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EXECUTIVE SUMMMARY

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

Comprehensive frequency analysis and spatial chraacterization tor rainfall in Ceniral and
South Florida have been presented. In this study, average monthly raimlafl und monthly rainfall
with different frequencies for dry and wet conditions were estimaled at gaged and ungaged
locations. The frequencies of interest were 3, 10, 20, 50, and 100 years. A prescribed procedure
for sclecting the "hest” representative data, wemporally and spatially, was adopted. Continuous
uninterrupted time series of monthly rainfall were selected at 115 sites with records of 25 years
ornore. Frequeney analysis was performed at 10 representative sies Lo dentify the best-111
maodel for rainfull frequency over Central and South Flonda, The model’s parameters were then
estimated al the 145 sites over the study area and, subsequently, rainfall estimates [or various
return periods were computed. These estimates were used [or subscguent geostatisheul analysis.
In this analysis, experimental variograms (a measure of data pair spatial similarity) were
constructed and exponential variogram models were fitted for cach month and each return
period. Using the variogram maocdels and estimated rainfall data, maps were constructed using
Ordinary Kriging (a basic geostatisticat tool) for monthly rainfall averages, January rainfail
estimates for various return periods, and July estimates for various returm periods. Maps for he
estiination crror variance for average rainfall were also generated.

Estimated Thiessen weighted average annual rainlall over Central and South Florida was
about 2.0 mnches, May is the dry-to-wet transition month with ahout 4.5 inches of monthly
average rainlull, white October is the wet-to-dry transiion month with abimost the same amount
of monthly average rainfall. Monthly average rainfal] during June through September is above
7.0 inches with the highestrainfull in June sbove 8.0 inches. The dry scason months are
Noventber through April with average monthly raintalt below 3.0 nches, December 1s the driest
month in the vear with monthly average rainfall below 2.0 inches. Nearly two thirds of the
annual rainlall 15 accumulated in the wet season. Annual average rainfall 15 maximum, above
GO0 inches, In many arcas wlong the cast coast and 15 minimam, below 150 nches. i many
arcas over Lake Okecchobee and Central Florida,

The point frequency analysis conducted at 10 representative stations has shown that the 2
parameter CGamma probability density function is the best model for monthly vainfall {requency
over Central and South Florida. Experimental and theoretical variograms computed for the
cainfautl estimates show that the existing rain gage network is less capable ol resolving rainfal
variation in the wel scason than the dry scason. Rainfall maps show a changing pattern between
the wet and the dry scasons. Average rainfall is bigher along the cast 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. 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
unique pattern throughout the entire area reflecting the transition from the wet season to 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.

iii



TABLE OFF CONTENTS

ACKNOWLLEDGEMENT S e i !
EXECUTIVE SUMMMATRY e e s a e e i
TABLL OF CONT N TS . o o e e e v
LIS OF TABLES . o o et e e Vi
LIS OF FIGURES . o oo e e e e vil
IN T RODUCTTION | e e e I
BACKGROUIND e e 2
RAINFALL IDATA SELECTION ottt a2 D
Gage NEtWOTK oL Lo 5

Gage SClCClion Lo e )

DAt LEXEEACIOT & o ottt e et v e e e e 6
Thicssert POIYEONS ..o e 8

D T R S T Fet v TP P 8
FREQUENCY ANALYSIS OF MONTIDLY RAINFARL. oo 14
Distribution Selcclion . ... . e 14
Frequency Analysis Application ... oo oo 18
RestllS o o e e e I8
RAINFALL SPATIAL CHARACTERIZATION .o e 19
Variogram AnalySis .. ... o e Y
Experimental Variogram _ .. .0 . o 19

Variogram UIRE . 22

FHRCUSSTON o o e o e e e e 23



Spatial Mapping ... ... . e e 24
ResuUlts ..o e 24
CONCLUSION S Lt i e e ittt s s 27
REFERENCES ... i i e e e 29
APPENDIX A: Selected Rainfall Stations forthe Study . ... ... .o o oot 76
APPENDIX B: Thiessen Polygon Representation of Monthly Average
Rainfall Over 145 Stations . ... ... i i 83
APPENDIX C: Cumulative Monthly Rainfall. .. ...............coooio oot 96
APPENDIX D: Frequency Tables. . ... ... .. i e i 107
APPENDIX E: Monthly Variograms for Various Return Pertods . ... ... ... ... 168
APPENDIX F: Model Parameters of Variogram Presented in AppendixE ... ...... ..... 181



LIST OF TABLES
Tuble [. Lumped statistics for raw monthly rainfall data atadl sites ... oo oves 10

Table 2. Cumulative average monthly rainfall and associaled percentages
At TON SCIECIEW SLALIOTS © o ot et et e 12

‘Table 3. Shape (), scale (f) and parameters lor cach month [or the ten sample stations ... 15

Table 4. Monthly rainfall statistics, ;{2 test ol fitness and o and [5

(paramelers for Belle Glade Stalion) ..o oo U
Table 5. Exponential variogram parameters for 12 months oo 23

Vi



LIST OF FIGURES

Figure 1. General layout for the study area within Central and South Florida
and rainfall gage locations ... ... . . . e e e 7

Figure 2. Number of stations versus number of years of rainfall records. ... ............... 8

Figure 3. Thiessen polygons for rainfall gages within Central and South Florida area including
the Florda KCys . . ..o e 9

Figure 4. Histogram plots for raw monthly rainfall data used in this study . .. ................ 11

Figure 5. Thiessen weighted average of monthly rainfall within Central
and South Florida .. ... i i e 12

Figure 6. Thiessen polygon representation for annual average
rainfall over 145 STAtONS ..ttt uut it et et 13

Figure 7a. Gamma distribution fittings for January through June at one sample

station (Belle Glade) . ... .. . e e e e 16
Figure 7b. Gamma distribution fittings for July through December at one sample

station (Belle Glade) . ... .. o e e 17
Figurs 8. Nurnber of station pairs with separation distance (lag). . ........... .. .......... 20

Figure 9. Semi-variograms for monthly average rainfull data in Central and

South Florida . .. e 21
Figure 10. Schematic plot for the exponential variogrammodel .................... .. .. 22
Figure fla. January average rainfall (inches) within Central and South Florida ... .........32
Figure 11b. February average rainfall {inches) within Central and South Florida .. ......... 33
Figure 1¢. March average rainfall (inches) within Central and South Florida .. ...........34
Figure 11d. April average rainfail (inches) within Central and South Florida, ............. 35
Figure lle. May average rainfall (inches) within Central and South Florida . ............. 36
Figure 11f. June average rainfall (inches) within Central and South Florida .. .. ........... 37
Figure 11g. July average rainfall (inches) within Central and South Florida. . ............. 38
Figure 11h. August average rainfall (inches) within Central and South Florida .. .., ... . ... 39

vil



Figure 11i. September average rainfall (inches) within Central and South Florida . ....o0 - 40

Figure 11j. Octoher average rainfal! (inches) within Central and South Flonda ... 43
Figure 1k, November average rainfall {inches) within Central and South Flomda .. ... ... 47
Figure 11, December average rainfall {inches) within Ceatral and South Flordu .. ........ 43

Figure 12a. Estimation variance (inch”) for January average rainfall withm

Central and South FIotidi - o e e e e a4
Fivure 12b. Listimation vanance (inch?) for February average ramtall withim
£ . g
Central and South Florida - . . .. o e e e 45
. - . . . - ‘1 - . N . . .
Figure [2¢. Lstimation vanance (inch”) for March average rainful]l within
Central and South Florid . . . o e e e s 46
Figure 12d. Estimation varance (inch”) for April average rainfall within
Central and South Floridit. . ..o o i e 47
. . ' . . . R . - . '
Figure 12e. Estimation variance (inch) for May average raantall within
Central and Soulh Florida ... ... . i e e 48
- . . . , T g . .
Fipure 12f. Bstimation variance (inch”) for June average rainfall within
Contral and South FIOTA « o . .0 o e e e e 44
Figure 12¢. Estimation vaciance {inch”) for July average rainfull within
Central and Souwth Flomida - oo v e e e e 50
. \ . . - . T, - . . . .
Fieure 12h. Estimation variance {inch™) for August average raintail within
£ . 2 H )
Contral and South FIOTAE « oo v v e o e 0
Fieure 12i. Hstimation variance {inch’) for September average rainfall within
Coentral and South FIORd ..o v e e e DD
Figure 12j. Estimation vanance (inch”) for October average rainfall withm
Central and South FIoridil o 0o o e e 33
Fieure 12k, Estimation variance (inch”} for November average rainfall within
i ‘
Contral and South FIomda . . .. oo e e e e a4
Figure 121 Lstimation variance (inch®) for December average rainfall within
Central and South Florida © o . e e 35

il



Figure 13a. January rainfall (inches) for 100 year dry return period within
Central and South Florida . . . ... .. . i i i it e 56

