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EXECUTIVE SUMMMARY

Rainfall represents the rmost important component of the water budget in Central and South
Florida. Maps of rainfall volume for several dulrations and return periods are needed to aid in the
design and operation of water mallnallgeent sructures, flood control, consunmpivce Luse estinalion,

water supply planning, and total water resources rrianagelelnt. Consequent ly, it is of the interest
of1 Soul h Florida Water Management D.)istrict t maintain up-to date and most. accurate rainfall
frequency data and spatial maps in Central and South Florida. The objective of this study was lo

update and extend existing rainfall irequency analyses Iusing the most recent data and ito generate

isoIpluvial maps applying rigorous gcostatistical analyss..

Comrprehensive frequency analysis and spatial ch sracterizal ion for rainfall in Central iand
SouthL Florida have been presented. In this study, average monthly rainfall and monthly rainfall

with diflferent frequencies for dry and wct conditions were estirnalcd at gaged and uungaged
localtions. The frcllLencies of interest were 5, 10, 20, 5.), and 1)00 years. A prescribed procedure

[or selectinlg the "hest" representative data, temporally and spatially, was adopted. C ont.inuLouI

uir interruLpted time series of nonhly rainfall were selected at 1.15 sites with records of 25 years
or Irc-c. Frecquncv analysis was performed at 10 representative sites tot identify the best-li

model for rainfall frequency over Central and South Florida. The model's parameters were then

estimated at the 145 sites over the study area anid, subsequently, rainfall esli ilnates for various

returnl periods were comnputed. These estimnates were used for subscquent geostatislical analysis.,
In this analysis, experimental variograims (a measure of data pair spatial similarity) were.
constructed and exponenlial variogram models were fitted for each month and each return

period. Using the variogramn models and estimated raitlfall data, maps were constructed usirng
O)rdlinary Kriging (a basic geost at i sti ll 1) for monthly rain fall averages, January rainfall

estimate.s for variotus ret.urn periods, and iuly etstinates fior various return periods Maps for Ihe
estiinalion error variance for aver-age raintall were also generated.

-istnatecd Thiessen weighted averaue annual rairnflall over Ce.nlral and South Florida was

about 52.0 incles. May is the dry-tr-wet rnllsition rtontllh with abloutl .5 inclies of nlonthly
,lveragc rainfall, while O)ctober is the wet-to-dry tralnsition month willb lirIost thle smlile artliounr

of lmronthly average rainfall. Monthly average rainfall during Jlne thro gh September is above

7.0 inches with Ihe highest rainfall in June above 8.0 inclhes. The dIry scieason months are

Novemtber through April with averaTge imontlly iatnill Ibelbow 3.0 ichces, Decembenr is the driest

illnth ill the year with monthily average rainfall below 2.0 inches. Near'ly two thirds of the

annual rainfall is accurmullated in the wet season. Annual average rainlfll is miaximun, above

60,0 inches, in mnany areas along the cost coast and is mniuiirilllll below ,15.0 inrchcs, in ll iiany

areas over I.Lke Okeechobcc anld Cent-ral lorida.

''he point Irequenlccy analysis conducted at 10( representative stat ionsi has shown tihat tle 2

parameter Gamma probability density function is the best nodel forrI monthly rain fll frlLequlCy
ovcI (Central and South Florida. Experimerrntal and theoretical v ariograus computed for the

rainfl I estiiatles 11how that the existing rain gage network is less capable of resolving rainfall
variation in the wet season than the dry season. Ra infall mraps show a changing pattern betwceeol

the wet and thle dry seasons. Average rainftall is higher a long the coast coastarea in Ihe 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 to 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.
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INTRODUCTION

The cumulative rainfall depth over a given period 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 is 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, 1990). Periodic updating of these 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 recent
available data. A temporal frequency distribution model is fitted at each site for every month
and is used to estimate monthly rainfall depth for various frequencies (return periods). For each
month, and each return period, rainfall estimates are used for a spatial representation of rainfall
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.



