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Abstract

The effect of windbreak trees which are expected to reduce evaporation in an agricultural
land was validated by comparison between evaporation in an agricultural land and
transpiration of windbreak trees. Annual transpiration of windbreak trees was estimated by
measurement of sap flow, sap wood area at Tomida farm in El Brigat, Penman-Monteith
equation and Jarvis model. Measured transpiration of Casuarina at Tomida Farm had
obvious seasonal change in the summer period, from July to September, in 2011. The
measured transpiration used to estimate surface conductance by Jarvis model. Estimated
surface conductance from measured transpiration of Casuarina had correlations between five
environmental factors, such as air temperature, photon flux density, specific humidity deficit,
soil moisture deficit and CO, concentration), which were similar to the result of Pine trees.
The photon flux density, air temperature and CO, concentration were the main factors to
determine the seasonal variation of surface conductance, and estimated transpiration by
Penman-Monteith equation with substitution of surface conductance estimated by Jarvis
model could represent the seasonal variation of transpiration of Casuarina in summer period
in 2011. As results of measurements at Al Krakat, it was found that there is a horizontal
variation of wind velocity in leeward of windbreak trees against relative distance from
windbreak trees. Wind velocity became smallest around relative distance of 4, and after that it
gradually recovers to 100% as the relative distance gets longer. This horizontal variation of
wind velocity was very similar to the wind profile from model estimation in Wang and Takle
(1997). On the other hand, other environmental factors, such as air temperature, relative
humidity and specific humidity did not have such kind of horizontal variation. From
TOPLATS model analysis, in the no-crop period in 2011, the agricultural land without
windbreak trees had 221 mm evaporation for 2 months, on the other hand, the agricultural
land with windbreak trees had only 116 mm evaporation and 5.2 mm transpiration of the
windbreak trees. By comparing the estimations between a field with and without windbreak
trees, in the no-crop period, the amount of evapotranspiration of the field and windbreak trees
in a field with windbreak trees were much smaller than the field without windbreak trees by
100 mm per 2 months equals to around 50% of the evaporation. In the estimations in the
summer crop growing period for 3 months, the amount of evaporation of the soil,
transpiration of the crops and transpiration of windbreak trees from the field with windbreak
trees was also much smaller than the amount of evapotranspiration from the field without

windbreak trees by 575 mm per 3 months equals to around 50% of the evapotranspiration.



According to this analysis, windbreak trees reduces total amount of evaporation from the soil
by 348 mm per 5 months, on the other hand, the total amount of transpiration of windbreak
trees occupies only 15.2 mm per 5 months, and the amount of transpiration of windbreak trees
equals to 4.4% of the amount of reduced evaporation in the land. However, at the same time,
transpiration of crops is reduced by 274 mm per 5 months by windbreak trees. Thus
windbreak trees reduce evaporation from the soil by 348 mm and transpiration of crops by
274 mm for 5 months. These results mentioned that actually windbreak trees have the
effectiveness to reduce evaporation in an agricultural land by large amount, however, at the
same time, windbreak trees have also the possibility to prevent the growth of crops by
reducing transpiration of crops. When windbreak trees are practically used in agricultural
fields, the possibility which windbreak trees might prevent growth of crops must be
considered with the assumed impact of the effect for each species of crops. In this case of
Maize, if behalf of the amount of transpiration of Maize were reduced by windbreak trees, the
amount of photosynthesis of Maize would be reduced by 50%. This reduction of the amount
of photosynthesis can be thought that it might have certain negative effects on the growth of

Maize.
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Introduction

A problem of food and water shortage is getting more acute as it is one of the most
serious international issues all over the world. Such kind of problem occurs by rapid
increase of population. Especially, water shortage which is actually one of the causes of
food shortage is getting more acute in arid and semi-arid areas in the world.

In Egypt, the population is rapidly growing these days. According to the Water
Resources and Irrigation of Arab Republic of Egypt Ministry (2005), Egypt will not be
able to feed all population with own agricultural production because of rapid increase of
population. It is also mentioned in this paper that the government of Egypt elected a
project called the National Water Resources Plan (NWRP) which would increase
agricultural lands in the Nile-Delta by controlling loss of water in existent agricultural
lands, for the purpose of increase in production of agriculture with limited water
resources mainly from the Nile River. In the beginning of Arab Republic of Egypt
Ministry of Water Resources and Irrigation (2005), there is a preface of this project
planning report written by Dr. Mahmoud Abu-Zeid, the minister of Water Resources and
Irrigation, cited here as follows.

“The National Water Resources Plan (NWRP) has been developed within the
framework of the NWRP project, carried out by the Ministry of Water Resources and
irrigation (MWRI) with support of the Government of the Netherlands. The main
objective of NWRP is to describe how Egypt will safeguard its water resources in the
future, both with respect to quantity and quality and how it will use these resources in the
best way from a socio-economic point of view. The planning horizon for the NWRP is
the year 2017.”

“NWREP is based on an Integrated Water Resources Management (IWRM) approach
and considers all components of Egypt’s water resources system and all functions and
water user sectors. This means that NWRP includes also the policy areas of other
ministries and that this document is ‘owned’ by all stakeholders involved. To this end
there has been an intensive interaction between the NWRP project and the stakeholders,
in particular within the inter-ministerial Technical Committee for Water Resources
Management. The resulting plan and policies have been discussed and agreed upon in the
inter-ministerial Technical and High Committees for the National Water Resources Plan
project.” He also mentioned in this report that other important results are the Policy
Document and the supporting Technical Reports, and actually, these are complementary
in the senses as follows,

v “the Policy Document presents the broad policy guidelines for the development and
the management of the water resources in Egypt”,
v’ “the National Water Resources Plan describes the specific actions to be taken to
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implement the policy and provides the necessary background information”

v “the supporting technical reports contain the detailed information and data
underlying the plan and describe also the analysis process that has been followed to
develop the policy and the plan.”

Thus, the NWRP project needs not only technical studies, but also political guidelines
which give broad management and development of water resources in Egypt. To support
the decision making of policy sector, technical report must produce the situation and
background information. Furthermore, technical report must contain detailed information
and data.

According to Kitamura ef al. (1994), water resource from the Nile River occupies 90%
of all water resources of Egypt (Figure 1), and in the Arab Republic of Egypt Ministry of
Water Resources and Irrigation (2005), the ratio of water use in agricultural sector
occupies 95% of all purpose of water use of Egypt (Figure 2). In such situation of Egypt,
it can be said that water saving in agricultural sector is very important to solve problems
such as food shortage and water shortage. As one of the sources of loss of water in
agriculture, evaporation which is from soil surface can be pointed out. In a surface water
balance in an agricultural land, input of water is generally irrigation and precipitation, and
output is infiltration, surface runoff, evaporation and transpiration. Infiltration, surface
runoff and transpiration are for growth of crops and sustainable water use in agricultural
irrigation systems. So it can be said that reduction of evaporation is very effective to
increase available water resource in the Nile-Delta. In this study, one of the solutions
which reduce evaporation in an agricultural land is focused on. It is introduction of
windbreak trees.

Windbreak tree is generally and qualitatively known to block wind, and at the same
time, it also reduces evapotranspiration from soil surface of an agricultural land. However,
windbreak trees add own transpiration into the surface water balance of an agricultural
land. Furthermore, it reduces not only evaporation but also transpiration of crops. To
validate the effectiveness of windbreak trees which reduce evaporation, it is very
important to estimate the reduction of evaporation and transpiration, and transpiration of
windbreak trees. If transpiration of windbreak trees is less or equal than reduced
evaporation, windbreak trees are effective to reduce evaporation, because windbreak trees
can be used for other purposes such as building materials. However, at a same time, it
must be considered if the effect of reduction of transpiration has no negative impact on
growth of crops.

In this study, the objective is set as validation of the effectiveness of windbreak trees
which reduce evaporation in an agricultural land. To achieve this goal, estimation of
annual transpiration of windbreak trees, estimation of reduction of evaporation and

transpiration in an agricultural land and comparison between transpiration of windbreak

2



trees and reduced evaporation must be clarified.

Actually, there a line of trees were along an agricultural land now in the Nile-Delta.
However they are not thought as windbreak trees but were introduced to fix canal bank in
Egypt. Thus, if the effectiveness of such line of trees as windbreak trees in the Nile-Delta
is quantitatively clarified by this study, total reduction of evaporation in the Nile-Delta
might be estimated.
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Figure 1  Available water resources in Egypt (from Kitamura et al. 1994)
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Figure 2 Water use in Egypt (Water Resources and Irrigation of Arab Republic of Egypt
Ministry, 2005)



2.
2-1. Study areas

Methods

This study has three main fields for measurements, Tomida farm (N 30’30’ 11.7, E 30’
48’ 06.41, altitude: 16 m), Sakha (N 31° 05’ 54.2, E 30° 55° 24.2, altitude: 13 m) and Al
Krakat (N 31°18°02.2, E 31° 12’ 26.67, altitude: 14 m) shown in Figure 3. At Tomida
farm, measurements of sap flow, sap wood, general meteorological data, LAI and
projected leaf area, stomatal conductance, leaf temperature and transpiration rate were
measured. Measured data from Tomida farm is mainly for estimation of annual
transpiration of windbreak trees. At Sakha, measurements of general meteorological data
including surface flux of evaporation, soil physics data, seasonal change of crops were
measured. Measured data from Sakha is mainly for estimation of evaporation and
transpiration from an agricultural land, and it can be said that Sakha is a typical
agricultural land in the Nile-Delta. At Al Krakat, measurements of general meteorological
data, soil physics and crops data and characteristic of windbreak trees were measured. It
can be said that the windbreak trees at Al Krakat are typical windbreak trees in the
Nile-Delta. The detailed explanations of each measurement are shown in Tables 1 — 3 for
each fields, and the detailed map of each fields are shown in Figures 3 — 6.

These three fields have different purposes for each, Tomida Farm is for estimation of
windbreak trees’ transpiration, Sakha is for separate estimation of evaporation and
transpiration of crops in an agricultural land, and Al Krakat is for the horizontal profile of
meteorological factors and situation of the soil and crops. The study flow representing
such purposes is shown in Figure 7. This study can be divided into three parts, and the
purposes are set for one by one. Finally, the results from each part were combined and

integrated in the conclusions and discussions.

2-2. Estimation of annual transpiration of windbreak trees

2-2-1. Measurements of sap flow and sap wood area
In Shimizu (2011), transpiration of windbreak trees was measured at Tomida farm for
10 days in summer. The target kind of tree was Casuarina. Casuarina can be seen in
coastal areas and arid areas in the world. Casuarina has thin leaves look like Pine. In this
study, transpiration of windbreak trees was continuously measured at Tomida farm. In

general, transpiration of trees is given by following equation.
T =uxA (1.1)

T, is Transpiration of a tree, u is sapflow rate and 4 is sapwood area. At Tomida farm, u
was measured by sapflow sensor (UP GmbH, model of CUP-SPF-M), shown in Figure 8§,

and 4 was measured by dying experiment. The dying experiment aimed at estimating
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sapwood areas of sample trees by dying their sap with bottles (shown in Figure 14) which
were filled with stain liquid, and in 100 minutes after starting infusing the stain liquid, the
core samples of sap wood areas were taken by an increment borer (shown in Figure 15).
After starting infusing of stains, the stains were carried above by sap flow and dying sap
wood area, in about 100 minutes, the dyed sap wood areas could be observed with the
core samples of sap wood areas which were taken by an increment borer at upper points
than an infusing point. This experiment was done in August 2010. The results of sap
wood areas estimation by ding experiment were shown in Figure 16.

