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EXECUTIVYE SUMMMARY

Rainfall represents the most important component of the water budget in Central and South
Florida. Maps of rainfall volume for several durations and return periods are needed to akd in the
design and operation of water management structures, [lood control, consumplive use cstimation,
water supply planning, and total water resources management. Consequently, it1s of the interesl
of South Florida Water Management District (o maintain up-to date and most accurate rainfall
frequency data and spatial maps in Central and South Florida, The objective of this study was 1o
update and extend existing rainfull frequency analyses using the most recent data and to generate
isopluvial maps applying rigorous geostatisucal analys)s.

Comprehensive frequency analysis and spatial chowacterization for rainfall i Ceniral and
South Florida have been presented. In this study, average monthly rainfull und monthly rainfall
with different frequencies for dry and wet conditions were estimated at gaged and ungaged
locutions, The frequencies of interest were 5. 10, 20, 50, and 100 years. A prescribed procedure
for selecting the "best” representalive data, emporally and spatialty, was adopted. Continuous
uninterrupted time series of monthly rainfall were selected at 145 sites with records of 25 years
or more. Fregueney analysis was performed at 10 representative siles (o identify the best-11t
madel Tor rainfall (requency over Contead and South Flonda, The model’s parameters were then
estimated at the 145 sites over the study arca and, subsequently, rainfall estimates for various
return periods were computed. These estimates were used Tor subsequent geostatistcul analysis,
In this analysis, experimental variograms (& measure of data pair spatial similarity) were
constructed and expenential variogram miodels were fitted for cach month and each return
period. Using the variogram models and estimated rainfall data, maps were constructed using
Ordinary Kriging (a basic geostatistical wol) for monthly rainfall averages, Jaguary rainfall
estinrates for various retuen periods, and July estimates for various return periods. Maps for (he
eslitnation error variance Tor averige rainfall were also generated.

Estimuted Thiessen weighted averase anmual rainfall over Central and South Floridia was
about 52,0 inches, May is the dry-to-wet iransition month with ahont 4.5 inches of monthly
averaee rainlall, while October is the wet-to-dry trunsition month with alimost the game amount
of monthly average rainfall. Monthly average rainfall during June through September 1s above
7.0 inches with the highest rainfall in June shove 8.0 inches. The dry scason months are
Noveniber through April with average montbly rainlalt below 3.0 inches, December is the driest
month in the vear with monthly average rainfall below 2.0 inches. Nearly two thirds ol the
anmil ranlall 15 accumulated in the wet season. Annuad average raintall 15 maxinum, above
600 inches, in many arcas wlong the cast coast and 15 minimam, below 150 inches, 1o ooy
arcus over Lake Okecchobee and Central Florida.

The poit frequency unalysis conducted at 10 representative stations has shown that the 2
parameter Gamma probability density tunction is the best model for monthly rainfall frequency
over Central and South Florida. Expertrental and theoretical variograms computed for the
cainfall estitnates show that the existing rain gage network is less capable of resolving rainfat]
variation in the wet scason than the dry season. Rainfafl maps show a changing patlern between
the wet and the dry scasons. Average rainfal) i higher atong the cast coast area n the dry



season, and it is higher along the west coast area in the wet season. This reflects the changing
nature of the rainfall storm type between seasons. May exhibits a significant increase of rainfall
throughout the entire area compared to the preceding four months indicating the transition from
dry o wet conditions. October rainfall exhibits a significant drop in the western area and a
unigue pattern throughout the entire area reflecting the transition from the wet season o the dry
season. Spatial maps for various return periods at a given month have similar patterns with some
offsets. The appendices included in this report contain more results pertaining to rainfall
frequency and spatial distribution in Central and South Florida.
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INTRODUCTION

The cumulative rainfall depth over a given peniod of time (e.g., storm event duration)
occurring with a given frequency (storm event return period) is an essential variable for water
resources planning and management, flood prediction and control, and many other hydrologic
applications. This variable is usually evaluated for various durations and various frequencies
using point or regional frequency analysis. Point frequency analysis deals with a single time
series representing a single location, while regional frequency analysis deals with a combined
time series from several locations representing an entire basin. Regional frequency analysis
provides better information when a lumped basin-wide representation is desired {e.g., rainfall
volume over the entire basin for a given duration and frequency). However, point frequency
analysis 1s needed if spatial mapping of rainfall frequency estimates over the entire basin is of
interest. Point frequency analysis is conducted to obtain rainfall frequency estimates at the
gaged locations, while spatial mapping is used to infer rainfall frequency estimates at ungaged
locations.

Rainfall frequency analysis and rainfall maps pertaining to Central and South Florida
have been used as references for many hydrologic applications (e.g., MacVicar, 1981; Sculley,
1986 and Trimble, [990). Periodic updating of thesc studies is very important when additional
data and/or new technology becomes available. The objective of this study is to update and
extend existing rainfall frequency analyses using the most recent data and to generate isopluvial
maps applying rigorous geostatistical analysis.

In this study, comprehensive rainfall analyses on the temporal and spatial scales are
presented. The characteristics of monthly rainfall frequency are updated using the most recen*
available data. A temporal frequency distribution model is fitted at each site for every month
ard is used to estimate monthly rainfall depth for various frequencies (return periods). For e.ch
month, and each return period, rainfall estimates are used for a spatial representation of rainfali
frequency over Central and South Florida. This representation utilizes variogram analysis to
assess the spatial structure of rainfall frequency estimates, and Ordinary Kriging for subsequent
mapping. Monthly rainfall estimates at the gaged locations are presented in tabular formats.
Monthly variograms and maps of average rainfall and rainfall estimates for several return periods
are presented. Maps of average rainfall estimation variance are also provided.

The major sections comprising this report are: 1) Background 2) Data used for this study,
3) Rainfall frequency analysis, and 4) Rainfall spatial characterization, and 5) a discussion of the
findings of this study.



BACKGROUND

The South Florida Water Management District, (STWMIDY), urca covers South Florida and
part of Centrat Florida (henceforth called Central and South Floridu). The arca, in gencral, has a
low reliel pography and semi-tropical climate. It is surrounded by the Gull of Mexico on the
west and by the Atlantic Ocean on the east. It is a high water table urca with patches of lakes and
cxtensive wetland systems. The heaviest rains in Central and South Flonda are produced by
convective systems with cooler (dry) season having an extratropical nature and the warm {wel)
season having a tropicat origin {Rosenthal, 1994). The region hus high rainfall with 52 inches of
areal average annual rainfall and relutively low annual variation with a standard deviation of 12
inches.

Rauin(all represents the most important component of the water budget in Central and
South Florida. Maps of rainfall volume for several durations and relurn periods are peeded to aid
in the design and operation of water management stcuetures, flood conlrol, consumptive use
estimation, water supply planning, and rotal waler resources management. The construction of
these maps requires an understanding of rainfall emporal frequency and spatial distributions.
Rainful! frequency studies pertaining to the Central und South Flonda area have been reported m
the literature. An carlier regional rainfall analysis study has produced isopluvial maps {ortwo to
ten-day precipitation for return periods of 2 to 100 years (Miller, 1964). "The isopluvial maps for
the durations and trequencies presented by that study indicate that the area of Central and South
Florida is relatively wetter than the rest of contivental United States. A gencralized rainfall-
frequency study was conducted for Central and South Florida by the LS. Army Corps of
Engincers tor the purpose of developing food-frequency curves. This study presented isopluvial
maps Tor maximuwm 1-day rainfall for rewarn peniods of 2. 5. L., 20, 50 and 100 years. It also
presented isopluvials for maximum | month, 2-month, 4-month, 6 month and annual raintall for
return periods of 2, 5, 10, 25, 50 and 100 years (U8, Army Corps of Engincers, 1953).

