THE SOIL WATER ACCOUNTING MODEL (SWAM): CONPCEPTS, DATA REQUIREMENTS AND COMPUTATION PROCEDURES
The Soil Water Accounting Model (SWAM) is a simple spreadsheet model. It has been primarily developed to estimate the two major sources of water losses in spate irrigated fields - bare soil evaporation and deep percolation. But as the conceptual background and computation procedure discussions below will reveal, the model can be adapted to any type of irrigation system. 
Conceptual background

The Soil Water Accounting Model (SWAM) is based on the following concepts:

1. water balance of the root zone (application of the water balance equation per time step);
2. uniform distribution of the moisture content (θ) with the depth (z) or dθ/dz = 0;
3. percolation rate at the lower boundary equals the hydraulic conductivity in the root zone.

Application of these concepts requires that the following soil physical parameters are available.

· The relation between the moisture content θ (cm3 cm-3) and the matric pressure h (cm): the soil moisture characteristic θ(h),

· The relation between the hydraulic conductivity k (cm d-1) and the moisture content θ: the hydraulic conductivity relation k(θ).

On the basis of the approach of De Laat (1995), the water balance is expressed in terms of the saturation deficit S (cm), which is the amount of water required to saturate the root zone. Since the moisture content is constant with the depth, the saturation deficit at time t for a root zone with depth Dr (cm) and porosity n (cm3 cm-3) is defined as
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This equation may be rewritten as
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The lower boundary flux D (cm d-1) at time t depends on the moisture content θt as follows from:
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The water balance of the root zone can be written as
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(4)
where Δt is the time step (usually one day) and the fluxes are: E is the evaporation, P is the precipitation and I the irrigation across the upper boundary in cm d-1. The fluxes during the time step are constant and should, to be numerically correct, apply to the situation halfway Δt. This is no problem for the observed quantized data such as P, I and also E when specified by the user. The lower boundary flux D should strictly speaking be computed from the average moisture content during the time step
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(5)
Since θt+1 is to be computed with (2) for St+1 an iteration is required to solve (4) in combination with (3) and (5). In view of the simplifications already made to model the moisture situation in the root zone, the assumption that Dt+1/2 can be estimated from θt rather than from θt+1/2 will not have a large impact on the performance of the model. It does, however, facilitate the set up of the algorithm in a simple EXCEL spreadsheet. The same applies for the evaporation E when estimated from the moisture content (or matric pressure) in the root zone as discussed below. The surface runoff is considered negligible, thus P and I are considered to infiltrate completely. When the root zone is saturated and P + I > D + E water will be standing on the surface (ΔS is negative) until infiltration in subsequent days.

Richards’ equation for flow in vertical direction only may be written as
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(6)
where the coordinate z is taken positive in upward direction. For steady flow ∂θ/∂t = 0 and (6) reduces to Darcy’s law
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(7)
where qz is the steady vertical flow in cm d-1. The assumption in the SWAM model that dθ/dz = 0 in the root zone means that dh/dz = 0. It follows from (7) that the soil moisture situation in the root zone can be described by a steady downward flow, which is equal to the hydraulic conductivity. This flow rate is also the lower boundary flux D.

Input data and computational procedure

The time-invariable data for the model comprise the depth of the root zone Dr in cm, the length of the time step Δt in days, the soil moisture characteristic θ(h) and the hydraulic conductivity relation k(θ). The time-variable data include daily values (in cm) of the precipitation P, irrigation gifts I and the potential evapotranspiration E.

The model is set up in an EXCEL spreadsheet and comprises the following steps:

1. The soil moisture characteristic and the hydraulic conductivity relation are specified in a Table. In most instances, there is lack of equipment to carryout field and laboratory measurement of θ at h < -5000 cm. The soil physical data as published by Rijtema (1969), which are based on a worldwide survey, are hence usually used. These data are presented in Annex 1;
2. The initial saturation deficit in the root zone S0 is specified and the corresponding moisture content is found from (2). The initial saturation deficit in the root zone is computed from
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where Dr is the total depth of the rootzone in cm, n is the porosity of the soil in cm3 cm-3, SMS0 is the initial Soil Moisture Storage of the root zone (cm3 cm-3) that can be obtained from observations using the gravimetric method;

3. The bare soil evaporation E is estimated with the equation of Penman for open water evaporation EPen and a reduction factor 
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 that is a function of the matric pressure in the root zone h (De Laat, 1995).
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where the following relation between 
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 and h is used for h < -10 cm
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For h > -10 cm (very wet situation) the value of 
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reaches a maximum equal to 0.75. Hence, the evaporation from bare soil E varies from zero for the wilting point situation to 75 % of the open water evaporation Epen under very wet conditions. In equation (4) E applies for the pressure in the root zone halfway the time step, but to avoid iteration procedures, Et+½ is calculated based on the value of h that corresponds to θt. Epen values can be derived from observed Class A pan evaporation data (Epan). The pan coefficient (Kpan) varies from 0.65 for low relative humidity (RH) values (40 < RH < 70 %) to 0.75 for RH > 70 % (Allen et al., 1998);
4. The hydraulic conductivity k is interpolated from the hydraulic conductivity relationship k(θ) for the moisture content of the previous time step θt. The lower boundary flux D is set equal to this k-value;
5. St+1 is computed with (4), where D and E are based on the soil moisture situation at time t; 

6. The moisture content at the end of the time step θt+1 is computed with (2) for St+1.

7. Steps 3 to 6 are repeated for subsequent time steps.
An ilustrative example for computing the SWAM input data
Step 1. Soil texture, hydraulic conductivity,volumetric water content and soil moisture storage of the rootzone
Determine the soil texture of your irrigated field using the hydrometer or the pipette method (Thomas et al, 2004). Then, obtain the hydraulic conductivity (k) and the volumentric water content (θ) for your soil type at different matric pressures (h) from Annex 1. Next, compute the Soil Moisture Storage (SMS) from: SMS = Dr * θ, where Dr is the depth of the rootzone of the concerned crop. Finally, prepare all these data in a Table. An example of such data for Wadi Laba silt loam soils is presented in Table 1.
Table 1
The Wadi Laba silt loam soils’ input data for the Soil Water Accounting Model (SWAM)

	*Matric pressure (h) in cm
	pF = log |h|
	*Volumetric water content (θ) in cm3 cm-3
	**Soil Moisture Storage (SMS)
in the rootzone
in cm
	***Saturation deficit (S) in the root zone
in cm
	*Hydraulic conductivity (k) in cm d-1

	-1
	0.00
	0.509
	101.8
	0.00
	6.50E+00

	-10
	1.00
	0.497
	99.4
	2.40
	5.32E+00

	-20
	1.30
	0.487
	97.4
	4.40
	4.36E+00

	-31
	1.49
	0.484
	96.8
	5.00
	3.50E+00

	-50
	1.70
	0.474
	94.8
	7.00
	2.39E+00

	-100
	2.00
	0.461
	92.2
	9.60
	8.80E-01

	-250
	2.40
	0.400
	80.0
	21.80
	4.40E-02

	-500
	2.70
	0.279
	55.8
	46.00
	7.90E-03

	-1000
	3.00
	0.205
	41.0
	60.80
	3.00E-03

	-2500
	3.40
	0.150
	30.0
	71.80
	8.30E-04

	-5000
	3.70
	0.125
	25.0
	76.80
	3.10E-04

	-10000
	4.00
	0.103
	20.6
	81.20
	1.20E-04

	-16000
	4.20
	0.092
	18.4
	83.40
	6.20E-05


*Adapted from Annex 1 after Rijtema (1969).
**
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Step 2: Initial soil moisture deficit, S0 
The initial soil moisture deficit S0 can be obtained from (8). The initial Soil Moiture Storage of the rootzone SMS0 can be determined using the gravimetric method or the Time Domain Reflectrometry (TDR) at the day before the first irrigation gift (Mehari, 2007 and Thomas et al, 2004). The porosity of the soil n is the same as the volumetric water content θ at staturation (pF = 0). The n values for different soils is presented in Annex 1.
For the Wadi Laba Laba irrigated fields, the SMS0 on June 14, the day before the onset of the first irrigation gift, is 22.5 cm. The total depth of the rootzone of sorghum and maize, being the majpor crops in the Wadi Laba, is 200 cm whereas n is 0.509 cm3 cm-3 (Table 1 or Annex 1). Thus, from (8), So is 79.3 cm3 cm-2, which when interpolated in the k(h) relationship (Table 1), gives an h value of 7,841 cm.
Step 3: Irrigation gift and interval 
The determination of the irrigation gift and interval requires the computation of the crop water requirement ETcrop, net rrigation water requirement  Inet  and the Readily Available Moisture RAM.
Crop water requirement ETcrop
Crop water requirement ETcrop is the depth of water needed to meet evapotranspiration of a disease-free crop growing in large fields without restricting conditions on soil profile, soil moisture and fertility, thus achieving full production potential (Allen et al., 1998). It is obtained from
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where ETo is the reference crop evapotraspiration and Kc is the crop coefficient.
The crop coefficient Kc represents the specific physiological characteristics of the crop that affect the rate of evapotransipration. Some tall crops such as maize have Kc > 1, where as others may, for different physiological reasons (e.g waxy leaves in citrus) transpire less than ETo (Kc < 1) (De Laat, 2002). The Kc values vary for the different growth stages of the crop: Initial, development, mid-season, and late-season. Annex 2 provides the maximum Kc values of some crops that are based on the assumption that the crops are grown under non-water stress and disease free conditions. Thus, when the Kc values in Annex 2 are used:

