.11

1.13

1.15

1.15

1.16

1.16

1.17

1.18

1.18

1.19

1.19

1.20

1.21

1.21

1.22

1.23

1.23

1.24

1.25

1.26

1.26

1.27

1.28

1.29

1.30

1.31

1.32

1.33

1.01

1.03

1.06

1.08

1.11

1.14

1.15

1.15

1.16

1.16

1.17

1.18

1.19

1.20

1.20

1.21

1.22

1.23

1.24

1.24

1.25

1.26

1.27

1.28

1.29

1.29

1.31

1.32

1.33

1.34

1.36

1.04

1.06

1.08

1.12

1.14

1.17

1.17

1.18

1.18

1.19

1.20

1.20

1.21

1.22

1.22

1.23

1.24

1.25

1.25

1.26

1.27

1.27

1.28

1.29

1.30

1.31

1.32

1.33

1.34

1.35

1.37

1.04

1.05

1.07

1.08

1.11

1.12

1.12

1.13

1.13

1.13

1.14

1.14

1.15

1.15

1.16

1.16

1.16

1.17

1.17

1.18

1.18

1.19

1.19

1.20

1.20

1.21

1.22

1.22

1.23

1.24

1.25

1.01

1.01

1.02

1.02

1.02

1.02

1.02

1.02

1.02

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.03

1.04

1.04

1.04

1.04

1.04

1.04

1.04

1.04

1.04

1.04

1.05

1.05

1.06

1.04

1.03

1.02

1.01

1.00

.99

.99

.99

.98

.98

.98

.98

.98

.97

.97

.97

.97

.97

.96

.96

.96

.96

.95

.95

.95

.94

.94

.93

.93

.93

.92

1.01

.99

.98

.95

.93

.91

.91

.90

.90

.90

.89

.89

.88

.88

.87

.86

.86

.85

.84

.84

.83

.82

.82

.81

.80

.79

.79

.78

.77

.76

.76

1.04

1.02

.99

.97

.94

.91

.91

.90

.90

.89

.88

.88

.87

.86

.86

.85

.84

.83

.83

.82

.81

.80

.79

.77

.76

.75

.74

.73

.72

.71

.70
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Table B–3  Percent of Daytime Hours in Various Months of the Year (p) for the North

                  Pole at Latitude 0 °-30 °North (4)

Latitude Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

30°

29°

28°

27°

26°

25°

24°

23°

22°

21°

20°

19°

18°

17°

16°

15°

14°

13°

12°

11°

10°

9°

8°

7°

6°

5°

4°

3°

2°

1°

0°

7.31

7.35

7.40

7.44

7.49

7.54

7.58

7.62

7.67

7.71

7.75

7.79

7.83

7.87

7.91

7.94

7.98

8.02

8.06

8.10

8.14

8.18

8.21

8.25

8.28

8.32

8.36

8.40

8.43

8.47

8.50

7.02

7.05

7.07

7.10

7.12

7.14

7.16

7.19

7.21

7.24

7.26

7.28

7.31

7.33

7.35

7.37

7.39

7.41

7.43

7.45

7.47

7.49

7.51

7.53

7.55

7.58

7.59

7.61

7.63

7.65

7.67

8.37

8.37

8.37

8.38

8.38

8.39

8.39

8.40

8.40

8.41

8.41

8.41

8.41

8.42

8.42

8.43

8.43

8.43

8.44

8.44

8.45

8.45

8.45

8.46

8.46

8.47

8.47

8.48

8.49

8.49

8.49

8.71

8.69

8.67

8.66

8.64

8.62

8.60

8.58

8.56

8.55

8.53

8.51

8.50

8.48

8.47

8.45

8.43

8.42

8.40

8.39

8.37

8.35

8.34

8.32

8.31

8.29

8.28

8.26

8.25

8.23

8.22

9.54

9.50

9.46

9.41

9.37

9.33

9.30

9.26

9.22

9.18

9.15

9.12

9.08

9.04

9.01

8.98

8.94

8.91

8.87

8.84

8.81

8.77

8.74

8.71

8.68

8.65

8.62

8.58

8.55

8.52

8.49

9.49

9.44

9.39

9.34

9.29

9.24

9.19

9.15

9.11

9.06

9.02

8.97

8.93

8.89

8.85

8.81

8.77

8.73

8.69

8.65

8.61

8.57

8.53

8.49

8.45

8.41

8.37

8.33

8.29

8.25

8.22

9.67

9.62

9.58

9.53

9.49

9.45

9.40

9.36

9.32

9.28

9.24

9.20

9.16

9.12

9.08

9.04

9.00

8.96

8.92

8.88

8.85

8.81

8.78

8.74

8.71

8.67

8.64

8.60

8.57

8.53

8.50

9.21

9.19

9.17

9.14

9.11

9.08

9.06

9.04

9.01

8.98

8.95

8.93

8.90

8.88

8.85

8.83

8.80

8.78

8.76

8.73

8.71

8.68

8.66

8.64

8.62

8.60

8.57

8.55

8.53

8.51

8.49

8.33

8.33

8.32

8.32

8.32

8.31

8.31

8.30

8.30

8.29

8.29

8.29

8.29

8.28

8.28

8.27

8.27

8.26

8.26

8.26

8.25

8.25

8.25

8.25

8.24

8.24

8.23

8.23

8.22

8.22

8.21

7.99

8.00

8.02

8.04

8.06

8.08

8.10

8.12

8.13

8.15

8.17

8.19

8.20

8.22

8.23

8.25

8.27

8.29

8.31

8.33

8.34

8.36

8.37

8.38

8.40

8.41

8.43

8.45

8.46

8.48

8.49

7.20

7.24

7.28

7.32

7.36

7.40

7.44

7.47

7.51

7.55

7.58

7.61

7.65

7.68

7.72

7.75

7.79

7.82

7.85

7.88

7.91

7.95

7.98

8.01

8.04

8.07

8.10

8.13

8.16

8.19

8.22

7.16

7.22

7.27

7.32

7.37

7.42

7.47

7.51

7.56

7.60

7.65

7.70

7.74

7.79

7.83

7.88

7.93

7.97

8.01

8.05

8.09

8.14

8.18

8.22

8.26

8.30

8.34

8.38

8.42

8.46

8.50
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Table B–4  Coefficient Throughout the Cultivating  Season (k) for Use in Blaney–

                   Criddle Equation (4)

Plants Crop duration Coefficient (K)

Banana

Various peas

Coffee

Corn

Cotton

Hemp

Cereal

Sorghum

Oil Plants (Seed)

Garden plants

Avocado

Grapefruit

Orange and lemon

Leaf shedding plants

Grassland used as animal food

Potato

Rice

Soya – bean

Sugar cane

Tobacco

Tomato

Various vegetables

Grape

Throughout the year

3 months

Throughout the year

4 months

7 months

7 – 8 months

3 months

4 – 5 months

3 – 5 months

Throughout the year

Throughout the year

Throughout the year

Temperature over oC

Temperature over oC

3 – 5 months

3 – 5 months

140 days

Throughout the year

4 months

4 months

2 – 4 months

5 – 7 months

.80 - 1.00

.60 - 70

.70 - .80

.75 - .85

.60 - .70

.70 - .80

.75 - .85

.70 - .80

.65 - .75

.50 - .55

.55 - .65

.45 - .55

.60- .70

.75 - .85

.65 - .75

1.00 - 1.10

.65 - .70

.80 - .90

.70 - .80

.65 - .70

.60 - .70

.50 - .60

* Crop duration mostly depended on species and crop season. If the same species of plants 

were cultivated in winter, their crop duration was longer than those cultivated in summer.

** Coefficient (K), Low K for use in humid area, and High K for use in arid area K = 1.0 for 

evaporation from reservoirs in arid area and K = 0.9 for reservoirs in the coastal area.
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Table B–5  Incoming Solar Radiation on the Earth Surface without Atmosphere for

                   North Pole, compared as evaporation rate of water at 20 °C (mm/day) (4)

Latitude Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

50°

48°

46°

44°

42°

40°

38°

36°

34°

32°

30°

28°

26°

24°

22°

20°

18°

16°

14°

12°

10°

8°

6°

4°

2°

0°

3.8

4.3

4.9

5.3

5.9

6.4

6.9

7.4

7.9

8.3

8.8

9.3

9.8

10.2

10.7

11.2

11.6

12.0

12.4

12.8

13.2

13.6

13.9

14.3

14.7

15.0

6.1

6.6

7.1

7.6

8.1

8.6

9.0

9.4

9.8

10.2

10.7

11.1

11.5

11.9

12.3

12.7

13.0

13.3

13.6

13.9

14.2

14.5

14.8

15.0

15.3

15.5

9.4

9.8

10.2

10.6

11.0

11.4

11.8

12.1

12.4

12.8

13.1

13.4

13.7

13.9

14.2

14.4

14.6

14.7

14.9

15.1

15.3

15.3

15.4

15.5

15.6

15.7

12.7

13.0

13.3

13.7

14.0

14.3

14.5

14.7

14.8

15.0

15.2

15.3

15.3

15.4

15.5

15.6

15.6

15.6

15.7

15.7

15.7

15.6

15.4

15.5

15.3

15.3

15.8

15.9

16.0

16.1

16.2

16.4

16.4

16.4

16.5

16.5

16.5

16.5

16.4

16.4

16.3

16.3

16.1

16.0

15.8

15.7

15.5

15.3

15.1

14.9

14.6

14.4

17.1

17.2

17.2

17.2

17.3

17.3

17.2

17.2

17.1

17.0

17.0

16.8

16.7

16.6

16.4

16.4

16.1

15.9

15.7

15.5

15.3

15.0

14.7

14.4

14.2

13.9

16.4

16.5

16.6

16.6

16.7

16.7

16.7

16.7

16.8

16.8

16.8

16.7

16.6

16.5

16.4

16.3

16.1

15.9

15.7

15.5

15.3

15.1

14.9

14.6

14.3

14.1

14.1

14.3

14.5

14.7

15.0

15.2

15.3

15.4

15.5

15.6

15.7

15.7

15.7

15.8

15.8

15.9

15.8

15.7

15.7

15.6

15.5

15.4

15.2

15.1

14.9

14.8

10.9

112.

