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CONVERSION FACTORS, VERTICAL DATUM, ABBREVIATIONS, AND ACRONYMS

Multiply By To obtain
Length
inch (in) 254 centimeter (cm)
foot (ft) 0.3048 meter (m)
mile (mi) 1.609 kilometer (km)
Area
square foot (t?) 0.0929 square meter (m?)
Mass
ounce (0z) 28.349 gram (gr)
Energy
joule (J) 0.2388 calorie(ca)
Energy flux density
watt per square meter (W/m?) 0.001433 calorie per square centimeter per minute (cal/cm?/min)
Flow
inch per year (infyr) 254 millimeter per year (mm/yr)
Pressure
inches of mercury (in) 3.386 kilo Pascal (kPa)
pound per square inch (1b/in?) 68.95 millibar (mb)
pound per square inch (Ib/in?) 10.0 millibar (mb)
Speed
mile per hour (mi/hr) 1.609 kilometer per hour (km/hr)

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:
°C=(°F-32)/1.8.

Altitude: In this report, altitude refersto distance above or below sealevel.

Acronyms and additional abbreviations used in report:

oC/m degree Celsius per meter

ET evapotranspiration

ENR Everglades Nutrient Removal

EROS Earth Resources Observation Systems

u* friction velocity

g/cm3 grams per cubic centimeter

g/m-s grams per sguare meter per second

g/m? grams per square meter

in/fmi inches per mile

J°Cc-cm? joules per degree Celsius per cubic centimeter
J°C-kg joules per degree Celsius per kilogram

Jg joules per gram

Jg/l°C joules per gram per degree Celsius

kPal°K kilopascals per degree Kelvin

kPa/m kilopascal per meter

AE latent heat flux

m/s meter per second

NIR near infrared

NDVI Normalized Difference Vegetation Index
NOAA Nationa Oceanic and Atmospheric Administration
REBS, Inc. Radiation and Energy Balance Systems, Inc.
SFWMD South Florida Water Management District
USGS U.S. Geological Survey

VIS visible

Contents \Y



Vi Contents



Bowen (1926) showed that B can be approximated asa
function of vertical differences of temperature and
vapor pressurein the air, or

B = y(t,—t,)/(e,—-¢), ®)

where

vy (known asthe psychrometer constant) is
afunction of air temperature and baro-
metric pressure,
are air temperatures measured at two
points at different heights above the land
surface, and
are vapor pressures measured at the same
two points.
Average values of the air-temperature differences
(t> - t1) and vapor-pressure differences (e, - €;), taken
every 30 seconds for a 30-minute period are used to
determine B. The energy budget (eg. 1) can then be
solved for AE:

t2 and tl

eande;

AE = (R,-G-W)/(1+B). (6)

Solution of equation 6 is not possible for inter-
valswhen B = -1, because thiswould result in division
by zero. Also, values of B closeto -1 will result in
extreme values of the computed AE that are greatly
affected by even small errorsin the measured value of
B. To control this extreme dependency of AE on B
when B is near -1, the value of B is constrained to
excludetheinterval from-0.7to-1.3. Thiswasdoneby
setting B equal to-0.7 if the calculated B (eg. 5) isless
than -0.7 and greater than -1.0, and setting B equal to
-1.3if the calculated B isless than or equal to -1 and
greater than -1.3.

Several assumptions are involved in using the
Bowen-ratio method. These include assuming one-
dimensional heat and vapor flow, in the vertical direc-
tion only. The method does not consider any heat or
vapor transported to or from the measurement area
from adjacent areas. For this reason, site selection
requires acircle of uniform vegetative cover having a
radius of at least 100 times the height of the midpoint
between the two air temperature/humidity measure-
ments. Another assumptionisthat eddy diffusivitiesfor
sensible heat (convection) and latent heat (water vapor)
are equa and that these two fluxes originate from the
same point on the land surface. At most sites, thisis
usually assured by making the lower air temperature/