ETcrop = ETm, the maximum crop evapotransipration
The reference crop evapotranpiration ETo is defined as the rate of evapotranspiration from an extensive surface of an 8 to 15 cm tall green grass cover of uniform height, completely shading the ground and not short of water. It is most accurately computed with the Penman-Monteith equation (12) after Allen et al. (1998). This requires at least a 10-year data on wind speed, humidity, temperature and sunshine or radiation. Less accurate methods exist: the radiation method, an emprical equation that requires temperature and sunshine data; and the Blaney and Criddle equation that only needs temperature data (Allen et al., 1998).
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(12)
where ETo is the reference evapotranspiration in mm d-1, Rn is the net radiation at the crop surface in MJ m-2 day-1, G is the soil heat flux density in MJ m-2 d-1, T is the air temperature at 2 m height in °C, u2 is the wind speed at 2 m height in m s-1, es is the saturation vapour pressure in kPa, ea is the actual vapour pressure in kPa, (es - ea) is the saturation vapour pressure deficit in kPa, Δ is the slope vapour pressure curve in kPa °C-1, 
[image: image18.wmf]g

is the psychrometric constant in kPa °C-1.

To compute ETo data using (12), follow the steps in Annex 3. For further details use the given link to FAO Crop Evapotransipration (Allen et al., 1998).
The reference crop evapotranspiration ETo values in the Wadi Laba spate irrigation system for the flood/irrigation period June to September are 0.67, 0.75, 0.83 and 0.65 cm d-1 respectively (for details, see Mehari, 2007).
Net irrigation water requirement

The net irrigation water requirement is given by:


[image: image19.wmf]eff

crop

net

R

ET

I

-

=



(13)
where Reff is the effective rainfall in mm d-1
The effective rainfall Reff is that portion of the total rainfall stored in the rootzone and that is available for the crop. There are several methods of assessing the effective rainfall. These methods include: the ‘soil moisture changes’, ‘integrating gauge’, the ‘Ramdas’ methods, Renfro equation and the United States Department of Agriculture's Soil Conservation Service (USDA-SCS) Method. The USDA-SCS method is considered to be the most accurate as it is based on long term data. For a more detailed explanation of these methods use the link to: FAO effective rainfall measurement. When none of the above Reff measurement methods can be used due to, for instance, lack of data, the fixed 80% method can be applied. This method simply considers that the Reff is 80% of the total rainfall.
Readily Available Moisture (RAM)

Readily Available Moisture RAM is the portion of the Total Available Water TAW that can be depleted without causing water stress to crops. TAW is defined as 
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where Dr is the thickness of the root depth in cm, θFC and θWP are the volumetric water contents in cm3 cm-3 at field capacity and wilting point, respectively. The θFC and θWP data for 20 different soil texture groups are presented in Annex 1. 
For the Wadi Laba silt loam soils, θFC is 0.461 cm3 cm-3 whereas θWP is 0.092 cm3 cm-3. (Annex 1). It therefore follows from (14) that for sorghum and maize crops (root depth is 200 cm) the TAW is 74 cm 
RAM is computed from
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where p is a depletion factor that is dependent on the type of crop and ETm (Table 2)
Table 2
Values of the depletion factor p in relation to ETm and type of crop (Allen et al., 1998)
	Crop group
	Maximum crop evapotranspiration ETm in mm d-1

	
	2
	3
	4
	5
	6
	7
	8
	9
	10

	1
	0.500
	0.425
	0.35
	0.3
	0.25
	0.225
	0.20
	0.20
	0.175

	2
	0.675
	0.575
	0.475
	0.4
	0.35
	0.325
	0.275
	0.25
	0.225

	3
	0.8
	0.7
	0.6
	0.5
	0.45
	0.425
	0.375
	0.35
	0.3

	4
	0.875
	0.8
	0.7
	0.6
	0.55
	0.5
	0.45
	0.425
	0.4

	Crop

	1
	Onion, pepper, potato

	2
	Banana, cabbage, grape, pea, tomato

	3
	Alfalfa, bean, citrus, groundnut, pineapple, sunflower, watermelon, wheat

	4
	Cotton, maize, olive, sorghum, soybean, sugarcane, tobacco


If, for example, we assume a sorghum crop with an ETm of 9 mm d-1, from Table 3, p is 0.425. Thus for the Wadi Laba case (TAW is 740 mm):

RAM = 0.425*740 mm = 315 mm
Irrigation Interval 

The irrigation interval T is the number of days between any two irrigation gifts. The irrigation gift is the depth of water applied at each irrigation period. T is defined as
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For the previous example: RAM = 315 mm

Assuming Reff is zero; Inet is equal to ETm, which is 9 mm d-1
Therefore, from (16), the maximum irrigation interval Tmax is 35 days. 

T should preferably be set in a cycle of 7 days as this can easily be understood and followed by most irrigators. Thus, instead of the calculated Tmax of 35 days, the actual interval Tact of 4 weeks (28 days) can be selected. 
Net irrigation gift

The net Irrigation gift, Igift can be determined from 
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For the earlier example: Igift = 9 mm d-1 * 28 days = 252 mm
In the Wadi Laba, as is the case in several other spate irrigation areas, the net irrigation gift is 50 cm, which is set by mutual agreement among the farmers. This supply comes mainly from the floodwater, which is highly unpredictable in timing and duration making it impossible to have a well-defined irrigation schedule. Therefore, three irrigation schedule scenarios are formulated: 

· Highly likely scenario: a field receives two irrigation turns in July and a third one in either June or August, on a bi-weekly interval between any two turns;

· Less likely scenario: a field is irrigated twice in either June or August and once in July at an interval of 15 days between any two irrigations;

· Unlikely, yet possible scenario: a field gets two or three irrigations in June or August at a weekly interval between any two supplies.

These scenarios are based on the farmers’ observations that 15 June to 15 August is the effective flood season; July is the month when at least 50% of the total annual number of floods occurs; very rarely does a field get a second turn before a two week interval.

An overview of the detailed irrigation schedules for the scenarios is presented in Table 3. 
For the simulations of daily deep percolation, bare soil evaporation and soil moisture storage of the rootzone using the input data in Table 1 for each of the irrigation schedule combinations presented in Table 3, please go to: SWAM simulations. You can also make simulations for your own data that you have computed following the above discussed procedure.
Table 3
Scenarios and irrigation schedule combinations for the Wadi Laba fields

	Irrigation schedule scenarios and combinations 
	Flood months

	
	June
	July
	August

	 
	15
	1
	15
	1
	15

	Highly likely scenario

	Three irrigation turns 
	I
	I
	I
	
	

	
	I
	
	I
	I
	

	
	I
	I
	
	I
	

	
	
	I
	I
	I
	

	
	I
	I
	
	I
	

	
	I
	I
	
	
	I

	
	I
	
	I
	I
	

	
	I
	
	I
	
	I

	
	I
	
	
	I
	I

	
	
	I
	I
	I
	

	
	
	I
	I
	
	I

	
	
	I
	
	I
	I

	
	
	I
	I
	I
	

	
	
	I
	I
	
	I

	
	
	I
	
	I
	I

	
	
	
	I
	I
	I

	Two irrigation turns
	I
	I
	
	
	

	
	I
	
	I
	
	

	
	I
	
	
	I
	

	
	I
	
	
	I
	

	
	I
	
	
	
	I

	
	
	I
	I
	
	

	
	
	I
	
	I
	

	
	
	I
	
	I
	

	
	
	I
	
	
	I

	
	
	I
	I
	
	

	
	
	I
	
	I
	

	
	
	I
	
	I
	

	
	
	I
	
	
	I

	
	
	
	I
	I
	

	
	
	
	I
	I
	

	
	
	
	I
	
	I

	
	
	
	
	I
	I

	Less likely scenario
Less likely scenario

	Three irrigation turns
	I
	I
	I
	
	

	
	I
	I
	
	I
	

	
	I
	I
	
	I
	

	
	I
	I
	
	
	I

	
	
	I
	I
	I
	

	
	
	I
	
	I
	I

	
	
	
	I
	I
	I

	Two irrigation turns
	I
	I
	
	
	

	
	
	
	