BACKCGR()ND

The South Florida Water Managcient D)istic, (SIWM I)), area covers South Florida rand

parl of Central Florida (henrceforth called Centrall and South aFlorida). The area, in general, has a

low relief topography and semi-tropical climate. it. is surrounded by the Gulf of Mexico on itle

west and by Ihe Allantic Ocean on the east. It is a high water table area with patches of lakes and

extensive wetland systerns. The heaviest rains in Central and South Florida are produced by
con vccti ve systems with cooler (dry) season having an extra.tropical nature and the warm (wet)
season having a tropical origin (Rosenthal, 1994). Tlhe region has high rainfall with 52 inches of

areal average annual rainfall and relatively low alnnual variation with a slandard deviation of 12

inches.

Rainfall represents the most important component of the waLter budget in Central and

South I orida. Maps of rainfall volhnc for several durations and return periods are needed to aid

in the design and operation of water managcmenlt struclires, flood control, consumptive use

estimnation, water supply planning, and total water resources managemnlent. The construcliOn of

these irlaps requires an understanding of rain fall temporal frequency and spatial distributions.

Rainfall frequency studies pertaining to the Central and South Florida area have been rcported in

lhe lileraturc. An earlier regional rainfall analysis study has produced jsoplLiuviil 1Imaps lor two to

ten-day precipitation for relurn periods of 2 to 100 years (Miller, 1964). The isopluvial maps for

the durlions and frequencies presented by thai study indicate that the area of Central and South

I:lorida is relatively wetter than Ihe rest of continental United Stales. A generalized rainfall-

frequency study was conducted for Central and South Florida by the U.S. Arrny Corps of
IEngineers for the purpose of developing flood-frequency curves. This study presented isopl uvial

mnaps for mraxinlum 1-day rainfall for rctirn periods of 2,. 1 ,, 20, 50 and 100 years. It alsso

presenlcd isopluvials for llaxilltum I month, 2-month, 4-rnoth, 6 mnt111 and annual rainfal for

retturn periods of 2, 5, 10, 25, 50 and 10.) yL..1rs {(U.S. Ainny Corps of E Ingi ners, 1)53).

In a recent study conductd for the SFWM D, MacVicar (1981 ) developed isopluviarl

mtps for Cecntral and Sot.]hI Florida area for durationls of 1-day, 2-day, 3-day, 5 day lor return

iperiods of 2, 5, 10. 25, 50 and 100 years. Also additional isopluvial maps wtere produced for the

dry season (November Ihrough April), wel season (May through Octolber) and anllniual rait:lt;ll for

the same relurn periods. In all cases, the Fisher Tippett Type I statistical distribution (is also

relerred to a;s C(u;.inbel distributi on) was used for frequency analysis. Sculley (1986), using

raiinfall dat l vailable through 1985, produced areal rainfall tabular and graphic representlatlions

of rainfall irequcncies for twelve water man.agement basins for lthe dry season (November

through May), wet season (.Itlne Ithrough Octobher) and annu.tal rainfall. Normal and Log-nolollal

di sr ihutions were used depending on test of fitness for each dur-at.ion and each basin, lThe

SFWMI) areal annual rainfall frequency was fitted with a Log-norinal disti-ibulion and

magnitudes for dry and wet extremes for 2, 5, 10, 25, 50, 100 and 200 years were presented.

Based oni 71 years of ainual rainfall, the SFWMD wide :average areal -rainfall was reIorltedcl a, 5.3

inches with a range of 39 to 77 inches. Trimble (1990), applying the t.wo-paritamleter Gumbel

distl.ributiot produced isopluvials for a one-day rainfall I' or r-eturII periods of 3. 5, 10, 25, and It()

years; and for a three-day rainfall for relturn periods of 10, 25 and 100 year-s. Although these

stuLiclies provided isopluvtal Iaps, the ar;in flcus was the rairifall frequencey analysis with at

liiiitcd emphasis on the spatial analysis across tlhe study arca.



The analysis of rainfall spatial 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
correlation 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 oifered 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 et. al., 1971), inverse
distance interpolation (Delfiner and Delhomme, 1975), multiquadric interpolation (Hardy. 1971),
thin plate spline surface fitting (Hutchinson, 1995), empirical orthogonal functions (Holmstrdm,
1963), and adaptive kernel estimation (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 guarantee 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 excellent 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 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 techniques for areal rainfall
estimation.



