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Forward

The amount of technical effort to regulate water use for irrigation and the excessive cost
of various water management and water conservation programs developed throughout
the state of Florida and other similar areas, begs the question of why we can’t develop a
scientifically prudent approach to balance the water withdrawal with the water recharge
in a particular area, resulting in a zero net impact on water resources. This introduction
to a balanced irrigation water demand methodology is presented specifically for Florida,
USA. However, the methodology is applicable to anywhere in the world where similar
water management challenges exist and where conservation of water resources is
important.

This methodology is presented to allow for a systematic approach to evaluate and
determine the optimum irrigation water demand for a particular house, a residential
development or commercial development or any other project where impervious
surfaces are created and the land use is changed to reduce evapotranspiration water
losses. For areas where the stormwater runoff is retained or reused within the same
drainage basin or aquifer basin, the use of balanced irrigation water would essentially
self-regulate groundwater withdrawal and aquifer recharge without the need to
continuously perform costly analysis of the effects of withdrawals. The approach is
relatively simple: if the amount of irrigation water used is equal to the amount of
additional water created by the improvements to recharge the aquifer, then the net
effect is zero (no impact).

Objective

The primary objective of this short course is to introduce a methodology that can be
used by individual home owners, developers, engineers, planners, regulators and any
other water managers who are interested in the conservation of water and a systematic
application of water use restrictions based on scientific principles. The intent of the
author is to provide an introduction to the basic concept of a water balanced approach
to determine the amount of optimum irrigation water needed and the hope that this will
lead to meaningful discussions as to the merit of this simple approach to minimize
further impacts of groundwater withdrawals for irrigation. The approach has been
evaluated and permitted at the various water management districts and might become
an industry standard with all of the merits of its simplicity and cost saving benefits.

Once this concept of balanced irrigation water demand is introduced in its basic form,
future discussion may lead to the next level of research and analysis to expand the
water balance to the more complex parameters, such as long term volumetric water
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balance, downstream base flow matching, shallow aquifer storage and recovery, effects
of irrigation itself and many other parameters.

Background

The author has utilized this approach of balanced water uses for various developments
throughout Florida, optimizing reuse of stormwater and balancing the aquifer withdrawal
and recharge, as well as, balancing surface discharge from proposed developments.
One of the better examples for this approach is the large development in Central
Florida, “The Villages”. This concept has been fully integrated into the original design
and is now implemented in the operation of the potable water supply and irrigation water
supply. At The Villages, 100% of all water is retained on-site and either reused for
irrigation or is allowed to recharge into the aquifer.

This balanced irrigation water demand concept can be extended further into smaller
projects and even for individual houses as demonstrated herein. Once this concept is
understood, the author believes that this simple and common sense approach will be

embraced by all, technical and non-technical people alike.

Basic Concept of Balanced Irrigation Water Demand

Water use for irrigation, and more specifically groundwater use in Florida, has been
recognized as the leading cause of over-pumping of the aquifer systems in Florida. The
potable water use also causes over-pumping concerns, but its use is much more difficult
to reduce or eliminate. Therefore, the low hanging fruit in the reduction of groundwater
use is to reduce or eliminate irrigation demand. To achieve a meaningful reduction of
irrigation water uses, it is necessary to understand the various components of the water
cycle that affects a true loss of water. The following 3 conditions of surface and aquifer
settings are typical in Florida and perhaps in many parts of the world:

1. Closed Drainage Basins with Unconfined Aquifer: This is a typical setting in
large portions of north, central and southwestern Florida (e.g. “The Villages”).
This is a setting where most of the rain infiltrates directly into the shallow aquifer,
where surface runoff from larger storms flows to lakes and/or depressions without
direct outflow beyond the boundaries of the drainage basin. All water introduced
to this area is either lost to evaporation and evapotranspiration or infiltrates back
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into the shallow aquifer with subsequent leakage into the deeper Floridan aquifer
system. These internally drained basins are ideal and are the simplest areas to
implement a balanced irrigation water demand. The following schematic shows
the basic components of the water cycle in the context of this water balance
concept:

Schematic of Water Balance

Rain Irrigation Other Recharge
Sources

| Er
Impervious ET ET Pervious

ET Irrigated Wetlands ~ A/B Soils

Surfaces EVAP ET Pervious
T C/D Soils
I T

e
Net
Recharge \)(
| Lake/Pond
Groundw ater
Surficial Aquifer System Effective Leakage

Semi-Confining Layer

Floridan Aquifer System

2. Drainage Basins with Surface Discharge and Shallow Water Table: This is

also a very typical setting in large portions of Florida. This setting will generally
consist of areas locally known as “pine flatwoods or a flatwood forest”. These
areas also have a shallow aquifer system underlain by the Floridan aquifer
system. However, due to the shallow water table and low vertical leakage
conditions, the runoff water is partially retained within the drainage basin but
some or most of the runoff water does discharge beyond the drainage basin.
Often the discharges feed various drainage ways, creeks and rivers that
ultimately discharge into the ocean. Any recharge in these areas will benefit the
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shallow aquifer, but may or may not contribute beneficial recharge to the
underlying Floridan aquifer.

Schematic of Water Balance

Rain Irrigation Other Recharge
Sources

| Er
Impervious ET ET Pervious

ET Irrigated Wetlands A/B Soils
Surfaces EVAP ET Pervious
C/D Soils
T — I ] ] T Off-Site Discharge
vy —>
Recharge High Water Table v

Cake/Pond

Surficial Aquifer System Leakage (some or non)

Semi-Confining Layer

1
I
v

Floridan Aquifer System

3. Drainage Basins with Aquifer Discharge Conditions: This setting is typical
along most coastline communities in Florida and especially in the southeast and
southwestern portions of Florida. The general setting will have a shallow aquifer
system that can produce moderate amount of potable and irrigation water. The
deeper portions of the shallow aquifer, and the majority of the Floridan aquifer
systems in this type of setting, occur under artesian conditions (the pressure of
the aquifer is above the ground surface). Similar to Condition 2 above, the
surface runoff can be partially retained within the drainage basin, but most of the
runoff typically flows to canals, creeks and rivers and discharges into the ocean
or inter-coastal waterways. The shallow aquifer has a potential for beneficial
recharge, however, the Floridan aquifer has no possibility for beneficial recharge.
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The analysis presented in this introductory course has a very limited use under
this type of aquifer setting.

Schematic of Water Balance

Rain Irrigation Other Recharge
Sources

I Er
Impervious ET ET Pervious

ET Irrigated Wetlands A/B Soils
Surfaces EVAP ET Pervious
C/D Soils
Off-Site Dlscharge
‘ Recharge V High Water Table

Lake/Pond

Artesian Condition
Surficial Aquifer System No Beneficial Leakage
To Floridan Aquifer

7 N

Semi-Confining Layer

Floridan Aquifer System

Water Sources

The water sources needed to be identified and quantified for the balanced irrigation
water demand analysis are relatively easy. Typically, these consist of primarily the
rainfall in the area and reliable weather stations that collect the rainfall data on a daily,
hourly or a continuous basis. Furthermore, most areas in Florida have radar rainfall
data that can be downloaded for any point, area or region. Other sources of water that
can affect the water balance analysis include irrigation (if irrigation water is from an off-
site source), septic tank discharge (if potable water is from an off-site source), and
surface inflow from off-site runoff. However, for the purpose of this introductory course
to the balanced irrigation water demand, the methodology presented herein will be
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limited to the basic components of water sources being just rainfall, with the water
losses being the evaporation and evapotranspiration from various land uses or land
surface types.

The following is a sample of rainfall data and graphs that can be obtained from various
sources, including the National Oceanic and Atmospheric Administration (NOAA)
stations, the National Climatic Data Center (NCDC), state and county government
agencies (Department of Environmental Protection, Water Management Districts,
Engineering Departments, Water Operators, and others) and private companies
providing meteorological data. Private companies, and some of the government offices,
sometimes charge a fee to provide the data. However, most of the rainfall data can be
obtained free of charge:
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Lisbon, Florida NOAA Station: Daily Rainfall 1973-2006
1973