Figure 13b. January rainfall (inches) for 50 year dry return period within
Centraland South Florida ... ... o 57

Figure 13c. January rainfall (inches) for 20 year dry return period within
Central and South Florida . ... ... ... . e e 58

Figure 13d. January rainfall (inches) for 10 year dry return period within
Central and South Florida . .. ..o o 59

Figure 13e. January rainfall (inches) for 5 year dry return period within
Centraland South Florida .. ... ... i e i 60

Figure 13f. January rainfall (inches) for 5 year wet return period within
Central and South Florida ... ... oo e 61

Figure 13g. January rainfall (inches) for 10 year wet return period within
Central and South Florida . ..... ... . i e i S 62

Figure 13h. January rainfall (inches) for 20 year wet return period within
Central and South Florida . . ... . ... . it e e e 63

Figure 13i. January rainfall (inches) for 50 year wet return period within
Central and South Florida ... .. ... oo e 64

Figure 13j. January rainfall (inches) for 100 year wet return period within
Central and South Florida. . ... . ... .. .. i e e e 65

Figure 14a. July rainfall (inches) for 100 year dry return period within
Central and South Florida .. ... ... .. e 66

Figure 14b. July rainfall (inches) for 50 year dry return period within
Central and South Florida . .. .. ... ... oo i e 67

Figure 14¢, July rainfall (inches) for 20 year dry return period within
Cemtral and South Florida . . ... ... oo e i e e 68

Figure 14d. July rainfall (inches) for 10 year dry return period within
Centraland South Florida . .. ... ... ... o e 69

Figure 14e, July rainfall (inches) for 5 year dry return period within
Central and South Florida . . .. ... .. i i e 70

Figure 14f. July rainfall (inches) for 5 year wet return period within
Centraland South Florida . . ... ... .. . i e e e s 71



igure 14g. Tuly rainfall {inches) for 10 year wet return period within
Central and South Flotida .. .o o e 72

Figurc 14h, July rainfall (inches) for 20 year wet return period within
Central and South Flonda .. .. ..o o o e 73

Figure 14i. July rainfal] (inches) for 50 year wet return period within
Central and South Flomda ... oo e 74

Figure 14j. July rainfall (inches) for 100 year wet return period within
Conteal and South Flordi .. ..o e 75



INTRODUCTION

The cumuiative rainfall depth over a given period of titne (e.g., storm event duration)
occurring with a given frequency (storm event return period) is an essential variable for watcr
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 lime
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 (c.g., rainfall
volume over the entire basin for a given duration and frequency). However, point frequency
analysis 15 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 10 Central and South Florida
have been used as references for many hydrologic applications (e.g., MacVicar, 1981; Sculley,
1986 and Trimble, 1990). Periodic updating of these studies is very important when additional
data andfor 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 15 used to estimate monthly rainfall depth for various frequencies (return periods). For e.ich
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, (STWMID), arca covers South Florida and
part of Central Florida (henceforth called Central and South Floridu). The arca, in gencral, has a
low reliel topography and semi-tropical climate. It is surrounded by the Gull of Mexico on he
west and by the Atlantic Occan on the east. It is a high water table arca with patches of lakes and
extensive wetland systems. The heaviest rains in Central and South Flonda are produced by
canveclive systems with cooler (dry) season having an extratropical nature and the warm (wel)
season having a tropicat origin {Rosenthal, 1994). The region hus high rainlall with 52 ipches of
areal average annual rainfall and relutively low annual variation with i standard deviation of 12
inches.

Rainfall represents the most important component of the water budget in Central and
South Florida. Maps of rainfail volume for several durations and return periods are needed to aid
in the desion and operation of water management struciures, flood conlrol, consumptive use
estimation, water supply plunning, and total waler resources management. The construction of
these maps requires an understanding of rainfull temporal frequeney and spatial distributions.
Rainfall frequency studies pertaining to the Central und South Flonda area have been reported in
the literature. An carlier regional rainfall analysis study has produced isopluvial maps for two to
ten-day precipitation for return periods of 2 to 100 years (Miller, 1964). "the isopluvial maps for
the durations and frequencies presented by that study indicate that the area of Central and South
Florida is relatively wetter than the rest of continental United States. A generalized rainfall-
frequency study was conducted for Central and South Florida by the U5, Army Corps of
Engincers for the purpose of developing flood-frequency curves, This study presented isopluvial
maps for maximum 1-day rainfall for rewam periods of 2.5, Tu, 20, 50 and 100 years. It also
presented sopluvials for maximwen I month, 2-month, d-month, 6 month and annual tainfall for
return periods of 2, 5, 10, 25, 50 and 100 yoars (1.5, Army Corps of Engincers, 1953).

Tn w recent study conducted for the SFWMD, MaeVicar (1981 developed isoptuvial
maps Tor Central and South Florida area for durations of T-day, 2-day, 3-day, 5 day lor retum
periods of 2, 5. 10,25, 50 and 100 yeurs. Also additional isopluvial maps were produced for the
dry season (November through April), wer season (May through Octoher) and annual rainfall Tor
the same return periods, I all cases, the Fisher Tippett Type T statistical distribution (is also
relerred to as Gumbel distribution) was used for frequency analysis. Sculley (1980), using
ruinfull data available through 1985, produced areal rainfall tabular and graphic represcntations
of rainfall frequencies for twelve waler imanagement hasins for the dry scason (November
through May), wet season (June through October) and annual ran(all, Normal and Log-noral
distributions were used depending on test of fitness [or cach duration and each basin, The
SEWMID arcal annual rainfall frequency was fitled with a Log-nonmal distribution and
magnitudes for dry and wet extremes for 2, 5, 10, 25, 50, 100 and 200 years were presented.
Based on 71 years of unnuul rainfall, the SFWMD wide average areal rainfall was reported as 33
inches with o range of 39 10 77 inches. Trimble (1990), applying the two-parameter Gumbel
distribution produced isopluvials for s one-day rainfadl Tor return perjods of 3.5, H), 25, und 100
years: and for a three-day rainfall for return periods of 10, 25 und 100 years. Although these
studics provided isopluvial maps, the mam locus was the rainfall frequency anulysis with i
limited emphasis on the spatiak analysis across the study arca.



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
concems, and to improve and expand the existing methodologies. Reviews of the strengths and
weaknesses of Kriging are uifered by Yakowitz and Szidarovsky (1985), Journel (1989), and
Isaaks and Sirvastava (1989).

Other spatial interpolation methods for hydrologic data have been reported in the literature,
Examples of these techniques are polynomial interpolation (Belousov ct. al., 1971), inverse
distance interpolation (Delfiner and Delhomme, 1975}, muitiquadric interpolation {Hardy, 1971),
thin plate spline surface fitting (Hutchinson, 1995), empirical orthogonal functions (Holmstrém,
1963), and adaptive kernel cstimation (Ali, 1998). The suitability of an interpolation technigue 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
technigques have also been reported. Creutin and Obled (1982) provided an exccllent objective
comparison between interpolation techniques. In their study, they used 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 perfortmance 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 Kriging for spatial characterization of maximum rainfall depth in
Clentral and South Florida have been reported. These studies mostly use Kriging as a tool for
spalial characterization. Waniclista et. al. (1996) used Ordinary Kriging to 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! filting were not presented,  Also, a measure for the adequacy of fit of
Kriging (¢.g.. estimation error variance maps) was not available.