In a recent study conducted for the SFEWMD, MacVicar (1981) developed isopluvial
maps Tor Central and South Florida area for durations of 1-day, 2-day, 3-daty, 5 day lor return
periods of 2, 5. 10,25, 50 and 100 years. Also additional isopluvial maps werc produced for the
dry season (November through April), wet season (May through Octohery and annual rwinfall Tor
the sume return periods. In all cases, the Fisher Tippett Type T statistical distribution (is also
referred to as Gumbel distribution) was used for frequency analysis. Sculley (1986), using
raindull datn available through 1985, produced arcal rainfall tabular and graphic represenlalions
of rainfall frequencies for twelve waler management basins for the dry scason (November
through May), wet scason (June through October) and annual rainfull, Normal and Log-normal
distributions were used depending on test of fitness [or cach duration and each basin, The
SEWMID arcal annual rainfall frequency was fitted with a Log-normal distribution and
magnitudes for dry and wet extremes for 2, 5, 10, 25, 50, 100 and 200 years were prescnted.
Based on 71 years of annual rainfall, the SEWMD wide average areal rainfatl was reported as 23
inches with a range ol 39 1o 77 inches. Trimble (1990), applying the two-parameter Gumbel
distribution produced isopluvials for i one-day rainfall for return periods of 3.5, 10,25, und 100)
years: und for a three-day rainfall for return periods of 10, 25 and 100 years. Although these
studies provided isopluvial maps, the main focus was the rainfall frequency analysis with
linted cmphasis on the spatial analysis across the stedy area.



The analysis of rainfall spatia) variability is as important as the analysis of the rainfall
frequency distribution for mapping storm event rainfall depth. While the latter is essential in
estimating the rainfall depth locally, the former is essential for characterizing such an estimation
at unsampled locations. In general, spatial rainfall analyses are important for flood forecast,
hydrometeorological network design, missing data estimation and many other hydrologic
applications. Spatial analyses in hydrology have received extensive research interests since the
turn of this century. Thiessen (1911) proposed an areal average estimator commonly used in
many hydrologic applications. This scheme provides a discrete, rather than continuous,
representation of the hydrologic process. Also, this representation does not reflect the spatial
structure of the process since this scheme depends only on the network density and
configuration. The first attempt to represent the process on a continuum, and to quantify the
spatial structure statistically, was made by Drozdov and Sephelevskii (1946). This attempt was
extended and formally defined as "optimal interpolation” by Gandin (1965} and Belousov et. al.
(1971). This technique minimizes the estimation variance and uses the covariance function to
describe the spatial variation of the process. The use of this function requires that the variance
be bounded and the domain over which the process is defined to be significantly greater than the
corrclation length of the process.

Matheron (1971) developed a new theory for regionalized variables leading to the
development of the Kriging method. This method provides some treatment for the shortcoming
of the "optimal interpolation” method. Kriging uses variogram, which is another measure of the
spatial structure rather than the covariance function. Unlike the covariance function, the use of
the variogram is independent of the variance indefiniteness problem. However, Ordinary
Kriging suffers some drawbacks related to its basic assumptions such as stationarity, normality,
and variogram model identification. Numerous studies have been conducted to address these
concerns, and to improve and expand the existing methodologies. Reviews of the strengths and
weaknesses of Kriging are wifered by Yakowitz and Szidarovsky (1985), Journel (1989), and
Isaaks and Sirvastava {(1989).

Other spatial interpolation methods for hydrologic data have been reported 1in the literature,
Examples of these techniques are polynomial interpolation (Belousov ct. al., 1971), inverse
distance interpolation (Delfiner and Delhomme, 1975), multiquadric interpolation {Hardy, 1971),
thin plate spline surface fitting (Hutchinson, 1995), empirical orthogonal functions (Holmstrom,
1963), and adaptive kernel cstimation (Ali, 1998). The suitability of an interpolation technique to
a given study depends on the area, the hydrologic process, data network, data values, and many
other variables. A good performance of a technique in one study does not guarantec the same
level of success in a different study, Various comparative analyses of rainfall interpolation
techniques have also been reported. Creutin and Obled (1982) provided an excclient objective
comparison between interpolation techniques. In their study, they vsed a generalized cross
validation and log transformation of data. The optimal interpolation was found to give the best
estimate, Tabios and Salas (1985) compared the performance of Thiessen polygons, polynomial
surfaces, optimal interpolation and Kriging at five selected rainfall sites. They found that the
optimal interpolation method and Kriging provided the best performance, Kriging was also
found by Lebel et. al. (1987) to give the best estimate among other technigues for areal rainfall
estimation.



Geostatistical studies using Kriving for spatial characterization of maximum rainfall depth in
Central and South Florida have been reported. These studies mostly use Kriging as a tool for
spatial characterization. Wanielista et. al. (1996) used Ordinary Kriging 1o develop storm event
maps Tor 1,2, 3,4, 7, and 10 day durations for return periods of 2, 5, 10, 25, 50 and 100 years.
Commercial software was used in the analysis and basic steps such as experimental variogram
computation and mode! fitting were not presented. Also, a measure for the adequacy of fit of
Kriging {c.g., cstimation erTor variance maps) was not available,

Relevant studies with a stronger geostatistical emphasis were also reported. These studics
used one or more statistical techniques Lo address the stochastic spatial structure of raw ramnfall
data within Ceateal and South Florida. Ablew et al. (1993) used six spatial models for monthly
rainfall data in comparative analysis. They concluded that optimnal interpolation and Krigmg are
the: most appropriate methods for monthly rainfall data characterization in this areu.

In a recent study, Van Lent and Tracy (1994) conducted a geostatistical analysis {or raintall
lo investigate the adequacy of the rain gauge network in Central and South Florida. In this study,
they conducted spatial charaeterization for annual, seasonal, monthly, and daily ramfall
measurcments. They used exponential variogram models for annual and seasonal rainlall. The
range parameter of the variogrum models was interpreted as the total corretation length, whercas,
it is only one-third of that length. This explains why their inlerpreted correlation length is clearly
and significantly lower than that observed in the vaniogram plots in that study. Also, the
computed variograms for monthly and daily records exhibited no spatial coherence ndicating
same concerns regarding the computation method of such variograms. The monthly variograms
cxhibited significant nugget effect and the daily variograms are pure nuggets. The nugget citect
is duc to variability that the network density can nol resolve, The estimation error variance
(monthly, and daily if cstimated) may have been high due w the nugget eflect, or may have been
due 1o the way variogram was computed. The authors su_gested an increase of one order of
magnitude Tor rainfall gages Lo reduce monthly estimation vartance. In thetr study, they
concluded that the annual and scasonal rainfall is isotropic and stationary. Concerns about (his
sty were provided by Moss (1996), Te pointed out that a discrepancy existed hetween the
annual variogram plot and the assoctated equation. Also, he concluded that the restduals were
not stationary and were not normally disteibuted. This is clearly expected piven the inonthly
varioerams computed, Also, Moss (1996) concluded that there was no sigailicant termnporad trend
of ruinlall for the purpose of Kriging anabyses.

In a similar study 1o assess the evaporation and rain gage network, Zhao and Chin (1995}
conducled a spacal analysis for monthly rainfall and cvaporation. The cxperimental monthly
variograms cxhibited strong spatial coherence and the exponential model appeared 1o be a
reasonable il An experimental variogram was computed as the average of all lustorical
realizations of variograms. Such o computation requires esting for the assumption of second
order stationarity for cach realization and may not warrant the ergodictty assurplion.
Furthermore, their interpretation for the variogram range (cortelation scale) was similar to thit
reported by Van Lent and Tracy (1994). Therefore, any conclusion based on Lthis interpretation
should he re-cvaluated. For example, they identificd 82 cireles of radius 30 km (half the
minimum range) where additional stations are potentially desired. The number of additional
stations should be significantly reduced if the minimum range was interpreted accurately,



Our discussion thus far suggests that a study that combines rainfall frequency analysis with a
thorough geostatistical characterizatién is not available in the area of Central and South Florida.
The current investigation is an attempt to provide such a study for a 1-month duration event
using the most recent available data. Temporal variation of monthly rainfall at each site was
modeled with two-parameter gamma distribution. In addition to its average, monthly rainfal] at
each site for dry and wet return periods of 5, 10, 20, 50, and 100 years were estimated.
Variogram analysis and spatial mapping using Ordinary Kriging for meonthly rainfall of each
return period were performed. The analyses of different rainfall durations are deferred to another
study.