Date
1/1/1973
1/2/1973
1/3/1973
1/4/1973
1/5/1973
1/6/1973
1/7/1973
1/8/1973
1/9/1973
1/10/1973
1/11/1973
1/12/1973
1/13/1973
1/14/1973
1/15/1973
1/16/1973
1/17/1973
1/18/1973
1/19/1973
1/20/1973
1/21/1973
1/22/1973
1/23/1973
1/24/1973
1/25/1973
1/26/1973
1/27/1973
1/28/1973
1/29/1973
1/30/1973
1/31/1973
2/1/1973
2/2/1973
2/3/1973
2/4/1973
2/5/1973
2/6/1973
2/7/1973
2/8/1973
2/9/1973
2/10/1973
2/11/1973
2/12/1973
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1974

Date
1/1/1974
1/2/1974
1/3/1974
1/4/1974
1/5/1974
1/6/1974
1/7/1974
1/8/1974
1/9/1974
1/10/1974
1/11/1974
1/12/1974
1/13/1974
1/14/1974
1/15/1974
1/16/1974
1/17/1974
1/18/1974
1/19/1974
1/20/1974
1/21/1974
1/22/1974
1/23/1974
1/24/1974
1/25/1974
1/26/1974
1/27/1974
1/28/1974
1/29/1974
1/30/1974
1/31/1974
2/1/1974
2/2/1974
2/3/1974
2/4/1974
2/5/1974
2/6/1974
2/7/1974
2/8/1974
2/9/1974
2/10/1974
2/11/1974
2/12/1974
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1975

Date
1/1/1975
1/2/1975
1/3/1975
1/4/1975
1/5/1975
1/6/1975
1/7/1975
1/8/1975
1/9/1975
1/10/1975
1/11/1975
1/12/1975
1/13/1975
1/14/1975
1/15/1975
1/16/1975
1/17/1975
1/18/1975
1/19/1975
1/20/1975
1/21/1975
1/22/1975
1/23/1975
1/24/1975
1/25/1975
1/26/1975
1/27/1975
1/28/1975
1/29/1975
1/30/1975
1/31/1975
2/1/1975
2/2/1975
2/3/1975
2/4/1975
2/5/1975
2/6/1975
2/7/1975
2/8/1975
2/9/1975
2/10/1975
2/11/1975
2/12/1975
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Date
1/1/1976
1/2/1976
1/3/1976
1/4/1976
1/5/1976
1/6/1976
1/7/1976
1/8/1976
1/9/1976
1/10/1976
1/11/1976
1/12/1976
1/13/1976
1/14/1976
1/15/1976
1/16/1976
1/17/1976
1/18/1976
1/19/1976
1/20/1976
1/21/1976
1/22/1976
1/23/1976
1/24/1976
1/25/1976
1/26/1976
1/27/1976
1/28/1976
1/29/1976
1/30/1976
1/31/1976
2/1/1976
2/2/1976
2/3/1976
2/4/1976
2/5/1976
2/6/1976
2/7/1976
2/8/1976
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2/10/1976
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Clermont, Florida NOAA Station 7, Monthly Rainfall (1940-1995)

Year
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995

Avg

Jan

2.3
5.31
3.03
0.93
2.68
2.76

0
0.48
5.86
0.25
0.05
0.67
1.06
2.43
0.85
1.93
1.72
1.52
4.29
4.76
1.25
1.38
0.88
3.22
5.91
2.02
4.73
1.27
0.75
1.51
4.64
2.09
1.24

4.7
0.46
2.58
0.58
2.96
2.62
6.06
2.12
0.33

25
2.43
2.12

1.4
9.41

0

5.2
4.01
0.41
3.81

0
6.04
5.77

0
2.49

Feb

3.53
4.76
2.94
0.55
0.27
0.17
3.88
4.27
0.33
0.85
0.29
0
5.32
2.22
2.12
1.04
1.71
2.12
4.2
4.41
5.47
3.46
2.55
5.64
3.76
3.14
4.46
5.67
2.24
3.06
4.92
3.94
5.26
1.94
1.2
2.35
0.25
2.05
5.41
1.83
1.05
4.43
2.21
7.64
3.01
1.07
1.89
3.17
1.72
0.06
4.16
0.68
4.68
1.92
2.1
1.04
2.76
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March
3.67
3.39
7.35