On the other hand, the sapflow sensor is based on Granier (1985). Granier method
calculates sapflow from difference of temperature between two probes one with heater
and another without heater. In daytime, the difference of temperature becomes larger
because of heat transfer by sapflow, and in nighttime, the difference of temperature
becomes smaller because of weakness of sapflow.

However, it is generally known that the velocity of sapflow is different between in the
area near bark and in the area near the core. It means that sapflow has horizontal variation
in sap wood area, and velocity of sap flow gets smaller as horizontal depth from bark gets
deeper. Thus, if estimation of transpiration was calculated by only surface sap wood area
sapflow measurement, estimated transpiration would be over-estimation.

To avoid this miss-estimation, the horizontal variation of the velocity of sapflow was
measured against No.11, by setting two couples of sensors at two different horizontal
depths against the sap wood area of No.11. As the result of dying experiment shows in
Figure 16, the range of measured sap wood area of No.11 was 4 cm around 20 cm height
from infusing point. Furthermore, the 2 couples of sapflow sensors whose length were 2
cm were set at the height of around 20 cm above from the infusing point. Thus, two
measurements at two depths in the sap wood area of No.11 were suitable to estimate the
horizontal variation of sapflow. The result of estimation of the horizontal variation of
sapflow is shown in Figure 17. The horizontal variations of sapflow of other 4 samples
were assumed that they have same horizontal variations of sapflow as No.11.

For estimation of transpiration of windbreak trees, it is important to measure sap flow
and sap wood area, as seen in the Equation (1.1). At Tomida farm, five trees were chosen
as samples, shown in Figures 9 - 13. The characteristics of these samples are listed in
Table 4. After estimating transpiration, transpiration was divided by projected leaf area to
get the unit mm/h. The period of measurement of sap flow is from August first to
fifteenth in 2010 and from July fifteenth to December twentieth in 2011

2-2-2. Estimation of surface conductance with Jarvis model
In Jarvis (1976), stomatal conductance k; is given in the following equation. It means

ks 1s given by five environmental factors (photon flux density, temperature, specific
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Figure 3 Map of the study areas in the Nile-Delta
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aaaaaaaaaaa
= & AWS
. - |
Figure 4 Detailed map of T rigat).
The numbers, such as No.11, 6, 5, ch tree sample and the
characteristics of each sampl ble 54.

a Farm (EI B
ns names for ea
re shown in Tal



Automatic
Weather
Station

Figure 5 Detailed map of Sakha

10



Figure 6 Detailed map of Al Krakat
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Table | Measured variables at Tomida farm
Tomida farm
, ) Sensor / Measurement |Sampling i
Measured variables |Unit ) ) ) Average period
Experiment height (m) interval
Sapflow sensor
Sapflow cm/s (UP GmbH, 1.3 30 seconds 10 minutes
CUP-SPF-M)
Sapwood area cm’ Dying experiment 1.0 Instantaneous N/A
_ ) GPS and
Projected leaf area |m 1.3 Instantaneous N/A
tape measure
Air temperature C Hygrothermometer o
Relative humidity  [% (Vaisala, MP155) |
'Wind verocity m/s Anemometer -0
'Wind direction Degree  |(Young, CYG-3002) ' 30 seconds 10 minutes

Soil moisture

%o

TDR
(Campbell,

C-CS-616)

12




Table 2 Measured variables at Sakha

Sakha
) ) Sensor Measurement Sampling  |Average
Measured variables Unit . ) ) )
Experiment height (m) interval period
i X 3.0
Air temperature C Hygrothermometer o 10 seconds
Relative humidity % (Vaisala, MP155) 0.5 10 seconds
Barometer
Air pressure hPa ) 0.8 0.1 seconds
(Vaisala, PTB210)
Sonic anemometer
Three components wind
] m/s (GILL Instruments, 5.8 0.1 seconds
velocity
R3-50)
Open path gas analyzer
CO, concentration m mol/m’ Pen P 8 Y 5.8 0.1 seconds
(LI-COR, Inc., LI-7500)
Downward )
W/m 30
short radiation .
minutes
Upward 5
o 'W/m Four components
short radiation _
radiometer 4.2 10 seconds
Downward 5
'W/m (Hukseflux, NRO1)
long radiation
Upward
P W/m®
long radiation
. 5 Soil heat plate
Soil heat flux W/m -0.03 10 seconds
(Hukseflux, HFP-01)
Latent heat flux W/m®
. > Calculated by
Sensible heat flux 'W/m ] - 10 seconds
eddy correlation method
[Net radiation W/m®
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Table 3 Measured variables at Al Krakat

Al Krakat
. . Measurement [Sampling .
Measured variables  |Unit Sensor ) ; Average period
height (m) interval
'Wind velocity m/s
'Wind direction degree
Max wind velocity m/s
Direction of max wind
] degree Weather transmitter )
velocity ) 1.5 10 seconds 10 minutes
- (Vaisala WXT520)
Temperature C
Relative humidity %
Air pressure hPa
Precipitation mm
Soil & Leaf surface | 10 - 30 times in [[nstantaneous
C IRT 0
temperature a day value
Soil thermal 5 50 - 60 times in [Instantaneous
. umol/m”/s  [KD2 -0.6
conductivity a day value
) 50 - 60 times in |Instantaneous
Soil water content % HS II -0.6
a day value
Temperature in canopy [C
Leaf temperature C
Relative humidity in
%0 20 - 90 times in [Instantaneous
canopy LI-1600 0.1-1.5
> a day value
Quantum umol/m’/s
Stomatal resistance s/cm
Transpiration rate mg/m’/s
) o Instantaneous
LAI no unit LAI-2000 0.1-2.0 Itime in a day
value
Evaporation 4 times in a day [[nstantaneous
mm/h Chamber 0-0.1

from Soil Surface

(2012/9/12)

value
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Figure 7 The Study flow of this study (Green part is to estimate transpiration of windbreak

trees, Blue part is to estimate evaporation and transpiration from an agricultural land, and Red

part is to measure environmental factors leeward of windbreak trees)
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humidity deficit, leaf water potential and ambient CO, concentration) in a tree system

as follows
k, =k, (0, )k, (T)k, (Se)k, (v, )k, (C,) (12)

where O, 1s photon flux density, 7 is air temperature, de is vapor pressure difference, y; is
leaf water potential and C, is ambient CO, concentration. Jarvis (1976) regarded that k;
was given by these five environmental factors. These estimated values, such as k(Q,),
k«(T), ky(9.), k(%)) and ky(C,) mean relative surface conductance, and the ranges of each
value were zero to one.

On the other hand, in Stewart (1988) who modified Jarvis (1976), surface conductance
gs 1s given in the following equation. Because of the littleness of impact of ambient CO,
concentration, Stewart (1988) treated it as negligible, and instead of leaf water potential,

soil moisture deficit was adopted.

g, :LKlg(St)g(é'q)g(T)g(é‘H) (1.3)

where L is LAI of tree, K, is a parameter which usually means the maximum value of
surface conductance, S; is solar radiation, dq is specific humidity deficit, 7 is temperature
of the air and 48 is soil moisture deficit. These values, such as g(S;), g(dq), g(T) and g(d0)
mean relative surface conductance, and these ranges were zero to one. Actually at Tomida
farm, because S; was not measured, the regression equation between net radiation and
solar radiation divided for Sakha AWS (Figure 21) data was applied for calculation of S;
at Tomida farm with the data of net radiation by the AWS at Tomida farm (Figures 18 -
20). Calder (1976) defined that 66 is difference between actual soil moisture and field
capacity.To estimate surface conductance g; as in a whole system of surface water
balance, Stewart (1988) is more preferable for this study. Thus Stewart (1988) was
adopted in this study, and g, was estimated by measured three environmental factors
(temperature, specific humidity deficit and soil moisture deficit) at Tomida farm and one
estimated factor from the data at Sakha (solar radiation and CO; concentration).

In this study, the correlations between g, and g(0,), g(7), g(dq) and g(C,)was
estimated with Jarvis (1976) and g(06) was estimated with Stewart (1988). Finally

surface conductance g; was given from the following equation.

g =LK.g(0,)g(T)g(5q)g(50)g(C,) (14)
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Figure 8 Photograph of a sapflow sensor which was attached on No. 3
(Tomida farm, July 2011)
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Figure 9 One of the tree samples named No.11
(Tomida farm, August 2010)
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Figure 10  One of the tree samples named No.6
(Tomida farm, August 2010)
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Figure 11  One of the tree samples named No.5
(Tomida farm, August 2010)
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Figure 12 One of the tree samples named No. 4
(Tomida farm, August 2010)

<
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Figure 13 One of the tree samples named No. 3

, August 2010)

(Tomida farm
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Figure 14 The bottle which was filled with stain liquid was attached against tree stem to
infuse stains into sap wood area to estimate sap wood area of the tree. This photograph was
taken in preparatory experiment against Japanese red pine done in TERC, the University of

Tsukuba in July 2010. (Shimizu, 2011)
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Figure 15 The photograph of core samples of trees taken by an increment borer in August
2010. Left sides of core samples are bark and the red parts were dyed with stains. (Shimizu,
2011)
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Figure 16 The results of estimation of sap wood areas of each tree sample, (a) No.11,
(b)No.6, (c)No.5, (d)No.4 and (e)No.3. The x-axis means horizontal depth from the bark, and
the y-axis means height from infusing point: / (cm). The areas between blue line and red line

were estimated as sap wood areas. (Shimizu, 2011)
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Figure 17 Horizontal variation of sapflow velocity in the sap wood area of No.11. The
x-axis means relative horizontal depth from bark and the y-axis means relative sapflow
velocity which based on the measured sapflow velocity near the bark. These three plots were

determined by measurements. (Shimizu, 2011)
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It was clarified in Stewart (1988) and Jarvis (1976) that each components g(Q,), g(7),
2(00), g(dg), and g(C,) have correlations between g such as Figures 45 and 46, and each

correlations were assumed to be given by the following equations.

_ bb, (Qp _CI)
g(Qp)_ b +b, (Qp _‘I)

where

b = lim g(Q,)

QP —>0

g and b, are parameters, and calibrated with measured g;.

g(T)=b,(T-T)(T,-T)" (0< g(T)<1)

where

g(5q)=1—K35q(0<5q<K4)

=1-K,K, (K, <5q)

where K3 is the slope of the relation.

g(80)=1-expKk,

where
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K,=K(50-56,) (1.12)

1 (Ca<250)
g(Ca ): 1-5,C, (250 < Ca <800) (1.13)
bs (800 < Ca)
where
0<g(C,)<I1

where K and 66, are parameters calibrated with measured g;. In this study, the surface
conductance was calculated by equations from (1.4) to (1.13) after calibrating each

equation with measurements.
2-2-3. Penman-Monteith equation

In Penman-Monteith equation (Monteith, 1965), latent heat flux is given in the

following equation.