Relevant studies with a stronger geoslatistical emphasis were also reported. These studies
used one vr more statistical techniques Lo address the stochastic spatial structure of raw rainfull
data within Centeal and South Florida. Abtew et al. (1993) used six spatial models for monthly
rainfall data in comparative analysis, They concluded that optimal interpalation and Kriging are
the most appropriate methods for monthly rainfall data characterization in this arca,

In a recent study, Van Lent and Tracy (1994) conducted o geostatistical analysis for rainfall
(o investigate Lthe adequacy of the rain gauge network in Central and South Piorida. In this study,
they conducted spatial characterization for annoal, seasonal, monthly, and daily ramfall
measurcments. They used exponentiat variogram models for annual and scasonal rainfall. The
range parameter of the variogran models was interpreted as the wtal correlation length, whereus,
it is only one-third of that length. This explains why their interpreted correlation length is clearly
and significantly lower than that obscrved in the variogram plots in that study. Also, the
computed variograms for monthly and daily records exhibited no spatial coherence ndicating,
some concerns regarding the computation method of such variograms. The monthly variograms
exhibited signilicant nugget effect and the daily variograms are pure nuggets. The nugget cffect
is due to variability that the network density can not resobve. The estination error varance
(monthly, and daily if estimated) may have been high duc to the nugget elfect, or may have been
due 1o the way variogram was computed. The authors sugested an increase of one order of
magnitade Tor rainfall gages to reduce monthly estimation variance. In their study, they
coneluded that the annual and seasonal rainfall is isotropic and stationary. Concerns about his
iy were provided by Moss (19967, 1le pointed out that a discrepancy existed hetween e
annuat variogrant plot and the associated equation. Also, he concluded that the residuals were
nol stationary and were not normally distributed. This s clearly expected given the monthly
variograms computed, Also, Moss (1996) concluded that there wis no siguilican temporal trend
of rainfall for the purpose of Kriging analyscs.

In w sinilar study o assess the evaporation and rain gage network, Zhao and Chin (1995)
conducted a spatial analysis for monthly rainfall und cvaporation. The cxperimental monthly
variograms exhibited strong spatial coherence and the exponential model appeared to be a
reusonable fil. An experimental variogram was computed as the average of ail historical
reulizations of variograms. Such a computation requires testing for the assumption of second
order stationarity for cach realization and mnay not warrant the ergodicity assumption.
Furthertore, their interpretation for the variogram range (correlation scale) was similar to that
reported by Van Lenl and Tracy (1994). Theretore, any conclusion based on this interpretation
should be re-cvaluated. For example, they identificd 82 circles of radiug 30 km (half the
minimum range) where additional stations are patentially desired. The number of additional
stations should be significantly reduced if the minimum range was inlerpreted aceuraely.



Qur 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 rainfall 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 monthly rainfall of each
return period were performed. The analyses of different rainfall durations are deferred to another
study.

RAINFALL DATA SELECTION
(GGage 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 (NQAA) maintains a network of gages
primarily located at airports and cities. The U.S. Geological Survey (USGS) and the U.S. 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 (F8) 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) (o store
hydrologic data, including raintall.

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 DBEHYDRO, the
identification of duplicate records, and the selection of gage records with an appropriate record
length and a minimum amount of missing data. [n 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 o
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 1s necessary 10 further discuss the duplicate listings encountered on
DBHYDRO.



Duplicate listings of gages often exist due to changes in rainfall gage equipment of chunge
in the agency collecting the precipitation records at a particular site. Therefore, rainfall gage
listings on DBHYDRO may reflect separate periods of record assoclated with a gape location
buascd on these changes,

Gage Selection

i'he rainfall page listings retained on DBHYDRO represent records of various frequencies
and statistic types. Rainfall records encountered incloded, daily rainfall sum, monthly raintall
sum, and random interval rainfall. Also, there arc over 10O stations associated with the
operational gupe network utilized by the Operation and Maintenance Department (OMD) for reul
time operation of the SEFWMD' water management and flood control system.

The first pass at choosing gage records involved selecting any gage lisung which was a daily
sum tecord and was not associated with the OMD network, This reduced the number of records
from aver 1,20010 931, The next step was to identify gage records with missing data. I mussing
duta (daily 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 from the
analysis. No attempts were made to estimate missing daily raintall. This step reduced the munher
of gages from 931 1o 777

The remaining 777 gages had varying periods of record from 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 al least 23 years of record (after 5% missing test) then it would be retained for
analysis (Markovic, 1963). Rainfall sites with multiple gages listed, having varying periods of
record. were nor combined (o extend the record for a particular site. However, if there were two
or more gages having at feast 23 years record, these were retained independently for further
analysis. This screening process reduced the number of gages from T Lo 172, Out ol the 172
pages, 1§ were duplicate histings,

ata Exiraction

The extraction of the precipitation data from DBHYDRO for the 172 gage records and
creation of a master data file was accomplished using a SQL query language scripr. These data
were subjected to a correlation analysis. The result of the correlation analysis wis used o
evaluate daa quality. In cases where more than one record exists at a sie, correlation analysis
was performed between the common periods of record. If the correlation cocfticient, p. 1%
sreater than 0,95, the record with the fongest period of record was retained for this study.
However, if p is less than 0.95, further correlution analysis of cach record was pertormed with
the common period of record front the nearest available gage. The record with the highest mler-
station correlation was selected for this study. Based on all eriteria discussed above, a (inal sel
of 145 page 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.



a Rain Gages Included

" Maron

in the Thiassan Netwark’ 4139
110G B4,HITTA L
22834 8,AOYAL PA Nerpduvia
TARGpo:  JeRUNvON :
| SAVONPRK  gaain Cieeny P T |
| GMAmONR  we ey Lo Attantic
. BBAGoETT o Sumter, - Swninole " Ocean
L B T e ST
| N . .
| 11ERCOKSP 3083 Herttde . 7 Grange
i INCANALBZ oo 14 4
13CAPTIVA _ johge
14, CLERMONT 101,088 Fasen
16,COLONUT 102'BEEA iTas
18,60RK.RO 1m's 130 Fﬂl& .
1T.DANIA 4 vy 13 Brevard
JODREWA  ioasmE 13 130 s g
EXIE : et ¢ ‘145 136
STEVERGLZ  lonore Fawifese e i
FLAMIN 10658 . Hillebaraugh
23,FORT FIE 110,580 . .
24 FT MEYER 111 :a‘
- Geag 118, socm-oe
R wER -
20HG82 ug.ﬁﬂ ‘3‘#‘:’({1‘4‘.«'}“‘{"‘ Hevdee .
0 HEL 117,57, GLAI 23
F1,HAE5X 118 ETUART 1 2 o e B, 2
32,HGS4 115, TAMITR4Y 126 14w o e®120s, 7
A3 HIALEAH 150, TAYLE.B7 . . .ﬁ',‘ [ 3 Dasciv
MHOMES.ES 131 TOWNETE BaneN s N s, =yig
MHOMEEFE 435 USDA MM A2 A . .
HYPOLUXO  133'VENLS 45 7 107!’;:1 s 1o
aaisr'mymmn FZ 124 VEAOD 4W vy :
BBINDUNE  125,WPE AIRP % -
40, JIDSON 3 4
41 KISE 2 i vig T30, v
42 KIS2FS Rain Gages Outside of ] 10 i’.‘\.‘a Iy 75%9 M
akiss * fiva Thiessen Network g ‘ 3 2170 *s51 oins
P R EX 12BARCADIA ° - JE wyn * 7 9664115 k38 955 84
; L 127 BARTOW » B4 T Tec bt
| eBLMYRTL  (SREARTOM 13 Tee waudry . 15".‘-'?6'3
. A7L PLACIZ 29 FELLOVER . g L) 100 5
| ABLABELLE  2aqyi] do0n =g "7 Ll Beack g1 dg
ALEHIGHY  aLKEYWE 2 , *109 *70°
" BILOXAHATG :aa'Kl.AEr“crEl.M e 7w & "‘3‘2
EZlwDEla  JRLMELAS *55 {iobiier
EILWDERD 1oa SRON B u.ar*.f 27 ﬂlﬁ
B4LWo.Ex 13EMELBOLIAN
EaLWD.aA 137.0CALA N
SELWDHD  1amOALAN AP we
sAWDIZE  1BAnaT e . 1
SELWDLAZ  iysiNFOAD 2 o I
i 141, BANFORX " 6 65 *a&
BOLWOLFOWE 40Ty ERNIE E "
EILWDLRANG 1 TITUSVIL s
B 1RO i
BAMIAMILG  4SWINTERHA . “gs
B85 MIAMLAP 8 Hdewievi 83w 3
STMOBEY W 020 40 Mies .y 98
SEMOUNTIN -
6B,NAFLES
70.MMRC.A2 a
T1.0KEEF 2 .
78, 0PAL X
73,0ALAN 142
T4 PAHOKEE .
TE.PAHOKEE?
75, PALMDALE 134
7T PEL s
morELLAKS
80,PENNSLICO |
31 PLANT I
2, POMPANCE
83 POMPANCF
A& BUNTA 2.
’ Thiasen.apr
BE,PLINTA G4
87,RAULERE Hasourug E;Asi’ﬁlﬁ?mt D,