11.5

11.9

12.2

12.5

12.8

13.1

13.4

13.6

13.9

14.1

14.3

14.5

14.6

14.8

14.9

15.0

15.0

15.2

15.3

15.3

15.3

15.3

15.3

15.3

7.4

7.8

8.3

8.7

9.1

9.6

10.0

10.6

10.8

11.2

11.6

12.0

12.3

12.6

13.0

13.3

13.6

13.9

14.1

14.4

14.7

14.8

15.0

15.1

15.3

15.4

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

9.9

10.3

10.7

11.1

11.6

12.0

12.4

12.8

13.3

13.6

13.9

14.2

14.5

14.8

15.1

3.2

3.7

4.3

4.7

5.2

5.7

6.1

6.6

7.2

7.8

8.3

8.8

9.3

9.7

10.2

10.7

11.1

11.6

12.0

12.5

12.9

13.3

13.7

14.1

14.4

14.8
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Table B–6  Value of     for Temperature in Degree Celsius (4)

T°C

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

∆
 

Decimal of temperature

0.0 0.2 0.4 0.6 0.8

.398

.415

.431

.447

.463

.479

.494

.509

.524

.539

.553

.567

.580

.594

.607

.620

.632

.645

.657

.669

.680

.691

.702

.713

.723

.734

.743

.753

.762

.771

.780

.789

.797

.805

.813

.820

.827

.834

.841

.847

.853

.859

.864

.870

.875

.879

.884

.888

.892

.895

.899

.402

.418

.435

.451

.466

.482

.497

.512

.527

.541

.556

.570

.583

.597

.610

.622

.635

.647

.659

.671

.682

.694

.705

.715

.726

.736

.745

.755

.764

.773

.782

.790

.799

.807

.814

.822

.829

.835

.842

.848

.854

.860

.866

.871

.876

.880

.885

.889

.893

.896

.405

.422

.438

.454

.470

.485

.500

.515

.530

.544

.558

.572

.586

.599

.612

.625

.637

.650

.662

.673

.685

.696

.707

.717

.728

.738

.747

.757

.766

.775

.784

.792

.800

.808

.816

.823

.830

.837

.843

.850

.855

.861

.867

.872

.877

.881

.885

.890

.893

.897

.408

.425

.441

.457

.473

.488

.503

.518

.533

.547

.561

.575

.589

.602

.615

.627

.640

.652

.664

.676

.687

.698

.709

.719

.730

.740

.749

.759

.768

.777

.785

.794

.802

.810

.817

.824

.831

.838

.845

.851

.857

.862

.868

.873

.878

.882

.886

.890

.894

.897

.412

.428

.444

.460

.476

.491

.506

.521

.536

.550

.564

.578

.591

.604

.617

.630

.642

.654

.666

.678

.689

.700

.711

.721

.732

.742

.751

.761

.770

.779

.787

.795

.803

.811

.819

.826

.833

.839

.846

.852

.858

.863

.869

.874

.878

.883

.887

.891

.895

.898

γ∆ +
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Table B–7  Value of Solar Radiation from Black Object σT4 Compared as

                   Evaporation Rate of Water (mm/day) (4)

T°C σT4 T°C σT4 T°C σT4

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

11.21

11.38

11.55

11.72

11.89

12.06

12.23

12.41

12.59

12.77

12.95

13.13

13.32

13.51

13.70

13.89

14.08

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

14.28

14.48

14.68

14.88

15.08

15.29

15.50

15.71

15.92

16.14

16.35

16.57

16.79

17.02

17.24

17.47

17.70

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

17.93

18.17

18.41

18.64

18.89

19.13

19.38

19.63

19.88

20.13

20.39

20.65

20.91

21.17

21.44

21.70

21.98
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Table B–8  Saturated Vapour Pressure Over Water Surface (millibar) (4)

Decimal of temperature
T°C

.0 .1 .2 .3 .4 .5 .6 .7 .8 .9

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

6.11

6.57

7.05

7.57

8.13

8.72

9.35

10.01

10.72

11.47

12.27

13.12

14.02

14.97

15.98

17.04

18.17

19.37

20.63

21.96

23.37

24.86

26.43

28.09

29.83

6.15

6.61

7.10

7.63

8.19

8.78

9.41

10.08

10.79

11.55

12.35

13.21

14.11

15.07

16.08

17.15

18.29

19.49

20.76

22.10

23.52

25.01

26.59

28.26

30.01

6.20

6.66

7.16

7.68

8.24

8.84

9.48

10.15

10.87

11.63

12.44

13.29

14.20

15.17

16.19

17.26

18.41

19.61

20.89

22.24

23.66

25.17

26.75

28.43

30.19

6.24

6.71

7.21

7.74

8.30

8.90

9.54

10.22

10.94

11.71

12.52

13.38

14.30

15.27

16.29

17.38

18.52

19.74

21.02

22.38

23.81

25.32

26.92

28.60

30.37

6.29

6.76

7.26

7.79

8.36

8.96

9.61

10.29

11.02

11.79

12.61

13.47

14.39

15.36

16.40

17.49

18.64

19.86

21.15

22.52

23.96

25.48

27.08

28.77

30.55

6.33

6.81

7.31

7.85

8.42

9.03

9.67

10.36

11.09

11.87

12.69

13.56

14.49

15.47

16.50

17.60

18.76

19.99

21.29

22.66

24.11

25.63

27.25

28.95

30.74

6.38

6.85

7.36

7.90

8.48

9.09

9.74

10.43

11.17

11.95

12.77

13.65

14.58

15.57

16.61

17.71

18.88

20.12

21.42

22.80

24.26

25.79

27.41

29.12

30.92

6.42

6.90

7.41

8.01

8.60

9.22

9.88

10.58

11.32

12.11

12.95

13.83

14.77

15.77

16.83

17.94

19.12

20.37

21.69

23.08

24.56

26.11

27.75

29.47

31.29

6.47

6.95

7.47

8.01

8.60

9.22

9.88

10.58

11.32

12.11

12.95

13.83

14.77

15.77

16.83

17.94

19.12

20.37

21.69

23.08

24.56

26.11

27.75

29.47

31.29

6.52

7.00

7.52

8.07

8.66

9.28

9.94

10.65

11.40

12.19

13.03

13.92

14.87

15.87

16.93

18.06

19.24

20.50

21.83

23.23

24.71

26.27

27.92

29.65

31.48
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Table B–8 (continued)  Saturated Vapour Pressure Over Water Surface (millibar) (4)