_A(R,-G)+yLE,

LE, = (1.13)
™ A+y(l+g,/g,)
where
A= abczexp[ “Tj (1.14)
(T +b) T+b
c,p
_ 1.15
06221, (1.15)
_ | (1.16)
ga CHZ; N
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C, = (1.17)
ln(zjln( z ]
2 Zoh
L =a+bT (1.18)
E, :p&;zCE;(e* (7)-e) (1.19)
2
C, - k (1.20)
ln[Z]ln( z j
2 20y
L, »p e
= —11-0.378— 1.21
PP, ( p] (2h
. al
e (T)=cexp| —— 1.22
( ) p(T+bj ( )
r=2< (1.23)
e

where E,,, is transpiration of tree in this study, L. is evaporative latent heat, R, is net
radiation, A is saturated water vapor curve’s gradient, £4 is aerodynamics term, G is soil
heat flux, y is psychrometric constant and g, is aerodynamic conductance.

The input meteorological data were measured by the AWS at Tomida farm except for
air pressure. The data of air pressure was from the AWS at Sakha, under the assumption
that the air pressure at Tomida farm was similar to that of Sakha. A photograph of the
AWS at Sakha is shown in Figure 21.

2-2-4. Estimation of annual transpiration of windbreak trees
For estimation of transpiration of windbreak trees, most of input data were from the
AWS at Tomida farm and Sakha. The data of surface conductance which is one of the
input data is calculated by Jarvis model. By substituting g, calculated from Jarvis model
into Penman-Monteith equation, the transpiration of windbreak trees was obtained as E,,,

from Penman-Monteith equation. In estimating annual transpiration of windbreak trees,
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Figure 18 Photograph of AWS at Tomida Farm
(Tomida farm, July 2011)
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Figure 19 Photograph of TDR under the AWS at Tomida Farm
(Tomida farm, July 2011)
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Figure 20 Photograph of the sensors at the top of the AWS at Tomida Farm
(Tomida farm, July 2011)
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g can be calculated by Jarvis model with four environmental factors, and transpiration of
trees can be calculated by Penman-Monteith equation with meteorological data which
were measured at a certain field and g, from Jarvis model. In other words, transpiration of
trees can be estimated by Penman-Monteith equation and Jarvis model with some

meteorological data and LAI of the trees.

2-3. Measurements of meteorological data
2-3-1. Measurements of meteorological data for setting of the field in TOPLATS model
The agricultural land at Al Krakat can be divided by the windbreak trees into two

fields, North side and South side, and the main wind direction was North in the
measurement period, shown in Figures 69 and 72. At Al Krakat, some meteorological
data were measured such as air temperature, wind velocity, maximum wind velocity,
wind direction, air pressure and precipitation by Vaisala weather transmitter (WXT520).
In this study, because there were no precipitation during measurement period, data of
precipitation were not used. The meteorological data were measured six points, one
sensor named No.1 for the North field of Al Krakat and five sensors named Nos.2-6 for
south field. The No.1 sensor was set in 80 m distance north from windbreak trees, and the
Nos.2-6 sensors were set at 10 m, 30 m, 60 m, 100 m and 150 m for each sensor south
from windbreak trees, for the purpose of clarification of the horizontal profile of
meteorological data against the distance from windbreak trees (Figure 22). The

photographs of sensors and windbreak trees at Al Krakat are shown in Figures 23 - 26.

2-3-2. Measurements of characteristics of trees, crops and soil

The data of trees, crops and soil were also measured at the site, such as LAI, porosity
of the windbreak trees, stomatal resistance, transpiration rate, height, surface temperature,
soil evaporation, soil moisture and soil thermal conductivity. The measurement of LAI
was done with Canopy Analyzer (LI-2000), stomatal resistance and transpiration rate was
done with Leaf Porometer (LI-1600), surface temperature was with handy surface
thermometer (MINOLTA), evaporation was with Chamber method (Matsuno, 2011), soil
moisture was with handheld TDR (HydroSense II ) and soil thermal conductivity was
with handheld thermal conductivity meter (KD2).

The porosity of the windbreak trees was estimated by an image analysis with Image J
software. A photograph of the windbreak trees taken in Al Krakat was changed into a
monochrome figure as shown in Figure 27, and the ratio of black-and-white part was
analyzed by image analysis software as porosity of the windbreak trees. Actually 14
windbreak trees in the Nile-Delta were analyzed their porosity in the same method in the
summer of 2011. The result of estimation of the porosity of 14 windbreak trees is shown

in Table 4, and the locations of 14 windbreak trees are shown in Figure 28. The porosities

33



of the windbreak trees at Al Krakat and Tomida farm are shown in Table 5. As these
results show, it can be said that the porosities of the windbreak trees which were observed
at Al Krakat and Tomida farm were general in the Nile-Delta.

The data of LAI height, surface temperature, evaporation, soil moisture and soil
thermal conductivity were measured at six points of the Vaisala sensors. The photographs
of each portable sensor and measurements are shown in Figures 29 and 30. The
measurements of soil evaporation were done with chamber method as follows. One term
of measurement contains 5 times measurements which were done by covering with a
chamber. The evaporation was estimated by averaging values of measured vapor density

ratio at five times. Detailed explanation was shown in Matsuno (2011).

2-4. Estimation of evaporation and transpiration in an agricultural land
2-4-1. TOPLATS model
The TOPLATS model (TOPMODEL-Based Land Surface-Atmosphere Transfer

Scheme) was first proposed by Famiglietti ef al (1992) and modified by Crow and Wood
(2003). This model is for regional and global atmospheric models and studies of
macro-scale water and energy balance and it was unified explicitly distributed and
statistical version in this study. Thus in this study, the part of Land Surface- Atmosphere
Scheme was used to estimate soil evaporation and transpiration of crops. The part of
Transfer which means base-flow, water balance in a lake and so on was not used in this
study. The input data were meteorological and radiation data, such as temperature, wind
velocity, net radiation and relative humidity, and some parameters of crops and soil were
required. The structures of inputs and outputs of TOPLATS model are schematically
shown in Figure 31, as a conceptual figure.

2-4-2. Calculation of evaporation and transpiration in an agricultural land for both cases
without and with windbreak trees
The seasonal variations of evaporation, transpiration and evapotranspiration in an

agricultural land without windbreak trees were estimated by inputting the measured data
as measured by the AWS at Sakha. In this study, an agricultural land was assumed same
as the field at Sakha. This is ok as its shape and size are standard in the Nile-Delta. In the
case of an agricultural land with windbreak trees, it was assumed that Sakha field has the
same windbreak trees as those at Tomida farm whose transpiration and LAI were
measured. Furthermore, the windbreak trees were assumed that they were planted at only
a northern edge of the Sakha field in a line at an interval of 2 ~ 3 m. The reason why the
windbreak trees were assumed to be on only Northern edge of Sakha field was the main
wind direction at Sakha field is north in a year, shown in Figure 32. The horizontal profile

of meteorological data and the data of crops and soil at the Sakha field were assumed
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Figure 21 Photograph of the AWS at Sakha
(Sakha, July 2011)
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Figure 22 Figure showing sensor settings at Al Krakat. Blue figures show sensors.
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Figure 23 A set of Vaisala sensor for meteorological measurements
(Al Krakat, August 2012)
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Figure 24 A sensor and the windbreak trees

(Al Krakat, August 2012)
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Figure 25 Sensors and the windbreak trees from South side
(Al Krakat, August 2012)
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Figure 26  Target windbreak trees at Al Krakat from North side
(Al Krakat, August 2012)

40



o r
I
' N

o

: .\ ? g o A 1 ‘-"..l 7 i & '-'
: ;AT g Tl S A 8
- It 2 13 & ol S B
. PR L L.
3 5 1 ]
B T L 1'-!'.;' s S waag - L i
AT Nt T

Figure 27 A black-and-white figure of the windbreak trees at Al Krakat (analyzed with
Image J software). In this analysis, the porosity of the windbreak trees could be estimated as

the ratio of black part and white part in the area surrounded by a green line.
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Figure 28 The locations of 14 points for estimation of porosities of windbreak trees in the
Nile-Delta measured in July 2011.
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Table 4 Estimated porosities of windbreak trees at 14 points in the Nile-Delta

Porosity (%)

Place 1 41.7
Place 2 52.6
Place 3 47.7
Place 4 42.3
Place 5 51.4
Place 6 504
Place 7 52.6
Place 8 43

Place 9 52.4
Place 10 40.7
Place 11 46.5
Place 12 44.3
Place 13 42

Place 14 44.6
Average 46.6
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Table 5 Estimated porosities of windbreak trees at Tomida farm and Al Krakat

Windbreak trees Tomida Farm Al Krakat
Porosity (%) 52.7 43.6
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same as those measured at Al Krakat. So the inputted meteorological data, especially the
data of wind velocity, was estimated based on the measured horizontal profile at Al
Krakat. And the grid size was set as 10 m x 10 m. The calculation processes of TOPLATS

model are shown below. The estimated transpiration £, was given in following equation.

E, =min[E,,E,] (1.24)

where e; is given in following equation by provided by Monteith and Unsworth (1990)

E _Ax(Rn—G)+cp><prPD-ga (1.25)
b (A+ps)><Le '

where A is gradient of saturated water vapor curve, R, is net radiation, G is soil heat flux,
¢, 18 specific heat at constant pressure, p is air density, 7, is aerodynamic resistance, p; 1S
psychrometric constant which includes consideration of soil resistance, L. is latent heat

for vaporization, and VPD is given in following equation
VPD=¢ —e (1.28)
where e means saturated water vapor pressure and e is water vapor pressure. The air

density p is given in Equation (1.21). The aerodynamic resistance r, is given in following

equation provided by Brutsaert and Sticker (1979)

-1
1 zZ,—Zz, zZ,—2,
= lo 2 1lo P 1.32
Ee {0.42><u g( Zop ] g( Zom ]} ( )

where u is horizontal wind velocity, z, is the height of measurement of meteorological

data, z,4 is zero-plane displacement, zy, is roughness length for heat transfer, z,, is the
height of measurement of wind velocity, z,, is roughness length for momentum transfer.
The psychrometric constant which includes consideration of soil resistance p; is given in

following equation

D, =7(1+V—SJ (1.33)



Figure 29 Measurement of tree’s stomatal resistance by LI-1600
(Tomida farm, August 2012)
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Figure 30 Measurement of soil moisture and soil thermal conductivity
by HydroSense I and KD2
(Sakha, September 2012)
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Figure 31 Conceptual figure of TOPLATS model (Input and Output data)
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Figure 32 Annual wind rose at Sakha field (2010/10/1 ~2011/9/30).

Main wind direction is from North to South.
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where y is psychrometric constant, 7 is soil resistance, and y is given in Equation (1.15).