RAINFALL DATA SELECTION
Gage Network

The SFWMD collects precipitation data from a network of recording and non-recording
precipitation gages throughout its 16-county water management area, encompassing 18,000
square rniles. In addition to the SFWMD precipitation gages, Federal, State, and Local
government agencies also maintain gages throughout the SFWMD's region. For instance, the
National Oceanic and Atmospheric Administration (NOAA) maintains a network of gages
primarily located at airports and cities. The U.S. Geological Survey (USGS) and the U.5. Army
Corp of Engineers (COE) collect precipitation data from gages located at remote data collection
platforms and water control structures throughout the Central and Southern Florida Flood
Control Project. A precipitation gage network is also maintained by the U.S. National Park
Service in the Everglades National Park (ENP) located in the southern region of Florida. The
Florida Forestry Service (FS) maintains gages at many of the Forest Service tower locations.

The SFWMD acquires precipitation data from these government agencies (Cooperators)
through various efforts, including contract and cost-sharing agreements. At the present time, the
SFWMD utilizes an ORACLE relational database management system (DBHYDRO) Lo store
hydrologic data, including rainfall.

In order to select the appropriate records for this report, a number of steps were followed. These
steps included a comprehensive review of the available precipitation records on DBHYDRO, the
identification of duplicate records, and the selection of gage records with an appropriate record
length and a minimum amount of missing data. In addition, precipitation records were tested
through a correlation analysis to identify if any records were unsuitable based on a poor
correlation with other gage records. The selected gages are then assigned weights according to
the Thiessen Method for subsequent computations,

A review of the rainfall records retained on DBHYDRO indicates there are over 1,200
precipitation gage records listed. A majority of the gages listed are distinct sites. However, there
are a number of gages having a duplicate listing for the same site. Each listing for a precipitation
record has a unique alphanumeric number referred to as a dbkey. In order to explain the data
assimilation phase, it is necessary Lo further discuss the duplicate listings encountered on
DBHYDRO.



Duplicate listings of gages often exist due to changes in rainfall gage equipment or i change
in the agency collecting the precipitation records at a particular site. Therefore, rainfall gage
listings on DBHYDRO may reflect separute periods of record assoctuted with a gape [ocation
based on these changes,

Gage Selection

i'he rainfall page listings retatned on DBHYDRO represent records of various frequencies
and statistic types. Rainfall records encountered included, daily rainfall sum, monthly raintall
sum, and random interval rainfall. Also, there arc over 100 stations associated with the
operational gage network utilized by the Operation and Maintenance Department (OMD? for real
time operation of the SFWMD'% water management and flood control systemt.

The first pass at choosing gage records involved selecting any page listing which was a daily
summ record and was not associated with the OMD network. This reduced the number of records
from over 1,200 1o 931, The next step was to identify gage records with missing data. [Fmissing
data (duily rainfall amount) accounted for more than {ive percent (5%) of the days in any year lor
a particular gage, the rainfall records for that page and for that year were cxcluded (rom the
analysis. No attempts were made to estimate missing duily rainfall. This step reduced the munber
of gages from 93110 777

The remaining 777 gages had varying periods of record [rom 110 86 years, with the carliest
record starting in 1900, A minimum record length of 25 years was chosen as a cutoff, and 1t a
gage record had at least 25 years of record (after 5% missing test) then it would be retained for
analysis (Markovie, 1965). Rainfall sites with multiple gages listed, having varying periods of
record, were not combined o extend the record for a particular site. Howcever, if therc were two
or more gages having at least 25 years record, these were retained independently for further
anadvsis. This screening process reduced the number of gages from 7T 0 172, Out ol the 172
sages, 18 were duplicale listings,

Iata Extraction

The extraction of the precipitation duta from DBHYDRO for the 172 gage records and
crention of a master data file was accomplished using a SQL query language seript. These data
were subjected 1o a corrclation analysis. The result of the correlation analysis was used to
cvaluade data quality. In cases where more than one record exists al & sie. correlation analysis
was performed between the common periods of record. I the correlation cocfticient, p,1s
areater than 0,95 the record with the longest period of record was retained for this study.
However, if @ is less than 0.93, further correlution analysis of vach record was performed with
the common period of record (rom the nearest available gage. The record with the highest mier-
station cosrelation was selected for this study. Based on all criterta discussed above, u linal sel
of 145 gage records were selected for this study and are presented in Figure | and Appendix A,
Figure 2 shows a plot of the number of stations versus the number of years ol records.
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rainfall gage locations.
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Figure 2. Number of stations versus number of years ol rainfal) records,
Thiessen Polygons

Computing the Thiessen weights for the 145 gage records listed i Appendix A was
performed with a Geographic Information System (G18) (Arc/Info version 7.0, ESRT, Redlands,
(CA). A point coverage containing information on state plane Xy spatial coordinates and the
page names were created, Then, using the Thicssen commund within the GIS, a polygon
coverage was created from the point coverage. The Thiessen command created polygons around
cach page, which are known as Thiessen polygons, Figure 3 shows the resulting Thiessen
polypons for the 145 gage records.

En orcder to compute the actual Thicssen weights for cach gage that contributes 1o the
SEWMD rainfall, the polygon coverage was superimposced on the SFWMD arca, The resulting
Thicssen netwaork identilied 125 gages with non- zero contributions (weights) W the SFWMD
Fainlall, and 20 gages with no contribution (zcro weights). The Thiessen polygons are presented
i Figure 3 and the associated weights listed along with the gage record information in Appendix
A. The inclusion of the Florida Keys did not cause any significant chuanges 1o these weights.

Data Statistics

There are 145 monthly rainfall data sets used in this study. The basic statistics for these datay
are presented in Tuble |, and a histogram presentation for each month and all sites is provided in
Figure 4. There is a high dispersion for all monthly data. "The standard deviation, @, is relatively
high compared to the arithmetic average, . ‘The coelficient of varation, &/ |, for the dry
months is significantly lower than the wet menths, The degree of skewness is mgh i the dry
months and relatively low in the wet months. Tn the dry months, the mode is sigmbceantly lower
than the average (positive skewness). The Kurtosis values indicate (hat the dry months are
Leptokurtic (Kurtosis = 3) and the wel manths are Platykurtic (Kurtasis < 3). Note that these
statistics reftect both the spatial and temporal variations.
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Table 1. Lumped statistics for raw monthly rainfall data at all Sites.

Month Rainﬁlll‘Muusuremal]rn ‘ o
Arithmetic average | standard Deviation. | Coeflicient. f‘;fVuriulion._ Skewness | Kurtosis
Januany 220 2.05 - 0.93 . 1.69 3.92
bebruary 2.36 | 85 078 ) 152 3.72
March 2.9 1 2.56 0.87 1.79 485 |
April 258 R 0.90 17 198 |
Mty 4606 | 3.13 | 0.67 1.11 1.02
June 745 418 053 1 094 114
July 6.93 319 0.4 058 | DA
August 7.03 3% © o045 091 D
September | 7.73 378 0.52 _ 109 T
October 472 382 0.81 163 4.36
Noveber | 2.30 i 236 103 . 2.41 927
Do smber 1.90 L8O I 095 1,86 5.12

The Thicssen weighted SEWMD areal average rainfall for these data was computed for cach
month. Figare 5 shows plots for these values and the corresponding comulative valuces with and
without the Florida Keys, It is clear that dry season monthly rainfall is less than 3 inches and wet
season monthly rainfall is more than 4 inches. The slopes of the cumulative value curves
increase around May reflecting the beginning of the wel scason, and decrease around October
rellecting the heginning of the dry season. Almost two-thirds of the annual rainfatl is
accumulated in the wet season. The Districl-wide Thiessen weighted annual average for these
itala is 51.8 inches when the Florida Keys are considered and 52.3 inches when the Plorida Keys
are dropped. The Keys™ annual rainfall average is approximately 40 inches.

The Thiessen polygon representation of annual average rainfall data is depicted in Figure 6.
Annual rainfall is maximum along the cast Hast and it i minimum over Lake Okeechobee and
Central Florida, Spatial representadons of average histocical monthly data using Thiessen
polygon method are provided in Appendix B for cach month. Wet season monthly raintall 15
maximun along the west coast, while the dry scason monthly rainfall s maimum along the cast
coust. Lven though it is a good visualization tool, Thicssen polygon method only depends on the
data network. density and configuration and dues not relate 1o the spatial structure of the process.