Deciaml of temperature
T°C

.0 .1 .2 .3 .4 .5 .6 .7 .8 .9

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

31.67

33.61

35.65

37.80

40.05

42.43

44.93

47.55

50.31

53.20

56.24

59.42

62.76

66.26

69.93

73.78

77.80

82.01

86.42

91.03

95.85

100.89

106.16

111.66

117.40

123.40

31.86

33.81

35.86

38.02

40.29

42.67

45.18

47.82

50.59

53.50

56.55

59.75

63.10

66.62

70.31

74.17

78.21

82.45

86.87

91.51

96.35

101.41

106.70

112.22

117.99

124.01

32.05

34.01

36.07

38.24

40.52

42.92

45.44

48.09

50.87

53.80

56.86

60.08

63.45

66.98

70.69

74.57

78.63

82.88

87.33

91.98

96.84

101.93

107.24

112.79

118.58

124.63

32.24

34.21

36.28

38.46

40.75

43.17

45.70

48.36

51.16

54.10

57.18

60.41

63.80

67.35

71.07

74.97

79.05

83.32

87.78

92.46

97.34

102.45

107.78

113.36

119.17

125.25

32.43

34.41

36.49

38.69

40.99

43.41

45.96

48.64

51.45

54.40

57.49

60.74

64.14

67.71

71.45

75.36

79.46

83.75

88.24

92.94

97.84

102.97

108.33

113.93

119.77

125.87

32.63

34.61

36.71

38.91

41.23

43.66

46.22

48.91

51.74

54.70

57.81

61.07

64.49

68.08

71.83

75.77

79.88

84.19

88.70

93.42

98.35

103.50

108.88

114.50

120.37

126.49

32.82

34.82

36.92

39.14

41.47

43.91

46.49

49.19

52.03

55.00

58.13

61.41

64.84

68.45

72.22

76.17

80.31

84.64

89.16

93.90

98.85

104.03

109.43

115.07

120.97

127.12

33.02

35.02

37.14

39.36

41.70

44.16

46.75

49.47

52.32

55.31

58.45

61.74

65.20

68.81

72.60

76.57

80.73

85.08

89.63

94.39

99.36

104.56

109.98

115.65

121.57

127.75

33.21

35.23

37.36

39.56

41.94

44.42

47.02

79.74

52.61

55.62

58.77

62.08

65.55

69.19

72.99

76.98

81.16

85.52

90.09

94.87

99.87

105.09

110.54

116.23

122.18

128.38

33.41

35.44

37.58

39.82

42.19

44.67

47.28

50.02

52.90

55.93

59.10

62.42

65.91

69.56

73.38

77.39

81.58

85.97

90.56

95.36

100.38

105.62

111.10

116.81

122.79

129.01
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APPENDIX C

CONSUMPTIVE USE OF WATER HYACINTH,

WATER LETTUCE, DUCKWEED

AND RAINFALL
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Table C-1  Consumptive Use of Water Hyacinth, Water Lettuce, Duckweed, and Rainfall (mm/day)

No. Date Water Hyacinth Water Lettuce Duckweed Lysimeter without plant Rainfall (mm)

1 June 14, 2002 5.07 4.50 5.13 4.03

2 June 15, 2002 6.97 5.13 5.73 4.73

3 June 16, 2002 7.37 6.10 5.97 5.43

4 June 17, 2002 5.77 5.03 5.00 4.53

5 June 18, 2002 6.60 4.97 5.13 4.57

6 June 19, 2002 9.13 8.40 7.73 6.83

7 June 20, 2002 4.80 3.16 3.17 2.77 4.00

8 June 21, 2002 6.30 4.30 4.37 3.57

9 June 22, 2002 3.50 2.67 2.87 2.03 14.80

10 June 23, 2002 4.03 3.13 3.53 3.07

11 June 24, 2002 5.77 4.20 4.00 3.83

12 June 25, 2002 5.37 3.63 3.43 3.00

13 June 26, 2002 6.33 5.07 4.93 4.63

14 June 27, 2002 5.63 3.97 3.27 2.93

15 June 28, 2002 5.43 3.67 3.20 2.97 8.00

16 June 29, 2002 8.13 6.27 5.40 5.17

17 June 30, 2002 7.33 5.20 4.60 4.40

18 July 1, 2002 6.60 4.87 4.37 3.97

19 July 2, 2002 6.57 4.77 4.17 3.87

20 July 3, 2002 5.57 4.20 3.47 3.17 7.00

21 July 4, 2002 7.00 5.40 4.97 4.70

22 July 5, 2002 6.63 4.73 4.37 4.03

23 July 6, 2002 6.33 4.57 4.33 3.97

24 July 7, 2002 5.83 4.53 3.63 3.40

25 July 8, 2002 7.10 5.60 5.23 4.97

26 July 9, 2002 4.87 3.83 3.13 2.87 8.80

27 July 10, 2002 6.20 4.80 4.13 3.57

28 July 11, 2002 6.67 5.17 4.47 4.17

29 July 12, 2002 7.10 5.53 5.17 4.83

30 July 13, 2002 5.50 4.00 3.43 3.17

31 July 14, 2002 6.40 4.73 4.17 3.83 9.80

32 July 15, 2002 4.77 3.83 3.17 2.83

33 July 16, 2002 3.50 2.73 2.40 2.17 12.80

34 July 17, 2002 5.30 3.77 3.17 2.83 1.30

35 July 18, 2002 3.17 2.33 2.00 1.77 12.70

36 July 19, 2002 6.50 4.73 4.20 3.87

37 July 20, 2002 7.50 6.53 6.13 5.77

38 July 21, 2002 6.67 5.17 4.67 4.33

39 July 22, 2002 7.00 5.30 5.03 4.57
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Table C-1 (continued) Consumptive Use of Water Hyacinth, Water Lettuce, Duckweed, and Rainfall (mm/day)

No. Date Water Hyacinth Water Lettuce Duckweed Lysimeter without plant Rainfall (mm)

40 July 23, 2002 7.07 5.33 4.97 4.57

41 July 24, 2002 8.57 7.33 6.87 6.53 1.70

42 July 25, 2002 7.47 6.10 5.40 5.17

43 July 26, 2002 7.63 6.10 5.53 5.23

44 July 27, 2002 4.53 4.07 3.60 3.27 0.50

45 July 28, 2002 7.43 6.07 5.77 5.43

46 July 29, 2002 3.60 2.83 2.53 2.13 20.70

47 July 30, 2002 6.27 4.67 4.30 3.93

48 July 31, 2002 7.83 6.13 5.60 5.23

49 August 1, 2002 8.03 6.53 6.00 5.57 7.70

50 August 2, 2002 7.83 6.10 5.60 5.23

51 August 3, 2002 6.17 4.33 3.90 3.57 1.40

52 August 4, 2002 6.83 5.60 5.07 4.67

53 August 5, 2002 6.57 4.63 4.23 3.83

54 August 6, 2002 6.73 5.03 4.53 4.17 0.50

55 August 7, 2002 6.97 5.60 5.03 4.53

56 August 8, 2002 6.63 5.03 4.60 4.30 12.20

57 August 9, 2002 8.00 6.23 5.67 5.27 2.10

58 August 10, 2002 6.37 4.50 4.07 3.67

59 August 11, 2002 6.00 4.13 3.73 3.33

60 August 12, 2002 6.30 4.53 4.00 3.63

61 August 13, 2002 6.00 4.50 3.87 3.53

62 August 14, 2002 5.53 3.57 3.23 2.77

63 August 15, 2002 6.53 4.93 4.47 4.07

64 August 16, 2002 2.90 2.27 1.93 1.37 28.50

65 August 17, 2002 5.53 3.67 3.23 2.83 1.80

66 August 18, 2002 6.60 4.73 4.33 4.03

67 August 19, 2002 6.17 4.23 3.83 3.37

68 August 20, 2002 6.27 4.57 3.93 3.57

69 August 21, 2002 5.77 3.93 3.53 2.97 5.30

70 August 22, 2002 7.03 5.27 4.70 4.13 0.40

71 August 23, 2002 9.03 7.33 6.93 6.27 1.70

72 August 24, 2002 7.73 5.97 5.53 4.97

73 August 25, 2002 7.50 5.73 5.23 4.83 1.50

74 August 26, 2002 8.50 6.50 5.83 5.13 4.40

75 August 27, 2002 7.57 5.57 5.00 4.43

76 August 28, 2002 6.80 5.63 5.17 4.33 0.40

77 August 29, 2002 7.23 5.50 5.03 3.97 8.70

78 August 30, 2002 7.80 5.67 5.10 4.23
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Table C-1 (continued) Consumptive Use of Water Hyacinth, Water Lettuce, Duckweed, and Rainfall (mm/day)

No. Date Water Hyacinth Water Lettuce Duckweed Lysimeter without plant Rainfall (mm)

79 August 31, 2002 7.07 5.77 5.17 4.07 2.10

80 September 1, 2002 6.83 6.13 5.43 4.47 7.30

81 September 2, 2002 5.83 5.00 4.13 3.17

82 September 3, 2002 5.17 4.07 3.00 1.97

83 September 4, 2002 3.93 2.83 1.97 1.07 49.10

84 September 5, 2002 6.07 4.70 4.00 2.93

85 September 6, 2002 6.50 5.37 4.33 3.43

86 September 7, 2002 6.40 5.27 4.47 3.53

87 September 8, 2002 5.47 4.43 3.40 2.43 16.70

88 September 9, 2002 5.93 4.80 4.07 3.03 8.80

89 September 10, 2002 7.07 6.03 5.33 4.43

90 September 11, 2002 7.13 6.17 5.23 4.27 1.80

91 September 12, 2002 6.83 5.80 4.83 4.07

92 September 13, 2002 8.27 7.30 6.30 5.23

93 September 14, 2002 7.90 7.03 6.10 5.17

94 September 15, 2002 8.17 7.27 6.30 5.33 0.90

95 September 16, 2002 7.13 6.20 5.13 4.07

96 September 17, 2002 6.63 5.83 5.30 4.63

97 September 18, 2002 4.80 3.90 3.30 2.67 9.00

98 September 19, 2002 6.33 5.63 5.06 4.27

99 September 20, 2002 5.63 4.80 4.13 3.57 4.20

100 September 21, 2002 5.27 4.40 3.83 3.23 4.40

101 September 22, 2002 2.20 1.60 1.33 0.47 49.00

102 September 23, 2002 5.10 4.27 3.57 3.03 47.30

103 September 24, 2002 3.87 3.00 2.20 1.57 31.60

104 September 25, 2002 5.07 4.30 3.63 3.17 9.30

105 September 26, 2002 6.60 5.93 5.23 4.87

106 September 27, 2002 6.07 5.13 4.77 4.33

107 September 28, 2002 6.17 5.47 4.93 4.53

108 September 29, 2002 5.80 4.90 4.37 3.93 2.70

109 September 30, 2002 5.53 4.73 4.10 3.77

110 October 1, 2002 5.33 4.67 4.10 3.53

111 October 2, 2002 4.53 3.83 3.27 2.73 0.90

112 October 3, 2002 5.47 4.90 4.43 3.83 4.40

113 October 4, 2002 3.90 3.27 2.73 2.07

114 October 5, 2002 3.03 2.37 1.83 1.33 1.90

115 October 6, 2002 5.00 4.33 3.67 3.17 2.50

116 October 7, 2002 2.00 1.46 0.90 0.27 38.00

117 October 8, 2002 5.73 5.20 4.53 4.03
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Table C-1 (continued) Consumptive Use of Water Hyacinth, Water Lettuce, Duckweed, and Rainfall (mm/day)