	I
	I

	Unlikely, yet possible scenario

	
	June
	July
	August

	
	15
	22
	1
	15
	1
	7
	15

	Three irrigation turns
	I
	I
	I
	
	
	
	

	
	
	
	
	
	I
	I
	I

	Two irrigation turns 
	I
	I
	
	
	
	
	

	
	
	
	
	
	I
	I
	

	
	
	I
	I
	
	
	
	

	
	
	
	
	
	
	I
	I


I is irrigation gift of 50 cm

Annex 1
Volumetric water content θ (first line under each soil type) and hydraulic conductivity k (second line under each soil type) at different matric pressures (h) for 20 soils (De Laat, 2002)
	Matric pressure h in cm
	0
	-10
	-20
	-31
	-50
	-100
	-250
	-500
	-1,000
	-2,500
	-5,000
	-10,000
	-16,000

	pF = log |h|
	0
	1.0
	1.3
	1.49
	1.70
	2.00
Field Capacity (FC) 
	2.40
	2.70
	3.00
	3.40
	3.70
	4.00
	4.20
Wilting

Point (WP)

	1. Coarse sand

	
	0.395
	0.215
	0.145
	0.107
	0.066
	0.032
	0.024
	0.018
	0.016
	0.015
	0.014
	0.013
	0.012

	
	1120
	1100
	119
	10.1
	0.144
	0.0001
	0.00004
	0.000013
	0.000005
	0.000001
	0.0000005
	0.0000002
	0.0000001

	2. Medium coarse sand

	
	0.365
	0.331
	0.33
	0.274
	0.160
	0.095
	0.062
	0.052
	0.038
	0.031
	0.025
	0.020
	0.017

	
	300
	75.5
	19
	4.16
	0.302
	0.0010
	0.00028
	0.0001
	0.00004
	0.000011
	0.0000042
	0.0000016
	0.0000008

	3. Medium fine sand

	
	0.35
	0.325
	0.316
	0.305
	0.26
	0.155
	0.077
	0.061
	0.050
	0.043
	0.032
	0.025
	0.023

	
	110
	48.3
	21.2
	8.6
	1.8
	0.03
	0.0014
	0.00055
	0.00021
	0.000058
	0.000022
	0.0000083
	0.0000043

	4. fine sand

	
	0.365
	0.352
	0.335
	0.328
	0.292
	0.196
	0.147
	0.129
	0.092
	0.065
	0.053
	0.047
	0.042

	
	50
	30.3
	18.4
	10.6
	4.1
	0.337
	0.00480
	0.0018
	0.00068
	0.00019
	0.000072
	0.000027
	0.000014

	5. Humous loamy medium coarse sand
	

	
	0.47
	0.46
	0.448
	0.44
	0.424
	0.405
	0.336
	0.293
	0.233
	0.174
	0.140
	0.117
	0.105

	
	1
	0.76
	0.584
	0.434
	0.261
	0.068
	0.0066
	0.0025
	0.00095
	0.00026
	0.000099
	0.000038
	0.000019

	6. Light loamy medium coarse sand

	
	0.394
	0.374
	0.363
	0.353
	0.326
	0.280
	0.232
	0.205
	0.180
	0.151
	0.130
	0.111
	0.100

	
	2.3
	1.31
	0.747
	0.403
	0.138
	0.0083
	0.0023
	0.000870
	0.000330
	0.000092
	0.000035
	0.000013
	0.0000068

	7. Loamy medium coarse sand

	
	0.301
	0.282
	0.272
	0.265
	0.247
	0.209
	0.171
	0.141
	0.1
	0.056
	0.043
	0.03
	0.021

	
	0.4
	0.27
	0.188
	0.124
	0.06
	0.0091
	0.00092
	0.00035
	0.00013
	0.000037
	0.000014
	0.0000053
	0.0000027

	8. Loamy fine sand

	
	0.439
	0.399
	0.355
	0.307
	0.249
	0.179
	0.140
	0.115
	0.099
	0.085
	0.072
	0.065
	0.060

	
	26.5
	17.8
	12
	7.72
	3.62
	0.495
	0.0072
	0.0027
	0.001
	0.00029
	0.00011
	0.000041
	0.000021

	9. Sandy loam

	
	0.465
	0.442
	0.426
	0.419
	0.36
	0.26
	0.18
	0.142
	0.118
	0.092
	0.079
	0.068
	0.061

	
	16.5
	7.9
	3.78
	1.68
	0.414
	0.01
	0.00011
	0.00004
	0.000015
	0.000004
	0.0000016
	0.0000006
	0.0000003

	10. Loess loam

	
	0.455
	0.436
	0.410
	0.385
	0.373
	0.34
	0.269
	0.232
	0.203
	0.17
	0.143
	0.122
	0.11

	
	14.5
	8.88
	5.44
	3.17
	1.25
	0.108
	0.0099
	0.0038
	0.0014
	0.00039
	0.00015
	0.000057
	0.000029

	11. Fine sandy loam

	
	0.504
	0.488
	0.486
	0.482
	0.468
	0.423
	0.255
	0.224
	0.175
	0.132
	0.112
	0.096
	0.087

	
	12
	11.9
	9.36
	7.13
	4.45
	1.29
	0.031
	0.0044
	0.0017
	0.00046
	0.00018
	0.0000670
	0.000034

	12. Silt loam

	
	0.509
	0.497
	0.487
	0.484
	0.474
	0.461
	0.4
	0.279
	0.205
	0.15
	0.125
	0.103
	0.092

	
	6.5
	5.32
	4.36
	3.5
	2.39
	0.88
	0.044
	0.0079
	0.003
	0.00083
	0.00031
	0.00012
	0.000062

	13. Loam

	
	0.503
	0.486
	0.483
	0.48
	0.467
	0.42
	0.281
	0.248
	0.213
	0.167
	0.142
	0.116
	0.098

	
	5
	3.97
	3.15
	2.44
	1.58
	0.496
	0.016
	0.0024
	0.000910
	0.00025
	0.000095
	0.000036
	0.000019

	14. Sandy clay loam

	
	0.432
	0.407
	0.387
	0.376
	0.359
	0.338
	0.309
	0.288
	0.263
	0.240
	0.215
	0.194
	0.180

	
	23.5
	16.5
	11.6
	7.87
	4.02
	0.689
	0.015
	0.0056
	0.0021
	0.00059
	0.00022
	0.0000848
	0.000044


	15. Silty clay loam

	
	0.475
	0.438
	0.421
	0.410
	0.394
	0.372
	0.335
	0.305
	0.279
	0.25
	0.222
	0.195
	0.185

	
	1.5
	1.18
	0.934
	0.719
	0.459
	0.14
	0.016
	0.006
	0.0023
	0.00063
	0.00024
	0.00009
	0.000047

	16. Clay loam
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	0.445
	0.429
	0.424
	0.421
	0.415
	0.411
	0.385
	0.366
	0.344
	0.342
	0.286
	0.265
	0.255

	
	1
	0.78
	0.609
	0.464
	0.289
	0.084
	0.002
	0.00028
	0.00011
	0.00003
	0.000011
	0.0000042
	0.0000022

	17. Light clay

	
	0.453
	0.435
	0.418
	0.405
	0.39
	0.36
	0.336
	0.315
	0.294
	0.27
	0.245
	0.224
	0.215

	
	3.5
	2.94
	2.47
	2.04
	1.47
	0.614
	0.045
	0.0093
	0.0035
	0.000970
	0.00037
	0.00014
	0.000072

	18. Silty clay

	
	0.507
	0.492
	0.485
	0.482
	0.474
	0.463
	0.44
	0.422
	0.391
	0.352
	0.317
	0.280
	0.257

	
	1.3
	0.8
	0.498
	0.294
	0.118
	0.045
	0.012
	0.0047
	0.0018
	0.00049
	0.00019
	0.000071
	0.000037

	19. Basin Clay

	
	0.54
	0.533
	0.529
	0.527
	0.526
	0.519
	0.493
	0.47
	0.443
	0.402
	0.375
	0.344
	0.321

	
	0.2
	0.14
	0.094
	0.062
	0.03
	0.0077
	0.0021
	0.00081
	0.00031
	0.000085
	0.000032
	0.000012
	0.0000063

	20. Peat

	
	0.863
	0.832
	0.824
	0.816
	0.796
	0.763
	0.704
	0.649
	0.505
	0.356
	0.323
	0.289
	0.265

	
	5.3
	1.86
	0.656
	0.208
	0.029
	0.011
	0.003
	0.0011
	0.00043
	0.00012
	0.000045
	0.000017
	0.0000089


Annex 2
Crop coefficient Kc values for some selected crops (Allen et al, 1998)
	Crop
	Initial 
	Development and mid season 
	Late season
	Maximum Crop Height (h) in m