Cumulative monthly rainfall valucs, and the carresponding percentages of station annual and
District-wide weighted average annual rainfull are presented for the 145 stations for ¢ach month
in Appendi « €. Results are presented in 'Fable 2 for ten select stations representing the entire
region. The stations are Orlando Adrport (OR), Kissimmee. River (KR), Avon Park. (AP, L erce
(FPY. Belle Glade (BCH, WBP Airport (W), FL Mycers (FM), Key West (KW), Miani Airpor.
(MDY, and Tamiami Trdl. (TT). Information on these stations 1s shown in Figure [ und Appendix A,
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Table 2. Cumulative average monthly rainfall and associated percentages at ten sclected stations.
Station| Dbkey a | b [ _,c"‘ " ] (S a ] b | « a b | ¢
o anuary ‘ Vebruary Margh ~ April
AP TOALSE 219 4200 4200 4.68 8900 900 74 14100 14300 (0,07 19200 1940
BG 062070 2224 4000 4300 _4.1% T4 790 7000 12700 [3.600 995 17.900 1910
M| 0alea] 182 340 3500 3900 7300 7.3 6.32 12200 12500 8.53 16000 16,40
b2 oealsl 221 4200 4300 483 90 9300 7.00 1500 154 1038 19500 20,00
KR [ 06l460 202 4000 300 43 B0 d4 A0 1490 14400 1044 20,700 20148
MI f 060740 2000 3400 38K 407 700 TW 654 11200 12,600 9.79) 1650 18,80
| OR | 06218 2.3 4400 450 478 900 9.4 B 15200 15600 LL0S| 20800 21.3(
r ODelen 1610 3000 3.0 307 570 54900 482 92 D50 744 13 11,30
WD [ oelsl 2o 4500 5300 5300 B0 1020 B.05 P40 L6600 12200 190 23 50
Kw | oele2l Lol 4200 300 33900 BEN 650 5000 129 DO A9A0 1RO 13K
‘ May o June July Anpust
AP 06136 1448 27500 27 800 2275 4350 43.¥ 30.96] 58 901 S4.503 H.34 00 7370
BG A0 1473 26500 28300 23.34] 410 A4 500 31,27 56,100 60000 39200 700 75 4
| FM 061493 1330 23200 23500 21,53 40.4( ALY 30.24) 56700 SH.20 3845 72,100 7400k
FP | O6HS 1517 28.500 29.2(0 2219 41.7( 42,700 2939 5520 56500 36710 68.900 /060
M Deldel 1455 2800 2400 2190 1340 42,1 29800 59 100 57 300 3646 72300 70U
Ml 06174 15,68 26450 30100 2458 42200 47.3( 3062 57600 58900 38 30 05.700 7370
UR DO (5.69_ 29500 30200 2345 41,100 45,100 31.17 58600 50900 SO0 S1.600 73,20,
1 O6EGH 1278 23000 24.600 2200 4130 42.% 3008 56.200 5780 3746 TO.0N 7200
WP | 06182 17.848 20000 34400 2570 1210 49,60 3223 52600 62.000 3803 63500 _T74.9¢
kw | onta2l 1006 26000 19300 14,53 37.600 27.000 1806 46.700 34.7¢ 22,320 3770 424940
..... Seplember (lober - _ MNovember December
Al (o136 45,600 46800 87.70f 4921 93.600 Y1.600 50.93 96.00 97.900 52.56{100.000 18 .1(
B Q0207 47.25) R4 800 QU 51T Q2 00 WASK 53.95 U6, 00010380 5569 HHLOO 107,104
CEM 06193 46600 87400 B9.600 5044 94 6 07 00 51000 97,30 00800 53,34[100.000 102.6(
FI' | 060050 4342 81.500 83500 4%.4% 91.04 93200 51.39] 96500 08800 53.260 1000 102,400
KR | Oadde 4297 85200 26000 46.51( 92.30) #9.1 48,330 95,900 92900 50.41] TOOON D6 )
MI 061740 46.45 J9.700 BO.300 53.268] GES0002.500 56,41 96 804 108.5 SR2O{ 100011208
(IR DG214 45.23) 85,100 87.00r 49,13 02 A0 945 50730 9540 97600 53.16( 100008 11220
TU | Doles 45460 @490 87400 S0.33 94008 968 52.5% 97 R0 100600 5353 [00.(0 102 90
W alea] 4776 7700 SR 3485 89400105500 38.TH 95900113000 61 32 [O0.00 117 %
Kw | oele? 28590 F3o0 5500 LTI BTN 66700 S6.593 9550 1L SRGH 0000 7 1.0
4 - 1 ()
x| I jnonthly without the Keys — .
> ' T maonthiy wath the Kueys ~¥ ) X
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B o6 [ eewe— commlative with the Feyvy = =
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Figure 5. Thiessen weighted average ol

" Sue cwnularive average monthly minfall
- afannual averaee rainfudl wl the same station * 100
L alS1W MD-wide Thicssen weighted annual average raiofall (52 inch) * 100,

monthly rainfall within Central and South Ilonda.
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FTREQUENCY ANALYSIES OF MONTHLY RAINFALL
Distribution Selection

A frequency analysis of monthty rainfall for Central and South Florida requires the sclection
of the best-fit probability distribution for cach month’s rainfall.  The sclection approach of a
probability distribution (madel) was to test the goodness of fit of the major and commonly applicd
statistical distibutions on a sample of ten slations, listed earlier, that are fairly distributed over the
study area (Central and South Florida), The paramcters of the hest-fit probability distribution arc
then identified at every station throughout SEWMT area. The candidate distributions were Normal,
Log Normal (2-parameter), Log Normal (3-paramcter), Gamma (Z-parameter), Ganuna (3-
parameter), Weibull and Log Pearson Type 111

For each month and for cach station, each of the probability distributions were fitted, and
hoth tabular and computed Chi-square (xz) were peneraled using Irequency analysis program by
Ahn (1990) (program developed to select paramcters for various probability distributions suiled
for trequency analysis, SFWMD, 1990), The commercially availuble statistical package
STATGRAPILCS version 6.0 was used o develop the Gumma distribution fitting,  Based on the
maost number of acceptances or the least number of rejections at the 5% significant level, Cramma
( 2-paraineter) distribution was found to best characterize monthly rainfail distribution in Central and
South Florida. The 2-parameter Gamma distribution (Haan, 1977) is expressed through the
(ollowing equation:

LI [ir
f(p) = Bple 1
F(ce)

where [(F) is the probability density [unction of P (ramfall wmouvnn), « is a shape parameler, [ isa
seale parameter, and 1'(a) is the gamma function of ¢ These parameters vary (rom month 1o
month. BEstinations of ¢ and B in STATGRAPHICS is hased on the method of Maximuim
Likelihood (Creenwood and Prrand, 1964).

o - 0.5000876 1 0.164AB852Y  0.05L4A274 v "
i,

X _
Vo= In(") 3
(3
where 3 s the arithmetic mean and G is the geomcetric mean for non-zero monthly raintadl
historical data for each month. Zero monthiy rainfall values were substituted with 0.01 inches.

po= ’
x

The scale (B) and shape (1) paramcters for cach sample station are shown in Table 3. The
Gamma (2-puramceter) distribution was the best it in 95% of the cascs (114 month-stations out ot
120). Gamma distribution fittings for each month for one sample station (Belle Clade) with 69
years of record, are shown in Figures 7a and 7h. Monthly statistics for each monthly, ;(,2 test of
fitness. o and [§ parameters for gamma distribution for this station are shown in Table 4,
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Frequency Analysis Application

I'he 2-parameter Gamma distribution was selected to fit all data sets (145 stations for each
month) used in this study. Tor cach data set, Equations 2, 3, and 4 were used (o 1dentify the two
paramelers o and . Given equation 1, the foltowing integral cquations are solved for the value “p”
for a given return period “n”:

1 ro . .

—= J‘I F(P)d . for dry return period 3
no 0

] “ . : :
- - J FUINdP | Tor wet return period &
nooer

Resulls

The final output of this analysis for cach site is a sct of "estimaled” monthly rainfatl tor five dry
return periods (100, 50, 20, 10, and 5 years), five wel return periods (100, 50, 20, 10, and 5 years),
and historical monthly average. Appendix D presents these results for cach month and site, These
data provide useful information about the wet and dry conditions at a given site for a given renirn
perind. For a given month, and a given return period, there 1s a set of 145 monthly rainfall
estimates available for a subsequent spatial analysis. This analysis provides point rainfall maps tor
various return periods, These maps are used (or rainfall tfrequency estimation at ungaged locations,
The construction of these maps is the focus ol the next section.