No. Date Water Hyacinth Water Lettuce Duckweed Lysimeter without plant Rainfall (mm)

118 October 9, 2002 6.77 6.13 5.50 4.87

119 October 10, 2002 5.53 4.90 4.30 3.77

120 October 11, 2002 6.20 5.60 5.10 4.53

121 October 12, 2002 5.37 4.80 4.13 3.73

122 October 13, 2002 5.53 5.07 4.47 3.93

123 October 14, 2002 5.53 5.17 4.70 4.17

124 October 15, 2002 5.17 4.47 3.97 3.43

125 October 16, 2002 3.63 3.26 2.47 1.93 5.40

126 October 17, 2002 3.97 3.27 2.47 1.87 10.50

127 October 18, 2002 6.00 5.47 4.83 4.37

128 October 19, 2002 4.50 3.93 3.47 2.93

129 October 20, 2002 4.90 4.43 3.90 3.37

130 October 21, 2002 5.80 5.37 4.83 4.43

131 October 22, 2002 5.83 5.43 4.90 4.53

132 October 23, 2002 5.23 4.77 4.33 3.83 0.80

133 October 24, 2002 4.33 3.83 3.33 2.87

134 October 25, 2002 5.63 4.90 4.13 3.57

135 October 26, 2002 8.73 8.17 7.63 7.23 2.70

136 October 27, 2002 3.37 2.67 1.93 1.43 40.30

137 October 28, 2002 4.53 3.93 3.37 2.77

138 October 29, 2002 6.00 5.40 4.70 4.27

139 October 30, 2002 6.17 5.47 4.77 4.37

140 October 31, 2002 4.63 4.07 3.33 2.73 11.60

141 November 1, 2002 6.03 5.50 4.83 4.37 1.80

142 November 2, 2002 5.77 5.10 4.53 4.07

143 November 3, 2002 6.00 5.40 4.80 4.23

144 November 4, 2002 6.20 5.57 4.90 4.37

145 November 5, 2002 5.73 4.97 4.47 3.83

146 November 6, 2002 5.77 5.03 4.53 3.83

147 November 7, 2002 5.90 5.17 4.63 4.07

148 November 8, 2002 4.50 3.80 3.30 2.87

149 November 9, 2002 4.33 3.60 3.10 1.53 16.00

150 November 10, 2002 5.87 5.20 4.80 4.27

Average 6.01 4.86 4.33 3.81
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APPENDIX D

STATISTICAL ANALYSIS
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Analysis of Variance (ANOVA)

Data from the study result on the Consumptive Use of Water Hyacinth, Water 

Lettuce, and Duckweed in lysimeters No. 1, No. 2, and No. 3 could be concluded as 

follows:

Average Consumptive Use (mm/day)

Plants Lysimeter No. 1 Lysimeter No. 2 Lysimeter No. 3

Water Hyacinth 6.01 6.01 6.00

Water Lettuce 4.88 4.84 4.86

Duckweed 4.32 4.44 4.25

Lysimeters without plant 3.80 3.79 3.79

Analysis of variance

ANOVA: Single Factor

SUMMARY

Groups Count Sum Average Variance

Water Hyacinth 3 18.02 6.006667 3.33E-05

Water Lettuce 3 14.58 4.86 0.0004

Duckweed 3 13.01 4.336667 0.009233

Lysimeters without plant 3 11.38 3.793333 3.33E-05
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ANOVA ( α = 0.05)

Source of Variation SS df MS F P-value F crit

Between Groups 8.032092 3 2.677364 1104.068* 8.29E-11 4.06618

Within Groups 0.0194 8 0.002425

Total 8.051492 11

ANOVA( α = 0.01)

Source of Variation SS df MS F P-value F crit

Between Groups 8.032092 3 2.677364 1104.068** 8.29E-11 7.590984

Within Groups 0.0194 8 0.002425

Total 8.051492 11

 After comparing F3,8 with F critical it was found that, F3,8 had higher value than 

F Critical at both levels (F3,8 at the level α = 0.05 was equal to 4.06618 and F3,8 at the 

level α  = 0.01 was equal to 7.590984).  It could be concluded that Water Hyacinth, 

Water Lettuce, and Duckweed had different Consumptive Use at the significance 

level of 99% (α = 0.01).  Then average Consumptive Use of each species of plants 

was compared by using Duncan’s New Multiple–Range Test or DNMRT in order to 

know whether Water Hyacinth, Water Lettuce, and Duckweed had different 

Consumptive Use when compared in each species of the plants or not.
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Comparison of Average Consumptive Use of Water Hyacinth, Water 

Lettuce, and Duckweed by DNMRT Method.

1.  Computing LSR from equation

                                       LSRα,P = (SSRα,P) x

when EMS was Error Mean Square derived from analysis of variance

n was repetition number of each treatment

SSR was value from Table on Significant Studentized Range (by 

using df of error and p)

α was  significance level at 0.01 or 0.05

p was  number of treatments of range which were compared

Number of treatments
Error df Possibility level

2 3 4

8 SSR 0.05

SSR 0.01

3.26

4.74

3.39

5.00

3.47

5.14

Number of treatments

Possibility level 2 3 4

LSR 0.05

LSR 0.01

0.09

0.13

0.10

0.14

0.10

0.15

EMS
n
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2. Finding difference of Consumptive Use of Water Hyacinth, Water Lettuce, 

and Duckweed

Range of Comparison (p)

Plants

Average

Consumptive Use

 (mm/day)
2 3 4

Water Hyacinth

Water Lettuce

Duck weed

Lysiimeters without plants

6.01

4.86

4.33

3.80

1.15

0.53

0.53

1.68

1.06

2.21

3. Comparing difference of Consumptive Use of Water Hyacinth, Water 

Lettuce, and Duckweed with LSR computed from equation

After comparing difference of average Consumptive Use of Water Hyacinth, 

Water Lettuce, and Duckweed with LSR computed from equation it was found that,  

difference of average had more value than LSR after computing every value (both 

LSR0.05 and LSR0.01). So, it can be concluded that Water Hyacinth, Water Lettuce, and 

Duckweed had different Consumptive Use at the significance level of 99% (α= 0.01).
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Table D-1  LSR Value (43)