3.9
4.46
0.54
2.65
6.67
4.19

0.8
3.85
1.35
4.18
4.53
1.28
1.91
0.15

3.4
7.88
9.47

12.95
0.95
3.56
3.34
6.24
2.76
1.95
0.81
1.36
6.26
4.58
2.43
4.43
4.49
3.89
0.82
1.11
1.64
2.73
3.47
2.68
2.96
6.62
7.31
0.92
2.64
3.56
12.4
8.17
1.58
2.11
7.72
3.33
5.25
2.48

2.5

3.89

April

2.07
5.4
2.73
2.2
2.22
0.59
1
4.91
2.94
2.67
4.36
6.92
2.25
6.81
1.63
2.49
3.47
5.24
4.47
5.88
5.29
0.79
2.79
1.39
2.11
1.64
2.7
0.01
0.29
2.56
0.61
1.25
2.52
2.67
0.85
2.66
3.2
0.16
0.9
3.6
3.56
0
4.87
3.24
2.76
0.96
0.72
0.52
0.39
3.5
0.95
4.46
3.37
2.58
0.8
3.09
2.57

May

11
1.09
3.26
3.75
2.46
1.55
3.09
2.66
0.65
0.92
4.07
2.93
1.95
1.57
1.27
4.73
7.89
4.99
1.89
4.88

2.5
1.91

1.2
1.87
1.83
0.12
4.96
1.89
4.73
1.45
3.38
4.76

1.7

4.8
4.77
7.18
4.98
1.03
7.18
8.99
6.24
1.42
5.36
2.42
5.64
3.16
0.92

3.4

2.7
2.76
1.07

6.1
2.48
4.47
3.72
4.25
3.29

June
7.02
6.62

10.58
3.53
7.86
16.5
4.22
8.04

1.7

10.32
4.28
7.06
3.99
9.26
6.08

6.2
5.22
7.74
5.55
7.81
4.38
5.32
9
5.85
5.39
6.94
9.17
6.16

11.54
6.62
7.17
4.78

9.9
5.38

12.08
5.88

13.71

3.1

10.94
2.89
4.23

10.61
5.93
8.51
8.64

11.63
8.69
3.88
8.81
9.93

10.67
5.12

10.09
2.36

13.37

11.34
7.49

July
9.09
9.42
3.48

14.51
16.58
9.85
9.14
6.75
13
6.8
4.72
7.71
3.6
10.16
8.05
6.53
9.92
10.72
13.13
8.52
12.5
3.71
4.73
7.38
8.36
11.78
3.91
12.62
8.1
7.22
5.76
10.95
3.35
8.48
7.81
7.23
9.75
8.7
9.73
4.54
7.75
6.45
7.82
2.92
10.09
7.89
5.69
0
7.15
7.48
10.03
7.47
4.25
2.93
8.76
4.65
7.85

Aug
5.98
0.97
6.16

9.5
4.5
7.82
8.06
6.07
7.6
14.26
6.41
4.69
7.19
12.06
3.11
4.85
4.6
5.35
6.38
5.72
7.09
6.86
5.58
4.5
7.9
7.98
10.32
16.23
9.93
11.36
4.26
7.22
8.14
7.6
4.76
8.41
9.78
6.7
2.53
9.43
3.92
9.29
4.87
6.14
9.35
8.56
8.15
3.14
7.88
5.89
6.43
0
13.35
5.39
9.53
7.87
7.10

Sept

4.57
3.8
3.33
8.12
5.41
8.33
3.48
8.9
5.32
3.26
15.42
9.42
4.67
6.56
4.23
4.81
5.1
6.51
2.2
9.68
11.38
1.08
4.82
8.6
8.12
3.68
11.81
6.2
5.28
9.29
7.89
5.17
1.62
8.92
7.24
6.83
4.91
5.96
2.6
21.14
35
6.87
6.45
4.55
4.13
7.18
4.03
5.59
4.8
7.64
5.03
1.39
3.1

8.7
5.59
6.15
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Oct

0.04
3.54
0.39
1.07
9.33
0.57
1.55
2.93
2.03
1.87
6.85
1.65
6.02
2.47
3.02
1.84
8.64
0.99
6.52
4.88
2.24