Geostatistical studies using Krioing fir spatial charact.c.rization of maximum rainfall depth in

Cerltral and South Florida have been reported. These studies mostly use Kriging as a tool for

spatlial characterizatiOln Wanielista ct. al. (1996) used O)rdinary Kriging to develop storm event

maps for 1, 2, 3, 4, 7, and 10 day durations for return periods of 2, 5, 10, 25, 50 and 100 years.

Commlercial software was used ill the analysis arnd basic steps such as experimental variograin

compulalion and model fitting were not presented. Also, a measure for the adequacy of fit of

Kriging (c.g., esti mation error variance maps) was not available.

Relevant studies with a stronger geostatistical emphasis were also reported. These studics

used one or more statistical techniques to address the stochastic spatial structure of raw rainfall

data withinl Central and South Flolrida. Abtew ct al. (1993) used six spatial models for monthly

rainfall data in cornparalive analysis. '1'hey concluded thal optimal interpolIationm and Kri ging arc
the most appropriate met hods for rlonthly rainfall data characterization in this area.

In a recent study, Van ILent and Tracy (1994) conducted a geostatistical analysis for rainfall

to inves igate the adequacy of the rain gauge network in Central and South Florida. In this study,

they conducted spatial charlcierization for annual, seasonal, monilly, and daily rainfall

nmeasurements. They used exponential variogram models [ir annual and seasonal rain all. The

range paralllter of the variogram lnodels was interpreted as the total correlation length, whereas,

it is only one-third of that length. This explains why their interprcted correlation length is clearly

and significantly lower than that observed in the variogram plots in that study. Also, the

computed variograms for monthly and daily records exhibited no spatial coherence indicating
somle conlcerns regarding the computation method of such variograms. The monthly variograms
exhibited significant nugget effect and the daily variograms are pure nuggets. The nugget effect

is due to variability that the network density can not resolve. The estination error variance

(rlmothy, and daily if estimated) may have been high due to the nugget efllct, or may have been

tdue to the way variogram was computed. The authors su,gested an increase of one order of[

niagniludie 1br rainfllI gages to reduce nmonlily esli lation variance. Ill thir sludy, they

coincltudetd that the annual and seasonal i:-linfall is isotropic and slatiolatry. (C1oncerns ab-ot IIhis

stitldy were provided by Moss (1996). lie poinlcd out that a discrepancy ex i stie betweenC the

anltnull vr;llri glLtrlt plot and the :associated equ..alion. Also, he concluded that the residLuals were

not stationary and were not normarnlly distributed. Thiis is clearly expected given the t o(ntllly

variograil.s conputcd. Also, Moss (1996) conclutded that there was no signilicant tlmporal temnd

of rainfall for the pturpose of Krig ing analyses,

In a sitilar study to assess the evaporation and rain gage network, Zhao and Chin (1995)

conditlcted a spatial analysis for monthly rain fall and evaporation. The experi miental montlhl y

variiograms cxhibited strong spatial coherence and the exponential imodel appeared to be a

rcasonabe fit. An cxperimental variogranl was co.mputLted as the average of all historical

realizations of variograms. Such a computation requires testing for ihe assumption of second

order stationarity for each rca lizatlion and may not warrant the ergodicity assumption.

Furthermore, their interpretation for the variogram range (correlation scale) was similar to that

reported by Va eI.ent arid Tracy (1994). Therefore. any conclusion based on this interpretation

should be re-evaluated. Fo r example, they identified 82 circles of radius 30 km (half the

naininun range) where additional stations are pottcrially desired. The number of additional

statiotns shoull be significanlly reduced if the miinin urtn range was interpreted accurately.



Our discussion thus far suggests that a study that combines rainfall frequency analysis with a
thorough geostatistical characterizati6n 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

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 miles. 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.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 (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) to 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 to further discuss the duplicate listings encountered on
DBHYDRO.



Duplicate listings of gages often exis due to changes in rainfall gage equipment or a change

in the agency collecting the precipitation records at. a particular site. Therefore, rainfall gage
listings on DB IYl)RO may reflect separate periods of record associated wilth a gage location

based on these changes.

Gage Selection

i'he rainfall gage listings retained on DBHHYDRO represent records of various frequencies

and statislic types. Rainfall records encountered included, daily rainfall surm, inont hly rainfall

sum, and random interval rainfall. Also, there arc over 10() stations associated with the

operalional gage network utilized by the Operation and Maintenance I)epartment (OMD) for real

lime operation of the SFWMD's water nlanagemetlt and flood control systmcl.