In this study, the soil resistance r; is given in following equation provided by Sun (1982)

N

9 2.3
. =3.5(§5j +33.5 (1.35)

The e, equals to e; when soil resistance r; assumed to be 0. Next, the transpiration of

crops is given in following equation
E, =min(E,,E,) (1.40)
where e; is given in following equation provided by Feyen et al. (1980)

E PSOil+Ple‘af (1 41)
"R, +R '

soil plant

where Py, 1s soil water potential, Py, 1is leaf critical water potential, Ry, is resistance
from soil, Ry 1s resistance from plants. The soil water potential Py, is given in

following equation

=Y (1.42)

where y;, is air incursion, R; is valid soil saturation, B is Brooks-Corey pore size
distribution reference. The valid soil saturation R; is given in following equation

R=""2 (1.43)

where 6 is soil water content, 0, is residual soil moisture, ; is saturated soil moisture. The

resistance from soil R;,; is given in following equation provided by Feyen et al. (1980)

1
R =——— 1.44
ol AxKxD (1.44)
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where 4 is root activity factor, K is unsaturated hydraulic transmissivity, D is root density.
The unsaturated hydraulic transmissivity K is given in following equation provided by
Famiglietti et al. (1994)

2+3B

K=K.xR * (1.45)

where K. is saturated hydraulic transmissivity, ff'is TOPMODEL parameter, z,. is depth

from soil surface, and K. is given in following equation

K. =K, xexp(—ffxz,) (1.46)

The resistance from plants R, is given in following equation provided by Feyen et al.
(1980)

7
Rplant = 3 (1 47)

where 7, is root resistance. Next, e, is given in following equation

v, x(R,—G)+c,x pxVPD/(f:1,1,/8. +1/g,)
(V,, +PS)XLQ

E, = (1.48)

where f; is limiting factor due to PAR to canopy resistance, f; is limiting factor due to
vapor pressure deficit to canopy resistance, f; is limiting factor due to air temperature to
canopy resistance and r, is plant resistance. The plant resistance 7, is given in following

equation provided by Jacquemin and Noilhan (1990)

-1
.
—| Jsmin 1.49
g, (LAI) (1.49)

where 7y, s minimum stomatal resistance, LA/ is leaf area index. The limiting factor due
to PAR to canopy resistance f; is given in following equation provided by Jacquemin and
Noilhan (1990)
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f+rjvmin /l/jvmax

where 7., 1s maximum stoamtal resistance and fis given in following equation

2

R
f=0.55x—%x
LAI

R

(1.51)

gl

where R, is radiation parameter. The limiting factor due to vapor pressure deficit to

canopy resistance f; is given in following equation provided by Jacquemin and Noilhan
(1990)

1

ﬂzpﬁwxwm

(1.52)

where f3,,- 1s parameter due to vapor pressure deficit by plant resistance 7.. The limiting
factor due to air temperature to canopy resistance f; is given in following equation

provided by Jacquemin and Noilhan (1990)

1
1- ﬁtpar x (tref =1, )2

f, (1.53)

where f;,.- 1s parameter due to air temperature by plant resistance 7., #..sis reference air

temperature due to plant resistance.

2-4-3. Parameters
In TOPLATS model analysis, some parameters of the canopy, soil and aerodynamic
factors had to be determined. The time constant parameters are shown in Tables 6 and 7
with units, values and their sources. The time varying parameters, such as LAI of crops,
roughness length for momentum transfer, roughness length for heat transfer and

zero-plane displacement are shown in Table 8.

2-5. Definition of the effectiveness of windbreak trees
In the consideration of the effectiveness of windbreak trees, the addition of outputs of

water in the water balance of an agricultural land and the growth of crops must be
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Table 6 Time constant parameters in TOPLATS model settings

Parameters Value Characteristics Source
Brooks-Corey pore size Adopting similar soil
T 0.25 Ino (2002)
distribution index
. From measurement at | Hoshino (personal
Bubbling pressure (m) 0.01 oo
local fields communication)
. . From measurement at | Hoshino (personal
Saturated soil moisture 0.63 o
local fields communication)
Residual soil moisture 0.35 |Adopting similar soil | Sugita and Kotoda (1985)
Surface saturated From measurement at )
) . 5 Hoshino (personal
hydraulic conductivity 1.66x10 ~ [local fields o
communication)
(m/s)
Depth of deep soil From measurement at
0.4 Fukuda (2012)
temperature (m) local fields
Temperature for deep soil From measurement at
302.15 Fukuda (2012)
layer (K) local fields
Depth of mid soil From measurement at
1 Fukuda (2012)
temperature (m) local fields
Initial mid soil From measurement at
281 Fukuda (2012)
temperature (K) local fields
Heat capacity of dry soil -6 |Adopting similar soil
Dacty o aLy 226x10° | PIE Tani (1982)
(J/kg/m )
From measurement at .
Quartz content (%) 0.35 Tsuchihira (2011)
local fields
Root fraction in each From measurement at .
0.53,0.47,0 Tsuchihira (2011)
layer (Sakha) local fields
[From measurement at .
LAI for canopy storage 0 Tsuchihira (2011)
local fields
From measurement at
Albedo for dry surface 0.11 Fukuda (2009)
local fields
From measurement at
Albedo for wet surface 0.11 Fukuda (2009)
local fields
Emissivity 0.95 |Adopting similar soil | Tsuchihira (2011)
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Table 7 Time constant parameters in TOPLATS model settings

Parameters Values Characteristics Sources
Minimum stomatal resistance From measurement at

87 Fukuda (2012)
(s/m) local fields
Maximum stomatal resistance 5000 From measurement at Chen and Dudhla
(s/m) local fields (2001)

Radiation parameter for PAR
adjustment to canopy resistance
(W/m?)

Adopting similar

30 [vegetation

Jacquemin and
Noilhan (1990)

Parameter for vapor pressure
deficit adjustment to canopy

resistance

Adopting similar
0.06 [vegetation

Jacquemin and
Noilhan (1990)

Parameter for temperature

adjustment to canopy resistance

Adopting similar
0.0016 .
vegetation

Jacquemin and
Noilhan (1990)

Reference temperature used in

temperature adjustment to canopy

Adopting similar
298 [vegetation

Jacquemin and

. Noilhan (1990)
resistance
Parameter for calculation of Adopting similar
vegetation transmission factor 04 vegetation Choudhury et al.
used to calculate ground heat flux ' (1987)
under vegetation
. Adopting similar
Root activity factor 250 . Hanawa (2007)
vegetation
) 5 ‘h 87 3 From measurement at Tsuchihira (2011)
. suchihira
Root density (1/m ) (Sakha) local fields
e g |Adopting similar
Root resistivity (s/m) 6.00x10 ) Hanawa (2007)
vegetation
. i Adopting similar Famiglietti et al.
Critical leaf water potential (m) -210 .
vegetation (1994)
Extinction coefficient of solar From measurement at .
. 0.44 Tsuchihira (2011)
radiation in the canopy (Sakha) local fields
Flux in saturated soil (m3/s) 2000 Adopting similar soil Hanawa (2007)
TOPMODEL parameter ff 3.8 |Adopting similar soil Hanawa (2007)
Depth of initial average From measurement at .
1.27 Tsuchihira (2011)

groundwater table (m)

local fields
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Table 8 Time varying parameters in TOPLATS model settings

Parameter Range Source
Fukuda (2009)
LALI for energy balance 0-438 Maruyama
(personal communication)
Roughness length for 0.01 - 0.32 Estimated with Measured
momentum transfer (m) data
Roughness length for heat Estimated with Measured
0.001 - 0.032
transfer (m) data
Zero plane displacement 0.2 - 1.09 Estimated with Measured

(m)

data
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specified. First, it was assumed that windbreak trees reduce certain amount of
evaporation in an agricultural land, and the amount of reduced evaporation must be larger
than that of the transpiration of windbreak trees to regard the windbreak trees be effective
against reduction of evaporation. If the transpiration of windbreak trees is larger than the
amount of reduced evaporation, it is better not to plant the windbreak trees in an aspect of
water balance of an agricultural land. However, if the amount of transpiration of
windbreak trees equals to the amount of reduced evaporation, the windbreak trees are

also effective against reduction of evaporation, because Casuarina can be used as a
useful material such as building materials in architecture industries. These mechanisms of
evaporation reduction are shown in Figure 33 as a conceptual figure. On the other hand,
even if the transpiration of windbreak trees is less than or equal to the amount of reduced
evaporation, windbreak trees must not prevent the crops from growing by reducing the
transpiration of crops which support the growth of crops. According to the mechanism of
windbreak trees which reduce evaporation, certain amount of the transpiration of crops
also is simultaneously reduced. Therefore, it must be considered whether the reduction of
crops’ transpiration does not prevent crops from growing. After these considerations, the

effectiveness of windbreak trees can be validated for the reduction of evaporation.
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Figure 33 How to validate the effectiveness of windbreak trees
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3. Results
3-1. Estimation of annual transpiration of windbreak trees
3-1-1. Measured transpiration at Tomida farm

The seasonal variations of difference of temperature between probes of sapflow
sensors are shown in the Figure 34 for each sensor and the result of measurements of
projected leaf areas and sapwood areas of samples at Tomida farm are shown in Table 6.
As Table 6 shows, these values suggest the size of trees, such as DBH which means
diameter at bust height, height of trees and projected leaf area. DBH was measured in
2010 with a scale for each sample. The reason why these five trees were chosen as
samples is the frequency distribution of trees at Tomida farm. In Tomida farm, there a lot
of Casuarina, and the frequency of size of trees is scattered. Thus the frequency
distribution of DBH was made, and the classes of ranks of DBH of trees were divided
into five classes. Therefore, these five samples represent the classes for each sample well.

The projected leaf areas of samples were measured by walking under the tree crown
with holding GPS, and recorded data of GPS were appeared as circles in map software, e.
g., MapSource. Then the circles which mean the projected leaf areas of samples were
estimated their areas on the map software. At the same time, projected leaf areas were
measured by another method as follows. Two people hold each edge of a scale, and one
stays beside the stem of a sample, another person walks under the edge of tree crown.
Then the distances from the tree stem in eight directions were measured. Therefore, the
brief shapes of projected leaf areas of each sample appeared as five octagons in a map.
Then the areas of five octagons were estimated and treated as the projected leaf areas.

The seasonal variations of the transpiration of each sample are shown in Figure 35.
These variations of transpiration were estimated by the multiplication of sapflow and
sapwood area from the measurements against each five samples, and transpiration
(mm/day) was calculated by division of transpiration (volume) by projected leaf area. In
these charts of transpiration of each tree sample, the values of transpiration are different
from each other, and small scale sample seemed to have small transpiration. Daily
variations of transpiration of No.6, 4 and 3 were much smaller than that of No.11 and 6.
This result also implies that there seemed to be some correlation between scale of tree
and its amount of transpiration. Especially, the variation of transpiration of No.3 was the
smallest, and the amount was remarkably small. The results of consideration of the
correlation between transpiration and trees’ characteristics, such as projected leaf area,
LAI DBH and tree height for each tree sample are shown in Figures 36 - 41. According
to these characteristics which represent the size of each tree, as these characteristics get
larger, transpiration of each tree get larger at the same time. Additionally, these results
were similar to Fujiyama et al. (2005) and Poyatos et al. (2005) which clarified the

correlation between transpiration or sapflow velocity of trees and DBH and projected leaf
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Figure 34 Daily variation of sapflow (cm/s) of 5 samples
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Table 9 Characteristics of each tree sample

Samples No. 11 No. 6 No. 5 No. 4 No. 3
DBH (cm) 51.6 27.8 67.6 82.8 43.4
Height (m) 12.9 9.8 16 11 6.3
Sapwood area (cm®) 766 411 1057 1693 705
Projected Leaf area (m?)
. 141.2 20.2 211.9 274.2 19.9
in 2011
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Figure 35 Variation of daily integrated transpiration per unit projected leaf area of each

sample in the summer of 2011
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Figure 36 The correlation between transpiration and projected leaf areas of 5 tree samples at

Tomida farm. Diurnal integrated transpiration was averaged in the measurement period.
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Figure 37 The correlation between transpiration and DBH (diameter at breast height) of 5
tree samples at Tomida farm. Diurnal integrated transpiration was averaged in the

measurement period.
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Figure 38 The correlation between transpiration and height of 5 tree samples at Tomida farm.

Diurnal integrated transpiration was averaged in the measurement period.
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Figure 39 The correlation between transpiration and LAI of 5 tree samples at Tomida farm.