10 Regional Evaluation of Evapotranspiration in the Everglades

humidity measurement at a height of 1.25 timesthe
vegetative canopy height or greater (C. Fritchen, writ-
ten commun., 1995). In the Everglades, this assump-
tion of identical sources of sensible heat and latent heat
probably is violated to some degree because of the
presence of emergent vegetation and standing water at
mogt sites. A disproportional amount of latent heat flux
comes from the water surface, while a disproportional
amount of sensible heat flux comes from vegetative
material above the water surface that has been heated
by solar radiation. This difference in source of heat
fluxes could bias the Bowen-ratio measurement.
Because the effective source of sensible heat may be
higher than the effective source of latent heat, the mea-
sured vertical air-temperature differential may be too
large relative to the measured vertical water-vapor dif-
ferential, thus biasing the calculated Bowen ratio to
numbers greater than the true Bowen ratio. This posi-
tive biasin Bowen ratio would result in anegative bias
in measured ET. Discussion of an experiment to quan-
tify the magnitude of this bias and effects of other
assumptionsis given in alater section of this report.

At vegetated sites (such as the one shown in
fig. 3), the air temperature and vapor-pressure mea-
surementsnecessary for the Bowen-ratio determination
are made at two points several feet above the land sur-
face and separated vertically by 3to 5 ft. Because these
differences may often be small in relation to sensor cal-
ibration bias, it is hecessary to use an averaging tech-
nique to take into account the unknown sensor bias.
The technique consists of determining average differ-
entials of air temperature and vapor pressure between
the higher and lower sensors for a 15-minute period
from data measurements that are taken every
30 seconds, reversing the sensor positions, and deter-
mining average differentials for another 15-minute
period. By averaging the two differentials for the con-
secutive 15-minute periods, an unbiased 30-minute
average differential is obtained.

The averaging technique may be demonstrated
asfollowsfor two sensors, referred to asthe right-hand
sensor and the left-hand sensor. For the first 15-minute
period, theright-hand sensor is above theleft-hand sen-
sor, and the unbiased average differential is:

A= VRai—Vial = \_/Rol—bR—(\_/Lol—bL), (7)



where
VRa1 isthe actual mean value for the right-hand sen-
sor for the first time period
V| a1 isthe actual mean value for the left-hand sen-
sor for the first time period,
VRo1 isthe observed mean value for the right-hand
sensor for the first time period,
V| o1 is the observed mean value for the left-hand
sensor for the first time period,
br isthe bias for the right-hand sensor, and
b, isthe bias for the | eft-hand sensor.
For the second 15-minute period, the sensorsare
reversed, so the unbiased average differential is:

A, = Viaz — VRa2 = Vo2 — b, - (\_/ROZ— br), (8

where the terms have the same meaning asin equation
7 except that they are for the second time period, as
designated by the subscript 2.

The 30-minute average val ue of thetwo differen-
tialsA; and A, isgiven by:

Dyy = (A +D,)/2= 9
[(Vro1 = Vio1) * (Vio2—VRe2)1/2

where the sensor-bias terms b, and b have dropped
out, and Agj is expressed only in terms of observed
(uncorrected for bias) averages for the two sensors.
This technique assumes that the sensor biases are con-
stant over the 30-minute period, but does not assume
that the sensor biases are the same or are unchanged
from one 30-minute time period to the next.

At open-water sites with little or no emergent
vegetation (such asthe one showninfig. 2), the air-tem-
perature and vapor-pressure differential s necessary for
the Bowen-ratio determination are determined from
measurements of water temperature at the water surface
and air temperature and vapor pressure at apoint 3 to
4 ft above the water surface. The water-surface temper-
ature is measured by using a float-mounted thermocou-
ple, and is assumed to represent the air temperature at
the water-air interface. The vapor pressure at that point
is assumed to be equivalent to 100 percent relative
humidity. Because the differences between water
surface and air are much greater than differencesin the
air over similar distances, the effect of air and vapor
pressure sensor biasisnegligible. Therefore, the sensor
exchange mechanism is not required and only one
air temperature/vapor pressure sensor is needed at
such sites.