3.23
0.27
1.22
3.69
1.47
0.26
3.89
6.61
2.69
4.41

2.9
1.02
0.25
2.14
1.69

1.7
1.48
1.29
1.33
0.61
5.07
5.67
0.26
2.94
1.68
1.94
1.66
0.34
2.23
3.57
4.77
2.58
2.25
8.65
2.81

Nov

0.16
4.46
0.12
0.48
0.34
0
2.83
1.56
1.32
1.23
0.2
4.72
1.08
3.59
2.3
2.95
0.51
0.58
1.9
0.88
0.14
1.56
1.58
5.62
1.22
1.11
0.19
0.22
3.74
2.11
0.81
1.55
3.41
1.2
0.27
2.66
3.44
3.12
0
3.32
3.32
3.41
1.86
1.93
1.52
0.3
1.39
11.2
8.56
1.76
1.29
0.2
2.36
0.1
5.07
0.1
2.02

Dec

8.3
3.9
3.74
0.66

0.45
0.91
1.57
2.39
4.29

0.7
5.21
1.69
0.96
0.29
2.88
3.67

1.2
1.08
2.26
0.41
2.36
3.09
2.95
0.95
2.19
1.54
5.66

15
1.22

2.2
3.74
1.81
1.07
2.56
3.29
4.67

0.8

0.4
5.81
0.31
4.94
0.31
2.91
2.45
0.62
1.85

0

0.2

0.16

0
1.08
2.93
0.89
2.05

Total
47.83
52.66
47.11

49.2
56.11
48.68
40.35
54.15
46.51
45.62
54.79
49.12
42.01
66.87
35.63
40.24
49.22
52.04
62.08
68.09
66.27
32.28
40.33
50.04
55.15
47.81
56.62
53.53
53.39
63.71
48.21
49.77
46.67
54.94
45.39
49.81
55.96
40.41
50.79
67.36

40.1
52.19
53.87

57.7
48.75
50.64
48.58
45.86
58.89
44.95
44.58
40.68
51.78

34.7
65.48
49.97
50.45
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Rainlog Rainfall Report

Date Rainfall

4/20/12 0:00 0.00
4/21/12 0:00 0.09
4/22/12 0:00 0.61
4/23/12 0:00 0.00
4/24/12 0:00 0.00
4/25/12 0:00 0.00
4/26/12 0:00 0.00
4/27/12 0:00 0.00
4/28/12 0:00 0.01
4/29/12 0:00 0.00
4/30/12 0:00 0.00
5/1/12 0:00 0.00
5/2/12 0:00 0.00
5/3/12 0:00 0.00
5/4/12 0:00 0.00
5/5/12 0:00 0.00
5/6/12 0:00 0.00
5/7/12 0:00 0.45
5/8/12 0:00 0.00
5/9/12 0:00 0.08
5/10/12 0:00 0.00
5/11/12 0:00 0.00
5/12/12 0:00 0.00
5/13/12 0:00 0.00
5/14/12 0:00 0.53
5/15/12 0:00 0.00
5/16/12 0:00 0.71
5/17/12 0:00 0.02
5/18/12 0:00 0.07
5/19/12 0:00 0.01
5/20/12 0:00 0.00
5/21/12 0:00 0.00
5/22/12 0:00 0.00
5/23/12 0:00 0.00
5/24/12 0:00 0.00
5/25/12 0:00 0.00
5/26/12 0:00 0.00
5/27/12 0:00 0.01
5/28/12 0:00 0.54
5/29/12 0:00 0.24
5/30/12 0:00 0.10
5/31/12 0:00 0.00
6/1/12 0:00 1.73
6/2/12 0:00 0.00
6/3/12 0:00 0.00
6/4/12 0:00 0.01
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Semi-Annual Rainfall at The Villages
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Water Losses

Water losses are much harder to obtain for a particular project, as the losses are directly
affected by land use type and man-made changes that occurring due to development
and land surface modifications. The two terms that are used for direct water losses to
the atmosphere are “evaporation” and “evapotranspiration”. “Evaporation” applies to
areas of open water, where water evaporates directly from the surface of the water
body, such as pond, lake, river, canal, drainage way and other ponded areas.
“Evapotranspiration” applies to the combined water losses from all land surfaces and
plants which are not open water. This includes grasses, crops, weeds, shrubs, trees,
bare ground, rooftops, pavement and any other ground cover that allows for trapping
and/or extracting water from the ground and then releasing it into the atmosphere. All
these evaporative water losses are significant and can account for up to 90 percent of
all water sources in some areas.