RAINFALL SPATIAL CHARACTERIZATION

The characterization of rainfall spatial variability is of great interest to water resources
planners, regulators, and decision makers. Such studies have direct applications in missing data
estimation, water budget analyses, extreme events forecasting, (e.g. flood), hydrometeorologic
network design, and many other hydrologic modeling studies,

In the preceding section, rainfall frequency analysis was performed over 143 stations within
Central and South Florida. For a given return period and a given month, historical rainfall data
(monthly sum) were used to provide a set of rainfall estimates over these stations for each month.
Each set of these estimates, for the purpose of this study, is considered as a realization of a
stochastic process. The goal in this section is to use this realization to spatially characterize the
process on a lattice using a traditional geostatistical too! (Kriging). To achieve this goal, the
analysis is divided into two stages: 1) variogram analysis and 2) mapping.

Variogram Analysis

Variogram analysis is an essential tool in the classic geostatistics. The purpose of this
analysis is to: 1) identify the spatial structure of a stochastic process by computing an
"experimental” variogram, and 2) fit the "best" variogram model for subsequent Kriging
mapping. Variogram analysis assumes a second order stationarity of the underlying stochastic
process (random function). That is, the first moment of this process (mean) is constant, and the
second moment (two-point covariance or variogram) is dependent on the relative locations,
rather than the locations, of the data points. While there is no advantage of using variogram over

‘covariance, the latter can not be defined if the underlying function has unbounded variance.
Furihermore, the covariunce is difficult to define if the domain, over which the random function
is defined, is not sufficiently larger than the correlation length (called "range” in the geostatistical
literature). The reader is rc.crred to (Journel and Huijbregts (1978) and Isaaks and Sirvastava
(1989)) for more dctails on variogram analysis.

Experimental Variogram

The cxperimental variogram is an inverse measure of the two-point covariance function for a
stationary stochastic process. For a given separation distance "h", it is defined as the half of the
expected value of the squared difference between a pair of measurements with separation
distance "h". Given a sct of observations from a stochastic process, a two-point cxperimental
variogram at scparation distance h is expressed as:

wh) = % Efethy?] = %E[(z(xl) - zxle)z] 7

Where:
X1, %7 are the pair locations.
h=x;-x,= Separation distance (lag).

The value of y(h) in Equation 7 represents the ensemble (population) value. In reality,
only onc realization of this ensemble is available through a few observations (measurements).
Assuming ergodicity, i.e., the properties of this realization are the same as the ensemble, an
estimate for y(h) can be computed by taking the cxpectation over this realization only. This is



accomplished by dividing the domain into N intervals. Each interval "j" is defincd by a
separation distance value "hy" and a tolerance 16hl. The expectation is laken over all pairs of
obscrvations with separation distance h fafling within b, - éh = || = h, + 8h. Given N
patirs of ohservations within this interval, cquation 7 ¢an be expressed as follows:

=Ni
2 (z(xl) - z{x‘?])”, b, oh =

i=1

b

b)) = - x| =k, 8 8

l 1
2N, !

Clentral and South Florida monthly rainfall is not lemporally {(seasonally) stalionary (i.e. ity
spatial structure may vary from month to another) and, hence, varograms must be compited for
cach month. Assuming isotropy (Van Lent, and Tracy 1994), Equation 8 was applied to
"estimated” rainfall average, and rainfall valucs for ten return periods (5, 10,20, 50, and 100
yeurs for both dry and wet conditions). 'The smuallest separation distance is 2,500 feet and the
(olerance was 2,500 feet. The relationship between the separation distance and the associated
number of pair-measurements is shown in Figure 8. It is noticed that there arc at loast 40 pairs ol
stations with separation distance ranging between 20 miles and 140 miles. Fewer PAirs Ure
observed outside this range. Fewer pairs indicate a less reliuble estimate for the variogram
particularly al lurger separation distances,
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Jiigure 8. Number of station pairs with separation distance (lag).

Figure 9 depicts the results of the experimental variograms for average maonthly rainfall
from Junuury through December. Itis clear that the wet months exhibit higher scil
varogram values for the same separation distance compared to that of the dry months
indicating a higher magnitude of spatial variability with higher rainfall. Thas is consistent
with the peneral characteristics of dry scason and wet season rainfall types {Rosenthal, 1994
Somwe varioprams exhibit weak stationarity und indefinite variance beyond 150-mile
separation distance. This could be due o lack of pairs at high ceparation distance values (sce
Figure 8) or that this distance niay be too large 1o sustain the same characteristics of the
hydrologic process (i.e., spatial trend). In general, variograms exhibit stationarity and a
pronounced spatial structure for all months, Variograms for cach month are presented in
Appendix B Tor 5 dry retuen periods and 5 wet return periods.
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Figure 9. Semi-variograms for monthly average rainfall data in Central and South Florida.
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Variogram Fitting.

While the experimental variogram is important for characterizing the spatial structure, it
can not be direetly used for Kriging mapping, becausc it may exhibit non-stationarity and
variance indefiniteness. To overcome this problemn, a "best” theoretical model is ited to the
cxperimental variogram manually or statistically. As discussed earlicr, many rainfall analysis
studies select exponential models for variogram fitting. In this study, cxponential variograms
appear 1o be appropriate for most months, Although some variograms exhibit some departure
Mrom the exponential models beyond a distance of 130 miles, the exponential model way selected
for all variograms in this study. A schematic plot of this uodel is presented in Figure 10, and the
theoretical forn s expressed in Eguation 9.

h
Figure 10, Schematic plot for the exponential variogram model.

il
yiy=d+w* l—e 1&):(‘)’—:‘5 0
r

Where:
& = Nugget (error due 1o Tack of measurements at a resolution smaller than the network density).
o = Sill (model variance), and
0 = One-third of runge (the practical range is the separation distance “h™ that corresponds 1o
95% ol the sill value and it 15 the distance beyond which data pairs are not correlated).

By cstimating the three parameters, the model in Eguation 9 is fitted (o the experimental
variogram. In this study, (he least squared crror erilerion was used to select these parameters of
the variogram {or average rainfall and the 10 return peniods for cach month. Monthly average
rainfall variogram models are presented in Figure 9, and the associuted parameters are presented
in Tuble 5. The model paramclers are presented in Appendix 1 for the 10 return pertods.

[
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Table 5. Exponential variogram parameters for 12 months.

Month Sill (inches®) Nugget (inches”) Nugget/§ill Range (miles)
Janwary 0.225 0.027 Q.12 39.77
February 0,177 0.035 0.20 99.43
March (.343 0.022 0.06 113.6
April 0.266 0.027 .10 59.66
May 0.794 0 0.00 96.59
June 1.375 0.134 0.10 2091
Tul 1.158 .15 0.11 105.1
August 0.842 0.171 0.20 79.35
Scptcmber 1.116 0.223 0.20 53.98
October 2.734 ¢] 0.00 88.07
November 0.665 0 0.00 56.82
December 0,172 0 0.00 53,98
Discussions

The variogram analysis indicates a specific spatial structure of rainfall average for the 12
months (Figure 9). The nugget effect is relatively small compared to the sill of most variograms.
It ranges from O to 20% of the s1l] value indicating a reasonable data network in resolving
rainfall spatial variability. All variograms exhibit some correlation length with strong
stationarity where the sill is relatively constant, or weak stationarity where the sill fluctuates or
approaches asymptotic value relatively slowly. The wet season exhibits weak stationarity
(except September) with large correlation length, while the dry season exhibits strong
stationarity with shorter correlation length (except March). For a given month, the spatial
structure is generally similar for all return periods except that the range tends to be high for dry
return periods, while the sill tends to be high for wet return periods (see appendix E). January
wet return period variograms exhibit a "Hole effect”, where the variogram decreases and then
increases with the increase of separation distance.