The first pass at choosing gage records involved selecting any gage listing which was a daily

sum record and was not associated with the OMD network. This reduced the number of records

Iriom over 1,200 1.o 931. The next step was to ident.ify gage records with missing data. If missing

data (daily rainfall aLLTouLtLI) accounted for more than five percenl (5%) of the days in any year lo

a particular gage, Ihe rainfall records for that gage and for that year were excluded from the

analysis. No attempts were made to estimate missing daily rainftalla. 'his step reduced the number

of gages fromll 93 1 to 777.

'lihc remaining 777 gages had varying periods of record from 1 to 86 years, with the earliesl

record starting in 1900. A minirnum record length of 25 years was chosen as a cutoff, and if a

gage record had at. least 25 years of record (after 5% missing test) then it would be retained for

analysis (Markovic, 1965). Rainfall sites with mulliple gages listed, having varying periods of

record, were not combined to extend the record for a particular site. However, if ihere were two

or more gages having at least 25 years record. these were retained indepncldently for further

anallvsis. This screening process reduced the number of gages from /77 to 172. (.u)l of the 172

gagecs, 1 8 were duplicate listings.

Data Extraction

The extraclion of the precipitation data from )RBHYDRO for the 172 gage records and

creatlion of a 111aster datal file was accormplished using a SQL query Ilnguage script. Tl'hese data

wer-e subjected to a correlation analysis. The resull of the correlation analysis was used to

evaluate dal l i.a quality. In cases whecre TItore thlan one record exists at at site. correlaliotll anlalysis

was perTormed helween the cortrtonr periods of record. If the correlation coefficient, p, is

greater than 0.95, the record with tIe longest period of record was rctained for tils study.

Hlowever, if p is less than 0.95, further correlation analysis of each record was performed with

the comimonll period of record from the netlresl available gage. The record wilth the highest inlcer-

station correlation was selected for this study. lBased on all criteria discussed above, a final set

of 1,15 gage records were selected for this study and are presented in Figure I and Appendix A.

IH'gure 2 shows a plot of the number of stations versus Ihe number of years of records.
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Figure 1. General layout for the study area within Central and South Florida and
rainfall gage locations.



Figure 2. NutLmber ol stations versus number of years of rainfall records.

'lhiesscn Polygons

Computing the Thiessen weights for the 145 gage records listed in Appendix A was

performed with a Geographic Information System (KIS) (Arc/nfo version 7.0, ESRI, Redlands,

CA). A point coverage containing inforination on stale planie x y spatial coordinates and lthe

gage names were created. Then, using the Thiss n command within the TIS, a polygon

coverage was created from the point coverage. The Thiessen command created polygons around

each gage, which are known as Thiessen polygons. ]igt-e 3 shows the resulting Thiessen

polygons for the 145 gage records.

In oridier to c(mpute th(e acltual Thicsscn weights Ior cach gage that. contribiutes to the

SF;WMD ra in fall, the polygon coverage was superimI.posed on the SFWMD area, ' he1 r1esullting
Thiessic~ network identilied 12.5 gages with nonzerooa contrihbuions (.weights) to the SI WMD

rainfalll, and 20 gages with no contribulin ((zero weights). "Thec Thicssen polygons are prese'nted

in Fi gure 3 and the associaed weights listed alonmg with the gage rccord in formation in Appendix

A. The i nclusion of the Florida Keys did not camse any significant changes to these weighs.

I)ata Statistics

'Thelre are 115 monthly rainfall data sets used in this study. The basic statistics for thesec data

are prescnled in Table I, and a hisltogram presentation for each month ;nd all sites is provided in

Figure 4, There is a high dispersion for all nimonthly data. he standard deviation, (7, is re Iat.ively

high compared to the arthrnetic average, p. 'he cclfficient of variation, u/ [t, for the dry

mriorths is si gnificantly lowecr than the wet months. The degre eg-e of skewness is hiligh in tlhe dry

miontlhs anid relatively low in the wet months. Tn lthe dry months, the mode is significantrly lower

than the average (positive skewness). The Kurtosis v:alues indicate that the dry months are

Lept okurlic t Kurtosis > 3) aJnd the wet months are Platykurtic (Kurtosis < 3). Note that these

statistics reflect both the spatial and temporal variations.
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Figure 3. Thiessen polygons for rainfall gages within Central and South Florida including the
Florida Keys.