These components are much harder to obtain and/or estimate and require further
explanation. The following is a literature review and analysis of evaporation and
evapotranspiration data completed by Dr. Eslinger, which provides a good summary for
a range of parameters that occur in the natural and man-made systems of Florida.
These may not apply to other areas of the state or to areas outside Florida. However,
the data review and analytical approach presented below can be repeated for any area
of study and a site-specific table of typical rates can be similarly generated. Therefore,
the data presented below can be used directly in a central Florida area and, with some
minor adjustments, can be expanded to all of Florida. Other states and countries
should carefully review and analyze the data for their specific area and generate similar
summary tables to use in their region.
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A Survey of Annual Evaporation and Evapotranspiration Rates in Florida
and an Analysis of Some Methods for Calculating Those Rates

Prepared by:
David L. Eslinger, Ph.D.

Approach

A review was conducted of the peer-reviewed hydrology literature, of published Federal
government documents, and of web-based resources. Methodologies suggested in this report
are from published reports in the peer-reviewed literature or in government (state and Federal)
handbooks, etc. Web-based results may be presented as informational, but are not considered
authoritative for the purposes of this report.

In estimating evaporation (E) and evapotranspiration (ET) from the use/land cover types, three
groups with similar data availability/hydrologic considerations emerge: open water/wetland,
impervious surfaces, and pervious/vegetated surfaces. For open water and wetland, E and ET
annual rates from Florida, or similar southern U.S. climates, were available and are reported.
For the impervious surfaces, however, individual estimates of E, as are occasionally reported in
the literature, do not seem to be of much value for the purpose of estimating water budgets in
Florida. Instead in this report, evaporation rates are reported as a fraction of annual rainfall. The
fractional evaporation should be less variable between areas and times than actual evaporation
rates are, and allows one to use results of studies done on similar roof types, paving, etc., but
not done in Florida.

For pervious surfaces, this report contains a mixture of actual ET rates and crop coefficients.
Evapotranspiration rates representative for Florida were found for several different types of
pervious land cover. However, crop factors were found for more cover types and more time
periods. They may be more useful for the present work. For completeness, a brief explanation of
the crop factor’s use is included below.

In addition, the general, descriptive categories of unpaved, irrigated and non-irrigated surfaces
are redefined into more specific land use categories of forested (upland and wetland), golf-

courses, agricultural, etc. Wet versus dry seasonal differences were also evaluated. Those are
reported in the sections under each substrate type, when available.

Methodologies and Rates

Methodology overview
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Actual evaporation, Ea, and evapotranspiration, ETa, are difficult to measure directly.
Frequently they are calculated from a reference evapotranspiration rate, ETo, multiplied by
some reduction factor, Kc, the crop coefficient:

ETa= K¢ x ETo 1).

Defining a reference evapotranspiration is a useful concept because ETo is not a function of crop
age, health, etc. It is only a function of climatic variables (Allen et al., 1998). The crop
coefficients, Kc, depend on the individual crops of interest, their age, health, etc.

Although ETo is not a function of crop dynamics, it is created in reference to a specific crop
surface. There are two crops most commonly used to derived reference evapotranspiration rates:
a 0.15 m tall grass crop — used for a short vegetation rate, ETo— and a 0.5 m tall alfalfa crop —
used for tall vegetation rate, ETr. However, ETo, in turn, is difficult to measure directly, so it can
be derived from local meteorological data using any one of a number of empirically derived
equations, or estimated from field-measured evaporation. Because of the number of different
equations to calculate ETo, the American Society of Civil Engineers reviewed most methods and
have recommended one standardized reference equation and two standardized reference surfaces
— the short and tall crops defined above (ASCE SRETC, 2000). The standard reference equation
is a simplified form of the ASCE-Penman Monteith equation (Jensen et al., 1990). Tables
providing needed input parameters are given in ASCE SRETC (2000).

Field measurements of evaporation from a standardized open pan (pan evaporation, Epan) are
also a common way to find ETo, using a pan coefficient, kpan in @ method similar to that used to
find ETa:

ETo = Kpan X Epan 2).