Figure 1. General layout for the study area within Central and South Florida and

rainfall gage locations.
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Thiessen Polygons

Computing the Thiessen weights for the 143 gage records listed in Appendix A was
performed with a Geographic Information System (GI18) (Arc/Info version 7.0, ESRT, Redlands,
CA). A poinl coverage containing information on state plane X y spatial coordinates and the
gage names were ereated. Then, using the Thicssen command within the GIS, 4 polygon
coverape was created from the point coveruge. The Thiessen command created polygons around
cach sage, which are known as Thigssen polygons, Figure 3 shows the resulting Thiesscn
polygons tor the 145 guge records.

In order to compute the actual Thicssen weights Tor cach gage that contributes 1o the
SHW ML rainfall, the polygon coverage was superimposcd on the SEFWMD area, The resulting
Thicssen network identilicd 1235 aages with non-zero contributions (weights) w the SFWMD
raintull, and 20 gages with no contribution (zcro weights). The Thiessen polygons are presented
in 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 changes 1o these weights.

Data Statistics

There are 145 monthly rainfalt data sels used in this study. The basic statistics for these duta
are presented in Table |, and a histogram presentation for each month and all sites is provided in
Figure 4. There is a high disperston for all monthly data. The standard deviation, @, is relatively
high compared to the arithmelic average, |t 'The cocllicient of vanation, &/ |, for the dry
months is significanty lower than the wet menths. The degree of skewness is high m the dry
months and relatively low in the wet months. Tn the dry months, the mode is sigmibicantly lower
than the average (positive skewness). The Kuriosis values indicate that the dry months are
Leptokurtic (Kurtosis = 3) and the wet months are Prarykurtic (Kurtosis < 31 Note that these
statistics reflect hoth the spatial and temporal vartations.



|y Rain Gages Included

In the Thiessan Netwark
1,1-8C B8,RITTA
2.3A:36 B,ACYAL PA
AALVA FAR 90,RUNYGN

! 7RARE BEA G0

| ABASBETT o, B20F

| SBELLEGL o853

| 10,BENBOW 578308

1 11BAOOKS P ga'gas
1ZGAMAL P2 !
TAGAPTIVA  jon ge
THLCLERMONT 409 865
1,CQLONUT  gop'ipss

i 18,COPK.HG 103 SREE
17.DANIA & 104 S88D
18,DEVILS 105,585E
10, DIIE WA 108,268
21 EVEIEGLE 107,87

J 168,578
3 IN 2 109,58
23, FORT PIE 110,280
FTMEYER  49{.5p

gg-FTHPIEH N2 E8COTTOG
2T.0ILL AEA Hg:ggﬁ;ﬂ
28, HGEY 115,S0UTH BA
29 MBE2 118,88
J0,HQS4 117,8T. CLA|
31-'*23'51 118, 8TUART 1
32 H 119, TAMITR40

33, HIALEAH 120, TAYLC.E7

34 HOMERB.ER
36 HOMES F& :ﬂ'ﬂgmlshﬁ

SEHYFOLUXD 123 VENS 48
g;.:mmi 124, VERO 4W
SB:ISLEWOHT 125,WFD AIRP

A0, JUDSON

41,188 2

42, KIS F5 Raln Gages Qutsids of

TETEE
gy
>

i
aakiss the Thisasen Natwork i
WLNART.  MZATCADIA
48, MYRTL i
1ZHEUSTIS 2
47.L PLACE 128,FELLSMER

SLLOXAHATE  IIaKEYWRE
£2LIWD.E1.3 :
SIWDEZZ  |SHLIGNUMYI

BALWDER
SAWDAA  (FURiE
g‘g-m g-rga 138,0RLAN AF

¢ . 134, PLANT Ci
Eiwpiz 0%

SOLWDPOWE 10T
SILWDRANG  agmiTUSBVIL
82, 14, WAUGHUL

&3, MM T
84,MIAMI LO 148, WINTERHA

o

S7.MOHLEY Thisssan Polygang
within the Dishglact's

$9NAPLES Baundary

TLOKEE F 2

72,0FAL D Thiassen Polygons
73,0RLAN Dutside the District's
75.PAHOKEER Boundary

77,FE
TB/FEL LAK1 N
78,PEL LAK2

80.PENNEUCO

81,PLANT IN

e 24
B4 PRATT AN E Erink

B4, PUNTA 2
B6,FUNTA G4
BT, RALILERS

‘Thigson.apr
Resource Assessmant OIv.
DRz 097

20 Q 20 40 Milea
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Table 1. Lumped slatistics for raw monthly rainfall data at all sites.

Month Rainfull'?vlum;uremenm .
Apthmetic average | Slandard Deviation. | Cocflicient. of Variution. | Skewness | Kurtosiy
January 2 2.05 - 0.93 | 1.69 3.92
Lebruary 2.36 .85 0.78 " 1.52 332
March 2.04 256 0.87 1.79 485 |
April 258 232 0.90 171 9% |
Mity 466 ' 3.03 ' 0.67 111 1.12
June 188 4.18 053 0.94 114
Tuly 6.98 319 0.46 ‘ 058 | 01
August 703 AL ~p4s5 0.91 174
Snptclﬁbcr 7.73 378 052 .09 [R:
Octobuer 472 382 0.81 163 4.36
Novemher | 230 236 ~1.03 241 9.27
[ :mber 1.90 S LR | 095 136 5.42

The Thicssen weighted SEFWMD areal averuge rainfall for these data was computed for cach
month. Figure 5 shows plots {or these values and the corresponding comulative values 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
reflecting the beginning of the dey season. Almost two-thirds of the annual rainfall is
accumulated in the wet scason, The Districl-wide Thiessen weighted annual average for these
data is 51.8 inches when the Florida Keys are considered and 52.3 inches when the Ilorida Keys
are dropped. The Keys' annual rainfall average is approximately 40 inches.

The Thiessen rolygon representation of annual average rainfall data is depicted in Figure 6.
Arnual rainfall is maximum along the cast st and it is minimum over Lake Okcechobee and
Central Florida, Spatial representaions of average historical monthly data using Thicssen
polygon method are provided in Appendix B for cach month. Wet season monthily rainfath is
maximun along the west coust, while the dry scason monthly raintall ts maxtnu along the cast
coust, Lven though it is a good visualization 1ool, Thicssen polygon rmethod enly depends on the
data network density and coniiguration and does not relale 1o the spatial structure ot the process.

Cumulative monthly rainfall values, and the corresponding percentages of stiation annual and
District-wide weighied average annual rainfull are presented for the 145 stations for cach imonth
in Appendi < C. Results are presented in Table 2 for ten select stations representing the entire
region. The stations are Orlando Airport (OR), Kissimimee. River (KR, Avon Park. (AP, FC heree
(K1, Belle Glade (BGY, WBDP Airport (WP), FL. Myers (FM), Key West (KW, Mianu Alrport.
(M), and Tamiami Trail. (TTY. Information on these stations is shown in Figure 1 and Appendix A.
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Figure 4. Histogram plots for raw monthly rainfall data used in thi
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Table 2. Cumulative average monthly raintal] and associated percentages at ten sclected stations.