METEOROLOGIC CHARACTERISTICS OF
THE EVERGLADES

Meteorological data from the nine sites are sum-
marized in table 3 to indicate the range in conditions
that occurred in the study area during 1996-97. The
table shows the number of days of record during the
2-year period and summary statistics to depict the
rangein values of 30-minute averages of selected types
of data. For rainfall, the summary indicates the number
of days of record, maximum daily total rainfall, maxi-
mum monthly total rainfall, and thetotal rainfall for the
2-year period. Site 9 was not operated during 1996, so
data summaries for some characteristics that can vary
considerably from year to year (such as rainfall and
depth of water) may not be representative of the 2-year
period summaries at sites 1-8.

Rainfall

Short-term rainfall (hourly or daily) probably is
the most variable meteorological characteristic in the
study area (table 3). Relatively small convective thun-
derstorms can produce large amounts of rain within a
small area. For example, on June 2, 1997, 6.0 in. of
rainfall wererecorded at site 8 before 10:30 am. Other
sites south of Water Conservation Area 3 and within
20 milesor less of site 8 received much lower amounts
during that morning (2.1 in. at site9, 1.0 in. at site 6,
and 0.6 in. at site 7). The maximum daily rainfall
recorded during 1996-97 was 11.9 in. at site 8 on June
9, 1997. At that site, the 3-day total for June 8-10 was
15.2in.

Maximum monthly rainfall totals and average
annual totals also were quite variable among the sites.
The maximum monthly rainfall ranged from 10.0 in.
at site5t026.1in. at site 8. Average annual totals for
the 2-year period ranged from 38.6 in. in 1996 at site 5
t080.3in.in 1997 at site 8. These dataindicate that rel-
atively large variationsin annual rainfall can occur
from one location to another within ayear or two.
These short-term variationsarelikely not related to site
location, but rather are probably due to chance occur-
rence of localized downpours. In any year, some loca
tions may receive much more or much lessrain
compared to the 50-60 in. long-term average (Lodge,
1994). All rainfall totals reported during this study
probably are lower than actual rainfall, because tip-
ping-bucket rain gages tend to under-measure rainfall
during high-intensity events because of splashout of
rain from the collector.

Meteorologic Characteristics of the Everglades 11



Table 3. Summary of meteorological data for the evapotranspiration sites

[N isthe number of days of record; Pg is the 5t percentile, or value that was not exceeded 5 percent of the days; Pgs isthe g5th percentile,
or value that was not exceeded 95 percent of the days; --, no data available]

Incoming short-wave radiation,

Rainfall, in inches .
in watts per square meter

Site N (;wa?l); ml\)/lnat)r(mly 'Iigtgagl Ig;l Site N Pg Mean Median Pgs
1 -- -- -- -- -- 1 719 0 192 75 806
2 - - - - - 2 -- - -- - --
3 731 31 129 54.4 55.9 3 731 0 195 49 801
4 730 28 14.3 49.7 54.4 4 730 0 206 72 825
5 731 23 10.0 38.6 443 5 716 0 206 18 858
6 730 79 16.7 62.3 70.3 6 730 0 196 65 786
7 731 31 134 46.1 43.0 7 730 0 201 6.6 811
8 731 11.9 26.1 70.5 80.3 8 731 0 202 9.6 808
9 365 8.0 158 -- 46.7 9 349 0 199 8 792

Net radiation, in watts per square meter Depth of water, in feet

Site N Pg Mean Median Pgs Site N Pg Mean Median Pgs
1 715 -48 125 -7.1 607 1 715 0.52 112 1.00 1.83
2 348 -71 122 -16 640 2 633 192 2.76 2.57 4.05
3 731 -70 121 -17 631 3 731 112 1.68 1.63 2.32
4 730 -43 133 -5.3 623 4 730 -14 66 48 1.70
5 698 -43 132 -5.5 612 5 716 .30 91 91 171
6 730 -51 133 -9 638 6 730 .70 137 1.40 1.90
7 731 -51 131 -12 652 7 731 .60 134 1.46 1.99
8 731 -42 134 -6 622 8 731 -.85 -.06 10 .70
9 349 -50 139 -6 640 9 349 -.70 -.05 .00 .50

Air temperature, in degrees Celsius Water temperature at surface, in degrees Celsius®