	A. Small Vegetables
	0.7
	1.05
	0.95
	

	Broccoli
	
	1.05
	0.95
	0.3

	Brussel Sprouts
	
	1.05
	0.95
	0.4

	Cabbage
	
	1.05
	0.95
	0.4

	Carrots
	
	1.05
	0.95
	0.3

	Cauliflower
	
	1.05
	0.95
	0.4

	Celery
	
	1.05
	1.00
	0.6

	Garlic
	
	1.00
	0.70
	0.3

	Lettuce
	
	1.00
	0.95
	0.3

	Onions
	
	
	
	

	  - dry
	
	1.05
	0.75
	0.4

	  - green
	
	1.00
	1.00
	0.3

	  - seed
	
	1.05
	0.80
	0.5

	Spinach
	
	1.00
	0.95
	0.3

	Radish
	
	0.90
	0.85
	0.3

	B. Vegetables - Solanum Family (Solanaceae)
	0.6
	1.15
	0.80
	

	Egg Plant
	
	1.05
	0.90
	0.8

	Sweet Peppers (bell)
	
	1.05
	0.90
	0.7

	Tomato
	
	1.15
	0.70-0.90
	0.6

	C. Vegetables - Cucumber Family (Cucurbitaceae)
	0.5
	1.00
	0.80
	

	Cantaloupe
	0.5
	0.85
	0.60
	0.3

	Cucumber
	
	
	
	

	   - Fresh market
	0.6
	1.00
	0.75
	0.3

	   - Machine harvest
	0.5
	1.00
	0.90
	0.3

	Pumpkin, Winter Squash
	
	1.00
	0.80
	0.4

	Squash, Zucchini
	
	0.95
	0.75
	0.3

	Sweet Melons
	
	1.05
	0.75
	0.4

	Watermelon
	0.4
	1.00
	0.75
	0.4

	D. Roots and Tubers
	0.5
	1.10
	0.95
	

	Beets, table
	
	1.05
	0.95
	0.4

	Cassava
	
	
	
	

	  - year 1
	0.3
	0.80
	0.30
	1.0

	  - year 2
	0.3
	1.10
	0.50
	1.5

	Parsnip
	0.5
	1.05
	0.95
	0.4

	Potato
	
	1.15
	0.75
	0.6

	Sweet Potato
	
	1.15
	0.65
	0.4

	Turnip (and Rutabaga)
	
	1.10
	0.95
	0.6

	Sugar Beet
	0.35
	1.20
	0.70
	0.5

	E. Legumes (Leguminosae)
	0.4
	1.15
	0.55
	

	Beans, green
	0.5
	1.05
	0.90
	0.4

	Beans, dry and Pulses
	0.4
	1.15
	0.35
	0.4

	Chick pea
	
	1.00
	0.35
	0.4

	Fababean (broad bean)
	
	
	
	

	  - Fresh
	0.5
	1.15
	1.10
	0.8

	  - Dry/Seed
	0.5
	1.15
	0.30
	0.8

	Grabanzo
	0.4
	1.15
	0.35
	0.8

	Green Gram and Cowpeas
	
	1.05
	0.60-0.35
	0.4

	Groundnut (Peanut)
	
	1.15
	0.60
	0.4

	Lentil
	
	1.10
	0.30
	0.5

	Peas
	
	
	
	

	  - Fresh
	0.5
	1.15
	1.10
	0.5

	  - Dry/Seed
	
	1.15
	0.30
	0.5

	Soybeans
	
	1.15
	0.50
	0.5-1.0

	F. Perennial Vegetables (with winter dormancy and initially bare or mulched soil)
	0.5
	1.00
	0.80
	

	Artichokes
	0.5
	1.00
	0.95
	0.7

	Asparagus
	0.5
	0.95
	0.30
	0.2-0.8

	Mint
	0.60
	1.15
	1.10
	0.6-0.8

	Strawberries
	0.40
	0.85
	0.75
	0.2

	G. Fibre Crops
	0.35
	
	
	

	Cotton
	
	1.15-1.20
	0.70-0.50
	1.2-1.5

	Flax
	
	1.10
	0.25
	1.2

	Sisal 8
	
	0.4-0.7
	0.4-0.7
	1.5

	H. Oil Crops
	0.35
	1.15
	0.35
	

	Castorbean (Ricinus)
	
	1.15
	0.55
	0.3

	Rapeseed, Canola
	
	1.0-1.15
	0.35
	0.6

	Safflower
	
	1.0-1.15
	0.25
	0.8

	Sesame
	
	1.10
	0.25
	1.0

	Sunflower
	
	1.0-1.15
	0.35
	2.0

	I. Cereals
	0.3
	1.15
	0.4
	

	Barley
	
	1.15
	0.25
	1

	Oats
	
	1.15
	0.25
	1

	Spring Wheat
	
	1.15
	0.25-0.4
	1

	Winter Wheat
	
	
	
	

	  - with frozen soils
	0.4
	1.15
	0.25-0.4
	1

	  - with non-frozen soils
	0.7
	1.15
	0.25-0.4
	

	Maize, Field (grain) (field corn)
	
	1.20
	0.60-0.35
	2

	Maize, Sweet (sweet corn)
	
	1.15
	1.05
	1.5

	Millet
	
	1.00
	0.30
	1.5

	Sorghum
	
	
	
	

	  - grain
	
	1.00-1.10
	0.55
	1-2

	  - sweet
	
	1.20
	1.05
	2-4

	Rice
	1.05
	1.20
	0.90-0.60
	1

	J. Forages

	Alfalfa Hay
	
	
	
	

	  - averaged cutting effects
	0.40
	0.95
	0.90
	0.7

	  - individual cutting periods
	0.40
	1.20
	1.15
	0.7

	  - for seed
	0.40
	0.50
	0.50
	0.7

	Bermuda hay
	
	
	
	

	  - averaged cutting effects
	0.55
	1.00
	0.85
	0.35

	  - Spring crop for seed
	0.35
	0.90
	0.65
	0.4

	Clover hay, Berseem
	
	
	
	

	  - averaged cutting effects
	0.40
	0.90
	0.85
	0.6

	  - individual cutting periods
	0.40
	1.15
	1.10
	0.6

	Rye Grass hay
	
	
	
	

	  - averaged cutting effects
	0.95
	1.05
	1.00
	0.3

	Sudan Grass hay (annual)
	
	
	
	

	  - averaged cutting effects
	0.50
	0.90
	0.85
	1.2

	  - individual cutting periods
	0.5014
	1.15
	1.10
	1.2

	Grazing Pasture
	
	
	
	

	  - Rotated Grazing
	0.40
	0.85-1.05
	0.85
	0.15-0.30

	  - Extensive Grazing
	0.30
	0.75
	0.75
	0.10

	Turf grass
	
	
	
	

	  - cool season 15
	0.90
	0.95
	0.95
	0.10

	  - warm season 15
	0.80
	0.85
	0.85
	0.10

	K. Sugar Cane
	0.40
	1.25
	0.75
	3

	L. Tropical Fruits and Trees

	Banana
	
	
	
	

	  - 1st year
	0.50
	1.10
	1.00
	3

	  - 2nd year
	1.00
	1.20
	1.10
	4

	Cacao
	1.00
	1.05
	1.05
	3

	Coffee
	
	
	
	

	  - bare ground cover
	0.90
	0.95
	0.95
	2-3

	  - with weeds
	1.05
	1.10
	1.10
	2-3

	Date Palms
	0.90
	0.95
	0.95
	8

	Palm Trees
	0.95
	1.00
	1.00
	8

	Pineapple 16
	
	
	
	

	  - bare soil
	0.50
	0.30
	0.30
	0.6-1.2

	  - with grass cover
	0.50
	0.50
	0.50
	0.6-1.2

	Rubber Trees
	0.95
	1.00
	1.00
	10

	Tea
	
	
	
	

	  - non-shaded
	0.95
	1.00
	1.00
	1.5

	  - shaded 17
	1.10
	1.15
	1.15
	2

	M. Grapes and Berries

	Berries (bushes)
	0.30
	1.05
	0.50
	1.5

	Grapes
	
	
	
	

	  - Table or Raisin
	0.30
	0.85
	0.45
	2

	  - Wine
	0.30
	0.70
	0.45
	1.5-2

	Hops
	0.3
	1.05
	0.85
	5

	N. Fruit Trees

	Almonds, no ground cover
	0.40
	0.90
	0.65
	5

	Apples, Cherries, Pears 19
	
	
	
	

	  - no ground cover, killing frost
	0.45
	0.95
	0.70
	4

	  - no ground cover, no frosts
	0.60
	0.95
	0.75
	4

	  - active ground cover, killing frost
	0.50
	1.20
	0.95
	4

	  - active ground cover, no frosts
	0.80
	1.20
	0.85
	4

	Apricots, Peaches, Stone Fruit 19, 20
	
	
	
	