'I'able 1. Iimped statistics for raw monthly rainfall data at all sites.
,Monllth Rainfall Mcasur'ementl s

Aritlhmetic average StaWlard Deviation. Coefficient. of Variatiotn. Skewness Kurtosis

JaInr 2.20 2.05 0.93 1.6) 3.92

21 bruary 2.36 1.85 0.78 1.52 3.72

March 2.94 2.56 0.87 1.79 4.85

2il .58 2.32 0.90 1.71 4,98

May 4.66 3.1.3 0.67 1.11 11/2

JunIe 7.5 4. 8 0.53 0,94 1.11

July 6.98 3.19 0.46 0.58 0.11

7.03 3.18 0.45 0,91 1./8

September 7.73 3.78 0.52 1.09 1,81

Oct0ober1 4.72 i..2 0.81 1.63 4.36
N ,v iher. 2.30 2.3 1.03 2.4 1 9.27

)ec mber 1.90 1.,0 0.95 1,86 5.12

The Thiessen weight.cd SFWMD areal average rainfall for these data was computed f r each

monlh. Figure 5 shows plots for hecse values and the corresponding cumulative vaICues witlh and

withoui the Florida Keys, It is clear that dry season mnonthly rainfall is less than 3 inches and wet

season monlhly rainfall is more than 4 inches. The slopes of the cimLulartive value cLurves

increase around May relecting the beginning of the wet season, and decrease around October

i-c fleeting the beginning of Lhe dry season. Almost two-thirds of the annual rainfall is

eCCLUMLllated in the wet season. The District.-wide Thiessen weighted annual average fo.r Ihese

dtala is 51.8 inches when the Florida Keys are considered and 52.3 inches when the Florida Keys

are dropped. The Keys' annual rainfall average is approximately 40 inches.

The Thiessen -olygon represent ation of annual average rainfall data is depicted in Figure 6.

Annual -arainfall is lma.xirnutrn along the cast "iast and it is IlinitlrLLM over ILake Okccchobee and

(Central Florida. Spalial reprcsentatjils ()I' average historica monthly datia using Thiessen

polygoni method are provided in Appendix B for each month. Wet season inorlthly raintfall is

nlaxilunllllll AI long he west coast, while the dry season monthly rainillll is in;ximllll ialong tlheC Cast

c aSt ..iven th o.Lghl it is a good visal.Iization tool, Th'iicsscn p)olygon incihod nly depends onl the

dli. i' network densily anLd configlrationt and does not rela'lc to the sp.Atial; srulctulre of the occ,.ess

Cnutl tlative llorlnthly rainft'all valuecs, and the corrcsponding percentages of station anuriii;.l alnd

I)istrict-wide weighld av e arae atlnnual -rainfall are pIresentcd for the 145 sltaltiotls for eate ch llmonth

in Appcnd . C. Resumilts are presented in 'lablc 2 for ten select stations repr-escntiing the en ire

region. The strations are Orlando Airport (()R), Kissimmee. RIiver (KR), Avon IPark. (AP), Fl. I'ierce

(FP1'), Belle Glade (B(), WBP Airport (WP), Ft.. Myers (FM), Key West (KW), Miami Airport.
(MI), and TaIamimi T'ril. (TT), Infornation (on these stations is shown in Figure 1 and Appendix A.
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''lable 2. Cumulative average monlhly rainfall and associated percenta
Station Dbkey a h' c' a b c a .. h c

Januar ebruarv March

Al __ 613: 2.19 4.2 4.20 4.68 8.S90 9.c( /.43 14.1( 11.30
c1; 06207 222 -1,. 4.30 4.13 7A.4 7.9 7,.1) 12.7( 13.6(.

FM 16 193 1.8 3,4C 3.5 3.90 7.3. 7.5 6,52 12.2( 12.5(
1 ' 06015 2.21 1.2C 4.3 4.85 9,1 9.3 7.99 15.0( 15.4(.

KR )0614 2.02 4,0( 3.9( 4.36 8,'7 8.4 /,50 14.90 14.1(.