P = number of means for range being testedError

df

Protection

level 2 3 4 5 6 7 8 9 10 12 14 16 18 20

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

.05

.01

18.0

90.0

6.09

14.0

4.50

8.26

3.93

6.51

3.64

5.70

3.46

5.24

3.35

4.95

3.26

4.74

3.20

4.60

3.15

4.48

3.11

4.39

3.08

4.32

3.06

4.26

3.03

4.26

3.01

4.17

3.00

4.13

2.98

4.10

2.97

4.07

2.96

4.05

2.95

4.02

18.0

90.0

6.09

14.0

4.50

8.50

4.01

6.80

3.74

5.96

3.58

5.54

3.47

5.22

3.39

5.00

3.34

4.86

3.30

4.73

3.27

4.63

3.23

4.55

3.21

4.48

3.18

4.42

3.16

4.37

3.15

4.34

3.13

4.30

3.12

4.27

3.11

4.24

3.10

4.22

18.0

90.0

6.09

14.0

4.50

8.60

4.02

6.90

3.79

6.11

3.64

5.65

3.54

5.37

3.47

5.14

3.41

4.99

3.37

4.88

3.35

4.77

3.33

4.68

3.30

4.62

3.27

4.55

3.25

4.50

3.23

4.45

3.22

4.41

3.21

4.38

3.19

4.35

3.18

4.33

18.0

90.0

6.09

14.0

4.50

8.70

4.02

7.0

3.83

6.18

3.68

5.73

3.58

5.45

3.52

5.23

3.47

5.08

3.43

4.96

3.39

4.86

3.36

4.76

3.35

4.69

3.33

4.63

3.31

4.58

3.30

4.54

3.28

4.50

3.27

4.46

3.26

4.43

3.25

4.40

18.0

90.0

6.09

14.0

4.50

8.80

4.02

7.10

3.83

6.26

3.68

5.81

3.60

5.53

3.55

5.32

3.50

5.17

3.46

5.06

3.43

4.94

3.40

4.84

3.38

4.74

3.37

4.70

3.36

4.64

3.34

4.60

3.33

4.56

3.32

4.53

3.31

4.50

3.30

4.47

18.0

90.0

6.09

14.0

4.50

8.90

4.02

7.10

3.83

6.33

3.68

5.88

3.61

5.61

3.56

5.40

3.52

5.25

3.47

5.13

3.44

5.01

3.42

4.92

3.41

4.84

3.39

4.78

3.38

4.72

3.37

4.67

3.36

4.63

3.35

4.59

3.35

4.56

3.34

4.53

18.0

90.0

6.09

14.0

4.50

8.90

4.02

7.20

3.83

6.40

3.68

5.95

3.61

5.69

3.56

5.47

3.52

5.32

3.47

5.20

3.45

5.06

3.44

4.96

3.42

4.88

3.41

4.83

3.40

4.77

3.39

4.72

3.38

4.68

3.37

4.64

3.37

4.61

3.36

4.58

18.0

90.0

6.09

14.0

4.50

9.0

4.02

7.20

3.83

6.44

3.68

6.00

3.61

5.73

3.56

5.51

3.52

5.36

3.47

5.24

3.46

5.12

3.44

5.02

3.44

4.94

3.42

4.87

3.42

4.81

3.41

4.76

3.40

4.72

3.39

4.68

3.39

4.64

3.38

4.61

18.0

90.0

6.09

14.0

4.50

9.0

4.02

7.30

3.83

6.50

3.68

6.00

3.61

5.80

3.56

5.51

3.52

5.40

3.47

5.28

4.46

5.15

3.46

5.07

3.45

4.98

3.44

4.91

3.43

4.84

3.43

4.79

3.42

4.75

3.41

4.71

3.41

4.67

3.40

4.65

18.0

90.0

6.09

14.0

4.50

9.0

4.02

7.30

3.83

6.60

3.68

6.10

3.61

5.80

3.56

5.60

3.52

5.50

3.47

5.36

3.46

5.24

3.46

5.13

3.45

5.04

3.45

4.96

3.44

4.90

3.44

4.84

3.44

4.80

3.43

4.76

3.43

4.72

3.43

4.69

18.0

90.0

6.09

14.0

4.50

9.1

4.02

7.40

3.83

6.60

3.68

6.20

3.61

5.90

3.56

5.70

3.52

5.50

3.47

5.42

3.46

5.28

3.46

5.17

3.46

5.08

3.46

5.00

3.45

4.94

3.45

4.88

3.45

4.83

3.45

4.79

3.44

4.76

3.44

4.73

18.0

90.0

6.09

14.0

4.50

9.2

4.02

7.40

3.83

6.70

3.68

6.20

3.61

5.90

3.56

5.70

3.52

5.60

3.47

5.48

3.46

5.34

3.46

5.22

3.46

5.13

3.46

5.04

3.46

4.97

3.46

4.91

3.46

4.86

3.46

4.82

3.46

4.79

3.46

4.76

18.0

90.0

6.09

14.0

4.50

9.3

4.02

7.50

3.83

6.70

3.68

6.30

3.61

6.00

3.56

5.80

3.52

5.70

3.47

5.54

3.47

5.38

3.47

5.24

3.47

5.14

3.47

5.06

3.47

4.99

3.47

4.93

3.47

4.88

3.47

4.84

3.47

4.81

3.46

4.78

18.0

90.0

6.09

14.0

4.50

9.3

4.02

7.50

3.83

6.80

3.68

6.30

3.61

6.00

3.56

5.80

3.52

5.70

3.48

5.55

3.48

5.39

3.48

5.26

3.47

5.15

3.47

5.07

3.47

5.00

3.47

4.94

3.47

4.89

3.47

4.85

3.47

4.82

3.47

4.7
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APPENDIX E

CLIMATOLOGICAL DATA
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Table E-1  Agroclimatological Data for the Period 1973-1997 (25 Years) (47)

Station  Kampangsan Agromet.                                              Height of elevation of station above MSL.      7.46   m.
Latitude           14º    01'  N.                                              Height of thermometer above ground              1.20   m.
Longitude        99º    58'  E.                                              Height of wind vane above ground                11.00   m.

                                             Height of raingauge                                          0.80   m.

Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec. Annual

Air temperature (ºC)
Extreme maximum 36.2 38.4 40.4 40.8 41.0 38.4 38.8 37.2 36.5 35.0 35.2 35.0 41.0
Date/Year 28/78 26/80 29/86 23/73 8/80 20/97 5/83 15/87 4/87 24/97 26/97 31/77
Mean maximum 31.4 33.7 35.6 36.7 35.3 33.9 33.4 33.1 32.7 31.5 30.1 29.5 33.1
Mean 24.6 27.0 29.2 30.5 29.9 29.1 28.6 28.5 28.1 27.2 25.5 23.5 27.6
Mean minimum 17.7 20.2 22.7 24.2 24.5 24.2 23.7 23.8 23.5 22.9 20.9 17.5 22.2
Extreme minimum 8.2 10.5 13.0 20.2 20.5 20.6 20.6 20.9 20.0 14.7 12.2 6.5 6.5
Date/Year 2/74 13/74 6/86 4/77 8/76 7/76 17/76 28/75 30/75 25/94 29/83 30/75

Grass minimum temperature (ºC)
Mean minimum 15.3 17.6 20.5 22.5 22.9 22.9 22.6 22.7 22.7 21.9 19.2 15.1 20.5
Extreme minimum 3.4 7.7 8.3 15.0 18.0 18.4 18.1 19.0 19.5 10.7 9.5 1.1 1.1
Date/Year 14/76 13/74 4/86 22/76 15/76 10/97 12/85 8/75 8/79 25/94 26/73 30/75

Water temperature (ºC)
Mean maximum 30.2 31.9 33.3 34.9 34.7 33.6 33.0 32.6 33.4 32.4 30.6 29.3 32.5
Mean 24.8 26.3 27.9 29.4 29.5 28.9 28.4 28.2 28.6 28.0 26.0 24.0 27.5
Mean minimum 19.3 20.7 22.5 23.9 24.2 24.2 23.8 23.7 23.8 23.5 21.3 18.6 22.5

Relative humidity (%)
Extreme maximum 100 100 100 100 100 100 100 100 100 100 100 100 100
Mean maximum 97 97 96 94 97 97 96 96 97 97 98 98 97
Mean 68 67 66 67 72 74 74 74 76 77 77 71 72
Mean minimum 39 36 36 39 47 50 52 52 55 57 55 44 47
Extreme minimum 14 10 8 13 22 30 31 29 32 30 25 20 8
Date/Year 28/80 21/79 27/83 1/79 7/80 8/77 26/76 22/79 7/78 20/79 29/79 29/82

Rainfall (mm.)
Total amount 3.6 6.8 20.1 49.9 109.2 99.5 115.1 111.8 229.0 198.1 53.6 4.3 1001.0
Number of rainy days 0.6 1 2 3.6 11.6 13.4 14.7 15.6 18.7 14.4 5.1 1.1 101.8
Greatest in 24 hrs. 19.8 63.5 118.2 99.2 74.5 70.1 147.4 64.8 91.3 142.8 71.1 34.2 147.4
Date/Year 11/75 8/76 27/97 19/77 6/76 1/80 3/78 22/76 14/94 4/90 27/87 28/91

Evaporation (mm.)
Mean 4.7 5.3 6.7 7.4 6.4 5.8 5.5 5.3 4.7 4.5 4.5 4.7 5.5

Wind
Prevailing direction NE SE SE SE SE W W W W NE NE NE
Mean speed (m./s.) 1.4 1.7 2.3 2.2 1.7 1.8 1.9 2.0 1.3 1.2 2.0 1.9

Sunshine duration (hrs.)
Extreme maximum 10.5 10.6 10.8 11.8 11.7 12.1 12.0 11.6 10.8 10.7 10.5 10.6 12.1
Date/Year 20/73 17/90 12/82 29/91 23/94 6/77 27/93 13/94 13/93 27/74 30/73 29/93
Mean 8.1 8.4 8.3 8.5 7.0 5.1 5.0 4.5 5.0 6.3 7.5 8.1 6.8

Cloudiness (0-8)
Mean 5.0 3.4 4.9 6.3 7.4 7.6 7.4 7.3 7.5 7.2 5.0 4.3 5.4
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APPENDIX F

COMPUTATIONAL STEPS FOR COMPUTING

POTENTIAL EVAPOTRANSPIRATION (ETp)
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Detail of Methods for Computing Potential Evapotranspiration (ETp)

1)  Thornthwaite Method

 
In 1948, Thornthwaite who was an American Scientist (5) studied the 

Consumptive Use in the central region and eastern region of U.S.A.  He found the 

relationship between monthly mean temperature and Consumptive Use when soil 

humidity was enough for requirement of plants at all times.  Consumptive Use when 

there was enough soil humidity was called “Potential Evapotranspiration”.   