	  - no ground cover, killing frost
	0.45
	0.90
	0.65
	3

	  - no ground cover, no frosts
	0.55
	0.90
	0.65
	3

	  - active ground cover, killing frost
	0.50
	1.15
	0.90
	3

	  - active ground cover, no frosts
	0.80
	1.15
	0.85
	3

	Avocado, no ground cover
	0.60
	0.85
	0.75
	3

	Citrus, no ground cover 21
	
	
	
	

	  - 70% canopy
	0.70
	0.65
	0.70
	4

	  - 50% canopy
	0.65
	0.60
	0.65
	3

	  - 20% canopy
	0.50
	0.45
	0.55
	2

	Citrus, with active ground cover or weeds
	
	
	
	

	  - 70% canopy
	0.75
	0.70
	0.75
	4

	  - 50% canopy
	0.80
	0.80
	0.80
	3

	  - 20% canopy
	0.85
	0.85
	0.85
	2

	Conifer Trees 23
	1.00
	1.00
	1.00
	10

	Kiwi
	0.40
	1.05
	1.05
	3

	Olives (40 to 60% ground coverage by canopy)
	0.65
	0.70
	0.70
	3-5

	Pistachios, no ground cover
	0.40
	1.10
	0.45
	3-5

	O. Wetlands - temperate climate

	Cattails, Bulrushes, killing frost
	0.30
	1.20
	0.30
	2

	Cattails, Bulrushes, no frost
	0.60
	1.20
	0.60
	2

	Short Veg., no frost
	1.05
	1.10
	1.10
	0.3

	Reed Swamp, standing water
	1.00
	1.20
	1.00
	1-3

	Reed Swamp, moist soil
	0.90
	1.20
	0.70
	1-3

	P. Special

	Open Water, < 2 m depth or in sub-humid climates or tropics
	
	1.05
	1.05
	

	Open Water, > 5 m depth, clear of turbidity, temperate climate
	
	0.6525
	1.25
	


Annex 3
Reference crop evapotranspiration ET0 calculation procedure and relevant climatic data 


(Allen et al., 1998)

Table 3.1 
Reference crop evapotranspiration calculation sheet 
	Parameters

	Tmax
	°C
	

	Tmin
	°C
	Tmean = (Tmax + Tmin)/2
	°C

	Tmean
	°C
	Δ (Table 3.2)
	kPa/°C

	Altitude
	m
	
[image: image24.wmf]g

(Table 3.3)
	kPa/°C

	u2
	m s-1
	(1 + 0.34 u2)
	

	
	
	Δ/[Δ + 
[image: image25.wmf]g

(1 + 0.34 u2)]
	

	
	
	
[image: image26.wmf]g

/[ Δ + 
[image: image27.wmf]g

(1 + 0.34 u2)]
	

	
	
	[900/(Tmean + 273)] u2
	

	Vapour pressure deficit (es - ea)

	Tmax
	°C
	e°(Tmax) (Table 3.4)
	kPa

	Tmin
	°C
	e°(Tmin) (Table 3.4)
	kPa

	Saturation vapour pressure es = [(e°(Tmax) + e°(Tmin)]/2
	kPa

	ea derived from dewpoint temperature:

	Tdew
	°C
	ea = e°(Tdew) (Table 3.4)
	kPa

	OR ea derived from maximum and minimum relative humidity:

	RHmax
	%
	e°(Tmin) RHmax/100
	kPa

	RHmin
	%
	e°(Tmax) RHmin/100
	kPa

	
	ea: (average)
	kPa

	OR ea derived from maximum relative humidity: (recommended if there are errors in RHmin)

	RHmax
	%
	ea = e°(Tmin) RHmax/100
	kPa

	OR ea derived from mean relative humidity: (less recommended due to non-linearities)

	RHmean
	%
	ea = es RHmean/100
	kPa

	Radiation

	Latitude
	0
	
	

	Day
	
	Ra (Table 3.5)
	MJ m-2 d-1

	Month
	
	N (Table 3.6)
	hours

	n
	hours
	n/N
	

	If no Rs data available: Rs = (0.25 + 0.50 n/N) Ra
	MJ m-2 d-1

	Rso = [0.75 + 2 (Altitude)/100000] Ra
	MJ m-2 d-1

	Rns = 0.77 Rs
	MJ m-2 d-1

	Tmax
	
	
[image: image28.wmf]4

max

k

T

s

 (Table 3.7) 
	MJ m-2 d-1

	Tmin
	
	
[image: image29.wmf]4

min

k

T

s

 (Table 3.7) 
	MJ m-2 d-1

	
[image: image30.wmf]2

/

)

(

4

4

max

k

T

k

T

mix

s

s

+


	MJ m-2 d-1

	ea
	
	kPa
	
[image: image31.wmf]a

e

14

.

0

34

.

0

-


	

	Rs/Rso
	
	
[image: image32.wmf]35

.

0

/

35

.

1

-

so

s

R

R


	

	
[image: image33.wmf]*

2

/

)

(

4

4

max

k

T

k

T

Rnl

mix

s

s

+

=

(
[image: image34.wmf]a

e

14

.

0

34

.

0

-

)*(
[image: image35.wmf])

35

.

0

/

35

.

1

-

so

s

R

R


	

	
[image: image36.wmf]nl

ns

n

R

R

R

-

=


	

	Tmonth
	
	°C
	Gday (assume)
	0

	Tmonth-1
	
	°C
	Gmonth = 0.14 (Tmonth - Tmonth-1)
	

	Rn - G
	MJ m-2 d-1

	0.408 (Rn - G)
	mm/day

	Grass reference evapotranspiration

	
[image: image37.wmf][

]

G

R

u

n

-

ú

û

ù

ê

ë

é

+

+

D

D

(

408

.

0

34

.

0

1

(

2

g


	mm/day

	
[image: image38.wmf][

]

a

s

e

e

u

T

u

-

ú

û

ù

ê

ë

é

+

ú

û

ù

ê

ë

é

+

+

D

2

2

273

900

34

.

0

1

(

g

g


	mm/day

	
[image: image39.wmf])

34

.

0

1

(

)

(

273

900

)

(

408

.

0

2

2

0

u

e

e

u

T

G

R

ET

a

s

n

+

+

D

-

+

+

-

D

=

g

g


	mm/day


The details of the Tables indicated in the calculation sheet (Table 3.1) are presented below

Table 3.2
Slope of vapour pressure curve (∆) for different temperatures (T) 
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	T in °C
	∆ in kPa/°C
	T in °C
	∆ in kPa/°C
	T in °C
	∆ in kPa/°C
	T in°C
	∆ in kPa/°C

	1.0
	0.047
	13.0
	0.098
	25.0
	0.189
	37.0
	0.342

	1.5
	0.049
	13.5
	0.101
	25.5
	0.194
	37.5
	0.350

	2.0
	0.050
	14.0
	0.104
	26.0
	0.199
	38.0
	0.358

	2.5
	0.052
	14.5
	0.107
	26.5
	0.204
	38.5
	0.367

	3.0
	0.054
	15.0
	0.110
	27.0
	0.209
	39.0
	0.375

	3.5
	0.055
	15.5
	0.113
	27.5
	0.215
	39.5
	0.384

	4.0
	0.057
	16.0
	0.116
	28.0
	0.220
	40.0
	0.393

	4.5
	0.059
	16.5
	0.119
	28.5
	0.226
	40.5
	0.402

	5.0
	0.061
	17.0
	0.123
	29.0
	0.231
	41.0
	0.412

	5.5
	0.063
	17.5
	0.126
	29.5
	0.237
	41.5
	0.421

	6.0
	0.065
	18.0
	0.130
	30.0
	0.243
	42.0
	0.431

	6.5
	0.067
	18.5
	0.133
	30.5
	0.249
	42.5
	0.441

	7.0
	0.069
	19.0
	0.137
	31.0
	0.256
	43.0
	0.451

	7.5
	0.071
	19.5
	0.141
	31.5
	0.262
	43.5
	0.461

	8.0
	0.073
	20.0
	0.145
	32.0
	0.269
	44.0
	0.471

	8.5
	0.075
	20.5
	0.149
	32.5
	0.275
	44.5
	0.482

	9.0
	0.078
	21.0
	0.153
	33.0
	0.282
	45.0
	0.493

	9.5
	0.080
	21.5
	0.157
	33.5
	0.289
	45.5
	0.504

	10.0
	0.082
	22.0
	0.161
	34.0
	0.296
	46.0
	0.515

	10.5
	0.085
	22.5
	0.165
	34.5
	0.303
	46.5
	0.526

	11.0
	0.087
	23.0
	0.170
	35.0
	0.311
	47.0
	0.538

	11.5
	0.090
	23.5
	0.174
	35.5
	0.318
	47.5
	0.550

	12.0
	0.092
	24.0
	0.179
	36.0
	0.326
	48.0
	0.562

	12.5
	0.095
	24.5
	0.184
	36.5
	0.334
	48.5
	0.574


Table 3.3
Psychometric constant (
[image: image41.wmf]g

) for different altitudes (z) above sea level
	Z in m
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 in kPa/°C
	Z in m
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 in kPa/°C
	Z in m
	