Station) Dhkey a | n I Ko a | I ] [ a ] b | « a b | ¢
ANy . Uebruary March April

AP 1 0AI3e 209 420 4200 468 5000 9.4 T4 14000 1A 19.07] 19200 1940
BOG P O6207] 2220 4000 430 4131 7408 720 7.000 12,700 13600 995 17900 19.10
™M | 06193 1ad 340 3500 390 7300 7.3 6,320 12200 12500 853 L6 16,40
1t 6015 221 4200 4300 485 900 9300 799 1500 154 1038 19500 20000
KR [ n6lde) 202 400 390 436 870 H4 500 145 1440 1044 20700 2011
MI 061740 2000 340 380 407 1000 7K 6540 11200 12600 979 1680 1880
| OR [ 06218 2.3 4400 4500 478 9.00 23 00 15200 15000 1LOS] 20800 21.3(
T eleal 161 3000 3.0 307 5700 S50 452 92( G50y 74l 13,90 11,30k
LW | 06182 276 4500 530 5300 3700 10.2 BO5 4100 16600 12200 19900 25 50

KW | gele2] 163 4200 3000 3a0 RR0 650 5000 1290 YO0 BaG) 1500 130
] May Jung . July ALEIsL
AP Q613 1448 27500 27800 22.75) 4330 ATH0 3096 58 O 549.50% 1834 200 737
BG U2 1473 26,500 2% W) 2334 41900 44900 31,22 56,000 GO 3920 700 75 400
| FM | 06193 1539 23200 23800 21 5% 40.4( ALAG 30240 56,700 S8.200 38.45] 72,100 74008
TP | ORGLA] 1507 28500 29.200 22,39 41.7( 42700 2939 55200 56,50 36.71] 64.900 70,60
KR [ D646 1455 2800 R0 21.90 43400 42 11 20RO 59 100 57 300 36400 72300 70
WY 061740 15,68 26900 30.100 2458 42.200 4730 3062 52600 5RO 38 300 65700 7370
LR DOATE]L 15.69 29500 30000 2345 A4H0 45,000 31.17 SEO00 G090 3806 F1.600 7320
1T DGHAE 12,78 23900 24.600 2201 41.50 42.3¢( 08 56200 5T.800 37400 70000 7240
Wi 06182 1788 209200 34400 2579 1210 49,60 A2y 52 A0 62000 3R03 6350 749
KW [ on162] 1006 26.000 19300 14,530 37.600 27000 18.06 46,700 4.7 22,37 57700 42,490
_ September (h:lober . November Degember
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B( G207 47.25) R4B00 Q090 51.720 92900 D500 5396 UHOW 103800 35,69 TO0LOT. ()
FM [ 06193 46600 B7.401 89600 5044 Q4600 O7.000 5194 G730 99800 53,341 100.000 10264
FI* | 06005 43,42 81.500 83.50 4849 910K 93200 51.39] 94500 98800 53.26/100.00 102,40
KR | netde 1207 85200 82600 4651 92300 89.10) 48,33 95,900 92900 50.41] HLON 96,90
MI 06174 d6.45 79700 89300 5328 O1.500102.500 50,44 96,800 10%.50 SR26G OO 112,08
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Figure 5. Thiessen weighted average ol monthly rainfall within Central und South Florida.
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Figure 6. Thiessen polygon representation for annnal average rainfall over 145 stations.



FREQUENCY ANALYSES OF MONTHLY RAINFALL
Distribution Selection

A frequency analysis of monthly rainfall for Central and South Florida requires the sclection
of the best-fit probability distribution for each month% rainfall.  The sclection approach of a
probability distribution (model) was to test the goodness of fit of the major and commonly applicd
statistical distributions on a sample of ten stations, listed earlier, that are fairly distributed over the
stily area (Central und South Florida), The parameters of the best-fit probability distribution arc
then identified af every station throughout SEWMT arca. The candidate distributions were Normal,
Log Normal (2-parameter), Log Normal (3-paramcter), Gamma (2-parameter), Crauma (3-
parameter), Weibull and Log Pearson Type 11

For cach month and for cach station, each of the probabifity distributions were fitted, and
hoth tabular and computed Chi-sguare (xz) were generated using Frequency analysis program by
Ahn (1990) (program developed to sefect paramcters for various probability distributions suited
for trequency analysis, SFWMD, 1990), ‘The commercially availuble statistical package
STATGRAPLLICS version 6.0 was used to develop the Gamma distribution hitting.  Based on the
most number of acceptances or the least number of rejections at the 5% significant level, Granma
(2-paramecter) distribution was found to best characterize monthly rainfall disinbution in Central and
South Florida, The 2-parameter Gamma distribution (Haan, 1977) is expressed through the
(olluwing equation:

B e

L(p) = — 1
Fio)

where [(P) is the probability density [unction of P {rainfall wmount), ¢ is a shape parameler, [ isa
seale parameter, and [(e) is the gamma (unction of ¢, These paramcters vary from month 1o
month. Estintions of @ and b in STATGRAPHICS is based on the method of Maximuim
Likelihood (Greenwood and Durand, 1960).

o = 0,3000876 « 0.1648R52Y  0.0044274 v "
.

% .
Yo o= 1n( ) 3
{3
where ¥ s the arithmetic mean and G is the geometic mean for non-zero monthiy rainfall
historical data for each month. Zero monthly rainfall values were substituted with 0.01 inches.

po= .
X

The scale (B) and shape (u) paramcters for cach sample station are shown in Table 3. The
Gamma (2-purwmneter) distribution was the best it in 95% of the cases (114 month-stations out of
120). Gamma distribution fittings tor each month for one sample station (Belle Glade) with 69
yeurs of record, are shown in Figures 7a and 7h. Monthly statistics for each monthly, '}f_? lest of
litness. o and [§ parameters for gnmma distribution for this station are shown in Table 4.,
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Frequency Analysis Application

T'he 2-parameter Gamma distribution was selected to fit all data sets (145 stations for each
month) used in this study. For cach data set, Equations 2, 3, and 4 were used o identify the two
parameters £ and . Given eguation 1, the following integral cquations are solved for the value “p”
for 4 given return period “n'™:

1 n
— jr FOPYP | for dry return period 2
n
1 w .
- - J FdP | for wet return period 4]
noe

Recutbts

The final output of this analysis for cach site is a sct of "estimated” monthly rainfall for five dry
return periods (100, 50, 20, 10, and 5 years), five wel return pesiods (100, 50, 20, 10, and 3 years),
and historical monthly average, Appendix D presents these results for cach month and site. These
data provide uselul information about the wet and dry conditions at a given site for a given return
period.  Lor a given month, and a given return period, there 18 a set of 145 monthly rainlall
eslimates available for a subsequent spatial analysis. This analysis provides point rainfall maps for
various return periods. These maps are used (or rainfall frequency estimation at ungaged locations,
The construction of these maps is the focus of 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 145 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 tool (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 re.crred to (Journel and Huipbregts (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 experimental
variogram at scparation distance h is expressed as:

Yh) = —2 Elem)?] = %E[(z(xl) - z(xz})a] 7

Where:
X1, %2 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 (h) can be computed by taking the expectation over this realization only. This is



accomplished by dividing the domain into N intervals. Tach interval "j” is defined by a
separation distance value "hy" and a tolerance [dhl. The expectation is Laken over all pairs of
observations with separation distance h falling within b, - 8h £ || & hy + 8h. Given N
pairs ol ohservations within this inferval, cquation 7 can he expressed as follows:

=Ni
z (.z{xw) - z(x;a]);'z, h, dh =

i=1

fin,) = ¥, - %} s h 18k 8

l 1
oM, !