Diurnal integrated transpiration was averaged in the measurement period.
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Tomida farm.
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at Tomida farm. The error bar means maximum and minimum in the measurement period.
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Figure 42 Correlation between transpiration and DBH from Fujiyama et al. (2005).
Transpiration of trees were measured by Granier method against Chamaecyparis obtuse in

Japan.
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Figure 43 Correlation between maximum sapflow velocity and DBH, projected leaf areas
(crown projected area) from Poyatos et al. (2005). Sapflow of trees were measured by Granier

method against Pinus sylvestris in north-east Spain.
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area of trees, as shown in Figures 42 and 43. In both theses, sapflow of trees were
measured by Granier method. In spite of the results mentioned by Fujiyama et al. (2005)
that the correlation between transpiration and DBH could be represented by exponential
function, similar result could not be found in this study, because the plots of measurement
seemed to be not enough. Furthermore, the correlation between DBH and diurnal
maximum sapflow velocity could not provide obvious positive linear function in this
study. Thus the reason why exponential function was not discovered in this study could
be thought that obvious positive linear correlation was not found between DBH and
sapflow velocity from few measurement samples. On the other hand, the variation of
transpiration of No.11 implies that it had seasonal change in Figure 44. The amount of
daily integrated value of transpiration of No.11 was getting smaller gradually in the end
of the summer in 2011.

The daily variations of transpiration of five samples from 9/10 to 9/20 are shown in
Figure 35. This chart has a purpose of focusing on diurnal variation. The variations of
transpiration of No.11, No.6 and No.5 had similar shape. For example, the maximum
value of peak of transpiration appears at around 13:00 or 14:00 (local time), and the
speed of the variation of transpiration in the morning is somehow larger than that in
afternoon. Transpirations of all samples became zero in every night, and these

characteristics are usually general in measurements of Granier method.

3-1-2. Estimation of surface conductance with Jarvis model

According to Stewart (1988) who modified Jarvis (1976), surface conductance
generally has correlations with four environmental factors, such as air temperature, solar
radiation, specific humidity deficit and soil moisture deficit. In Jarvis (1976), it was
shown that surface conductance has correlations with five environmental factors, such as
air temperature, photon flux density, vapor pressure, leaf water potential and CO,
concentration. Observing Jarvis (1976), surface conductance could be estimated as in a
tree system. On the other hand, in Stewart (1988), surface conductance could be
estimated as in small environmental systems surrounding the trees, not only tree
characteristics or data, but also microclimate and meteorological data. In this study,
assumed system of Stewart (1988) was more suitable for the purpose of estimation of
surface conductance. Thus estimation of surface conductance was basically by means of
Stewart (1988) rather than Jarvis (1976). The results of the correlation between measured
five environmental factors and surface conductance calculated by Penman-Monteith
equation with measured meteorological data are shown in Figures 46 - 51. The
interactions between surface conductance which was estimated from Penman-Monteith
equation and photon flux density, air temperature, specific humidity deficit and soil

moisture deficit are shown. These correlations had similar results to those of Stewart
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Ficure 15. The relation between stomatal conductance (k,) and ambient CO, concentration (C,) at three levels
of photon flux density (@,) as given by equations (8) and (9). Other conditions assumed: 8¢ = 0.5 kPa;

¥, = —0.6 MPa; T, = 10 °C.

Figure 46 Correlation between stomatal conductance (cm/s) and CO; concentration
(cm’/m’) from Jarvis (1976).
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Figure 47 Correlation between measured relative surface conductance and photon flux
density (umol/m? /s). Relative surface conductance was calculated measured surface

conductance per maximum surface conductance of the measurement period.
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Figure 49 Correlation between relative surface conductance and
specific humidity deficit (g /kg) Relative surface conductance was calculated measured

surface conductance per maximum surface conductance of the measurement period.
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CO; concentration (ppm) Relative surface conductance was calculated measured surface
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Table 10  Results of parameterization of each function in Jarvis model (Stewart, 1988)

Parameters Values Parameters Values Parameters Values
K, 1.98 b, 1 LAI (No.11) 291
K, 156.3 b, 0.00221 LAI (No.6) 3.22
K, 0.04 b, 0.005 LAI (No.5) 4.81
K, 15 b, 0.69 LAI (No.4) 2.81
K, - b 0.02 LAI (No.3) 3.73
K, 0.0897 b, i LAT(Whole 2.22

windbreak trees)
K, 1.086 b, 0.0017 q 50
K, - b 0.065 T, 38.88
K, K (66-66,,) b, - T, 18.05
O 0.47365 b, 100 T, 30.23
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(1988), and functions of each correlation could be applied for the results of this study.
The functions are shown in figures as a blue line with scatter diagrams.

Overviewing these results, it can be said that a kind of tree Casuarina could be applied
for Jarvis model, even in such semi-arid region of Egypt. However, the correlations of
soil moisture deficit of this study did not have enough range of measurements. In
parameterization of function of soil moisture deficit, parameters are basically same with
those of Stewart (1988) in this study. Other functional forms of Stewart (1988)
completely included measured value of three environmental factors in this study, so the
same functional forms were regarded to be applicable for this study. The result of

calibration is shown in Table 10.

3-1-3. Estimation of transpiration with Penman-Monteith equation and Jarvis model

The seasonal variation of the surface conductance which was estimated by the
meteorological data measured by the AWS at Tomida farm with Jarvis model is shown in
Figure 52. The calibrated parameters and LAI of each sample are shown in Table 7. The
bottom graph shows the variation of surface conductance which was estimated by the
meteorological data measured by the AWS at Tomida farm with Penman-Monteith
equation. The scatter diagram of the correlation between estimated surface conductance
with Jarvis model and calculated surface conductance with Penman-Monteith equation is
shown in Figure 53. The coefficient of the correlation was 0.49, and estimated surface
conductance tended to under-estimate against the real values.

However, in this study’s case, the most important point is comparison between
transpiration of windbreak trees and soil evaporation from the land. If the transpiration of
windbreak trees were much smaller than soil evaporation from the land, the results shown
in section would not influence the conclusion. Thus it can be said that the most important
result is representation of the seasonal variation of measured transpiration by estimation
of transpiration by Penman-Monteith equation and Jarvis model, rather than searching for
higher determination coefficient of correlation between measured and estimated surface
conductance itself. Thus, it is ok for this study that the correlation between measured and
estimated surface conductance was not good.

The seasonal variation of estimated transpiration of windbreak tree No.11 from July
15™ to Sep. 26™ in 2011 is shown in Figure 54. This variation was estimated by Penman-
monteith equation and Jarvis model (modified by Stewart, 1988) by equation (1. 4) with
the meteorological data measured in same period recorded by the AWS at Tomida farm.
The data from AWS at Tomida farm were not available during the period from July 29" to
August 24",
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3-1-4. Validation of estimated transpiration with measured transpiration
The daily variations of estimated transpiration of the tree No.11 and measured

transpiration of the tree No.11 are shown in Figures 54 and 55 in the growing period in
2011. From the variation of estimated and measured transpiration, analysis period could
be divided into two periods, the first period and the latter period, because of the
difference of agreements between estimated and measured transpiration. At a same time,
the scatter diagrams (Figures 57 and 58) which represents the correlation between
estimated and measured transpiration are different between estimation with four
environmental factors and five environmental factors. Figure 58 shows the result of
estimation by four environmental factors without CO, concentration, and Figure 57
shows the result of estimation by five environmental factors which include CO,
concentration between estimated and measured transpiration was also high (R* = 0.79),
but Penman-Monteith equation and Jarvis model overestimated the measured
transpiration in this case. In the whole period, the determination coefficient was 0.51.
Thus it can be said that estimated transpiration by Penman-Monteith equation and Jarvis
model coud represent the seasonal change of measured transpiration in the summer
period in 2011. Actually, this result was a modified version from previous analysis.
Previous analysis of Jarvis model in this study did not contain CO, concentration, and
photon flux density could not represent the seasonal change of measured transpiration.
Thus it can be said that the final reasonable result of estimated transpiration of windbreak
trees which represents seasonal change of measured transpiration was given by some
modification, such as addition of CO, concentration and modification of the function of
photon flux density. The improvement can be seen in Figure 57 and 58.
In the same method, other variations of transpiration of tree samples No.6, 5, 4, 3 were
estimated with the meteorological data measured by the AWS at Tomida farm by
Penman-Monteith equation and Jarvis model, and they are shown in Figure 59 with
measured seasonal variations of transpiration at Tomida farm. The variations of the
transpiration of each sample were estimated by Penman-Monteith equation and Jarvis
model. In the process of estimation of surface conductance, same parameters were set for
each samples, except for LAI of the trees were used. In general, the surface conductance
should not change much, if the samples are same kind of trees. Thus, in the
parameterization of Jarvis model for each tree sample, only L (LAI) of samples were
changed. However, the results did not reflect such general assumption. The results of
estimation of transpiration of all samples overestimated the variations of actual
transpiration, which can be seen in scatter diagrams in Figures 60 - 63. The correlations
were high (No.6: R%=0.66, No.5: R* = 0.83, No.3: R* = 0.65) except for No.4 (R* =
0.13). In spite of well representation transpiration estimation by Penman-Monteith

equation and Jarvis model against measured transpiration of No. 11, representations
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against No.6, 5, 4 and 3 were not reasonable. As results, estimated transpirations of each
sample were over-estimated against measured transpiration. As the reasons against this
result, in the situation at Tomida farm, the tree samples named No.6, 4 and 3 were
standing beside high and big tree crown trees. The tree crowns of trees which stood side
by side were overlapping each other. Therefore, measurement of projected leaf areas by
walking under the tree crowns might bear some error. Thus it can be said that these
results were influenced by choice of samples and measurement of projected leaf areas

easily.

3-2. Measurements of meteorological data, crops and soil
3-2-1. Measurements of meteorological data

The components of meteorological data are shown in Table 8, and the horizontal wind
profiles before and after harvesting are shown in Figure 64. The horizontal line means the
relative distance from the windbreak trees which was calculated by dividing the distance
(m) by the height of the windbreak trees (m). The vertical line means relative values of
meteorological data which was calculated by dividing the data of each sensor by the data
of No.1 by treating No.1 as a reference. Against the horizontal wind profile, two kinds of
curves were tried to fit by using TableCurve2D (curve fitting software) shown in Figure
65.

The horizontal profile of relative wind velocity leeward of the windbreak trees in the
period of after harvesting was very similar to that in period of before harvesting, shown
in Figure 64. The data of wind velocity profile which are larger than 1 m/s were picked
up in Figure 65, and the function of the profile of relative wind velocity was given by
TableCurve2D as follow.

u _ a+ex™ tex (126)
u, 1+bx" +dx+ fi'? '

where u is measured wind velocity of the sensors No. 2 - 6, uy is measured wind velocity
of the sensor No. 1, a - f'are parameters and x is relative distance from the windbreak
trees. In this study, a was determined as 100.66, b was -0.5387, ¢ was -84.1766, d was
0.13818, e was 23.9287 and f'was 0.0079, and the determination coefficient R’ was 0.707.
As aresult, the horizontal profile of wind velocity leeward of the windbreak trees is not
affected by the crops, and represented by a function (1.24).
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Another function of curve fitting was given by TableCurve2D (Figure 66). The

function is

u latextex'+ g:n.’: + :'.17
. 1+bx+a’ + i +ix’
- | Foi] (1.27)

where u is measured wind velocity of the sensors No. 2 - 6, uy is measured wind velocity
of the sensor No. 1, a - f'are parameters and x is relative distance from the windbreak
trees. In this study, a was determined as 100.78, b was -1.34, ¢ was -144.62, d was 1.414,
ewas 121.7, fwas -0.22, g was -25.32, h was 0.028 and i was 2.97, and the determination
coefficient R’ was 0.715. These functions seemed to be the best functions to represent
wind profile, and latter function (1.28) was adopted in this study, because of the higher
determination coefficient than former function.