Kriging Estimator
As mentioned earlier, variogram computation 1s an essential step to perform spatial
interpolation using Kriging. The mathematical formulation of Kriging estimator is briefly

discussed here. Given a group of observations Z(x;) of a stochastic process, an estimatc of Z at
an unsampled location, Xg, 15 expressed as:

x,) = 3, 0, * ZUx,) 10
i=1

To obtain an unbiased estimate for Z({xq), the sum of the weight w is constrained to 1, then:

imm =1 1
i=1

Where "n" is the number of observations, and (ay, i=1, ...., n) are prescribed weights,

Given the estimation bias, Elﬁ(xa) — &, )], and the estimation variance, E[ﬁ(xo) - Z[x, }]2,
the weight function @ can be defined according to one of the following two criteria:
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i) Setting the estimation bias to zero, and minimizing the estlmation varnance,
2) Optimizing the trade-off between the estimation bias and cstimation variance.

Kriging method uses the first eriterion Lo sclect the set of weights w;.(i=1, ..n). This
crilerion is wrltten in equation form as:
E [¢] =0, 17
I: [&‘2] = MITIINLIT, 13
where
€= % (x0) - Z(xo).

By substiluting the value of % {xo} trom Equation 10, Equation 13 is minimized
(differentiated with respect to weights) to provide the - lowing Kriging system of cquations:

Yoo,y -o) =y Wi =1 n, 1
je= !

Where y(h,) is the variogram as a function of the separation dislance between location 1 and
' - . - -
location §, und o~ is the vanance of 7.

Eeguations 13 and 14 are combined o provide an estmate for the nunimum estimation
VETTHILS %)

g =0 - 2 w., * (ﬂ((hi.i} - o) 15

By considering the constraint in equation L1, Equations 12 and 13 are re-written as follows:

X w,, * ’y{h::j) = yih,). 1 =1 ... 16
il
6 > o, " Yh) 1/

Spatial Mapping

Using Equation 10 and the variogram models fitted in the previous scotion, Kriging wis
applicd 1o the data described carlier. "Phe sets of data used are: 1) estinated average rainfall over
115 stations lor all 12 months, 2) estimated rainfall for the en return periods over the 145
siations Tor the month of January, and 3) estimated rainfall for he ten rern penods over the 145
stations (or the month of July. Lquation 17 is used to evaluate the estiination error variance for
the first datu set. Kriging Moduale in ARC/VIEW package wus used to carry out this task.
Presentation ol these applications proceeds,

Results

Figures | to 111 show the spatially interpolated average vainflall using, Kriging., Dry season
months (November, December, January, February, March, and April) show rainlall values below
4.0 inches, while the wet scason months show average monthly rajnfall values above 4.0 inches.
October shows rainfall values below 4 inches in the western part of SFWMD area and values
above 4.0 inches in the castern part of SFWMD arca. Average rainfall is higher along the casl



coast in the dry season months and higher along the west coast in the wet season months. The
spatial range of average rainfall is 1.0 inch or less in the dry season, and 2.0 inches or less in the
wel season. This range 1s exceptionally high during October (5.0 inches), December is the driest
maonth, while June is the wettest month of the year. More details about the average rainfall for
each month follows.

January average rainfall is less than 2.25 inches over most of South and Central Florida. It is
higher than 2.5 inches at some areas in Martin and Palm Beach counties. Except for these areas,
there is a 0.25-0.50 inch increase in February average rainfall resulting in more spatial
homogeneity in this month. March average rainfall is significantly higher than the preceding two
months. Tt spatially vares from 2.0 inch (Southern area) to 3.5 inches (Northern area). April
average rainfall is lJower than March’s but still higher than February’s and January’s. April
average rainfall exhibits spatial homogeneity with a range of 1.0 inch throughout the entire
region. May reflects the beginning of the wet season with a significant change of the average
rainfall spatial pattern. Also, there is a minimum of 2-inch increase in average rainfall compared
to the preceding month. Maximum average rainfall location changes from the east coast to the
south-gastern area (6 inches). It decreases northward to 4.0 inches in the northern area. Another
significant change in average rainfall pattern is observed in June (the wettest month of the year).
A maximum rainfall of 10 inches is observed in the western area. It decreases bOUthEdbthrd and
northeastward with a spatial range of 2.5 inches.

Average rainfall in July, Aogust, and September exhibits similar characteristics to those of
June with a 1.0 to 2.0 inch drop occurring mostly in the western region with spatial range of 2.0
inches. Note, also, that the average rainfall in September along the west coast is no longer higher
than along the east coast. In October, rainfall is significantly higher along the east coast than
along the west coast, reflecting a significant break in rainfall, and indicating the beginning ot the
dry season. In this month, average rainfall exhibits a steep inland gradient (3-inch drop / 25
miies). Rainfall is 7.0 to 8.0 inches along the east coast (wet conditions), and below 4.0 inchies
along the west coast (dry conditions). October represents the month with highest spatial average
rainfall variation between the two coasts, and it represents a transition between the wet and the
dry seasons. The dryness observed along the west coast in October 18 extended to cover the east
coast in November. Average rainfall ranges between 2.0 and 4.0 inches during this month with
high values observed along the east coast. December average rainfall exhibits 0.5-inch drop from
November values throughout the entire region.

The corresponding estimation variance maps are depicted in Figures 12a to 121. The
estimation variance values arc generally higher in the wet scason moaths than those in the dry
season months. High values of estimation vartances are observed in two areas for any given
maps: the southwestern zone where data are sparse and the boundary zonces due to the boundary
effect.

Figures 13a to 131 depict January rainfall for the dry return periods 100, 50, 20, 10, 5 yeurs,
and the wel return periods 3, 10, 20, 50, 100 years. Rainfall estimates for all dry return periods
range between 0 and 0.9 inch with values in the western part lower than the eastern part of
Central and South Florida. Rainfall estimates at a site for dry return periods are so low (close to
zero) that they are difficult to differentiate. In rainfall frequency analysis, zero rainfall was given
an artificial value of 0.01 inch for computational convenience. Therefore, an estimation bias is
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expected at such Jow rainfall estimates, Given a relatively high estimation error variance {notice
the high nugget effect in the corresponding variograms in Appendix E), such low rainfall values
may not be reliable estimates. The estimates for the wet retum peniods have sirmilar spatial
patterns and they range hetween 3.5-5.0, 4.5-6.5, 7.0-9.0, 8.0-10.0, 9.0-12.0 inches for the 5, 10,
20, 50, and 100 year return periods respectively. Rainfall in this group is higher in the eastern
area Lhan in the western ares. Such @ pattern is reversed in the July rainfall estimates (Ligures
144 1o 141). For the dry and wet return periods, July rainfall estimates are higher 1o the western
arca than in the castern area of SFWMD. These values range between 2.50 1.25, 3.00 1.50,
3.50-2.00, 4.25-2.50. 5.50-3.50 inches for the 100, 50, 20, 10, and 5 dry return period
respectively, For the §, 10, 20, 50, and 100 year wet retugn peniod, they range between 11.00-
£.50, 13.00 10,00, 15.00-13.00,17.00 15,00, 18.00-16.00 respectively.



CONCLUSION

Comprehensive frequency analysis and spatial characterization for rainfall in Central and
South Florida have been presented. The objective of this study was to estimate average monthly
rainfall and monthly rainfall with different frequencies for dry and wet conditions at gaged and
ungaged locations. The frequencies of interest were 5, 10, 20, 50, and 100 years. A prescribed
procedure for selecting the "best” representative data, temporally and spatially, was adopted,
Continuous uninterrupted time series of monthly rainfall were selected at 145 sites with records
of 25 years or more. Frequency analysis was performed at 10 representative sites to identify the
best-fit model for rainfall frequency over Central and South Florida. The model’s parameters
were then estimated at the 145 sites over the study area and, subseguently, rainfall estimates for
various return periods were computed. These estimates were used for subsequent geostatistical
analysis. In this analysis, experimental variograms were constructed and exponential varjogram
models were fitted for each month and each return period. Using the variogram models and
estimatcd rainfall data, maps were constructed using Ordinary Kriging for monthly rainfall
averages, January rainfall estimates for various return periods, and July estimates for various
return periods. Maps for the estimation error variance for average rainfall were also generated.