Thornthwaite equation (Equation 2-3 (4)) is as follows:

where; ETp =    Potential Evapotranspiration which occurs in 30 days (cm.)

Ld      =    Mean of sunlight duration which indicates number of times 

of 12 hours in various months having 30 days (no unit) (as shown in Tale B–2 in 

Appendix B)

T =    Monthly mean temperature in degree Celsius

I    =   Annual heat index (no unit) which is equal to the sum of 

monthly heat index (i) throughout the year.  Monthly heat index value (i) for 

temperature in degree Celsius can be seen in Table B–1 in Appendix B or computed 

by Equation 2–4 (4) as follows;

and Equation 2–5 (4) is as follows;

                         a         =    0.000000675I3 - 0.0000771I2 + 0.01792I + 0.49239

where;  a =    Coefficient involving annual heat index value (no unit).

514.1
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This ETp value is the value for a month having 30 days.  For a month having 

more or less than 30 days, the value of ETp can be computed by multiplying the 

number of days with computed value and divided by 30.  Then ETp for that month is 

obtained (4).
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Computational Steps by Thornthwaite Method

1.  Finding monthly mean temperature throughout the year (°C) by referring to 25-

     years Meteorological Data (1973-1997) of Kampangsan Meteological Station,

     Changwat Nakornpathom (Table E-1 in Appendix E).

2.  Finding monthly heat index (i) throughout the year, derived from reading

     temperature in step 1 in Table B-1 in Appendix B.

3.  Summation on total i value in step 2 would give heat index throughout the

     year (I).

4.  Computing a value from equation a = 0.000000675I3 - 0.000077I2 + 0.01792I +

     0.49239

5.  Bringing a value from step 4 to compute ((10xT)/I)a  in each month throughout the

     year.

6.  Finding mean of sunlight duration which was expressed in the number of times of

     12 hours in various months having 30 days (Ld) derived from using latitude °14

     North of Kampangsan Meteological Station (see Table B-2 in Appendix B).

     Monthly Ld throughout the year was then obtained.

7.  Computing ETp (cm/30 days) derived from bringing 1.6 x value in step 5 x value

     in step 6.

8.  Computing ETp (mm/month) by changing cm. unit to mm. unit  by multiplying

     value in step 7 by 10 (1 cm = 10 mm) and multiplying the obtained value by the

     number of days in each month and devided by 30.

9.  Computing ETp (mm/day) by dividing the value in step 8 by the number of days in

     each month.
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2)  Blaney-Criddle Method

In 1942, Blaney and Morin (4) proposed equation for use in computing 

Consumptive Use by using temperature, relative humidity, and length of day time 

hours as required data.  As relative humidity was very little measured in that period, 

so in 1950 Blaney and Criddle altered the equation by cutting relative humidity out of 

the original equation.  Later, this new equation was well known as Blaney and Criddle 

equation (Equation 2-6 (4)) as follows:

where; U   = Consumptive Use throughout cultivating season (inch)

K   =     Crop coefficient which depends on species of plants and 

length of cultivating season (no unit)  (as shown in Table B-4 in Appendix B)

F   =      Consumptive Use factor which is equal to the sum of 

multiplication between mean temperature in degree Fahrenheit and percent of day 

time hours throughout annual cultivating season (no unit)

t    =    Mean temperature in degree Fahrenheit.  If  

climatological data are in degree Celsius (°C), it can be changed to degree Fahrenheit   

(°F) by the following equation

°F = (1.8 x °C) + 32

p  = Percent of daytime hours of annual cultivating season

(%)

As for computation of monthly Consumptive Use, small letters are used in 

Equation 2-7 (4) as follows:

where; u    =    Monthly Consumptive Use (inch)

k    =    Monthly crop coefficient (no unit)








∑

×
×=×=

100
ptKFKU







 ×

×=×=
100
pt

kfku

(2-6)

(2-7)
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f    =    Consumptive Use factor which is equal to the sum of 

multiplication between mean temperature in degree Fahrenheit and percent of daytime 

hours throughout annual cultivating season (no unit)

f   = 1, if it is Potential Evapotranspiration

t    =     Monthly mean temperature in degree Fahrenheit

p   =     Percent of daytime hours of the month during 1 year 

(%)  (as shown in Table B-3 in Appendix B)
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Computatinal Steps by Blaney–Criddle Method

1.  Finding monthly mean temperature in degree Celsius (°C) by referring to 25–years

     Meteorological Data (1973–1997) of Kampangsan Meteorological Station,

     Changwat Nakornpathom (Table E–1 in Appendix E).

2.  Changing monthly temperature (°C) to temperature (°F) by using equation

     oF = (1.8 x oC) + 32.

3.  Finding percent of daytime hours in each month (p) by using Latitude 14o North of

     Kampangsan Meteorological Station to read p, from Table B–3 in Appendix B.

4.  Computing equation

4.1  Finding Consumptive Use Factor (f) which was equal to the sum of

                multiplying between mean temperature in degree Fahrenheit and percent of

                daytime hours from ((value in step 2 x value in step 3)/100).

4.2  k was equal to 1 because it was Potential Evapotranspiration (ETp) of

                reference plant..

5.  Computing ETp (inch/month) from value in step 4.1 x value in step 4.2.

6.  Computing ETp (mm/month) by multiplying value in step 5 by 25.4

     (1 inch = 25.4mm)

7.  Computing ETp (mm/day) by dividing the value in step 6 by the number of days in

     each month.







 ×

×=×=
100
ptkfku
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3)  Makkink Method

Makkink, who was a Dutch scientist (4), proposed equation for use in 

computing Potential Evapotranspiration by using solar radiation for computation.  

Makkink equation (Equation 2–8 (4)) is as follows:

where; ETp = Potential Evapotranspiration of grass (millimeter day-1)

Q =     Incoming solar radiation compared as evaporation rate 

of water (millimeter day-1).  As for Thailand, which is located between Latitude 6–26 

°North, if incoming solar radiation is not measured, it can be computed from Equation 

2–9 (4) as follows:

where; QA =    Incoming solar radiation on the earth surface without 

atmosphere is compared as evaporation rate of water in mm day-1  (as shown in Table  

B–5 in Appendix B)

n =    Actual duration of sunlight (hours)

N =    Longest duration of sunlight (hours)

As for an area where there is no measurement of actual duration of sunlight, it 

can be computed from cloudiness which is data measured and gathered by the 

Meteorological Department.  Cloudiness value can be measured from 0–8.

As for Thailand, Palayasoot (41) found n/N ratio in the form of Equation  2–

10 (41) as follows:

where; Cc =       Cloudiness derived from statistics of the Meteorological

Department, having value from 0–8 (no unit)

)N/n50.026.0(QQ A +×=

2
2c C02.0C095.0745.0

N
n

−+=

12.0
γ∆

∆Q61.0ETp −







+

×=

(2-9)

(2-8)

(2-10)
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∆ =    Slope of saturated vapour pressure and temperature 

which is equal to mean temperature (k Pa °C-1)

γ =     Psychrometric constant (k Pa °C-1)

=     0.49 for temperature in degree Celsius and pressure in

                                                millimeter of mercury

=     0.27 for temperature in degree Fahrenheit and pressure

                                                in millimeter of mercury

Value of ratio ∆/( ∆ + γ) for temperature in degree Celsius can be seen in 

Table B–6 in Appendix B.
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Computational Steps by Makkink Method

1.  Finding monthly mean temperature in degree Celsius (°C) by referring to 25–years

     Meteorological Data (1973–1997) of Kampangsan Meteorological Station,

     Changwat Nakornpathom (Table  E–1 in Appendix E).

2.  Finding monthly cloudiness (Cc) by referring to 25–years Meteorological Data

     (1973– 1997) of Kampangsan Meteorological Station,  Changwat Nakornpathom

     (Table E–1 in Appendix E).

3.  Finding incoming solar radiation on the earth surface without atmosphere (QA) by

     using Latitude 14o North of Kampangsan Meteorological Station to read QA from

     Table B–5 in Appendix B.

4.  Computing value

5.  Finding incoming solar radiation (Q) by computing from equation

6.  Finding ratio ∆/( ∆ + γ) for temperature in degree Celsius from Table B–6 in

     Appendix B

7.  Computing ETp (mm/day) from equation,

which was equal to (0.61 x (value in step 5) x (value in step 6)) – 0.12

8. Computing ETp (mm/month) by multiplying the value in step 7 by the number of

     days in each month.