Site N Pg Mean Median Pgs Site N Pg Mean Median Pgs
1 730 12.2 22.7 23.3 312 1 730 185 255 26.1 30.6
2 634 13.0 227 234 30.1 2 634 161 244 24.7 323
3 731 13.9 235 243 30.2 3 731 167 257 26.0 34.0
4 730 12.6 230 238 311 4 640 136 238 249 30.7
5 716 115 225 234 313 5 716 143 231 236 30.2
6 730 14.0 237 25.0 310 6 730 163 246 254 30.8
7 730 14.6 240 24.8 30.9 7 730 174 257 26.0 328
8 731 135 23.6 245 313 8 410 158 259 26.8 345
9 349 15 237 240 310 9 161 190 276 279 339

asymmaries only include days where water is above
land surface

12 Regional Evaluation of Evapotranspiration in the Everglades



Table 3. Summary of meteorological data for the evapotranspiration sites--Continued

[N isthe number of days of record; Ps isthe sth percentile, or value that was not exceeded 5 percent of the days; Pyg is the g5th percentile,

or value that was not exceeded 95 percent of the days; --, no data available]

Vapor-pressure differences, in kilopascals per meterP

Site N Pg Mean Median Pgs

1 488 -0.0385  -0.005 -0.006 0.032
2 633 -2.07 -.79 -.64 -.053
3 730 -2.48 -.96 -.76 -12

4 468 -.042 -.005 -.008 045
5 546 -.055 -.012 -.012 .033
6 491 -.038 -.010 -.010 022
7 480 -.036 -.012 -.012 011
8 652 -.066 -.010 -.012 054
9 284 -.052 -.010 -.013 046

bSummaries do not include differences less than 0.003 kilopascals

Evaporative fraction, in percentd

Site N Pg Mean Median Pgs
1 251 26 66 68 170
2 539 o64 84 82 109
3 728 58 81 79 118
4 338 3#4 69 64 140
5 3Bl 4 78 70 152
6 316 38 71 70 126
7 329 51 79 74 129
8 535 32 71 67 138
9 244 32 62 63 110

dEvaporative fraction is the percent of the measured
available energy that is accounted for by latent heat.
Summaries are for data that have passed screening

Incoming Solar Radiation

Incoming solar radiation depends only on atmo-
spheric transparency, time of day, day of year, and lati-
tude, and thus, isindependent of site characteristicssuch
as vegetative cover and water level. Therangein lati-
tude from the northern-most site (site 1) to the southern-
most site (site 8) isabout 1.3 degrees, and isnot in itself
large enough to result in a large difference in solar radi-
ation. Latitude variation in mean solar radiation on a
horizontal plane at the top of the atmosphere is about
7 W/m?/degreeat 25° N |atitude in December, and about
2 W/m?/degree in June (interpol ated from solar radia-
tion datafor latitude 30° N and | atitude 20° N, Brutsaert,
1991). Over the entire study area, this north-south vari-

Air-temperature differences, in degrees
Celsius per meter®

Site N Ps Mean Median Pgs
1 521 -0403 -0.024 -0.021 0.321
2 631 -5.40 -1.74 -1.87 223
3 729 -5480 -2253  -2.400 1.300
4 506 -.376 .016 020 492
5 574 -.387 -.030 -026 .323
6 510 -.264 -.040 -037 .201
7 478 -.209 -.052 -.041 .089
8 662 -.58 -.031 -035 547
9 296 -544 -.046 -.030 .447

¢Summaries do not include differences less than 0.013 degrees

Available energy,
in watts per square meter

Site N Mean Median
1 715 125 49
348 117 86
731 121 99
730 132 42
698 133 57
730 133 43
731 131 88
731 132 40
349 138 18

© 00 N O 0o b~ W DN

ation is about 9 W/m? in December and about 3 W/m?
in June.

The mean incoming solar radiation for all seven
sites at which incoming solar radiation was measured
during 1996-97 was 200 W/m?, and ranged from
192 W/m? (site 1) to 206 W/m? (site 5) (table 3). This
rangeiswithin about 3 percent of the mean for all seven
sites. The major factor related to incoming solar radia-
tion in the study areais cloud cover, and the observed
differencesin incoming solar radiation are probably
related mostly to differencesin cloud cover during the
2-year period. Although there could be areal patterns of
cloud cover that might be related to latitude, prevailing
wind direction, distance from the ocean or other factors,
such a pattern is not apparent from this study.

