AGRO 6997 Applications in Remote Sensing

Assignment No. 2
Feb 6, 2012

Objective: Comparison of the average January 2012 reference evapotranspiration  (ETo) estimated using the Hargraves Samini, Priestly Taylor and Penman Monteith methods.
Steps:

1. Start with your program from Assignment No. 1

2. Download the file for the average January 2012 wind speed from the website: http://academic.uprm.edu/hdc/6997/ASSIGNMENT_2/
3. Estimate the Net Radiation using the equation given in reading.  A detailed description is provided in this week’s reading:   http://www.fao.org/docrep/X0490E/x0490e07.htm#solar%20radiation  
4. Estimate the climatological parameters using the equations given in the appendix (Tmin, Tmax, es, ea, Δ, gamma)
5. Plot Tmin, Tmax, es, ea, Δ, gamma
6. Plot Penman-Monteith and Priestly-Tailor ETo.

7. Compare the three methods for estimating ETo.

8. Please submit a short report with all graphics two weeks from tonight.  We will work on this problem in the computer lab tonight and next Monday night.
Appendix
CLIMATE PARAMETERS

1. Four principle climate parameters

· Solar Radiation

· Air Temperature

· Humidity

· Wind Speed

RADIATION 

Standard unit: megajoule per square metre and per day (MJ m-2 day-1) or as equivalent evaporation in mm per day (mm day-1) 

	equivalent evaporation (mm/day)
	1 mm day-1 = 2.45 MJ m-2 day-1

	joule per cm2 per day (J cm-2 day-1)
	1 J cm-2 day-1 = 0.01 MJ m-2 day-1

	calorie per cm2 per day (cal cm-2 day-1)
	1 cal = 4.1868 J = 4.1868 10-6 MJ

	
	1 cal cm-2 day-1 = 4.1868 10-2 MJ m-2 day-1

	watt per m2 (W m-2)
	1 W = 1 J s-1

	
	1 W m-2 = 0.0864 MJ m-2 day-1


TEMPERATURE 

Standard unit: degree Celsius (°C) 

	degree Fahrenheit (°F)
	(°C) = (°F-32) 5/9

	Kelvin (K)
	1K = (°C) + 273.16


PRESSURE (air pressure, vapour pressure) 

Standard unit: kilopascal (kPa) 

	millibar (mbar)
	1 mbar = 0.1 kPa

	bar
	1bar = 100 kPa

	centimetre of water (cm)
	1 cm of water = 0.09807 kPa

	millimetre of mercury (mmHg)
	1 mmHg = 0.1333 kPa

	atmospheres (atm)
	1 atm = 101.325 kPa

	pound per square inch (psi)
	1 psi = 6.896 kPa


WIND SPEED 

Standard unit: metre per second (m s-1) 

	kilometre per day (km day-1)
	1 km day-1 = 0.01157 m s-1

	nautical mile/hour (knot)
	1 knot = 0.5144 m s-1

	foot per second (ft s-1)
	1 ft/s = 0.3048 m s-1


To describe the principle climate parameters we need to use various equations.

Air Pressure

P = Air Pressure (kPa)

z = Elevation above mean sea level (m)

Atmospheric pressure (P) for different altitudes (z) 
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(Eq. 7) 

	z
(m)
	P
(kPa)
	z
(m)
	P
(kPa)
	z
(m)
	P
(kPa)
	z
(m)
	P
(kPa)

	0
	101.3
	1000
	90.0
	2000
	79.8
	3000
	70.5

	50
	100.7
	1050
	89.5
	2050
	79.3
	3050
	70.1

	100
	100.1
	1100
	89.0
	2100
	78.8
	3100
	69.6

	150
	99.5
	1150
	88.4
	2150
	78.3
	3150
	69.2

	200
	99.0
	1200
	87.9
	2200
	77.9
	3200
	68.8

	250
	98.4
	1250
	87.4
	2250
	77.4
	3250
	68.3

	300
	97.8
	1300
	86.8
	2300
	76.9
	3300
	67.9

	350
	97.2
	1350
	86.3
	2350
	76.4
	3350
	67.5

	400
	96.7
	1400
	85.8
	2400
	76.0
	3400
	67.1

	450
	96.1
	1450
	85.3.
	2450
	75.5
	3450
	66.6

	500
	95.5
	1500
	84.8
	2500
	75.0
	3500
	66.2

	550
	95.0
	1550
	84.3
	2550
	74.6
	3550
	65.8

	600
	94.4
	1600
	83.8
	2600
	74.1
	3600
	65.4

	650
	93.8
	1650
	83.3
	2650
	73.7
	3650
	65.0

	700
	93.3
	1700
	82.8
	2700
	73.2
	3700
	64.6

	750
	92.7
	1750
	82.3
	2750
	72.7
	3750
	64.1

	800
	92.2
	1800
	81.8
	2800
	72.3
	3800
	63.7

	850
	91.6
	1850
	81.3
	2850
	71.8
	3850
	63.3

	900
	91.1
	1900
	80.8
	2900
	71.4
	3900
	62.9

	950
	90.6
	1950
	80.3
	2950
	71.0
	3950
	62.5

	1000
	90.0
	2000
	79.8
	3000
	70.5
	4000
	62.1


Latent Heat of Vaporization (λ)

The latent heat of vaporization is the amount of energy required to evaporate 1 kg of water = 2.45 MJ/kg.  This parameter is a function of temperature.  The above value is for a temperature of 20 oC, which is sufficiently accurate for most calculations.