2
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4) Jensen–Haise Method

In 1963, Jensen and Haise (4) studied the relationship between Consumptive 

Use and solar radiation in the western region of U.S.A by using 3,000 data derived 

from measurement.  After considering 1,000 data derived from standard measurement 

they found that, solar radiation was the main energy which controlled Consumptive 

Use and the obtained relationship was that ratio between Consumptive Use and solar 

radiation directly varied on atmospheric temperature.  In the case of ETp using alfalfa 

as a reference plant had relationship as shown in Equation 2-11 (4) as follows:

where; ETp =      Potential Evapotranspiration of Alfalfa (millimeter day-1)

T =      Monthly mean air temperature (Degree Celsius)

Q  =      Solar radiation compared as evaporation rate

(millimeter day-1)

CT =      Coefficient involving atmospheric pressure (no unit)

where; Elev = Average height of area over mean sea level (meter)

C1 =    Coefficient involving atmospheric pressure (no unit)

C2 =    7.6 for temperature in degree Celsius

where; e2 = Saturated vapour pressure at highest mean air 

temperature in the hottest month of the year (millibar)  (as shown in Table B–8 in 

Appendix B)

Q)TT(CET xTp ×−=
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T C)CC(
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
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e1 = Saturated vapour pressure at lowest mean air 

temperature in the hottest month of the year (millibar)  (as shown in Table B–8 in 

Appendix B)

TX =    Constant value for cultivating area (no unit) computed 

by Equation 2–12 (4) as follows:

If it required to comparison as Consumptive Use of grass, the value computed 

by Jensen–Haise method had to be multiplied by 0.87.







−−−−=
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)ee(14.0)50.2(T 12x
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Computational Steps by Jensen–Haise Method

1.  Finding monthly mean temperature in degree Celsius (oC) by referring to 25–years

     Meteorological Data (1973–1997) of Kampangsan Meteorological Station,

     Changwat Nakornpathom (Table E–1 in Appendix E).

2.  Finding monthly cloudiness (Cc) by referring to 25–years Meteorological Data

     (1973–1997) of Kampangsan Meteorological Station, Changwat Nakornpathom

     (Table E–1 in Appendix E).

3.  Finding incoming solar radiation on the earth surface without atmosphere (QA) by

     using Latitude 14o North of Kampangsan Meteorological Station to read QA value

     from Table B–5 in Appendix B.

4.  Computing value

5.  Finding incoming solar radiation (Q) by computing from equation

6.  Computing coefficient involving atmospheric pressure (CT) from equation

6.1 Mean height of area over mean sea level of Kampangsan Meteorological

                 Station (Elev.) = 7.46 meters

6.2  Computing C1 from equation

6.3  C2 was equal to 7.6 when temperature was in degree Celsius.

6.4  Computing equation

2
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6.4.1  Finding highest mean air temperature in the hottest month of the 

year from 25–years Meteorological Data (1973–1997) of Kampangsan Meteorological 

Station, Changwat Nakornpathom (Table E–1 in Appendix E) and comparing to find 

saturated vapour pressure at the highest mean air temperature in the hottest month of 

the year (e2) from Table B–8 in Appendix B.

6.4.2  Finding the lowest mean air temperature in the hottest month of the 

year from 25–years Meteorological Data (1973–1997) of Kampangsan Meteorological 

Station, Changwat Nakornpathom (Table E–1 in Appendix E) and comparing to find 

saturated vapour pressure at the lowest meant air temperature in the hottest month of 

the year (e1) from Table B–8 in Appendix B.

6.4.3  Computing CH which was equal to (50/(value in step 6.4.1 – value

in step 6.4.2)).

6.5  Computing CT which was equal to (1/(value in step 6.2 + (value in step 6.3

x value in step 6.4.3))).

7.  Computing constant value for the cultivating area (TX) from equation

8.  Computing ETp from equation ETp = CT x (T – TX) x Q  which was equal to (value

      in step 6.5 x (value in step 1 – value in step 7) x value in step 5).  The obtained value

     was ETp of alfalfa (mm/day).

9.  Computing ETp (mm/day) of grass by multiplying the obtained value in step 8 by

      0.87.

10. Computing ETp (mm/month) by multiplying the value in step 9 by the number of

      days in each month.


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5)  Penman Method

In 1948, Penman (4) proposed equation which gathered all energy causing 

evaporation, including energy from the sun and energy stemming from the movement 

of wind and air humidity.  Penman equation (Equation 2–13 (4)) is as follows:

where; ETp = Potential Evapotranspiration of grass (mm day-1)

∆ =   Slope of saturated vapour pressure and temperature 

which is equal to mean temperature (k Pa °C-1)

γ =    Psychrometric constant (k Pa oC-1)

Qn =   Net solar radiation compared as evaporation rate of 

water  (mm day-1)

If net solar radiation was not measured, this value might be estimated from 

Equation 2–14 (4) as follows:

where; QA =    Incoming solar radiation on the earth surface without 

atmosphere compared as evaporation rate of water (mm day-1)  (as shown in Table B–

5 in Appendix B)

r =  Reflection coefficient which is a ratio between solar 

radiation which reflected and solar radiation which fell on that object surface.  

Penman used r = 0.05 for water surface, and r = 0.10 for wet soil which was not 

covered by plants, and r = 0.20 for fresh green plant

n =    Actual duration of sunlight (hours)

N =   Longest duration of sunlight which occurred during the 

study period (hours)

Ratio of n/N could be computed by using cloudiness from climatological 

statistics of Thailand, Meteorological Department and Palayasut equation (41)

)))N/n(90.010.0()e0797.056.0(Tσ()))N/n(5.026.0()r1(Q(Q d
4

An +×−−+×−=

γ∆
EγQ∆

ET an
p +

+
= (2-13)

(2-14)
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σT4 =  Radiation reflected from black object compared as 

evaporation rate of water (mm day-1)  (as shown in Table B–7 in Appendix B)

ea =    Saturated vapour pressure at atmospheric temperature 

(millibar)  (as shown in Table B–8 in Appendix B)

ed =   Saturated vapour pressure at mean dew point 

temperature (millibar).  If mean dew point temperature was not measured, it could be 

computed from Equation 2–15 (4) as follows:

ed = (Relative Humidity) x ea

Ea =   Evaporation of water due to movement of wind and air 

humidity (mm day-1)

whereas Ea = 0.262 (ea – ed) x (1+0.0062 U2)

U2 =    Mean wind speed 2 meters over the ground (mm day-1)

If wind speed at the level of 2 meters was not measured, value measured at 

other level might be changed as value at the level of 2 metres by using Equation 2–16 

(4) as follows:

where; U1 =   Wind speed (km day-1) measured over the ground h  

meter

The value of wind speed in a climatological statistics of Thailand prepared by 

Meteorological Department was expressed in knot.  One knot was equal to 44.478 km 

day-1 (47).

h
1

h

2
12 log

3010.0U
log
logUU ==

(2-15)

(2-16)
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Computational Steps by Penman Method

1.  Finding monthly mean temperature in degree Celsius (oC) by referring to 25–years

     Meteorological Data (1973–1993) of Kampangsan Meteorological Station,

     Changwat Nakornpathom (Table E–1 in Appendix E).

2.  Finding monthly relative humidity (RH) by expressing in decimal from 25–years

     Meteorological Data (1973–1993) of Kampangsan Meteorological Station,

     Changwat Nakornpathom (Table E–1 in Appendix E).

3.  Finding monthly cloudiness (Cc) by referring to 25–years Meteorological Data

     (1973–1997) of Kampangsan Meteorological Station, Changwat Nakornpathom

     (Table E–1 in Appendix E).

4.  Finding wind speed at the level of 2 meters (km/day).  If wind speed at the level of

     2 meters was not measured, value measured at other level could be changed as

     value at the level of 2 meters by using equation

where; U1 = wind speed in km/day, which was measured over the

                                    ground h meter.

According to 25–years Meteorological Data (1973–1997) of Kampangsan

Meteorological Station, Changwat Nakornpathon (Table E–1 in Appendix E), wind 

speed was measured at the level of 11 meters (h) and wind speed unit was m/s. Wind 

speed could be found at the level of 2 meters (km/day) as follows:

4.1  Multiplying wind speed (m/s) by 3.6, wind speed unit (km/hr) was obtained

                and multiplying the obtained value by 24, wind speed in km/day (U1) was

                obtained.

4.2  Computing wind speed at the level of 2 meters from equation

h
1

h

2
12 log

3010.0U
log
logUU ==

h
1

h

2
12 log

3010.0U
log
logUU ==
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5.  Finding incoming solar radiation on the earth surface without atmosphere (QA) by

     using Latitude 14o North of Kampangsan Meteorological Station to read QA from

     Table B–5 in Appendix B.

6.  Finding reflection coefficient (r) which was the ratio between solar radiation which

     reflected and solar radiation which fell on object surface.  Penman determined

     r = 0.20 for fresh green plants.