Central and South Florida monthly rainfall is not temporally (seasonally) stationary (i.e. its
spatial structure may vary from month to another) and, hence, varnograms must be compited for
cach month. Assuming isotropy (Van Lent, and Tracy 1994), Equation 8 was applied to
"estimated” rainfall average, and rainfall values for ten return periods (3, 10 20, 50, and 100
years for both dry and wet conditions). The smallest separation distance is 2,500 feet and the
lolerance was 2,500 feet. The relationship belween the separation distance and the associated
number of pair-measurements is shown in Figure 8. It is noticed that there are at least 40 pairs o [
slations with separation distance ranging between 20 miles and 140 miles. Fower pairs arc
observed outside this range. Fewer pairs indicate a less reliuble estimate for the variogram
particularly at larger separation distances,
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IFigure 8. Number of station pairs with separation distance (lag).

Figure 9 depicts the results of the experimental variograms for average monthly rainfall
fromn Junuary through Deceruber. 1t is clear hat the wet months exhibit higher scuu
variogram values for the same scparation distance compared to that ol the dry months
indicating s higher magnitude of spatial variability with higher rainfall. Thas i consistent
with the eeneral characteristics of dry scason and wet season raintall types (Roscnthal, 1994).
Some variograms exhibit weak stationarity und indefinite variance beyvond 150-mile
separation distance. This could be due 1o Jack of pairs at high separation distance values (see
Figure 8) or that this distance may be too large to sustain the samne charactensies of the
hydrologic process (i.e., spatial trend). In general, variograms exhibit stationarity und «
pronounced spatial structure for all months, Variograms for cach month are presented 1n
Appendix B lor 5 dry return periods and 5 wet return periods.
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Variogram Fitting.

While the experimental variogram is important [or characterizing the spatial structure, it
can not be directly used for Kriging mapping, because it may exhibit non-stationarity and
variance indefiniteness. To overcome this problem, a "best” theoretical model is fitied to the
cxperimental vartogram manually or statistically. As discussed earlicr, many rainfall analysis
studics select exponential models for variogram fitting. In this study, exponential variograms
appear to be appropriate for most months, Although some variograms exhibit some departure
from the exponential models beyond a distance of 150 miles, the exponential model was sclected
for all variograms in this study. A schematic plot of this ruodel is presented in Tigure 10, and the
theoretical forn 1s expressed in Eguation 9.

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

il
yihy=d+mw* l—¢" ]m:rr—c.‘i Y
S

Where:
& = Nugeet (error due 10 lack of measurements at a resolution smaller than the network density).
a = Sill (model variance), and
0 = One-third of range (the practical range is the separation distance “h™ that corresponds 10
95% ol the sill value and it is the distance beyond which data pairs are not corrclated),

By cstimating the three parameters, the model in Equation 9 is fitted (o the experimental
vartograni. In this study, the least squarced crror criterion was used to seleet these parameters ol
the variogram {or uverage raintfall and the 10 return periods (or cach month. Monthly average
rainfall variogram models are presented in Figure 9, and the associated parameters are presented
in Table 5. The model parameters are presented in Appendix F for the 10 return periods.

Ingd
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Table 5. Exponential variogram parameters for 12 months.

Month Sill (inches®) Nugget (inches®) Nugget/8ill Range {miles)
Janvary 0225 0.027 a.12 39.77
February 0,177 0.035 0.20 99.43
March 0.343 0.022 0.06 113.6
April 0.266 0.027 0.10 59.60
May 0.794 0 0.00 96.59
Tune 1.375 0.134 0.10 90.91
Tul 1.358 0.15 0.11 105.1
August (0.842 0.171 0.20 79.53
Scptember 1.116 0.223 0.20 53.98
October 2.734 f] 0.00 88.07
November (1665 0 0.00 56.82
December 0172 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 (sec 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 is 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 estimate of Z at
an unsampled location, x;, is expressed as:

Ux,) = Y, @y * 2, ) 10
i=1

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

imm =1 1
i=1

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

(Given the estimation bias, E[ﬁ(xo) — &, )], and the estimation variance, E[ﬁ(x:,) - Z(X”)]z,
the weight function w can be defined according to one of the following two criteria:
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1 Setting the estimation bias to zero, and minimizing the estimation variance,
2) Optimizing the trade-off hetween the estimation bias and cstimation variance.

Kriging method uses the first criterion (o sclect the set of weights ;.(i=1, ..n). This
erilerion is written in equation form as:

E[e] =10, 12
I: [&.2] = NNV, 13

where
£= 7{xn) - Z(Xq).

By substituting the value of ¥.(xg) from Equation 10, Equation 13 15 minimized
(difterentiated with respect (o weights) 1o provide the - Howing Koriging system of cquations:

S, fhy )=y o i=1, ... 1, 11
je o

Where wh,,) is the variogram as & function of the separation distance between location 1 and
\ . 2. - .
tocation |, und o7 is the variance of 7.

Equations 13 and 14 are combined Lo provide an estimate for the minimur estimation
VATTUICE {18!

¢ =0 - 2 w, ¥ (Y(hi;.] - G'H) 15

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

Yo, oy = g, 1= 1000 16
i1
6 > o, b)) 1/

Spatial Mapping

Using Bquation 16 and the variogram maodels fined i the previous seotion, Kriging was
apphied 10 the data desenbed carlier. Fhe sets of data used are: 1) estimuted average rainfall over
115 siations for all 12 months, 2) estimated rainfall for the ten return periods over the 14
stations [or the month of Junuary, and 3) cstimated rainfadl for e len return penods over the 145
stations [or the month of Tuly, Lquation 17 is used to evaluate the estiination error variance for
the first data set. Kriging Moduale in ARC/VIEW package was used to carry ot this Lask.
Presentation ol these applications proceeds,

Resufls

Figures | 1o 1o 111 show the spatially interpolated average rainfall using, Kriging. Dry season
months (November, December, January, February, March, and April) show rainlall values helow
4.0 mches, while the wet season months show average monthly rainfall values above 4.0 inches.
October shows raintall values below 4 inches in the western part of SFWMUD area and values
above 4.0 inches in the eastern part of SIW MDD arca. Average ruinfall is higher along the cast



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
welt season. This range 1s exceptionally high during October (5.0 inches). December is the driest
month, while June is the wettest month of the year. More details about the average rainfall for
¢ach month follows.

January average rainfall is less than 2.25 inches over most of South and Central Florida, Tt 1s
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. It spatially varies from 2.0 inch (Southern area) to 3.5 inches (Northern area). April
average rainfall is lower 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-castern area (6 inches). It decrcases 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 bOUthﬁ!dbthl’d and
northeastward with a spatial range of 2.5 inches.

Average rainfall in July, August, 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
miles). Rainfall is 7.0 to 8.0 inches along the east coast (wet conditions), and below 4.0 inchi2s
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 15 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 cstimation variance maps are depicted in Figures 12a to 121 The
estimation variance values are generally higher in the wet season months than those in the dry
season months. High values of estimation variances are observed in two areas for any given
maps: the southwestern zone where data are sparse and the boundary zones due to the boundary
effect.

Figures 13a to 131 depict January rainfall for the dry return periods 100, 50, 20, 10, 5 years,
and the wet return periods 5, 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 low rainfall estimates, Given a relatively high estimation error variance (notice
the high nugpet effect in the corresponding variograms in Appendix E), such low rainfall values
may not be reliable estimates. The estimates for the wet retumn penods have similar 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 {or the 5, 10,
20, 50, and 100 year return periods respectively. Rainfall in this group is higher in the eastern
arca thun in the western area. Such a pattern is reversed in the July rainfall estimates (igures
[4a o (4]). For the dry and wet return periods, July rainfall estimates arc higher in the western
arca than in the castern area of SFWMD. These values range between 250 1,25, 3.00.1.50,
3.50-2.00). 4.25-2.50, 5.50-3.50 inches for the 100, 30, 20, 10, and 3 dry return period
respectively. For the 5, 10, 20, 50, and 100 year wet return peniod, they range between 1 1.00-
$.50, 13.00.10.00, 15.00-13.00,17.00-15.00, 18.00-16.00 respectively.
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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 3, 10, 20, 50, and 100 years. A prescribed
procedure for selecting the "best" representative data, 1emporally 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 perforimed 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, subsequently, 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 variogram
models were fitted for each month and each return period. Using the variogram models and
estimated 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 unigue
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 1o 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 year 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 paramelers 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 raintall 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 scason
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, October rainfall exhibits a unique pattern reflecting the transition
from the wet season to the dry season. May exhibits a significant increase of rainfall compared

27



10 the preceding four months. Spatial maps (or various return periods at a given month have
similar patterns with some offsets,

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

Ruinlall statistics used in this study represent the average behavior of the process and may
ol characterize rainfall spikes (extreme cvents). Also, spatial interpolation methods usually
introduce some smoothing Lo the estimation process and, hence, are not capable of capturing
exlremnce cvents at unsampled locations. lixtreme events can be captured, with some degree of
confidence, using a stochastic model. In a stochastic model, rainfall data can be gencruted
“randomly” such that the spatial and temporal structure ol the rainfall process ts hanored. The
seneration of different realizations with the same structure provides several rainfall estimates at
any location for o given return period. ‘The highest and Jowesl values can then be identified.