Tables and figures provided detailed information on the temporal and spatial characterization
of monthly rainfall over Central and South Florida. Appendix A provides concise information
about the stations used for this study with gage 1D # and database key (dbkey) as unique
identifiers. Appendix B provides a visual description for monthly average rainfall data using
Thiessen polygon representation. Even though this representation does not recognize the spatial
structure of the rainfall process, it is a useful visualization tool for rainfall data over Central and
South Florida. Appzndix C provides, for each site, cumulative average rainfall from the first day
- of the year up to the end of each month. The corresponding cumulative percentages of the site
annual rainfall, and the global annual rainfall are also presented. Appendix D represents the
frequency analysis results : thel45 stations. For each station, it provides the Cartesian
coordinates, and rainfall estimates for the average and for 5, 10, 20, 50, and 100 ycar return
periods of the wet and dry conditions. Appendix E depicts the experimental and theoretical
variograms computed for the 10 return periods for cach month. The parameters of the theoretical
variograms are presented in Appendix F.

Global weighted monthly average rainfall is higher than 4.0 inches for wet conditions and
below 3.0 inches for dry conditions. Nearly two-thirds of the annual rainfall is accumulated in
the wet season. The point frequency analysis conducted at 10 representative stations has shown
that the 2-parameter Gamma probability density function is the best model for monthly rainfall
frequency over Central and South Florida. Rainfall frequency estimates near zero may be biased
due to forcing zero rainfall values to 0.01 inch. Experimental and theorctical variograms
computed for the rainfall estimates show spatial coherence with a strong or weak stationarity.
Wet scason variograms exhibited higher nugget effects than dry season ones. This indicates that
the existing rain gage network is less capable of resolving rainfall variation in the wet season
than the dry season. Rainfall maps show a changing pattern between the wet and the dry
scasons. Average rainfall is higher along the east coast area in the dry season and it is higher
along the west coast area in the wet season. This reflects the changing nature of the rainfall
storm type between seasons, Qctober rainfall exhibits a unique pattern reflecting the transition
from the wet season to the dry season. May exhibits a significant increase of raintall compared

27



1o the preceding four months. Spatial maps for various return periods at 4 given month have
similar patterns with some oftsets.

Point rainfall frequency analysis conducted in this report was useful in providing rainfall data
estimales that were used for monthly rainfall spatial mapping over Central and South Florida for
various return periods. These maps can be used to infer raintall estimates at ungaged locations
for a given return period or to infer the return period corresponding Lo a given rainfall
measurement or estimate, These maps, however, can not he used to assess rainfall volume over a
jven area, parlicularly for high return period events, since a simultaneous occurrence ol rainfall
with the same frequency at all gages within such an area is not guaranteced. Regional frequency
analysis can only provide an average estimate for this volume provided that cnough data are
availuble within that area. Therefore, rainfall volume may not be casily estimated over an arca
without, or with not enough, data. Idcally, a frequeney analysis thal considers the joint
probability density function of all gaged locations is to be implemented.

Rainlail statistics used in this study represent the average behavior of the process and may
not characterize rainfall spikes (extreme events). Also, spatial interpolation methods usually
introduce some smoothing o the estimation process and, henee, are not capable of capturing,
exlreme events at unsampled locations, Lixtreme cvents can be captured, with some degree of
confidence, using a stochastic madel. In a stochastic model, rainfall data can be generated
“randomly” such that the spatial and temporal structure of the rainfall process is hanored. The
generation of different realizations with the sume structure provides several ramtall estimates at
any location for o given return period. The highest and lowest vadues can then be identified.

In addition to measurement crrors, rainfall estimates of this study are subject to such other
error Lypes as errors due 1o Mrequency analysis estimation, errors duc to mapping (o a regular
grid, and crrors due 1o isopluvial generation. While the estimation crror due to MAPPLIIZ 100
regular grid was quantified. the other cstimation errors w.e yet to be quantified.
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Figure 11d. Apnil average rainfall (inches) within Central and South Florida.
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Figure tlg. July average rainfal) (inches) within Central and South Flonda,
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Figure 1Th. August average rainfall (inches) within Central and South Florida,
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Figure 11i. September average eainfall (inches) within Central und South Flonda.
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Figure 11j. October average rainfall (inches) within Central and South Florida.
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Figure 11k. November average rainfall (inches) within Central and South Florida.
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Figure 111. December average rainfall (inches) within Central and South Florida.
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Figure 12b. Estimation variance (inch?) for February average rainfall
within Central and South Florida.
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Figure 12¢. Estimation variance (inch”) for March average rainfall
within Central and South Flonda,
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Figure 12d. Estimation variance (inchz) for April average rainfall within
Central and South Florida.
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Figure 12¢. Estimation variance (inch’) for May average rainfall within
Central and South Flonda.
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Figure 12f. Estimation variance (inchz) for June average rainfall within
Central and South Florida.
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Figure 12h. Estimation variance (inchz) for August average rainfall
within Central and South Florida.
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Figure 121, Listimation variance {inch®) for September average rainfall
within Central and South Flonda.




Figure 12j. Estimation variance .(inch?) for October average rainfail
within Central and South Florida.
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Figure 12k, Estimation vanance (inch”) for November average rainfall
within Central and South Flonda.
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Figure 121. Estimation variance (inc:hz) for December average rainfall
within Central and South Florida.
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Figure 130 January rainfall (inches) for 100 year dry return period within

Clentral and South Flonda,
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Figure 13b. January rainfall (inches) for 50 year dry return period within
Central and South Florida.
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Figure 13¢. Janoary rainfall (inches) for 20 year dry return penod within

Central and South Flonda
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Figure 13d. January rainfall (inches) for 10 year dry return period
within Central and South Florida.
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Fieure 13¢. January rainfull (inches) for 5 year dry return period within
Central and South Florida.
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Figure 13f. January rainfall (inches) for 5 year wet return period within
Central and South Florida.
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Figure 13g. January rainfall (inches) for 10 year wet return period withm
Central and South Florda,
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Figure 13h. January rainfall (inches) for 20 year wet return period within
Central and South Florida.
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Figure 131, January rinlull (inches) for 50 year wet return period within
Central and South Florida.
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Figure 13j. January rainfall (inches) for 100 year wet return period within
Central and South Florida.
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Figurc Idu. July rainfull (inches) for 100 year dry return period within
Central and South Flonda.
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Figure 14b. July rainfall (inches) for 50 year dry return period within
Central and South Flonda.
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Figure t4e. July rainfall (inches) for 20 year dry return period within

Central and South Flonmda,
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Figure 14d. July rainfall (inches) for 10 year dry retumn period within
Central and South Flonda.
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Figure 14f. July rainfall (inches) for 5 year wet return period within
Central and South Florida.
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Figure 14g. July raintull (inches) for 10 yeur wet return period
within Central and South Florida,
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Figure 14h. July rainfall (inches) for 20 vear wet return period within
Central and South Florida.
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Figure 14j. July rainfall (inches) for 100 year wet return period within
Central and South Florida.
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Selected ruinfall stations for the study
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APPENDIX B

Theissen polygon representation of monthly average rainfall over 145 stations
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Figure bi. Thel

en polygon representation of January average rainfadl over 145 slations.,
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Figure b2. Theissen polygon representation of February average rainfall over 143 stations
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Fisure b3. Theissen polygon representation of Marcliaverage rainfall over 145 stations
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Figure b4. Theissen polygon representation of April average rainfall over 1435 stations
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Figure b3, Theissen polygon representation of May average rainfall over [45 stations
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Figure b6, Theissen polygon representation of June average rainfall over 145 stations.
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Figure b7, Theissen polygon representation of July averapge rantall over [45 stations.
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Figure b8. Theissen polygon representation of August average rainfall over 145 stations.
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Figure hy. Theissen polygon representation of September average rainfalt over 145 stations
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Figure bl10. Theissen polygon representation of Qctober average rainfall over 145 stations
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Figure bl 1. Theissen polygon representation of November average ramfall over 145 stations
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Figure B12. Theissen polygon representation of December average rainfall over 145 stations
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Appendix C

Cumulative monthly raintall
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Momthly variograms for various return periods
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Figure E1. Semi-variograms for January rainfall data within South Florida for several return periads,
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Figure E3. Semi-variograms for March rainfall data within South Florida for several return periods.
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Figure B9, Semi-variograms for September rainfall data within South Florida for scveral return periods.
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APPENDIX F

Model parameters of variogram presented in Appendix E
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‘Tuble 1. January variogram piramelers {or len retarn periods.