MI 06174 2.01 3.4 3.81 4.07 7'1 ._7.8( 6.54 1 1.2 12.6(
IR )6218 2.32 4.41 4.5 4.78 9.01 9.21 8.11 15.21 15.6(
TI' 0616 1 .61 3.01 3. 3.1( 307 5.7 5. 5.9 4.92 9.2 9.5

WP 1)6182 2.7 4.5. 5.31 5.30 8.7i 10(.2 8,65 14.I 1.6(

KW 06162 1.63 4.2 3 .10 3.39 8.8 ... 6.5 5.0( 12.9 9.6(

M ay June 1July ..__
AP' 061136 14.48 27.51 27.81 22.75 43.31 43.8 30)961 58.9)1 5.51

I( )20? 14.7.3 26.51 28.31.3 23.34 4 1.9 44.9 31.22 56,10 60..)(
FM 06193 1..32.2 2 3.3( 2 1 8 , 2153 .44( 1 30.24 56.71 58.2(

FP 06015 15.17/ 28.5 29.21 22.: 41.7 42.71 29.39 .55.2{ 56.5(

IKR )6L14 14.55 28,9( 28.1. 21.9 43,4 42.11 29.80 59.1 57.31(

MI 06174 15.68 26.9( 30.11 24.58 42.2(1 47.3( 30.62 52.6( 58.9(

OR 06218 _15.69 _ 29.5 30,2 23.45 41.11 45.1( .31.17 58,6( 59.91
IT 06166 12.78 23.9C 24.6( 22.01 41.1( 42.3. 30.08 56.2. 57.81

WI' 06182 17.88 219,2 34.4( 25.79 121 49.61 32.23 52.6, 62.1_1

KW 06162 10.0 26. 1{9.3 14.53 37,6( 27.9C 18.06 46.71 34.71

S ptcblllte ( LOctober November
Ali 0613( 45, [0 86.(C 87.71 49.21 93.6 94.6 50.93 96.1 97.9'
B( 0621/ 47.25 84.8( 90.91 51 .72 92.91 99,5C 53.96 96.9. 103.8'

FM 0)6193 46,60 87.4 89.6 50,44 94..6( 97,0. 51.9(' 97.3 99.8

FP 06015 43,42 81.5 83.5 48.49 91.01 93.21 51.39 96.5 98,8

KR I0614 ,12.)7 85.2 82.6( -16.51 92.31 .89.,1 48.33 95.91 92.9

M1i 06174 46.45 79.7 -89.3 . 53.28 91.5 192.5 56,41 96.8.1 08.5

O(..) 06218 45.23 85,11 87.0' 49.12 92,4 94.50 50.173 95.4C 97.6
I1 (16 45.46 84,. 87.4( 50.33 9410.1 9.8C 52.3" 97.( 100(.6

WP 106182 ,17.7( 1'7.)( 91.81 51.85 89).41 15.51 58.78. 95.9 113.10

K-'W ()I61:62 28 5. /3.91) 55.01 .31.71 89.7 6(6.71 36,9) 995.5 71.
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Figure 5. 'T'hiessen weighted average or monthly rainfall within Ccentra l oand South IFlorida.
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FREQUENCY ANALYSIS OF MONTHLY RAINFALL

Distribution Selection

A frequency analysis of monthly rainfall for Central and South Florida requires the sclection

of the best-fit pr-ohabilily distribution for each month's rainfall. The selection approach of a

probability distribution (model) was to lest the goodness of fit of the major and conmmnly appliedl
stlalllical distribution1s on a sample of ten stations, listed earlier, that are fairly distributed over the

study area (Central and South Florida). T'he pararnmeters of the est-fit probabilily distributlion are

then identified at every station throughout SFIWMT) area. The candidalte distributions were Normn.ial,

Log Normal (2-paranietcr), Log Norma] (3-parameter), Gamnma (2-parameter), Gamma (3-

parameter), Weihbull and Log PearIson Type 111.