In addition to measurement crrors, rainfall estimates of this study are subject 1o such other
error types as crrofs due to frequency analysis estimation, ercors due o mapping to aregular
erid, and crrors due to isopluvial generation. While the estimation coror due Lo MAPPLIZ 0 1
repular grid was guantified. the other cstimation errors w.e yet to be quantified.
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Figure 1la, January average rainfull (inches) within Central and South Ilonda.
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Figure 11b. February average rainfall (inches) within Central and South Florida.
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Figure !1c. March average rainfall (inches) within Central and South lorida.
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Figure 11d. April average rainfall (inches) within Central and South Florida.
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Figure 11c. May average rainful] (inches) within Central und South Flonda,
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Figure 11f. June 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 111, September average rainfull (inches) within Central and South Flonda.
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Figure 11j. October average rainfall (inches) within Central and South Florida,
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Vigure 11k. November average rainlall {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 124, Ustimation vartance (inch”) for January average rainfall
within Central and South Plorida,
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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 Florida.
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Figure 12d. Estimation variance (inchz) for April average rainfall within
Central and South Florida.
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Figure 12¢. Fstimation variance (inch™) for May average rainfall within
Ceniral 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 12g. Estimation variance {inch”) for July average rainfall wathin

Cenirsl and South Flonda.
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Figure 12h, Estimation variance (inchz) for August average rainfall
within Central and South Florida.
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Figure 12i. Lstimation variance {(inch®) for September average rainfall
within Central and South Flonda.




Figure 12j. Estimation variance .(inch?) for October average rainfall
within Central and South Florida.
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Fioure 12k, Estimation vanance (inch®) for November average rainfall

within Centrad and South Flonda.

54

e

C ezt el

!



Jrat e

Figure 121. Estimation variance (inchz) for December average rainfall
within Central and South Florida.
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Figure [3a. January rainfal] (inches) tor 100 year dry return period within
Central and South Flornda.

56



Wﬁ%” -

Jepfra

L.

Frgure 13b. January rainfall (inches) for 30 year dry return period within
Central and South Florida.
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Figure 13c¢. January rainfadl (inches) for 20 year dry return period within
Central and South Flonda,
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Figure 13d. January rainfall (inches) for 10 year dry return period
within Central and South Flonda,

39



g0

. AN

G0

Figure 13, January rainfull (inches) for § year dry return period within

Central and South Florda.
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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 within

Cleniral and South Flonda,
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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 13i. January ramlall (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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Figure 14a. July rainfull (inches) far 100 year dry return period within
Centrul und South Flonda.
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Figure 14b. July rainfall (inches) for 50 year dry return period within
Central and South Florida.

67




25 "

5]

8 0 & 16 Mes (.

\.
-__ I‘ l';'
\ |
N
ra
£
ot
\,"’
i n‘-"“ +
"

Figure I4¢. July rainfall (inches) for 20 year dry return period within
Central and South Flomda.
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Figure 14d, July rainfall (inches) for 10 year dry return period within
Central and South Florida,
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Fivure (de. July rainfall (inches) for 5 year dry retumn period within
Central and South Florica.
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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. Tuly rainfall (inches) for 10 yeur wet return period
within Central and South Florida,
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Figure 14h. July rainfall (inches) for 20 year wet return period within
Central and South Florida.

3




6

5 144

8 0 8 16 Mk

Figure 14i. JTuly rainfall (inches) for 30 year wet returi period within
Central and South Flomda.
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Figurc 14j. July rainfall (inches) for 100 year wet return period within
Central and South Florida.
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APPENDIX A

Selected rainfall 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 bl Theissen polygon representation of January average raintull pver 145 stations,
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Figure b2. Theissen polygon representation of February average rainfall over 145 stations

RS




w E
S . @’ el
. . ; »{ZW m:é\v“ ?@ﬁ:@
10 0 20 Miles T ; v
™ —
March Ramntall

m inches:

- La2

2.13
2.65
3.02
3.41
- 4.08

L

Resource Asscssment Livision ‘ ‘ ‘
11/98 12135 5
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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 raintall over 145 stations
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Figure b6. Theissen polygon representation of June average rainfall over 145 stations.
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Figure b8. Theissen polygon representation of August average rainfall over 145 stations.
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Figure b10. Theissen polygon representation of October average rainfall over 145 stations
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Figure b1 1. Theissen polygon representation of November average rainfall over 143 stations
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Figure B12. Theissen polygon representation of December average rainfall over 145 stations
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Appendix C

Curnulative monthly rainfall
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APPENDIX I+

Mimthly variograms for various return periods

168



5 years dry retun pedod ‘

0.1
. . . ]
0.08 o e,
006 { " w wm )
5 ' »‘»_,a..r—-s— "“'Ht-ﬁ—‘lr\,-
= 0.04 | . w,.l- L
AN - ;“;’ :
0.02 oo ! —Fitted | I
0 i+ Experimental | ‘
0 50 100 150 200
Lag in mi]es
10 years dry ralurn pcrmd
0.06 \
. —— TFitted :
Experimental
- 13,04 .

{inchy

0.02 4 -2

0
4] 30 100 150 200
Loy in mifes :
20 years dry return perod
2.02 - ™

— Fitted
Experimantal

v Lot

,

N . s UEETI
e S M
Y-»;"‘ A * N

i
&
0 50 o0 150 200
[.ag in milcs
30y ears dry return period
L T ——
— Iitted
Lxperimental
a0
=
2
=
= 0005 ‘ L
X P e
Proae
0 &
1] 50 100 150 200
L ng in l11||L'1
lﬂﬂ years dry retyrn pcrmd
0.005
Firted
+ Experimentyl
o !
"E' 0.0025
0

1] 50 100

Lag in miles

150 200

3 years wet return period

1 0
Wt + *
0.8 — : -
o W :‘-n o i e ¢ ot
L 06 M A AR - L
g 0.4 *’“’:"—_’ . .g* ‘,:‘-n:: ;N-:‘#f‘ “-1 w-o;'-
\%‘\:0 + * " o‘f
0.2 ?ﬂ{“""“"“‘". — Fitted rrm——
0 + Experimenial
0 50 10¢ L30 300,
Lagin miles
10 years wet return period
1.5 :
= |
-
B [=]
bog
) YA
| 0.5 -%;4‘ ‘
. * E (i s
+  Experimental
0 : .
0 50 100 150 200,
l.ag in miles
20 years wet return period
4
Fittcd
+  Bxpetrimentul
rE - ‘.<.?w R B L 'Fv
E 2 T l:‘ l‘w:f;'."%?-«'«wﬂiri:wl P st V:J"::“: .
0
] 30 100 1354 200
Lagin miles
5(] YEUry wiet return ermd
& - —
—F
Fxperimental
ad s i
= . i e i
T }
& it i
2| |
Lo . i
0 H
0 0 100 150 00
Lagn milcs
100 years wat return period
3
e Y
- d
] ‘,‘
= '
- 2 ———— PR S — ‘l‘
e FitLed
Experimentat
0
0 50 1043 150 200

Lag in miles

Figure BL. Semi-variograms for January rainfall data within South Florida for several return periods,
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Figure E7. Semi-variograms for July rainfall data within South Florida for several return periods,
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APPENDIX F

Model parameters of variogram presented in Appendix E
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Fable UL January variogram puramelers lor len return periods.