7.  Computing value

7.1  Computing value

7.2  Computing the value (1 – r).

7.3  Bringing the value in step 7.1 for computing the value of

7.4  Result of (5) x (7.2) x (7.3).

8.  Computing the value

8.1  Finding saturated vapour pressure ea from Table B–8 in Appendix B.

8.2  Finding real vapour pressure (ed) from equation,  ed = (RH x ea).

8.3  Finding value of

8.4  Finding value of 

8.5  Computing the va

8.6  Computing the va

8.7  Result of (8.4) x (















 ×+×−

N
n5.026.0)r1(QA

2
2c C02.0C095.0745.0

N
n

−+=





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





 ×+
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n5.026.0



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




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

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              from Table B–7 in Appendix B.
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lue
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4Tσ
  
 (0.10 + 0.90 n/N)

) x (8.6)

)e0797.056.0( d−
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9.  Finding net solar radiation (Qn) from the result of (7.4) – (8.7)

10. Computing equation Ea = 0.262 (ea - ed) (1 + 0.0062 U2)

10.1  Computing the value of   0.262 (ea - ed)

10.2  Computing the value of  (1 + 0.0062 U2)

10.3  Result of (10.1) x (10.2)

11. Computing equation

11.1  Finding ratio            for temperature in degree Celsius from Table B–6 in

                  Appendix B

11.2  Finding value 

11.3  Computing the

11.4  Computing the

12.  ETp (mm/day) could b

13. Computing ETp (mm/

       of days in each month

γ∆
EγQ∆ET an

p +
+

=

∆
   

γ∆ +

γ

            from (1.0 – value in step 11.1)

 result of (9) x (11.1)

 result of (10.3) x ( 11.2)

e found from (11.3) + (11.4)

month) by multiplying the value in step 12 by the number

.

γ∆ +
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     ∆
( ∆ + γ )

ETp =    ∆Qn+γ Ea

                         ∆  +γ      γ
( ∆ + γ )

Table F-5 Computed Method by Using Penman Equation

Data for month Jan Feb Mar Apr May Jun
(1) Finding monthly mean temperature (oC) 24.6 27.0 29.2 30.5 29.9 29.1

(2) Finding monthly relative humidity (RH) (%) 0.68 0.67 0.66 0.67 0.72 0.74

(3) Finding cloudiness (Cc) (0-8) 5.0 3.4 4.9 6.3 7.4 7.6

(4) Finding wind speed (U2) (km/day) 34.96 42.45 57.43 54.93 42.45 44.95

(5) Finding incoming solar radiation (QA) (mm/day) 12.4 13.6 14.9 15.7 15.8 15.7

(6) Finding reflection coefficient (r) 0.20 0.20 0.20 0.20 0.20 0.20

(7) Computing Equation QA(1 - r)(0.26 + 0.50n/N)
(7.1) n/N = 0.745+0.095Cc-0.02Cc

2 0.72 0.84 0.73 0.55 0.35 0.31

(7.2) (1-r) 0.80 0.80 0.80 0.80 0.80 0.80

(7.3) (0.26+0.50n/N) 0.62 0.68 0.63 0.53 0.44 0.42

(7.4) Computing the result of (5) x (7.2) x (7.3) 6.15 7.38 7.45 6.72 5.52 5.22

(8) Computing value
(8.1) Finding saturated vapour pressure (ea) 30.92 35.65 40.52 43.66 42.19 40.29

(8.2) Finding real vapour pressure  ed = (RH x ea) 21.03 23.89 26.74 29.25 30.38 29.81

(8.3) Computing value 4.59 4.89 5.17 5.41 5.51 5.46

(8.4) Finding 15.84 16.35 16.84 17.13 17.00 16.81

(8.5) Computing value 0.194 0.170 0.148 0.129 0.121 0.125

(8.6) (0.10 + 0.90n/N) 0.748 0.853 0.757 0.595 0.418 0.381

(8.7) Computing the result of (8.4) x (8.5) x (8.6) 2.30 2.37 1.89 1.31 0.86 0.80

(9) Computing Qn

(9.1) Computing the result of (7.4) - (8.7) 3.85 5.01 5.57 5.41 4.66 4.42

(10).Computing equation Ea = 0.262(ea-ed)(1+0.0062U2)
(10.1) 0.262(ea - ed) 2.59 3.08 3.61 3.77 3.10 2.74

(10.2) (1 + 0.0062U2) 1.22 1.26 1.36 1.34 1.26 1.28

(10.3) Computing the resul of (10.1) x (10.2) 3.15 3.89 4.89 5.06 3.91 3.51

(11) Computing equation
(11.1) Finding value 0.730 0.753 0.773 0.785 0.780 0.772

(11.2) Finding value 0.27 0.247 0.227 0.215 0.22 0.228

(11.3) Computing the result of (9.1) x (11.1) 2.810 3.770 4.302 4.243 3.633 3.416

(11.4) Computing the result of (10.3) x (11.2) 0.852 0.962 1.111 1.088 0.860 0.800

(12) ETp = Computing result of (11.3) + (11.4) (mm/day) 3.66 4.73 5.41 5.33 4.49 4.22

  ETp (mm/month) 113.52 132.47 167.80 159.93 139.30 126.48

)N/n90.010.0)(e0797.056.0(Tσ 4 +−
�

d
e

4Tσ
)e0797.056.0(

�
−

γ
EγQET an

p

+∆
+∆

=
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Table F-5 (continued)  Computed Method by Using Penman Equation

Data for month Jul Aug Sep Oct Nov Dec

(1) Finding monthly mean temperature (oC) 28.6 28.5 28.1 27.2 25.5 23.5

(2) Finding monthly relative humidity (RH) (%) 0.74 0.74 0.76 0.77 0.77 0.71

(3) Finding cloudiness (Cc) (0-8) 7.4 7.3 7.5 7.2 5.0 4.3

(4) Finding wind speed (U2) (km/day) 47.45 49.95 32.46 29.97 49.95 47.44

(5) Finding incoming solar radiation (QA) (mm/day) 15.7 15.7 15.1 14.1 12.8 12.0

(6) Finding reflection coefficient (r) 0.20 0.20 0.20 0.20 0.20 0.20

(7) Computing Equation QA(1 - r)(0.26 + 0.50n/N)
(7.1) n/N = 0.745+0.095Cc-0.02Cc

2 0.35 0.37 0.33 0.39 0.72 0.78

(7.2) (1-r) 0.80 0.80 0.80 0.80 0.80 0.80

(7.3) (0.26+0.50n/N) 0.44 0.45 0.43 0.46 0.62 0.65

(7.4) Computing the result of (5) x (7.2) x (7.3) 5.48 5.61 5.15 5.14 6.35 6.26

(8) Computing value

(8.1) Finding saturated vapour pressure (ea) 39.14 38.91 38.02 36.07 32.63 28.95

(8.2) Finding real vapour pressure  ed = (RH x ea) 28.96 28.79 28.90 27.77 25.13 20.55

(8.3) Computing value 5.38 5.37 5.38 5.27 5.01 4.53

(8.4) Finding   16.70 16.68 16.59 16.39 16.03 15.61

(8.5) Computing value 0.131 0.132 0.132 0.140 0.160 0.199

(8.6) (0.10 + 0.90n/N) 0.418 0.435 0.399 0.453 0.748 0.805

(8.7) Computing the result of (8.4) x (8.5) x (8.6) 0.91 0.96 0.87 1.04 1.92 2.50

(9) Computing Qn
(9.1) Computing the result of (7.4) - (8.7) 4.57 4.64 4.28 4.11 4.42 3.76

(10).Computing equation Ea = 0.262(ea-ed)(1+0.0062U2)
(10.1) 0.262(ea - ed) 2.67 2.65 2.39 2.17 1.97 2.20

(10.2) (1 + 0.0062U2) 1.29 1.31 1.20 1.19 1.31 1.29

(10.3) Computing the result of (10.1) x (10.2) 3.45 3.47 2.87 2.58 2.58 2.85

(11) Computing equation

(11.1) Finding value 0.768 0.767 0.763 0.755 0.739 0.718

(11.2) Finding value 0.232 0.233 0.237 0.245 0.261 0.282

(11.3) Computing the result of (9.1) x (11.1) 3.508 3.563 3.264 3.100 3.270 2.697

(11.4) Computing the result of (10.3) x (11.2) 0.801 0.809 0.681 0.631 0.672 0.803

(12) ETp = Computing result of (11.3) + (11.4) (mm/day) 4.31 4.37 3.94 3.73 3.94 3.50

  ETp (mm/month) 133.55 135.51 118.34 115.66 118.26 108.50
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Method to Finding Consumptive Use by Using Evaporation Pan

Consumptive Use could be found by computing with various equations and 

direct measuring.  Moreover, it could be found by using Evaporation pan.

Consumptive Use derived from evaporation of water from Class-A pan could be 

computed by using Equation 2-17 (4) as follows:

where;  ET    =   Potential Evapotranspiration ( mm.day-1)

Ep =   Evaporation value of water, read from Class-A Pan (mm)

Kp    =   Pan coefficient. For Thailand,  Kp  =  0.85 (37)

Kc    =   Crop coefficient (no unit)

cpp K)KE(ET ××= (2-17)



Fac. of Grad. Studies, Mahidol Univ.              M.Sc. (Technology of Environmental Management) / 145

Computational Steps by Using Evaporation Pan

1.  Finding total evaporation of lysimeter without plants in each month.

2.  Bringing pan coefficient which was equal to 0.85 multiplying with the value in

     step 1.

3.  Results of the value in step 2 was ETp.

4. Computing ETp by dividing the value in step 3 by the number of experimental

days in each month.
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