For each month and for each station, each of the probabilily distributions were fitted, and

both tabular and computed (Chi-square ( 2) were generated using Frequency analysis program by
Ahn ( 1990) (program developed to select parameters for various probability distrihutions sulied

for frequency analysis, SFWMD, 1990). 'the commercially available statistical package
STATGRAPIICS version 6.) was used to develop the Gamma distribution litting. Based on the

moIst numberlCr' of acceptances or ihe least nLlmber of rejections at the 5% significant level, Gamma

(2-pararlltcer) distribution was found to best characterize monthly rainfall distribuLtion itn Centr-al and

South Florida. The '2-parameter Gamrnra distribution (Haan, 1977) is expressed through thte.

following equation:

S (P ) = . . . eI

wherec f(P) is the probability density function of P (rainfall amount), u. is a shape p1armnetcr: [3 is a

scale paramelter, and I'(cx) is the gatimma functionf f o. 'T'hese parameters vary fronm 1olntUh to

month. Estiiimlations of a and j[ in STATGRAPIICS is basecd on ithe metlhod of NM;IXnIIuIL

I .ikelihood (Greenwood and DurI )and, 1960).

0.500876 i U.1648852Y 0. 05442/4 y :

Y

; = n(X

where X is the arilunctic ileanll and (_ is the geometric mean for non-zero monthly rainfall

historical data for each month. Zero monthly rainfall values were ubshstiulcd with 0.01 inches.

x

The scale ( 3) and shape (u) paramcters for each sample station are shown in Table 3. The

Ganimma (2-parameter) distribution was the best fit in 95% of the cases (114 monlh-stations out of

120). (;arnrmna distr-ibution fittings for each mionth for one sample station (Belle Glade) with 69

year's of record, are shown in Figures 7a and 7b. Monthly statistics for each Imonthly, X2 test of

fitncss. u and I paranmeters for ga.linla distribution for his station are shown in Table 4.
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Frequency Analysis Application

lThe 2-parameter Gamma distribution was selected to fit all data sets (145 stations for each

month) used in Ithis study. For each data set, Equations 2, 3, and 4 were used to identify the two

paralreters (x and i3. Given equation 1, the following integral equations are solved for the value "p"

for a given return period "n":

1 = (P')dl for dry return period 5

Recurlts

11

S- f (f')diP, for wet relurn period 6

The final output of this analysis for each site is a set of "estimat.ed" monthly rainfall for five dry

retu.rn periods (100, 50, 20, 10, and 5 years); five wet. return periods (100, 50, 20, 10, and 5 years);

and historical monthly average. Appendix D presents these resulls for each month anti site. These

data provide useful inlorination about the wet and dr-y conditions at a given site for a given return

period. For a given month, and a given return period, there is a set of 145 monthly rainfall

eslirnates available for a subsequelnt spatial analysis. This analysis provides point rainfall maps for

va'lrious rcturrn periods. 'IThese rnaps are used for rainfall frequency estimation at ungaged localions.

lThe constrution of these maps is the focus of the next sect ion.



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.
Furthermore, the covariance 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 rcrred to (Journel and Huijbregts (1978) and Isaaks and Sirvastava
(1989)) for more details on variogram analysis.

Experimental Variogram

The experimental 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 set of observations from a stochastic process, a two-point experimental
variogram at separation distance h is expressed as:

(h) = E[E(h)2] = E [z(x) - z(x))2] 7
2 2

Where:
x1 , x2 are the pair locations.
h= x-x 2= Separation distance (lag).

The value of y(h) in Equation 7 represents the ensemble (population) value. In reality,
only one 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 expectation over this realization only. This is



accomplished by dividing the domain into N intervals. Each interval "j" is defincd by a
separation distance vahle "hj" and a tolerance I1hl. 'he expectation is taken over all pairs of

observations with separation distance h falling within hi - h i 1h- .- h i + 61. Given N.i

pairs 01' observations within this interval, CqLation 7 can he expressed as follows:
1 i=Ni

h)_1 ( Xh(x) - , > h x -. x & h I Fh 8
2 -j i=1

Central and South Florida monthly rainfall is not tcmporally (seasonally) stationary (i.e. its

spatlial structure may vary from month to another) and, hence, variograms must he comipuled for

each ronlh. Assurming isotropy (Van Ient, and 'racy 1994), Equalion 8 was applied to

"estimated" rainfall average, and rainfall values for ten return periods (5, 10. 20, 50, and 100

years lot both dry and wet conditions). The smallest separalion distance is 2,500 feet and the

lolerance was 2,500 feet. The relationship betweencc the sepa.ration distance and the associated

rnutlmber of pair-measurelents is shown in Figure 8. It is noticed that there are at least 40 pairs of

statiotls with separation distance ranging between 20 miles and 140 miles. Fewer pairs are

observed ouliside this range. Fewer pairs indicate a less -reliable estimate for the varicagram

pIartileularl y at larger separation distalnces.