[image: image44.wmf]g

 in kPa/°C
	Z in m
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 in kPa/°C

	0
	0.067
	1000
	0.060
	2000
	0.053
	3000
	0.047

	100
	0.067
	1100
	0.059
	2100
	0.052
	3100
	0.046

	200
	0.066
	1200
	0.058
	2200
	0.052
	3200
	0.046

	300
	0.065
	1300
	0.058
	2300
	0.051
	3300
	0.045

	400
	0.064
	1400
	0.057
	2400
	0.051
	3400
	0.045

	500
	0.064
	1500
	0.056
	2500
	0.050
	3500
	0.044

	600
	0.063
	1600
	0.056
	2600
	0.049
	3600
	0.043

	700
	0.062
	1700
	0.055
	2700
	0.049
	3700
	0.043

	800
	0.061
	1800
	0.054
	2800
	0.048
	3800
	0.042

	900
	0.061
	1900
	0.054
	2900
	0.047
	3900
	0.042

	1000
	0.060
	2000
	0.053
	3000
	0.047
	4000
	0.041


Table 3.4

Vapour pressure deficit (e°(T)) for different temperatures (T)
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	T in °C
	e°(T) in kPa 
	T in °C
	e°(T) in kPa
	T in °C
	e°(T) in kPa
	T in °C
	e°(T) in kPa

	1.0
	0.657
	13.0
	1.498
	25.0
	3.168
	37.0
	6.275

	1.5
	0.681
	13.5
	1.547
	25.5
	3.263
	37.5
	6.448

	2.0
	0.706
	14.0
	1.599
	26.0
	3.361
	38.0
	6.625

	2.5
	0.731
	14.5
	1.651
	26.5
	3.462
	38.5
	6.806

	3.0
	0.758
	15.0
	1.705
	27.0
	3.565
	39.0
	6.991

	3.5
	0.785
	15.5
	1.761
	27.5
	3.671
	39.5
	7.181

	4.0
	0.813
	16.0
	1.818
	28.0
	3.780
	40.0
	7.376

	4.5
	0.842
	16.5
	1.877
	28.5
	3.891
	40.5
	7.574

	5.0
	0.872
	17.0
	1.938
	29.0
	4.006
	41.0
	7.778

	5.5
	0.903
	17.5
	2.000
	29.5
	4.123
	41.5
	7.986

	6.0
	0.935
	18.0
	2.064
	30.0
	4.243
	42.0
	8.199

	6.5
	0.968
	18.5
	2.130
	30.5
	4.366
	42.5
	8.417

	7.0
	1.002
	19.0
	2.197
	31.0
	4.493
	43.0
	8.640

	7.5
	1.037
	19.5
	2.267
	31.5
	4.622
	43.5
	8.867

	8.0
	1.073
	20.0
	2.338
	32.0
	4.755
	44.0
	9.101

	8.5
	1.110
	20.5
	2.412
	32.5
	4.891
	44.5
	9.339

	9.0
	1.148
	21.0
	2.487
	33.0
	5.030
	45.0
	9.582

	9.5
	1.187
	21.5
	2.564
	33.5
	5.173
	45.5
	9.832

	10.0
	1.228
	22.0
	2.644
	34.0
	5.319
	46.0
	10.086

	10.5
	1.270
	22.5
	2.726
	34.5
	5.469
	46.5
	10.347

	11.0
	1.313
	23.0
	2.809
	35.0
	5.623
	47.0
	10.613

	11.5
	1.357
	23.5
	2.896
	35.5
	5.780
	47.5
	10.885

	12.0
	1.403
	24.0
	2.984
	36.0
	5.941
	48.0
	11.163

	12.5
	1.449
	24.5
	3.075
	36.5
	6.106
	48.5
	11.447


able 3.5 
Daily extraterrestrial radiation (Ra)1 in MJ m-2 day-1 for different latitudes (Lat) in degree (deg) for the 15th day of the month2 
[image: image47.jpg]Northern Hemisphere Lat. Southern Hemisphere
Jan | Feb | Mar | Apr | May | Jun | July | Aug | Sep | Oct | Nov | Dec | deg. [ Jan | Feb | Mar | Apr | May | Jun | July | Aug | Sep | Oc | Nov | Dec
00 | 66 | 11.0 | 1566 | 213 | 240 | 240 | 176 | 126 | 83 | 23 | 00 | 70 | 240 | 174 | 130 | 84 | 27 | 00 | 00 | 64 [ 112 | 157 [ 217 | 240
21 | 73 | 1.4 | 153 | 19.7 | 240 | 223 | 170 | 127 | 87 | 41 | 00 | 68 | 219 | 167 | 129 | 67 | 43 | 00 | 17 | 70 | 113 | 153 | 199 | 240
39 | 78 | 112 | 149 | 187 | 220 | 203 | 164 | 127 | 0 | 52 | 1.9 | 66 | 201 | 162 | 128 | 9.1 | 53 | 20 | 37 | 76 | 113 | 150 | 188 [ 221
50 | 82 | 11.2 | 147 | 17.9 | 20.3 | 192 | 160 | 126 | 93 | 60 | 37 | 64 | 190 | 158 | 128 | 93 | 61 | 37 | 48 | 80 | 114 | 147 | 180 [ 203
57 | 86 | 113 | 144 | 173 | 192 | 184 | 167 | 126 | 95 | 66 | 46 | 62 | 183 | 165 | 127 | 96 | 67 | 46 | 66 | 83 | 114 | 145 | 174 [ 192
64 | 86 | 114 | 142 | 168 | 184 | 177 | 163 | 125 | 67 | 7.1 | 66 | 60 | 176 | 162 | 126 | 98 | 72 | 66 | 63 | 87 | 115 | 143 | 169 | 184
69 | 91 | 114 | 141 | 164 | 178 | 172 | 161 | 125 | 99 | 756 | 62 | 58 | 17.1 | 149 | 126 | 99 | 76 | 62 | 68 | 89 | 115 | 141 | 165 | 178
73 | 93 | 115 | 139 | 160 | 17.3 | 168 | 148 | 124 [ 101 | 7.9 | 67 | 56 | 167 | 147 | 125 | 1041 | 80 | 67 | 72 | 82 | 116 | 139 | 161 | 173
77 | 95 | 115 | 138 | 157 | 168 | 164 | 146 | 124 | 102 | 82 | 7.1 | 54 | 163 | 145 | 125 | 102 | 83 | 7.2 | 76 | 04 | 116 | 138 | 158 | 169
80 | 97 | 115 | 136 | 154 | 165 | 160 | 144 | 124 | 103 | 85 | 7.5 | 52 | 160 | 143 | 125 | 104 | 86 | 75 | 80 | 96 | 116 | 137 | 155 | 165