Diurnal variation of the meteorological data (air temperature, wind velocity, wind
direction, relative humidity and air pressure) which were measured by Visala sensors in
the period before harvesting are shown in Figures 67, 68 and the wind rose of each
measurement points is shown in Figure 69. The measurement period before harvesting
was from August 25" to September 6™ in 2012. The differences of diurnal variations of
three meteorological data, such as air temperature, relative humidity and air pressure at
six points seemed to be very small. The diurnal variations of air temperature at six points
got largest value around noon every day. On the other hand, the diurnal variations of
relative humidity at six points got largest value around midnight. The range of diurnal
variations of air pressure at six points was very small (minimum: 1005, maximum: 1013).
Therefore the seasonal variations or annual trends could not be seen during this short
period. As shown in Figure 68, wind velocity got maximum value around noon, and from
sunset to sunrise, wind velocity got less than 1 m/s every day in this period. Furthermore,
diurnal variations of wind direction during night time look like wave. Thus before
drawing out the wind rose (Figure 69), the data of wind direction during night time when
the value of wind velocity got less than 1 m/s were rejected as error.

Diurnal variations of the meteorological data (air temperature, wind velocity, wind
direction, relative humidity and air pressure) which were measured by Visala sensors in
the period after harvesting are shown in Figure 70, 71 and the wind rose of each
measurement points is shown in Figure 72. The measurement period after harvesting was
from September 12" to September 19" in 2012. The trends of diurnal variations of
meteorological data were very similar to the diurnal variations of meteorological data
before harvesting, and the diurnal variations of wind velocity and wind direction were

also similar to that before harvesting. Therefore, the values of wind direction during night
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Characteristics of windbreak trees at Al Krakat and Tomida farm

Table 11

o ) . [Maximum stomatal Minimum stomatal

Characteristics of |[Height |[LAI Porosity ) )
. . resistance: 7,y resistance: 7,
windbreak trees  |(m) (no unit) (%)
(s/cm) (s/cm)

Al Krakat 14 4.92 43.6 54.6 35.2
Tomida farm 11 2.22 52.7 762 38.5
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Figure 64 Horizontal relative wind profile
(above: before harvesting, below: after harvesting)
Measurement period: 2012/8/25 ~ 9/6 (before harvesting),
2012/9/12 ~ 9/19 (after harvesting)
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Figure 65 Measured horizontal wind profile (%) against the relative distance from the
windbreak trees (m/ m), and a Function] (R*= 0.707) given by a result of curve fitting
software (TableCurve2D)
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windbreak trees (m/ m), and a Function2 (R*= 0.715) given by a result of curve fitting
software (TableCurve2D)
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time when the value of wind velocity got less than 1 m/s were similarly rejected. After
this data transaction, wind rose after harvesting was drawn out. Comparing the wind roses
between before and after harvesting, both data have similar trend which main wind
directions were north-west regardless before or after harvesting. Thus, it can be decided
suitable for that the horizontal variations of some meteorological data in south field
would be measured as the variations leeward of windbreak trees.

Other horizontal profiles of meteorological data (such as air temperature, relative
humidity and specific humidity) in period of before and after harvesting are shown in
Figure 73 and Figure 74. Horizontal profiles of meteorological data both before and after
harvesting are shown in Figure 75 together, and compared the functions each other. These
horizontal variations seemed to have no trend against relative distance from the
windbreak trees. However, some statistical analysis should be done against the horizontal
variations of meteorological data, such as air temperature, relative humidity and specific
humidity to evidence that they have no trends.

The correlations between relative distance and relative meteorological data (air
temperature, relative humidity and specific humidity) were considered if they have a
trend by Mann-Kendall rank statistic. Mann-Kendall rank statistic is a nonparametric test,
thus frequency distribution of time-series data was not necessary to be considered. Test

statistic 7 is generally defined by following equation.

r=4(i§N1:n,./[N(N—1)]J—1 (1.28)

where 7; is the number of values latter of i which are larger than the value of the turn of 7,
N is the number of samples. In this case, the null hypothesis was “the variations do not
have trends”.

For validation of significance, r should be compared with z, given by following

equation.

+t, [(4N+10)/9N(N—1)]% (1.29)

Te

where . is value from a t-test (level of significance is 1% or 5%). In this case, null

hypothesis is “the variations do not have trends”, so if 7 was larger than z,, the hypothesis

should be rejected. In other ward, if 7 is smaller than 7, (7, —7 > 0), the hypothesis “the
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Table 12 Results of Mann-Kendall Rank Statistic

Relative values T Tg 7,- 7 | Proposition

Air temperature -9.38%x 107 6.17x 10" + no trend
Before ; 1 2 -13

i Relative humidity | -7.35% 10 1.03x10 + no trend
harvesting - — 5 T

Specific humidity -1.38 %10 -6.5%10 + no trend

Af Air temperature -9.90 % 10 3.17x 10" + no trend

er

, Relative humidity | -9.98x10° | -82%107" + no trend
harvesting - - 3 12

Specific humidity -3.01x10 2.28 %10 + no trend
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variations do not have trends” would be accepted. The values of 7 and 7, and each
proposition are shown in Table 9 for each horizontal variation.

By Mann-Kendall rank statistic, the correlations between relative distance from
windbreak trees and meteorological data have no trend. In other ward, it was validated
that meteorological data leeward of windbreak trees are not affected by the distance from
the windbreak trees. According to this result, horizontal variations of meteorological data,
such as air temperature, relative humidity and specific humidity leeward of the windbreak
trees were treated as constant in this study. Thus, finally it can be said that leeward of
windbreak trees, there is only one horizontal variation of wind velocity in meteorological
aspect, and other meteorological data, such as air temperature, relative humidity and
specific humidity can be treated that the horizontal variations of them have no trend
against relative distance from the windbreak trees. Furthermore, these results can be
applied for an agricultural land regardless of crop existence, in other words, difference of
the trends of horizontal variations of meteorological data between an agricultural land

with and without crops could be ignored.

3-2-2. Measurements of characteristic of crops and soil

The horizontal profiles of the data of crops and soil before harvesting are shown in
Figure 76. The horizontal line means relative distance from the windbreak trees and the
vertical line means the real measured data of each crop. The horizontal profiles of soil
data after harvesting are shown in Figure 77. Measured data at Al Krakat are shown in
Table 3. In case of data before harvesting (Figure 76), all horizontal profiles could be said
that these environmental factors (such as soil thermal conductivity, soil water content and
soil surface temperature) were not affected by the horizontal wind profile, except for LAI
of the crops. Actually as the ecosystem in an agricultural land, these soil physics and crop
characteristic data showed the result affected by meteorological conditions. For example,
the soil water content might be affected by soil evaporation, and at the same time, soil
evaporation might be affected by the horizontal variation of wind velocity. If soil water
content were affected by evaporation, soil thermal conductivity also might be affected.
Thus, the horizontal variation of wind velocity might affect to soil evaporation, soil water
content and finally soil thermal conductivity. However, the range of the variations of soil
water content was small. Furthermore, horizontal variations of soil water content and soil
thermal conductivity seemed not to have correlation with horizontal variation of wind
velocity very much. On the other hand, horizontal variations of LAI, soil surface and leaf
surface temperature seemed to have some correlation with horizontal variation of wind
velocity, because of its shape of the horizontal variation.

In case of after harvesting (Figure 77), these environmental factors were also not

affected by the horizontal wind profile, similar to before harvesting. Thus, regardless of
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cases before or after harvesting, all environmental factors could be treated as constant
values in direction of leeward. The daily variations of measured soil surface temperature
before and after harvesting are shown in Figures 78 and 79. According to these result, it
can be said that daily variations of environmental factors in a day are more important
leeward of windbreak trees, rather than the horizontal profiles, and this is mentioned in
the result of daily variation of evaporation which measured by Chamber method
(Matsuno, personal communication) shown in Figures 80 and 81. The range of horizontal
variations of soil water content, soil thermal conductivity and soil surface temperature
seemed to get smaller than these data before harvesting. The horizontal variation of soil
surface temperature seemed to have some correlation with the horizontal variation of
wind velocity, because of the trend of the variation. The diurnal variation of soil
evaporation measured by Chamber method seemed that most of measurement of soil
evaporation got largest value around noon, except for No. 1. Because the north field
where No. 1 sensor was set was harvested earlier than south field by four days. The
horizontal variations of soil evaporation at each time steps have different horizontal
variations. As the sun got lower, the peak of the variation shifted from far point to near
point against the trees.

In the environmental factors, there are two components which have highly correlation
each other in surface soil, soil thermal conductivity and soil water content. In this study,
the correlation between soil thermal conductivity and soil water content which were
measured the depth of 6.5 cm in the Nile-Delta was clarified. Additionally, the soil
contains much organic matters. The correlation between soil thermal conductivity and
soil water content was used to set parameters in TOPLATS model. In TOPLATS model,
soil moisture is calculated as an output, and soil thermal conductivity would be calculated.
At the same time, soil surface temperature and soil heat flux would be calculated by
TOPLATS model. Figure 82 shows the correlation between soil thermal conductivity and
soil water content of soil surface layer (6.5 cm depth) at three fields (Sakha, Al Krakat
and Zankalon in September, 2012) and one previous measurement (personal
communication, Matsuno in March, 2012), and in Figure 83, all data at three fields were
put together. However, the plots of data appear scattered. Thus the first maximum value
of soil thermal conductivity against soil water content was estimated to pre-screen data by
a method of Hillel (2001). In Hillel (2001), general functional form between soil moisture

and soil thermal conductivity is given as the following equation

x = fwxw +ksﬂxs +kaf;lxa (130)

C kSRS,
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Figure 76 Horizontal profiles of the data of soil and crops at Al Krakat.

(before harvesting). x-axis: relative distance means the distance from windbreak trees (m)
scaled by average height of windbreak trees (14 m), y-axis: relative means the values of each

variables measured at point 2-6 scaled by the values measured at point 1 at Al Krakat
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where x. is synthetic thermal conductivity of three phases of soil (i. e. solid, air and
water), x,,, Xy and x, are thermal conductivity of water, soil which contains air and water
and the air, f,, f; and f, are volumetric ratio of water, soil and air in soil, 4 is fraction of
thermal inclination between water and soil and £, is fraction of thermal inclination
between in the air and water. These parameters are shown in Table 9. Figure 84 contains
all plots of measured data and estimated maximum value of soil thermal conductivity as a
blue curve. Plots above the blue curve could be regard as error data, because the blue
curve is the maximum limitation (Figure 85).

According to this equation (1.31), some measured plots in 3 fields in the Nile-Delta
can be rejected as errors. The scatter diagram of the correlation between soil moisture and
soil thermal conductivity after rejecting errors by equation (1.31) is shown in Figure 86.
The correlation between soil thermal conductivity and soil water content got much better
after removing error plots by Hillel (2001) with R’ =0.42.