Month Variwnce  |Nugpet |[Range/3  [Range
1(H)-year DRP novz|  20-04] 0 2367 7102
S0-year DRP | 0004| 8L-04] 2557 767
Moyear DRE | 00090 0002 2557 767
LO-year DRP 0.026]  0.007 2367 7102
S-year DRD Go0ss[ oG 2078 65|
Syewr WRP | 0520 0065 1231 3693
10 yeur WRP 0918 oass] 1231 36.93)
20 yeur WRE Lo7l| 0243 12.31)  36.93
[50.yeur WRI? 244G] 0895 112 Azl
O00-year WRP sA e 14.2] anal

Tauble 20 Febowary vanogram parainelers [or len relurn perio ..

Munth Yarance  |Nugp o [Runge/3d jHange

100-year DRP o006 ol ana] uuas
S0-year DRP DOTH[ o0t 3r2s] wivs
20-yeur DRI pozl 0003 aras] 9375
1O year DRI o] 07 322 96.59]
[S-year DRP 0069 D016 3501 105
S.year WRP U377 0085 03] 900
L0-vear WREP 06s3]  oae| 26052 7955
20-yenr WRE | L167]  (.31% 2178 651
SO0-year WRP | 1L718] 0472 15.94]  50.82

[00-year WRP | 2415 0.662]  17.05] 5114

Table F3. Murch varrogram parameters for len return periods,

Month WVariance  {MNugget le,t_'-_'eh “ Range

[{Kbyear DR MO0 1E04 03[ 9091
S0-year DRP oote] a4 w03 0001
Hoyear DRE | 0031 9-04] 3125 033
[D-yenr DRI o7 o003 3304l wua
S-yeir DRI 00297 04HR 35.04] 1030
Foyvir WRIT 073 s asos| 10w
H0-yeur WRE 25 ooas] ases) Tow
20 year WRP 2155 4s16 122 9659
S(hyear WRP Tl 0807 S04 oo
1 (-year WRP A3R8 1778 822 659

Tahle I Apni! variogrinm parameters (on e rerurn periods,

Muanth Vartance  |Nuogget  [Runge/3 R:m;}_c_

T(6year DRI ooot] o 3125 9175
S-year DRP 003 TR-O04 28410 8a 23
Myear DRI 000 604 2557 07
0 yeur DRP_ | Q025 0004] 2273 6818
Soyear DRD? 00as| 01 2083 624
S-year WRP 06491 0068 19.89]  59.00
10-year WRP ragyl 0438 1989 5960
20 yewr WRIT | 2631 0577 2273 6.8
50 year WRP 2086 0.901 TR 0818
[100-year WRP 59740 133 s ok
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Table F3. May variogram parameters for ten return periods.

Table Fé. June variogram parameters for

Month Variance |[Nupget |Range/3  |Range
100-year DRP 0.061]  0.03 8.523] 2557
30-vear DRP 0.091 0.045 11.36] 34.09
20-year DRP +0.133]  0.065pw13.26)  39.77
10-year DRP 0216 0.098 19.89] 59.66
3-year DRP 0316 0082 2367 71.02
5-ycur WRP 1.737 ] 32.2]  96.59
10-year WRP 3.0714 0 303 9091
20-year WRP 5.654] 0459 29.36| 88.07
50-year WRP B.288] 0.764 2746 82.39
100-year WRP 11,56 2338 28411 8523
ten return periods.
Month Varnance |Nugget |Range/3 |Range
100-year DRP 0436 0.264 28411 8523
30-year DRP 0.547] 0.323 3031 5091
20-year DRP 0.677] (0385 31.25) 9375
10-year DRP 0.582] 0314 27.46] 82.39
5-year DRP 1.067] 0.352 30.3f 9051
5-yeur WRP 2.306 0.29 31,25 93.75
10-year WRP 3418 0.448 29.36] 88.07
20-year WRP 3.633] 0.633 23.67] 7102
50-year WRP 7.9941  0.935 18.94] 56.82
100-year WRP 10.94 1.386 15.15] 4545
Tabhle F7. July variogram parameters for ten return periods.
Month Variance [Nugget |Range/3 |Range
100-year DRP 05371 0.121 303 9091
50-year DRP 0.63 0.139 322 96.59
2()-year DRP 0.738{ 0.153 33,14 9943
10-year DRP 0908 0.171 409 1023
5-year DRP 1.069) 0.175 35.04] 1035
3-year WRP 1.999( (.229 33.14] 9943
10-year WRP 2582 0374 29.36] 88.07
20-year WRP 3.6] 0.711 23.67 71.02
50-year WRP 4.608 1.083 18.94] 5682
100-year WRP 5.814 1.561 15.15| 4545
Table F&, August variorgram parameters for ten return periods.

Maonth Variance [Nugpet |Range/3 |Range
00-year DRP 0404 0018 14.2]  42.6]
50-year DRP 0457 0.021 15.15} 45.45
20-year DRP 0514  0.026 16.1 483
|0-year DRP 0598 (0.038 18.94] 5682
3-year DRP (L6731 0059 20.83 62.5
3-year WRP 1.293]  0.342 25.57 76.7
1{)-year WRP 1.771 0.523 22.73]  68.18
20-year WRP 2.628 0.8 18.94| 5682
450-year WRP 3.452 1.036 1705, 51.14
100-year WRP 4.437 1.303 15.15]  45.43
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Tahle FY. September varingram paraneters [or ten return perivds.

Month Variance  [Nuggel ]R,:mgc;'f& Range
1040, year DRP 0276 003 13.26] 38.77|
50-year DRE 0332] o036l 14 4260
20 year DRP 04 oo47|  150s[ 4545
10 year DRP 0515 0.073 le1| 483
S-yeur DRP 0.642]  0.112 17.99] 5308
S-year WRT" 2018]  0.45] TSITE
10-year WRE | 3056 1044 161 483
Dlycar WRP | 4865 1633 13200 3977
Shoyewr WRU | 6585 2045 1231 3693
T00-yeur WRF | 8.617] 2708 1042 3125

Table F1O. October varnogram parameters for e return periods.

Muonih Variunce  [Nuppet  |Runge/3 MRange .
(K} year DRP 002 00al] 3303 9943
50) year DRP 0.207]  0.059 322 9659
20-year DRI 0331 0083 322] 9659
10-year DRI G627 013 31250 9375
S_year DRP (054 0 R4 8523
S-year WRP 5133 0] 2936) 8807
[0-yoar WRT a0 2841 8523
20-vear WRP 11.35 I R
S0-ycar WRP 14.64 0 2746 8239
100-year WRP 18.38] 0 2652] 7955

Lable B Novenber variogram parameters Jor ten return periods,

Muonth Loarnance  [Mugget ER«’.I[&,,\_f!’.)? R:"mgc
1-year DRF 04K 0001 1708 S14]
S(-year DRI 001 D002 17990 5304
Wyenr DRP | 0023 0002] _1799]  53.08]
0 yew DR | 0089 ol T 1saa] se.s?]
S yeur DRE 0153 0 Tese] s906
[Soyear WRE 409 ol 1ro4| soe
T0iyear WRE T4 0 vr0sl s
2-year WRD INIE I TR
SU-yem WRE 5722 0 15.15] 4543
100-year WRP | 7.647 0l 19.2] %ol

Table FI2. December variogrium paranetens for ten return periods,

Muonth Varianee  [Nugpet Runge/3 Réi]ﬁu ‘

LO0 vear DRP 0.00]1 0 2367 7102
S0-year DRP 0.003] 21 04 T3 6818
20-year DRP 0.007]  6E-04 1sa] 59.06
10-year DRP | 0421] 8604 1705 5114
S year DRI 0045 002 61| 483
5 year WRE 0401 0 Vo9 5308
[0 yeir WRP 0742 T 1709 53.9%
20 yeur WRE | 1433 0 1705 5114
[S0-vear WRP 122 0 705 5114
100-year WRD 423 al lo.d] 483
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