Psychometric Constant 

Psychometric constant () for different altitudes (z)   (MULTIPLY 0.664E-3 BY P)
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(Eq. 8) 

	 z
(m)
	 
kPa/°C
	z
(m)
	 
kPa/°C
	z
(m)
	 
kPa/°C
	z
(m)
	
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


The above table is based on: 

λ = 2.45 MJ kg-1, 

cp specific heat at constant pressure, 

1.013 10-3 [MJ kg-1 °C-1], 

ε ratio molecular weight of water vapour/dry air = 0.622.

Temperature = 20°C

The specific heat (cp) at constant pressure is the amount of energy required to increase the temperature of a unit mass of air by one degree at constant pressure. Its value depends on the composition of the air, i.e., on its humidity. For average atmospheric conditions a value cp = 1.013 10-3 MJ kg-1 °C-1 can be used. As an average atmospheric pressure is used for each location (Eq. 7), the psychrometric constant (Eq. 8) is kept constant for each location.

2. Air Temperature

· Measured inside shelters at 2 m above the ground.
· Air temperature is measured with thermometers, thermistors or thermocouples mounted in the shelter
· Electronic weather stations often sample air temperature each minute and report hourly averages in addition to 24-hour maximum and minimum values.
· The daily maximum air temperature (Tmax) and daily minimum air temperature (Tmin) are, respectively, the maximum and minimum air temperature observed during the 24-hour period, beginning at midnight.
The average daily temperature Tmean for 24-hour periods is defined as the mean of the daily maximum (Tmax) and minimum temperatures (Tmin) rather than as the average of hourly temperature measurements: 

Tmean = (Tmax + Tmin)/2 







(9)

The temperature is given in degrees Celsius (°C) or Fahrenheit (°F). 

In some calculation procedures, temperature is required in Kelvin (K), which can be obtained by adding 273.16 to the temperature expressed in degrees Celsius (in practice K = °C + 273.16). The Kelvin and Celsius scale have the same scale interval. 

3. Air Humidity

Concept:  The water content of the air can be expressed in several ways. In agrometeorology, vapor pressure, dewpoint temperature and relative humidity are common expressions to indicate air humidity. 

Vapor Pressure

· Water vapor is a gas

· The water vapor pressure contributes to the total atmospheric pressure

· The amount of water vapor in the air is related directly to the partial pressure exerted by the water vapor

Saturation vapor pressure e°(T)

· When air is enclosed over saturated liquid water, the air becomes saturated with water vapor.  

· The corresponding vapor pressure is called the saturated vapor pressure.

· The amount of vapor the air can hold depends on its temperature. (higher temperature air can hold more water).  Therefore, the saturated vapor pressure is dependent on air temperature.
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Saturation vapor pressure shown as a function of temperature: e°(T) curve
The saturation vapor pressure at temperature T is given by the following equation:

[image: image4.png]0T 17277
B (T)ilEWEIEEX;:{W}









(11)

where 

e°(T) saturation vapour pressure at the air temperature T [kPa],
T air temperature [°C],
exp[..] 2.7183 (base of natural logarithm) raised to the power [..].

The saturated vapor pressure can also be obtained from the following table:

Saturation vapour pressure (e°(T)) for different temperatures (T) 
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(Eq. 11) 

	T
°C
	es
kPa
	T
°C
	e°(T)
kPa
	T
°C
	e°(T)
kPa
	T
°C
	es
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


The average daily saturated vapor pressure is given by
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(12)

Actual vapor pressure (ea)

· The actual vapour pressure is the vapour pressure exerted by the water in the air.

· When the air is not saturated, the actual vapour pressure will be lower than the saturation vapour pressure.

· The difference between the saturation and actual vapour pressure is called the vapour pressure deficit or saturation deficit and is an accurate indicator of the actual evaporative capacity of the air.

Actual vapor pressure (ea) derived from dewpoint temperature 

As the dewpoint temperature is the temperature to which the air needs to be cooled to make the air saturated, the actual vapor pressure (ea) is the saturation vapor pressure at the dewpoint temperature (Tdew) [°C], or: 
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Dewpoint Temperature (Tdew)

· The dewpoint temperature is the temperature to which the air needs to be cooled to make the air saturated. 

· The actual vapor pressure of the air is the saturation vapor pressure at the dewpoint temperature.

· The drier the air, the larger the difference between the air temperature and dewpoint temperature. 

Relative Humidity (RH)

· The relative humidity (RH) expresses the degree of saturation of the air as a ratio of the actual (ea) to the saturation (e°(T)) vapor pressure at the same temperature (T): 
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Example Calculation:  Calculated the average daily relative humidity for the following conditions:  Tmax = 30 oC, Tmin = 18oC, Tdew = 18 oC.
Slope of saturation vapour pressure curve ( ) 

For the calculation of evapotranspiration, the slope of the relationship between saturation vapour pressure and temperature, , is required. 
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where 

 slope of saturation vapour pressure curve at air temperature T [kPa °C-1],
T air temperature [°C],
exp[..] 2.7183 (base of natural logarithm) raised to the power [..].

TABLE 2.4. Slope of vapour pressure curve () for different temperatures (T) 
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      (Eq. 13) 

	T
°C
	 
kPa/°C
	T
°C
	 
kPa/°C
	T
°C
	 
kPa/°C
	T
°C
	 
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
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