83 | 96 [ 116 [ 135 [ 152 | 164 | 167 | 143 [ 123 | 104 | 67 | 7.0 | 50 | 157 | 142 | 124 | 105 [ 86 | 7.9 | 83 | 07 [ 117 | 136 | 163 [ 161
86 | 100 | 116 | 134 | 150 | 158 | 155 | 141 | 123 | 106 | 90 | 82 | 48 | 154 | 140 | 124 | 106 | 90 | 82 | 85 | 99 | 117 | 134 | 150 | 158
88 [ 101 [ 116 | 133 | 146 | 155 | 152 | 140 | 123 | 10.7 | 92 | 85 | 46 | 152 | 139 | 124 [ 107 | 02 | 85 | 88 | 100 | 117 | 133 | 148 | 156
91 | 103 | 116 | 132 | 146 | 153 | 150 | 138 | 123 | 107 | 9.4 | 87 | 44 | 149 | 137 | 124 | 108 | 94 | 67 | 90 | 10.2 | 11.7 | 133 | 146 | 153
93 | 104 | 117 [ 132 | 144 | 150 | 148 | 137 | 123 | 106 | 96 | 00 | 42 | 147 | 136 | 123 | 108 | 96 | 90 | 92 | 103 | 117 | 132 | 144 | 150
95 | 105 | 117 [ 131 | 142 | 148 | 146 | 136 | 122 [ 109 | 07 | 62 | 40 | 145 | 135 | 123 | 109 | 98 | 62 | 64 | 0.4 | 118 | 13.1 | 143 | 148
96 [ 106 [ 117 [ 130 | 141 | 146 | 144 | 135 | 122 [ 11.0 | 99 | 6.4 | 38 | 144 [ 134 | 123 [ 110 | 99 | 94 | 96 | 105 | 118 [ 130 | 141 | 146
98 [ 107 | 117 | 129 [ 130 | 144 | 142 | 134 | 122 [ 11.4 | 101 | 96 |"36 | 142 | 133 | 123 [ 111 [ 101 | 96 | 98 | 106 | 118 [ 126 | 136 | 144
0.0 | 10.8 | 11.8 | 129 | 138 | 143 | 14.1 | 133 | 122 | 114 | 102 | 9.7 | 34 | 140 | 132 | 122 | 111 [ 102 | 97 | 9.9 [ 107 | 11.6 [ 129 | 138 | 143
101 | 109 | 118 | 128 | 136 | 141 | 139 | 132 | 122 | 112 | 103 | 99 | 32 | 139 | 131 | 122 | 112 | 104 | 96 | 101 | 108 | 116 | 128 | 137 | 141
103 | 11.0 | 11.8 [ 127 | 135 | 139 | 138 | 13.1 | 122 | 19.3 | 105 | 104 |30 | 137 | 130 | 122 | 113 | 105 | 10.1 [ 102 | 109 | 11.6 | 127 | 135 | 139
104 | 11.0 | 11.8 [ 127 | 134 [ 138 | 136 | 13.0 | 122 | 11.3 | 106 | 102 | 26 | 136 | 130 | 122 | 113 | 106 | 102 | 104 | 11.0 | 11.6 | 127 | 134 | 138
105 [ 1.1 | 11.8 [ 126 | 133 [ 136 | 135 | 120 | 121 | 114 [ 107 | 104 |26 | 135 | 120 | 122 | 114 | 107 | 104 [ 105 [ 11.1 [ 11.9 | 126 | 133 | 136
0.7 | 112 | 11.8 | 126 | 132 | 135 | 133 | 128 | 124 | 114 | 108 | 105 [T 24 | 133 | 126 | 122 | 114 [ 108 | 105 | 107 | 112 [ 119 | 126 [ 132 | 135
10.8 | 113 | 11.0 | 126 | 131 | 133 | 132 | 128 | 124 | 11.5 | 100 | 107 [ 22 | 132 | 727 | 721 | 115 | 108 | 107 | 108 | 112 [ 11.9 | 1256 [ 131 | 133
0.8 | 11.3 | 1.0 | 125 | 129 | 132 [ 13 | 127 | 124 | 11.5 | 11.0 | 10.8 [ 720 134 | 127 [ 124 | 115 [ 11.1 | 106 [ 109 [ 113 [ 11.9 [ 126 [ 130 | 132
1.0 [ 114 | 119 | 124 | 128 | 131 | 130 | 126 | 124 | 116 | 111 | 109 |78 | 130 | 126 | 121 | 116 | 112 [ 109 | 11.0 | 114 [ 119 | 124 | 129 | 131_
00| 115 | 118 [ 124 [ 127 [ 126 [ 128 | 125 | 124 [ 11.6 | 11.2 [ 1.4 | 6 | 126 | 125 | 121 [ 116 [ 113 [ 114 | 114 | 115 | 119 | 124 | 128 | 129_
13 | 116 | 119 | 123 | 126 | 128 | 128 | 125 | 124 | 117 [ 11.3 | 112 | 14 | 127 [ 124 | 121 | 117 [ 114 [ 112 [ 112 [ 1156 [ 119 [ 123 | 127 | 128
114 [ 116 | 1.0 | 123 | 126 | 127 | 126 | 124 | 124 | 11.7 | 114 | 113 [ 12 | 126 | 124 [ 124 | 1.7 | 114 [ 11.3 [ 114 [ 116 [ 119 | 123 | 126 | 127
115 [ 117 | 1.9 | 122 | 125 | 126 | 125 | 123 | 124 | 116 | 115 | 114 [ 10 | 125 | 125 | 121 | 118 | 115 f 114 [ 115 | 117 [ 119 | 122 | 125 | 126
116 [ 117 | 119 [ 122 [ 124 | 126 | 124 | 123 | 120 | 11.8 | 116 | 11.5 | "8 | 124 | 123 | 121 | 118 | 116 | 115 | 11.6 | 11.7 | 120 | 122 | 124 | 125
117 | 1.8 [ 120 [ 121 [ 123 [ 123 [ 123 [ 122 | 120 | 1.9 [ 117 [ 117 "6 | 123 | 122 | 120 | 119 [ 117 | 117 | 11.7 | 11.6 | 120 | 121 | 123 | 123
118 [ 119 [ 120 [ 121 [ 122 | 122 [ 122 | 121 [ 120 [ 11.9 [ 116 | 118 | & | 122 | 121 | 120 | 11.9 [ 11.6 | 11.6 | 11.6 | 11.9 [ 120 | 121 | 122 | 122
1.9 [11.9 [ 120 [ 12.0 | 121 [ 124 [ 124 [ 124 [ 120 [ 120 | 119 [ 119 "2 | 121 | 121 | 120 | 120 | 11.9 | 119 | 119 | 11.9 | 120 | 120 | 121 | 121
120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 T 0 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120