To validate this result, comparisons with some references were made (Figure 87). As
Figure 88 shows, the result of this study is similar correlation to previous studies.
Especially, the similarities between this study and Simada ef al. (1992), Kasubuchi (1972)
were remarkable.

These values might be influenced by the shadow of windbreak trees, as the shape of
shadow changes diurnally. In the measurement at Al Krakat, six sensors were released
from the shadow of the windbreak trees one by one, and the interval time was calculated
as only 1 to 2 minutes. Thus, in TOPLATS model analysis, the effectiveness of shadow of
the windbreak trees against soil water content and soil thermal conductivity was ignored

in this study.

3-3. Estimation of evaporation and transpiration in an agricultural land
3-3-1. Daily variation of estimated evaporation and transpiration of an agricultural land
without windbreak trees
The annual variations of evaporation and transpiration in an agricultural land at Sakha

without windbreak trees are shown in Figure 89, but this result based on an assumption
that there were no crops in winter cultivation from October 2010 to March 2011. Daily
total evaporation and transpiration were separately estimated by TOPLATS model.
Transpiration of crops got gradually larger because of the growth of crops, as shown in
Figure 99, as a variation of LAI. Total integrated value of annual evaporation and

transpiration are shown in Figure 90.

3-3-2. Validation of estimated evapotranspiration against measured evapotranspiration at
Sakha

Validation of estimated soil evaporation was done with measured evaporation by
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Table 13 Parameters in Equation (1.30)

X 0.57 ki 0.196
Xy 2.9 k, 0.044
X4 0.25 fi 0.3
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Chamber method (Matsuno, personal communication). The daily variations of estimated
evaporation by TOPLATS model and Chamber method are shown in Figure 91, and the
correlation between estimated evaporation by TOPALTS and Chamber method is shown
in Figure 92, as a scatter diagram. As they show, estimated evaporation represented actual
soil evaporation agree very well at least on this day, July 14" in 2011.

Validation of estimated evapotranspiration was done with measured evapotranspiration
by eddy correlation method. The variations of evapotranspiration from April to
September in 2011 estimated by TOPLATS and eddy correlation method are shown in
Figure 93, and the correlation is shown in Figure 94. As Figure 93 shows, the variation of
evapotranspiration estimated by TOPLATS could not represent the variation of
evapotranspiration estimated by eddy correlation method very well. However, as Figure
94 shows, the correlation between daily integrated value of evapotranspiration estimated
by TOPLATS and eddy correlation method was acceptable. Finally it can be said that the
result of estimation of evapotranspiration by TOPLATS could represent the amount of

evapotranspiration. However, the estimation of annual variation of evapotranspiration
could be modified.

3-3-3. Daily variation of estimated evaporation, transpiration and evapotranspiration of an
agricultural land with windbreak trees

By TOPLATS model with estimated input data, the seasonal variation of soil evaporation,
crop transpiration and transpiration of windbreak trees themselves in an agricultural land
without windbreak trees at Sakha field were estimated as Figure 95, and the result against
a field with windbreak trees is shown in Figure 96. This variation reflects the horizontal
profile of wind velocity measured at Al Krakat, by assuming there are windbreak trees as
described in 2-4-2 section. The variation of evaporation and transpiration were estimated
by TOPLATS model, and transpiration of windbreak trees was estimated by
Penman-Monteith equation with Jarvis model. To compare the water balance among
evaporation, transpiration from an agricultural land and transpiration of windbreak trees,
both of them were divided by the area of Sakha field (170 X 180 m®). The ratio of
integrated values of evaporation and transpiration of windbreak trees are shown in Figure
97 with the amount of soil evaporation from a field without windbreak trees in fallow
period. As it shows, the amount of transpiration of windbreak trees occupied only 4.3% of
all evapotranspiration in an agricultural land, in spite of reduction of evaporation was 100
mm (52.5%) for two months (Figure 98).
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Figure 88 Ratio of integrated values of annual evaporation and transpiration in an

agricultural land (Sakha) without windbreak trees
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3-4. Validation of the effectiveness of windbreak trees

The variations of soil evaporation, crop transpiration and transpiration of windbreak
trees in an agricultural land without windbreak trees are shown in Figure 99, and Figure
100 shows the variations of these three components from a field with windbreak trees,
both with the variations of LAI of crops and soil moisture estimated by TOPLATS model.
The integrated values of seasonal evaporation, transpiration and transpiration of
windbreak trees in an agricultural land with windbreak trees are shown in Figure 101
with the beak-down ratio of the total evapotranspiration. The integrated amount of
evaporation and transpiration in an agricultural land without windbreak trees were
compared with the integrated amount of evaporation, transpiration and transpiration of
windbreak trees in same field with windbreak trees, in Figure 102. According to these
results, soil evaporation from the field was reduced by about 68 mm (22.8%) in the
summer growing period in 2011 by windbreak trees. At the same time, crop transpiration
was also reduced by 66 mm (25.8%) in the summer growing period. However, the
amount of reduced crop transpiration was estimated much smaller than the total amount

of reduced evaporation from April to September in 2011.

133



9 0

g m Crop Transpiration
= . m Soil Evaporation - 30
:g ¢ W [rrigation S 100
— 'U
= ~=
= - =
= s 50 £
= 4 200 =
R g
g 3 S 250 5
5 2 £
& - 300
s 1
= - 350

4/1 4/8 4/15 4/22 4/29 5/6 513 520 527
Date from April to May, 2011
Figure 93 Estimated variation of soil evaporation (mm/day) from an assumed agricultural
land (Sakha) to be without windbreak trees, estimated by TOPLATS model in fallow period.
Because this field has no-crop in fallow period. Thus crop transpiration and irrigation are not

here.

134



B Windbreak Trees Transpiratoin B Canopy Transpiration =~ W Total Evaporation  mIrrigation
0

40
80
120
160
200
240
280
320

II T T T T T T T T T T I T 360
41 4/6 411 4716 421 426 51 56 511 5/16 5721 5726 5/31
Date from April to May, 2011

Irrigation (mm/day)

Evapotranspiration (mm/day)
[ T O L = e e s
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Figure 97 Estimated variations of soil evaporation (mm/day), crop transpiration (mm/day),

irrigation (mm/day) in an assumed agricultural land (Sakha) to be without windbreak trees,

estimated by TOPLATS model in summer growing period in 2011. Soil moisture and LAI of

crops are also shown here in the same period. In the graph of soil moisture, orange line shows

estimated soil moisture by TOPLATS model and other lines are measured values for each

depth at Sakha.
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Figure 98 Estimated variations of soil evaporation (mm/day), crop transpiration (mm/day),
irrigation (mm/day) and transpiration of windbreak trees (mm/day) from an assumed
agricultural land (Sakha) to be with windbreak trees, estimated by TOPLATS model, Jarvis
model and Penman-Monteith equation in summer growing period in 2011. Soil moisture and
LAI of crops are also shown here in the same period. In the graph of soil moisture, orange line
shows estimated soil moisture by TOPLATS model and other lines are measured values for
each depth at Sakha.
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Figure 99 The effectiveness of reduction of windbreak trees against evaporation from the
soil and transpiration of crops (Maize) in Sakha field regarded as an agricultural land in the

crop growing period (Jun to Sep, 2011)
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Figure 100 Integrated reduced values of evaporation from the soil and transpiration of crops

and integrated transpiration of windbreak trees in an agricultural land in the crop growing

period (from June to September, 2011)
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4. Discussion
4-1. Estimation of annual transpiration of windbreak trees

The surface conductance was estimated by Jarvis model with the meteorological data
and measured LAI at Tomida farm. The functions of the correlations between measured
surface conductance and photon flux density and air temperature were very similar to
Jarvis (1976). The parameters which were obtained by calibration were a little different
from ones in Jarvis (1976). However, the target kind of trees in Jarvis (1976) was Pine,
and the target kind of tree was Casuarina in this study. Therefore this difference of the
kind of tree was thought as a cause of the differences of parameters. The correlation
between relative surface conductance and CO; concentration of this study did not have
enough range of seasonal variation of CO, concentration to make a function which is
mentioned in Jarvis (1976). Therefore, the function of CO, concentration of this study
referred Jarvis (1976). On the other hand, in the result of the correlation between
measured surface conductance and specific humidity and soil moisture deficit, the range
of measured data in this study was not enough to get the functions compared with Stewart
(1988). Thus, the same parameters were used as in Stewart (1988) in the functions of
specific humidity and soil moisture deficit, and the most of plots measured in this study
were included in the functions with the same parameters with Stewart (1988). Thus, if
there were enough range of data, it would be thought that the accuracy of calibration gets
better with other parameters and the correlation between estimated surface conductance
and measured conductance and that between estimated transpiration and measured
transpiration approaches value of unity. Finally, five environmental factors, such as air
temperature, photon flux density, specific humidity deficit, soil moisture deficit and CO,
concentration could represent the seasonal variation of transpiration of a tree, especially
the air temperature, photon flux density and CO, concentration. However, looking at the
scatter diagram which shows the correlation between measured and estimated
transpiration, there seems to be a non-linear correlation between measured and estimated
transpiration. The reason of this characteristic can be thought as the difference of the
shapes of daily variation between measured and estimated transpiration. Estimated
transpiration has more sharp shape than measured transpiration. The reason why the
shape of measured transpiration is more gradual than estimated transpiration is thought
that “stem water storage”. In the morning of a day, the variation of transpiration have
sharp rising, because of stem water storage. Around noon, the water storage has gone into
the air from the leaves, and the transpiration rate gets gradual. In the afternoon,
transpiration rate gets more rapid decline, because of the work of stomata. Thus, though
Jarvis model can represent the work of stomata as in the results of this study, it was
mentioned by these results that Jarvis model might not represent the work of “stem water

storage” in estimation of transpiration. Finally it can be said, to estimate transpiration of a
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tree by Penman-Monteith equation with Jarvis model, the effect of stem water storage
should be considered.

However, the result of estimation of transpiration of windbreak trees reflected the
seasonal change, and the correlation between estimated and measured transpiration of the
tree No.11 was judged reasonable. Furthermore, finally the amount of seasonal
transpiration in both no-plant and plant growing periods were much smaller than reduced
evaporation, thus the small lack of representativeness does not affect to validate the

effectiveness of evaporation reduction of windbreak trees.

4-2. Measurements at Al Krakat and three fields in the Nile-Delta

At Al Krakat, the horizontal profiles of general meteorological data and the data of
crops and soil in leeward of windbreak trees were measured, and the results were very
various. There were surely correlations between the distance from the windbreak trees
and wind velocity, LAI of crops, surface temperature of soil, evaporation from soil
surface, soil moisture and soil thermal conductivity. It was clarified that a windbreak trees
causes many horizontal profiles of the environmental components, and these profiles
might affect the growth of crops. Furthermore, the horizontal profiles of general
meteorological data were very similar to references (on the contrast e. g., Hipsey et al.,
2004: Wang and Takle. 1997: Cleugh, 1998), except for specific humidity. In this study,
specific humidity did not change in horizontal direction. It can be thought that because air
temperature did not have horizontal profile which was similar to Hipsey et al. (2004).
Furthermore, relative humidity and specific humidity also did not have trends in
horizontal direction leeward of windbreak trees. This result is thought that the constant
horizontal profiles are features which are seen in arid region. The result of the correlation
between soil moisture and soil thermal conductivity which does not include errors
rejected by equation (1.24) is very reliable by compared with references (e. g. Kasubuchi,
1972: Shimada et al., 1992).