Meteorologic Characteristics of the Everglades 13



Net Radiation

Net radiation isthe difference between incoming
solar and longwave radiation and outgoing longwave
and reflected solar radiation. Although incoming radi-
ation is mainly afunction of cloud cover, air tempera-
ture, and air moisture content and would be nearly
constant over the study area on a cloudless day, outgo-
ing radiation depends on reflective and thermal proper-
ties of the land surface and the vegetative cover. Thus,
in contrast to incoming solar radiation, net radiation
can vary from site to site.

The mean annual net radiation recorded at all
eight sites at which net radiation was recorded during
1996-97 was 129 W/m?, and ranged from 121 W/m? at
site 3to 134 W/m? at site 8 (table 3). (At site 9, the
mean net radiation for 1997 was 139 W/m?, but the site
was not operating in 1996.) Thisrange among the eight
sitesiswithin about 5 percent of the mean for al eight
sites, and is thus of similar magnitude to the rangein
incoming solar radiation. A plot of annual incoming
solar radiation and mean net radiation for 1996-97
(fig. 5) shows evidence of aweak relation between the
two quantities, but therelation isnot statistically signif-
icant at the 5 percent probability level. Thisimplies
that the relation between incoming solar radiation and
net radiation is affected to some degree by site charac-
teristics, although the effect is not great.

220 T T T ]

215 ]

210 | .
205 5 Site 5, , Site 4 ]
ste7, o8
200 C .Site 9 b
195 F Site 3, oSite ]

LSite 1
190 | 3

185 ]

180 L i, Leviiiin, Lviiiins, ]

MEAN INCOMING SOLAR RADIATION,
IN WATTS PER SQUARE METER

MEAN NET RADIATION,
IN WATTS PER SQUARE METER

Figure 5. The relation between mean incoming solar
radiation and mean net radiation, 1996-97. (Data for site 9
are for 1997.)

Although incoming solar radiation is near zero
at night, net radiation is negative because at night,
long-wave radiation from the vegetation, land, and
water surface generally exceeds incoming long-wave
radiation from the atmosphere. The most negative
night-time net radiation values occurred at the open-
water sites, asindicated by the 5th percentile (Ps) net
radiation valuesin table 3 (-70 at site 3and -71 at
site 2).

Depth of Water

The median water depths above land surface at
sites 1-8 operated during 1996-97, ranged from 0.1 ft
(site 8) to 2.57 ft (site 2) (table 3). Median water depth
at site 9 during 1997 was 0 ft. Water level was some-
times below land surface at sites 4, 8, and 9.

Air and Surface-Water Temperature

The mean air temperaturesfor 1996-97 were all
within arange of 1.5 °C, ranging from 22.5 °C at site
5t0 24.0 °C at site 7 (table 3). The higher mean tem-
peratures were at the southern-most sites (sites 6-9),
although the mean water temperature at site 3 (in the
northern part of the study area) was nearly as high as
at the southern-most sites. Thereis more of anorth-to-
south pattern in lower temperatures (see 5th percentile
(Ps) of air temperaturesin table 3) than in higher tem-
peratures, perhaps indicating that warm-season tem-
peratures are about the same over the entire area, but
that cool-season temperatures are substantially lower
in the north part of the area than in the south part.
Because the lowest temperatures occur generally at
night, thisareal differencein Py air temperatures may
result from adifferencein night-time cloud cover over
the area. Clear skies generally are associated with
lower night-time air temperatures than occur during
cloudy nights.

Water-surface temperatureswere more variable
among the sites than were air temperatures. M ean
water temperature for 1996-97 ranged from 23.1°C at
site5t025.9 °C at site 8. Mean water temperature for
1997 at site 9 was 27.6 °C. Factors affecting water-
surface temperature could include water depth and
thickness of vegetative cover, as well as air tempera-
ture and solar radiation.
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