Table 3.6

Mean daylight hours (N) for different latitudes (Lat) in degree (deg) for the 15th of the month1
[image: image48.jpg]Northern Hemisphere Lat. Southern Hemisphere
Jan | Feb | Mar | Apr | May | Jun | July | Aug | Sep | Oct | Nov | Dec | deg. [ Jan | Feb | Mar | Apr | May | Jun | July | Aug | Sep | Oc | Nov | Dec
00 | 66 | 11.0 | 1566 | 213 | 240 | 240 | 176 | 126 | 83 | 23 | 00 | 70 | 240 | 174 | 130 | 84 | 27 | 00 | 00 | 64 [ 112 | 157 [ 217 | 240
21 | 73 | 1.4 | 153 | 19.7 | 240 | 223 | 170 | 127 | 87 | 41 | 00 | 68 | 219 | 167 | 129 | 67 | 43 | 00 | 17 | 70 | 113 | 153 | 199 | 240
39 | 78 | 112 | 149 | 187 | 220 | 203 | 164 | 127 | 0 | 52 | 1.9 | 66 | 201 | 162 | 128 | 9.1 | 53 | 20 | 37 | 76 | 113 | 150 | 188 [ 221
50 | 82 | 11.2 | 147 | 17.9 | 20.3 | 192 | 160 | 126 | 93 | 60 | 37 | 64 | 190 | 158 | 128 | 93 | 61 | 37 | 48 | 80 | 114 | 147 | 180 [ 203
57 | 86 | 113 | 144 | 173 | 192 | 184 | 167 | 126 | 95 | 66 | 46 | 62 | 183 | 165 | 127 | 96 | 67 | 46 | 66 | 83 | 114 | 145 | 174 [ 192
64 | 86 | 114 | 142 | 168 | 184 | 177 | 163 | 125 | 67 | 7.1 | 66 | 60 | 176 | 162 | 126 | 98 | 72 | 66 | 63 | 87 | 115 | 143 | 169 | 184
69 | 91 | 114 | 141 | 164 | 178 | 172 | 161 | 125 | 99 | 756 | 62 | 58 | 17.1 | 149 | 126 | 99 | 76 | 62 | 68 | 89 | 115 | 141 | 165 | 178
73 | 93 | 115 | 139 | 160 | 17.3 | 168 | 148 | 124 [ 101 | 7.9 | 67 | 56 | 167 | 147 | 125 | 1041 | 80 | 67 | 72 | 82 | 116 | 139 | 161 | 173
77 | 95 | 115 | 138 | 157 | 168 | 164 | 146 | 124 | 102 | 82 | 7.1 | 54 | 163 | 145 | 125 | 102 | 83 | 7.2 | 76 | 04 | 116 | 138 | 158 | 169
80 | 97 | 115 | 136 | 154 | 165 | 160 | 144 | 124 | 103 | 85 | 7.5 | 52 | 160 | 143 | 125 | 104 | 86 | 75 | 80 | 96 | 116 | 137 | 155 | 165
83 | 96 [ 116 [ 135 [ 152 | 164 | 167 | 143 [ 123 | 104 | 67 | 7.0 | 50 | 157 | 142 | 124 | 105 [ 86 | 7.9 | 83 | 07 [ 117 | 136 | 163 [ 161
86 | 100 | 116 | 134 | 150 | 158 | 155 | 141 | 123 | 106 | 90 | 82 | 48 | 154 | 140 | 124 | 106 | 90 | 82 | 85 | 99 | 117 | 134 | 150 | 158
88 [ 101 [ 116 | 133 | 146 | 155 | 152 | 140 | 123 | 10.7 | 92 | 85 | 46 | 152 | 139 | 124 [ 107 | 02 | 85 | 88 | 100 | 117 | 133 | 148 | 156
91 | 103 | 116 | 132 | 146 | 153 | 150 | 138 | 123 | 107 | 9.4 | 87 | 44 | 149 | 137 | 124 | 108 | 94 | 67 | 90 | 10.2 | 11.7 | 133 | 146 | 153
93 | 104 | 117 [ 132 | 144 | 150 | 148 | 137 | 123 | 106 | 96 | 00 | 42 | 147 | 136 | 123 | 108 | 96 | 90 | 92 | 103 | 117 | 132 | 144 | 150
95 | 105 | 117 [ 131 | 142 | 148 | 146 | 136 | 122 [ 109 | 07 | 62 | 40 | 145 | 135 | 123 | 109 | 98 | 62 | 64 | 0.4 | 118 | 13.1 | 143 | 148
96 [ 106 [ 117 [ 130 | 141 | 146 | 144 | 135 | 122 [ 11.0 | 99 | 6.4 | 38 | 144 [ 134 | 123 [ 110 | 99 | 94 | 96 | 105 | 118 [ 130 | 141 | 146
98 [ 107 | 117 | 129 [ 130 | 144 | 142 | 134 | 122 [ 11.4 | 101 | 96 |"36 | 142 | 133 | 123 [ 111 [ 101 | 96 | 98 | 106 | 118 [ 126 | 136 | 144
0.0 | 10.8 | 11.8 | 129 | 138 | 143 | 14.1 | 133 | 122 | 114 | 102 | 9.7 | 34 | 140 | 132 | 122 | 111 [ 102 | 97 | 9.9 [ 107 | 11.6 [ 129 | 138 | 143
101 | 109 | 118 | 128 | 136 | 141 | 139 | 132 | 122 | 112 | 103 | 99 | 32 | 139 | 131 | 122 | 112 | 104 | 96 | 101 | 108 | 116 | 128 | 137 | 141
103 | 11.0 | 11.8 [ 127 | 135 | 139 | 138 | 13.1 | 122 | 19.3 | 105 | 104 |30 | 137 | 130 | 122 | 113 | 105 | 10.1 [ 102 | 109 | 11.6 | 127 | 135 | 139
104 | 11.0 | 11.8 [ 127 | 134 [ 138 | 136 | 13.0 | 122 | 11.3 | 106 | 102 | 26 | 136 | 130 | 122 | 113 | 106 | 102 | 104 | 11.0 | 11.6 | 127 | 134 | 138
105 [ 1.1 | 11.8 [ 126 | 133 [ 136 | 135 | 120 | 121 | 114 [ 107 | 104 |26 | 135 | 120 | 122 | 114 | 107 | 104 [ 105 [ 11.1 [ 11.9 | 126 | 133 | 136
0.7 | 112 | 11.8 | 126 | 132 | 135 | 133 | 128 | 124 | 114 | 108 | 105 [T 24 | 133 | 126 | 122 | 114 [ 108 | 105 | 107 | 112 [ 119 | 126 [ 132 | 135
10.8 | 113 | 11.0 | 126 | 131 | 133 | 132 | 128 | 124 | 11.5 | 100 | 107 [ 22 | 132 | 727 | 721 | 115 | 108 | 107 | 108 | 112 [ 11.9 | 1256 [ 131 | 133
0.8 | 11.3 | 1.0 | 125 | 129 | 132 [ 13 | 127 | 124 | 11.5 | 11.0 | 10.8 [ 720 134 | 127 [ 124 | 115 [ 11.1 | 106 [ 109 [ 113 [ 11.9 [ 126 [ 130 | 132
1.0 [ 114 | 119 | 124 | 128 | 131 | 130 | 126 | 124 | 116 | 111 | 109 |78 | 130 | 126 | 121 | 116 | 112 [ 109 | 11.0 | 114 [ 119 | 124 | 129 | 131_
00| 115 | 118 [ 124 [ 127 [ 126 [ 128 | 125 | 124 [ 11.6 | 11.2 [ 1.4 | 6 | 126 | 125 | 121 [ 116 [ 113 [ 114 | 114 | 115 | 119 | 124 | 128 | 129_
13 | 116 | 119 | 123 | 126 | 128 | 128 | 125 | 124 | 117 [ 11.3 | 112 | 14 | 127 [ 124 | 121 | 117 [ 114 [ 112 [ 112 [ 1156 [ 119 [ 123 | 127 | 128
114 [ 116 | 1.0 | 123 | 126 | 127 | 126 | 124 | 124 | 11.7 | 114 | 113 [ 12 | 126 | 124 [ 124 | 1.7 | 114 [ 11.3 [ 114 [ 116 [ 119 | 123 | 126 | 127
115 [ 117 | 1.9 | 122 | 125 | 126 | 125 | 123 | 124 | 116 | 115 | 114 [ 10 | 125 | 125 | 121 | 118 | 115 f 114 [ 115 | 117 [ 119 | 122 | 125 | 126
116 [ 117 | 119 [ 122 [ 124 | 126 | 124 | 123 | 120 | 11.8 | 116 | 11.5 | "8 | 124 | 123 | 121 | 118 | 116 | 115 | 11.6 | 11.7 | 120 | 122 | 124 | 125
117 | 1.8 [ 120 [ 121 [ 123 [ 123 [ 123 [ 122 | 120 | 1.9 [ 117 [ 117 "6 | 123 | 122 | 120 | 119 [ 117 | 117 | 11.7 | 11.6 | 120 | 121 | 123 | 123
118 [ 119 [ 120 [ 121 [ 122 | 122 [ 122 | 121 [ 120 [ 11.9 [ 116 | 118 | & | 122 | 121 | 120 | 11.9 [ 11.6 | 11.6 | 11.6 | 11.9 [ 120 | 121 | 122 | 122
1.9 [11.9 [ 120 [ 12.0 | 121 [ 124 [ 124 [ 124 [ 120 [ 120 | 119 [ 119 "2 | 121 | 121 | 120 | 120 | 11.9 | 119 | 119 | 11.9 | 120 | 120 | 121 | 121
120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 T 0 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120 | 120






Table 3.7
σTK4 (Stefan-Boltzmann law) at different temperatures (T) 

	T in °C
	σTK4 in MJ m-2 d-1
	T in °C
	σTK4 in MJ m-2 d-1
	T in °C
	σTK4 in MJ m-2 d-1

	1.0
	27.70
	17.0
	34.75
	33.0
	43.08

	1.5
	27.90
	17.5
	34.99
	33.5
	43.36

	2.0
	28.11
	18.0
	35.24
	34.0
	43.64

	2.5
	28.31
	18.5
	35.48
	34.5
	43.93

	3.0
	28.52
	19.0
	35.72
	35.0
	44.21

	3.5
	28.72
	19.5
	35.97
	35.5
	44.50

	4.0
	28.93
	20.0
	36.21
	36.0
	44.79

	4.5
	29.14
	20.5
	36.46
	36.5
	45.08

	5.0
	29.35
	21.0
	36.71
	37.0
	45.37

	5.5
	29.56
	21.5
	36.96
	37.5
	45.67

	6.0
	29.78
	22.0
	37.21
	38.0
	45.96

	6.5
	29.99
	22.5
	37.47
	38.5
	46.26

	7.0
	30.21
	23.0
	37.72
	39.0
	46.56

	7.5
	30.42
	23.5
	37.98
	39.5
	46.85

	8.0
	30.64
	24.0
	38.23
	40.0
	47.15

	8.5
	30.86
	24.5
	38.49
	40.5
	47.46

	9.0
	31.08
	25.0
	38.75
	41.0
	47.76

	9.5
	31.30
	25.5
	39.01
	41.5
	48.06

	10.0
	31.52
	26.0
	39.27
	42.0
	48.37

	10.5
	31.74
	26.5
	39.53
	42.5
	48.68

	11.0
	31.97
	27.0
	39.80
	43.0
	48.99

	11.5
	32.19
	27.5
	40.06
	43.5
	49.30

	12.0
	32.42
	28.0
	40.33
	44.0
	49.61

	12.5
	32.65
	28.5
	40.60
	44.5
	49.92

	13.0
	32.88
	29.0
	40.87
	45.0
	50.24

	13.5
	33.11
	29.5
	41.14
	45.5
	50.56

	14.0
	33.34
	30.0
	41.41
	46.0
	50.87

	14.5
	33.57
	30.5
	41.69
	46.5
	51.19

	15.0
	33.81
	31.0
	41.96
	47.0
	51.51

	15.5
	34.04
	31.5
	42.24
	47.5
	51.84

	16.0
	34.28
	32.0
	42.52
	48.0
	52.16

	16.5
	34,52
	32.5
	42.80
	48.5
	52.49





1 Values can be converted to equivalent values in mm/day by dividing by ( = 2.45.


2 Values for Ra on the 15th day of the month provide a good estimate (error < 1 %) of Ra averaged over all days within the month. Only for high latitudes greater than 55° (N or S) during the winter months the deviations may be more than 1%. 








1Values for Ra on the 15th day of the month provide a good estimate (error < 1 %) of Ra averaged over all days within the month. Only for high latitudes greater than 55° (N or S) during the winter months the deviations may be more than 1%. 
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