Note that the pan coefficient is not the same as a crop coefficient, with which they are
sometimes confused in the literature. However, now there is a direct linear relationship between
actual evapotranspiration for a particular crop, ETa, and pan evaporation, Epan:

ETa = Kc¢ X Kpan X Epan 3).

Frequently Epan cannot be continuously measured. Instead, Epan is itself calculated from
environmental inputs (e.g., wind speed, temperature, relative humidity) using one of a variety of
different formulations. Irmak and Haman (2003) tested five different methods of estimating Epan
values for the Gainesville area of Florida, which they put forward as representative for Florida’s
humid climate. They used a 23-year long record of field-measured Epan values, and found the
Kohler-Nordenson-Fox (KNF) method (Kohler, et al., 1955) to be the best method by far. The
other methods tested were the Penman (Penman, 1948), Christiansen (Christiansen, 1968),
Priestly-Taylor (Priestly and Taylor, 1972), and Linacre (Linacre, 1977) methods.
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Evaporation from impervious surfaces is generally estimated differently, usually by water budget
techniques, i.e., the amount of water lost that cannot be attributed to runoff, infiltration, or other
identified process, is attributed to evaporation. Runoff from impervious surfaces, such as roofs,
roads, sidewalks, parking lots, etc., frequently is estimated using the SCS curve number approach
put forward in Technical Reference-55 (USDA NRCS, 1984), using a curve number, CN, of 98.
One of the variables in the runoff calculation is the initial abstraction, defined as all losses from
rainfall before runoff begins: evaporation, infiltration, storage in interstitial spaces, interception
by vegetation, etc. Using standard SCS methodology, a CN=98, produces an initial abstraction of
0.04 inches of water. It is important to note that this initial abstraction is the amount lost per
rainfall event. If using the SCS method for average annual estimates, one must also know the
annual average number of “raining days” in order to estimate annual evaporation. However,
even if that information is known, the use of the SCS initial abstraction approach for estimating
evaporation from impervious surfaces is not recommended. It was found to seriously
underestimate evaporation and infiltration in several studies, which are discussed in the
Impervious Surfaces section, below.

Although evaporation and evapotranspiration rates are the primary components for this review,
other processes mentioned in the reviewed literature (i.e., vertical conductance, infiltration) are
discussed in the following sections when it appears they might be relevant to creating accurate
water budgets.

Water and wetlands rates

Open water

Evaporation estimates are reported for several Florida lakes and open water in wetland areas.
They were measured using either pan evaporation or heat budget techniques. All rates reported
below were measured over at least a one year period. The longest study was done at Lake
Okeechobee, where evaporation rates were measure at seven stations for five years (Abtew,
2001). Annual evaporation rates are reported below in Table 1.

Table 1. Open water evaporation rates

Annual
Lake Region Evaporation Reference
(m/yr) | (inlyr)

Barco North-central 1.51* | 59.4* Sacks et al., 1994
Five-O Panhandle 1.28* | 50.4* Sacks et al., 1994

Ft. Drum Marsh East-Central 1.17 46.1 Mao et al., 2002
Lowry (Sand Hill) North-central 1.11 43.7 Motz et al., 2001
Magnolia North-central | 1.31 51.6 Watson et al., 2001

Okeechobee South 1.32 52.0 Abtew, 2001
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*Reported as “Higher than normal”, perhaps due to drought conditions at the time of
the study.

From the Lake Okeechobee data in Table 1, which is from the longest, most extensive study of
those noted, we can calculate a representative annual ET, for the south Florida region. | used the
methodology reported in SFWMD (1999) so that the ETo used in this report will be consistent
with results from the South Florida Water Management Model, SFWMM, (SFWMD, 1999).
Removing the daily correction coefficient and the areal weighting factors from the SFWMM
model equation 2.2.1 gives the following relationship between ETo, and Lake Okeechobee annual
evaporation, ELok:

ELok = 0.865%1.1%ETo 4a), or, rearranging
ETo = ELok/(0.865%1.1) 4b),

where:

ELok = Annual Lake Okeechobee Evaporation = 52.0 in (Abtew, 2001), 0.865 =

Kpan (Shih, 1980),

1.1 = a “completely flooded vegetation” factor (more in water table
section below), and

ETo = Reference crop evapotranspiration = 54.65 inches annually

Note that there were significant seasonal variations reported, with open water evaporation rates
highly seasonal and dependent on solar radiation and air temperature. Lake morphology was also
found to make some differences in seasonality of evaporation in two north Florida lakes (Sacks et
al., 1994). The timing of the highest evaporation rates changed depending on the depth of the
lakes. This was attributed to the different heat capacities of the lakes. The shallower (3 m average
depth) Lake Barco, had a lower heat capacity and therefore was more responsive to early heating
events. This behavior leads to it having more evaporation in winter and early spring than the
deeper (9.5 m average depth) Lake Five-O. However, later in the year, the relationship reversed.
Once the deeper lake was well heated, it had higher evaporation rates in late summer and
autumn, as both lakes began cooling.

Another water budget process that may be of interest, and that had rates reported in the
literature, is vertical conductance, or the leakage of water through a lake bottom into the Florida
Aquifer. Annual vertical conductance rates were reported for two north-central Florida lakes:
Lake Lowry and Lake Magnolia. The annual vertical conductance rates were significantly higher
than the evaporation losses: 2.88 and 1.48 m/year for vertical conductance versus 1.31 and 1.11
m/year evaporation for Lake Magnolia and Lake Lowry, respectively (Watson et al., 2001, Motz,
et al., 2001). The vertical conductance process was reported as a typical feature for karst lakes in
Florida (Motz et al., 2001).
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Wetlands

Several studies of wetland evapotranspiration in Florida were reviewed and rates are
summarized in Table 2. Scientific names for species listed in Table 2 are given in

Table 3. Only rates for herbaceous plants and algae are given here; reported ET rates for cypress
wetlands are given in the pervious section below, with other forest ET rates. When annual-
average daily rates were reported in the literature — the usual case — they are annualized for
Table 2 by assuming a 365 day year. In general, wetland evapotranspiration rates are similar to
open water evaporation rates on an annual basis. However, on a seasonal basis there is evidence
that some plant communities may have higher evapotranspiration rates in the summer. This is
not a universally accepted finding. There are also a number of studies that explain the observed
increased ET rates as artifacts of the experimental design, particularly of the increased edge or
sidewall area of the studied vegetation.

Wetland areas all had strong seasonal patterns of ET, with most plants ET rates peaking in May,
closely followed by June and July (Mao, et al, 2002; Abtew, 1996; Rushton, 1996). Minimum
rates occurred in December and January. The highest monthly averaged daily rates of ET
generally differed from the lowest monthly average rates by a factor of 2.5 to 4. All studies
reported in Table 2 were carried out over one or more years, except the one done on Paynes
Prairie (Jacobs, et al., 2002), which occurred over a two month period: May and June. The
reported rates are therefore probably too high for annual rates by a factor of two or more. Also
note that that particular study was done in a time of drought, which may have lowered ET rates
due to lower amounts of soil moisture available. The Paynes Prairie study is reported here to give
an indication of the extremes for wetland rates.

Table 2. Wetland vegetation evapotranspiration rates

Annual
Vegetation Region Evapotranspiration Reference
(mlyr) (infyr)
Cattail Fort Drum 1.19 46.7
Young sawgrass Marsh, Upper 1.34 52.6
LR St. Johns Igiri/er 1.29 50.9 Maoetal., 2002
Mature sawgrass Basin
Cattail Everglades 1.31 51.7
Mixed Marsh! Nutrient 1.28 50.3
Removal 135 532 Abtwe, 1996
Water/Algaez Projects
Mixed shallow pond* Tampa 1.28 50.2 Rushton, 1996
Prairie,drought® Paynes Prairie 1.52° 59.8° | Jacobs et al., 2002
1Spikerush, pickerel weed, arrowhead, duckpotato, maidencane and sawgrass
2Open water with periphyton/submerged macrophyte community
sLocated 40 km west of West Palm Beach (26° 28’ N, 80°25” W)
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4 Pickerel weed, arrowhead, water lilies and grass
sMaidencane, mock bishop’s weed and dog fennel. Drought