Maonth Variunce  |Nupger |Ruange/3 [Range

100-year DRP 000z] 2604 23.67] 7102
SOyeac DRP | 0004 8Ll 2557 767
J-year DRP | 0009 0002 2557 767
10-year DRP 0.026]  0.007 2367 7102
S-year DR G053 0016 2078 653
Syewr WRF | 0520 0063 1231 3693
10 yeur WRP oo18] o] 123 3693
20 yeur WRE LoiL| 0.283 1231 36.93)
[50-year WRD 2446 OR9s] 2] aved
100-yeur WRE san| 1326 4.2 ar6i

Table F2o Febouary vanogram paraineters [or wen retuen perioa .

Muanth Yaance  [Nup RL.L;gu/.‘% Fangpe )
I(H-year DRI o006 oal 3314 uua3
S0-year DRI o1t oo 3ras) uavs
20-year DRI poz] ooo3]  22sl 937s
10 yeur DRP 0041 0.007 327 965
[5-year DRP 0060 0016 3504 05
Soyear WRD 0377] 0085 303 oo
10-vear WRE 0643 oaedl 2652] 7955
20-yemn WRT R OEE 2078 65
SUoyear WRP | 1718 0.4 894 s6.87
[00-year WRP | 2415|0662 1705 S1L14

Table 3. Murch varograim parametess for ten relurn periods,

Maonth Varianes  (Nugeet Rmngef? | Range

1(year DR 0008 (R0 303 909l
Slyear DRP noi6| aR-04| 303 00wl
Hyear DRE | 0031 048] 3125 03s
T-year DRI o071l ooos] 34l
S-yeu DRI o9 voos[” 3snd] 1050
Foyear WRE 0731 005/ 3ses|  1ow
I-yeur WREP T21A ooy asesl 108
20 yeur WRP 2155 016 2 6]
§().year WRI Tl 0.807 303 U0
1th)-year WRP 138 1778 322[ unse

Table 1 Apel variepram parimicters G en retorn periods,

Muonth Yariance  |Nugger  |Range/3 R:m;“;_c.

[100-vear DRI 001 o] ar2s|) 03s
Sl-year DRP 0003 1R-04 XN EEEEE
D-year DRI 000E oF-04] 2557 707
0 vewr DRP_ | 0.025] 0] 2273 6818
S.year IR 0035 0.0101 2083 625
S-year WRE 0oa9]  noea| 198l 5960
10-year WRP sl o[ 190l 5960
W0 yewr WRE | 2631 0577 22730 AR
30 yeur WRP 1086 0.001 RREI AT
{100-year WRP 5078 13w ewas
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Table F5, May variogram pararncters for ten return perigds.

Month Variance |[Nugget |Range/3  |Range
100-year DRP 0.061] 0.03 8.523] 25.57]
30-vear DRP 0.091| 0.045 11.36] 34.00
20-year DRP 43,133 0.065 sxand3.26] 3977
10-year DRP 0.216] 0.098 19.89] 59.66
5-year DRP 0.316] 0.082 2367 71,02
5-ycar WRP 1.737 0 32.2] 96.59
10-year WRP 3.074 0 303 9091
20-year WRP 3654 0459 2936 8807
30-year WRP 8.288] 0.764 2746/ 82.39
100-year WRP 11,56 2338 2841 85.23
Tuble F6. June variogram parameters for ten return periods,
Month Variance |(Nugget |Range/3 [Range
100-year DRP 0436 0.264 28411 8523
30-year DRP 0.5471  0.323 303 509
20-year DRP 0.677] 0.385 31.25) 8375
10-year DRP 0.882] 0314 27.46] 82,39
5-year DRP 1.067| 0.352 30.3; 9091
5-year WRP 2.306 029 31.25 93.75
10-year WRP 3418 0,448 29.36( 88.07
20-year WRP 3633 0.633 23.67|  71.02
50-year WRP 7.9941  0.935 18.94| 56.82
130-year WRP 10.94 1.386 15.15| 4545
Table F7. July variogram parameters for ten return periods.
Month Variance |Nugget |Range/3  |Range
100-year DRP 0.5371  0.121 3031 9091
50-year DRP 063 0.139 32.2[ 96.59
2(}-year DRP 0.738] 0.153 33.14] 9943
10-year DRP a.908( 0171 3409 1023
5-year DRP 1.069] 0.175 3504  105.]
3-year WRP 1.999{ (.229 3314y 9943
10-year WRP 2,582 0374 29361 88.07
20-year WRP 3.6] 0.711 23.67] 71.02
50-year WRP 4.608 1.083 18.94] 56.82
100-year WRP 5.814 1.561 I5.15| 4545
Table FR, August variorgram parameters for ten return periods.
Manth Variance [MNugget |Range/3 |Range
[00-year DRP 0404 0.018 14.2] 42,61
50-year DRP 0.4571  0.021 15.15) 45.45
20-year DRP 0.514] 0026 16.1 48.3
10-year DEP 0598 0.038 18.94] 56,82
5-year DRP (0.673]  0.059 20.83 62.5
3-year WRP 1.2931  0.342 25.57 76.7
10-year WRP 1.771 0.523 22.73]  68.18
20-year WRP 2.628 0.8 18.94] 56,82
50-year WRP 3.452 1.036 17.05] 51.14
100-year WRP 4437 1,303 15.15] 4543
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Tahle F9. Septeinber variopram parameters o (gn return periods.

Month Variance  |Nuogeet Range/3  |Range
100 year DRP 0276]  0.03 13.26] 39.77]
50)-year DRE 0332] 0036 143 4261
20) year DRP T4l o047 1513 4545
100 year DRP (515 0073 16.1] 483
5_year DRP 0.642] 0.2 17.99] 3398
S-year WRT 2018 0451 6.0 a83
T0year WRE | 3036] 1044 16,10 483
Hyewr WRP | 4865 1.033 1306 39.77]
Sl-year WRT 6585 7045 1231 3693
[D0yewr WRDP | 8617] 2718 1042 3825

Table 1100 October vanoerm parameters Tor e teturn periods.

Muonth Variunce  [Nopper  [Range/3 Mange ‘
100 year DRE 0129 0041] 330 9943
50) year DRP 0207 oose] 3220 9659
D h-year TR REN IR 3220 9650
[0-year DRP 06270 013 31250 93,75
5_ycar DRP 1.054 o 2%a1] ¥523
S-year WRI? o33 o] 203 ss0/
10-yoar WRP Tes o oAl w52y
20-year WRP 1135 O 2eAl] k523
S0h-year WRP 1464 ol 27.46] 5239
10D-year WRP 1838 o 7652 7955

Table Fi1 Novenmber variogram parameters Tor ten return periods,

Manth \ariwoce  [Nugget  Run,o3 R:.ingc

100-year DR D004 0001 1005|514
50-year DRP 001 0002 17usl 530y
2-vear RT o023l oooz] 1799 s53.9y]
T year DRP | (0064 N TR BT
Syear DRE 0.153 0 tese] 5900
[5oyear WRE 469 ol rxo4] saw?
T0-year WRE 2434 0 X TR
Wyear WRT 110% ol T a0 483
SOvew WRE | 5722 0 1515 4545
100-vear WRP | 7.017 o w2l Aol

Table FI2. Irecember variogrin parameters {or ten return penods,

Mupth Varlwnee  |Nuggpet Ranpe/3 'l'{zl"ii';;cf '

100 vear DRP (.001 0 2367 7R
S)-year DRE D003l 21 04 L AT
20-year DR 0.007[  6R.04 1059 59.66
10-vem DR | 0.021]  8C-04]  17.05] 51.14
S yeur DRI noasl o002 T a%3
5 year WRP 0.401| o 1vosl 538
10 yeur WRP 0.742 0 1700 53.94
20 yeur WRP | 1453 o 17.08] sha
[S0-vear WRE T2 705 &l.14
1)-year WRD Y o o] 483
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