4-3. Estimation of evaporation and transpiration in an agricultural land

In the case of an agricultural land without windbreak trees, the correlation between
estimated evapotrasnpiration by TOPLATS model and estimated evapotrasnpiration by
eddy correlation method was high (R’ = 0.66 and the function was y=1.03x+0.01), and
the annual and seasonal variations which were represented by TOPLATS model were
very similar to the variations by eddy correlation method. On the other hand, in the case
of an agricultural land with windbreak trees, evaporation, transpiration and
evapotranspiration were estimated by the same system of the case of an agricultural land

without windbreak trees and different parameters and input data of wind velocity.

143



4-4. Validation of the effectiveness of windbreak trees

As shown in final result in Figures 98 and 102, the amount of evaporation could be
reduced by windbreak trees, and in this study, the amount of reduction of soil evaporation
was estimated as 100 mm (52.5% of the former soil evaporation), though the windbreak
trees added only 22 mm/year (2.3% of the total evapotranspiration) to the water balance
of an agricultural land in the fallow period. On the other hand in the summer growing
period, windbreak trees might reduce soil evapotranspiration by 124 mm, and evaporation
might be reduced by 68 mm (22.8% of former soil evaporation). This result seems that
windbreak trees are highly effective to reduce evaporation in an agricultural land.
However, windbreak trees reduce some amount of transpiration from crops at a same time.
Reduction of transpiration has the possibility to prevent growth of crops. Thus, to validate
the windbreak trees if they are effective or not, the influence to the reduction of
transpiration of crops must be considered. According to Baker and Musgrave (1964),
there is a positive linear correlation between transpiration and photosynthesis of Maize, as
shown in Figure 103. Thus, it can be said that, if half of the amount of transpiration of
Maize was reduced by windbreak trees, the amount of photosynthesis also would be
reduced by 50%, and the certain amount of yields of Maize might be reduced at the same
time.

According to Jafet et al. (2011) which studied the yield of maize in South Africa, there
is a positive linear correlation between transpiration and yield of maize, as shown in
Figure 104. In addition, according to Patricio et al. (2009), it was clarified by
overviewing many references that, in Africa region, there also is a positive linear
correlation between transpiration and yield of maize, as shown in Figure 105. By
combining these references with the results of this study in the crop growing period in the
summer in 2011, the possibility of windbreak trees which prevents the growth of maize
was validated as follows.

v The amount of reduced transpiration of crops was estimated by 66 mm for three

months (from June to September in 2011).

v" Originally, the amount of transpiration of crops was 256 mm for three months
from an agricultural land without windbreak trees.

v" According to the functions estimated from Jafet ez al. (2011), if the amount of
transpiration was reduced by 66 mm from 256 mm, the yield would be reduced by
minimum 0.74 tons/ ha from 2.46 tons/ ha, maximum 2.17 tons/ ha from 3.11
tons/ ha for three months in the crop growing period.

v According to the functions estimated from Patricio et al. (2009), if the amount of
transpiration was reduced by 66 mm from 256 mm, the yield would be reduced by
maximum 0.73 tons/ ha from 1.12 tons/ ha, minimum 0.24 tons/ ha from 0.68

tons/ ha for three months in the crop growing period.
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From these analyses, it seems not to be avoided that the yield would be reduced by
windbreak trees at the same time of reduction of evaporation from the soil in the crop
growing period. Therefore there are two options mentioned by this study to put the
effectiveness of windbreak trees to good account as follows. First option is treatment of
the porosity of windbreak trees. Actually, the effectiveness of windbreak trees can be
regulated by the porosity of windbreak trees, as regulating the horizontal variation of
wind velocity leeward of windbreak trees. However, to achieve optimum porosity of
windbreak trees for reduction of evaporation and no-negative effect on crop yields, the
studies about the interaction between the amount of the effectiveness and the porosity of
windbreak trees should be done more and more. Furthermore, such kind of studies must
be done against many species of crops to apply for many regions.

Second option is using windbreak nets rather than windbreak trees. It is reported that
windbreak net has similar effectiveness to windbreak trees, in such as Ushiyama et al.
(2009), Heisler et al. (1988) and so on. The biggest merit of windbreak nets is removable
different from windbreak trees. Because of the merit, farmers can be blessed with
windbreak nets only in no-crop period, and in crop growing period, windbreak net would
be removed from a land. Furthermore, the first option can be achieved very easily by
windbreak nets by just changing nets. However, windbreak nets have also issues. The
effectiveness of windbreak is completely influenced by the height of windbreak structures.
Therefore, for big scale lands, there is a necessity of construction of big scale nets, such
as 10 m, 20 m scale. In cost aspect, there are also issues with windbreak nets. Of course,
such kind of big nets seem to cost very expensive. Generally for farmers in the world, it
might be difficult to prepare such expensive nets for each season. Furthermore,
windbreak nets have many issues, such as difficulty in setting such big nets for people,
strength of net which maintains itself for three or four months and impossibility to be
sold as some materials despite of usefulness of windbreak trees as construction materials.

In this study, the two options were suggested as above for the improvements of use of
windbreak trees. Actually, there are many difficulties of windbreak tree use, however, by

considering these options, the best use of windbreak trees can be achieved, I think.

4-5. Application of this study to other cases
This study mainly suggested following three possibilities. First, transpiration of trees
can be estimated by Jarvis model and Penman-Monteith equation with general
meteorological and radiation data and LAI of the trees, in the arid and hot region. Second,
in leeward of windbreak trees, the profiles of meteorological data, characteristics of crops
and soil were clarified and these profiles agree with previous studies. Third, windbreak
trees have the effectiveness to reduce evaporation in this case. However, to some extent,

these expected results could not be applied for everywhere. The reason why suggested
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Figure 102 Maximum and minimum functions of correlation between transpiration and

yield of maize, estimated from Jafet e al. (2011)
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like that, is first, the kind of tree is very important. Casuarina is a kind of tree which its
transpiration is very small compared with other kinds such as Eucalyptus globules
especially in arid regions. Second, the effect of difference of the porosity of the trees
must be considered. In this study, the profiles of environmental components in leeward of
windbreak trees of which porosity was measured only one sample. These profiles in
leeward of windbreak trees with different porosity from this study might be also different
from this study. In application of this effectiveness for other situation, these profiles of
environmental components must be measured for each field. Considering these points, the
effectiveness can be estimated in the same order, with the data of general meteorological

data, kind of crops and soil type and LAI of the trees.
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Conclusions

The effect of windbreak trees which reduces evaporation in an agricultural land was
validated by comparison between evaporation in an agricultural land and transpiration of
windbreak trees. Annual transpiration of windbreak trees was estimated by measurement
of sap flow and sap wood area at Tomida farm and Penman-Monteith equation and Jarvis
model. Measured transpiration of Casuarina at Tomida Farm had obvious seasonal
change in the summer period, from July to September, in 2011. The measured
transpiration was used to estimate surface conductance by Jarvis model. Estimated
surface conductance from measured transpiration of Casuarina had correlations between
five environmental factors, of air temperature, photon flux density, specific humidity
deficit, soil moisture deficit and CO, concentration), which were similar to the result for
Pine trees in Stewart (1988). The photon flux density, air temperature and CO,
concentration were the main factors to determine the seasonal variation of surface
conductance, and estimated transpiration by Penman-Monteith equation with substitution
of surface conductance estimated by Jarvis model could represent the seasonal variation
of transpiration of Casuarina in summer period in 2011. Furthermore, annual variation of
transpiration of windbreak trees was estimated by the combination of both
Penman-Monteith equation and Jarvis model. The estimated transpiration from a tree
sample named No.11 had high correlation with measured transpiration of No.11, however,
correlation between measured transpiration and estimated transpiration of other tree
samples (No.6, 5, 4 and 3) were smaller than that of No.11, represented as determination
coefficients.

As results of measurements at Al Krakat, it was observed in leeward of windbreak
trees that there is a horizontal variation of wind velocity against relative distance from
windbreak trees. In the remarkable horizontal variation of wind velocity, it became
smallest around relative distance of 4, and after that it gradually recovered to 100% as the
relative distance gets longer. This horizontal variation of wind velocity is very similar to
the wind profile from model estimation in Wang and Takle (1997). On the other hand,
other environmental factors, such as air temperature, relative humidity and specific
humidity did not have such kind of horizontal variation. Furthermore, the profile of wind
velocity did not change before and after harvesting. As results of other environmental
factors, the correlation between soil moisture and soil thermal conductivity agreed with
previous studies, after removing error values which were judged by the equation (1.24).
The correlation between soil moisture and soil thermal conductivity in the Nile-Delta was
thought as reasonable by comparing with other six references.

The variations of evaporation, transpiration and evapotranspiration from April to
September in 2011 were estimated by TOPLATS model for both with and without

windbreak trees in an agricultural land. The estimated evapotranspiration by TOPLATS
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model had reasonable correlation with the evapotranspiration estimated by eddy
correlation method. Additionally, the estimated evaporation by TOPLATS model had high
representation compared with the result of Chamber method at Sakha field on July 14" in
2011 from Matsuno (personal communication). According to these validations, the result
of estimation of evapotranspiration in Sakha by TOPLATS model can be regarded as
reasonable. From TOPLATS model analysis, in the fallow period in 2011, the agricultural
land without windbreak trees had 221 mm evaporation for 2 months. On the other hand,
the agricultural land with windbreak trees had only 116 mm evaporation and 5.2 mm
transpiration of the windbreak trees. By comparing the estimations between a field with
and without windbreak trees, in the fallow period, the amount of evapotranspiration of the
field and windbreak trees in a field with windbreak trees were much smaller than the field
without windbreak trees by 100 mm over 2 months equals to around 50% of the
evaporation. In the estimations in the summer crop growing period for 3 months, the
amount of evaporation of the soil, transpiration of the crops and transpiration of
windbreak trees from the field with windbreak trees were also much smaller than the
amount of evapotranspiration from the field without windbreak trees by 575 mm over 3
months equals to around 50% of the evapotranspiration. According to this analysis,
windbreak trees reduces total amount of evaporation from the soil by 348 mm over 5
months, on the other hand, the total amount of transpiration of windbreak trees was only
15.2 mm over 5 months, and the amount of transpiration of windbreak trees equals to
4.4% of the amount of reduced evaporation in the land. However, at the same time,
transpiration of crops was reduced by 274 mm over 5 months by windbreak trees. Thus
windbreak trees reduce evaporation from the soil by 348 mm and transpiration of crops
by 274 mm for 5 months. These results indicated that actually windbreak trees have the
effectiveness to reduce evaporation in an agricultural land by large amount. However, at
the same time, windbreak trees have also the possibility to prevent the growth of crops by
reducing transpiration of crops. When windbreak trees are practically used in agricultural
fields, the possibility which windbreak trees might prevent growth of crops must be
considered with the assumed impact of the effect for each species of crops. According to
Baker and Musgrave (1964), in this case of Maize, if half of the amount of transpiration
of Maize were reduced by windbreak trees, the amount of photosynthesis of Maize would
be reduced by 50%. This reduction of the amount of photosynthesis can be thought that it
might have certain negative effects on the growth and yield of Maize. However, selection
of the porosity of the windbreak trees can make the negative possibility reduced, because
the effectiveness can be determined by the porosity of the windbreak trees. Studies on the
correlation between the porosity of windbreak trees and the effectiveness against

evaporation reduction are still needed.
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