120

I(X)

80
q4-

60

20

[ (Xi

In11 (niles)

.igure 8 . Number of stalion pairs with separatir n distance (lag).

ig uri 9 dClep)icts the results of the experimen tal v ariogra ms for average monthly ra infall

froi .lailliary through I)eceIImber. It is clear Ihat the wCt ontilhs exhibit higher sclli
variograrn values for the same scparation distance. compared to thal of the dry months

indicating a higher muagnitude of spatial vaiabib iy with higher rainfall. This is consistcnt

with the general characteristics of dry season and wet season rainfall types (Rosenthal, 1994).

Some variograms exhibit weak stationarity and indefinite variance beyond 150-mile

separation distance. This could be due to lack of pairs at high :,cparation distance values (scee

Figure 8) or l that this distance rliay be too large to sustain the sainc c haracteristics (of the

hydrologic process (i.e., spatial trend). In general, variograrns exhibit stationarity and a

pironomtnccd spatial structure for all months. Var-iogramis for each illmonth are presented in

Appendix F for 5 dry return periods and 5 wet return periods.
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Variogram .Filling.

While the experimental variogram is import.ant ior characterizing the spatial sLructure, it

can not be directly used for Kriging mapping, because it may exhibit non-stationarity and
variance indefiniteness. To overcome this problemr, a "best' theoretical model is fit.l.ed to the

experimental variogram manually or statistically. As discussed earlier, many rainfall analysis
studies select exponential models for variogrami fitting. In this study, exponential variograms
appear to be appropriate fIor most months, Although some variograrns exhibit some departure

fro, tihc exponential models heyond a distance of 150 miles, the exponential model was selected

for all variograms in this study. A schematic plot of this nmodel is presented in Figure 10, and the

theoretl.ical fornu is expressed in Equation 9.

(h)

h

Figure 10. Schematic plc t for the exponential variogriam model.

y(h) = ,+r r* -- w <  = a- ")

Whlcre:

8 Nuoggel (error due to lack of measIrements at a resolution smallcr than the network density).

c -. Sill (model variance), and

0 = )ne-third of range (the practical range is the separalion distance "h" that, cor-responds to

95%; of the sill value and it is the distance beyond which data pairs; are not. correlated).

By cstimating the three parameters, the model in Equatio 9 is fitted to the experimental

variogran. In this study, the least squared error crilerion was used to select. these paramelers of

the variogran for average r-i nfall and the 10 return periods for each month. Monthly average
rainfall variograrm models are presented in Figure 9, and the associated parameters are presented

in Table 5. Tlhe model paranicters are presented in Appendix 1. for Ihe 10 retul'n periods.
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Table 5. Exponential varioram parameters for 12 months,
Month Sill (inches ) Nugget (inches ) Nugget/Sill Range (miles)
January 0,225 0.027 0.12 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 59.66
May 0.794 0 0.00 96.59
June 1.375 0.134 0.10 90.91
Jul 1.358 0.15 0.11 105.1
August 0.842 0.171 0.20 79.55

September 1.116 0.223 0.20 53.98

October 2.734 0 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 0 to 20% of the sill 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 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(xi) of a stochastic process, an estimate of Z at
an unsampled location, xo, is expressed as:

Zxo) = Oil * Zx}) 10
i=1

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

Rio = 1 1 1
i=1

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

Given the estimation bias, E[ x) - Z(xj)], and the estimation variance, E(x,) - 2(x ) ,
the weight function to can be defined according to one of the following two criteria:



I) Setting the eslimation bias to zero, and minimizing the estimation variance,

2) Optimizing the trade-off between the est.ination bias and estimation variance.

Kriging method uses the first criterion to select the set of weights a.(i- 1, ..n). This

criterion is written in equation form as:

F [e]= 0, 12

1 
[2] = minimum, 13

whre

e = (xo) - Z(.xo ) ,

By stubstituting the. value of 2 (xo) from Equation 10, Equation 13 is minirnized

(dcliffbrenliaalcd with respect to weights) to provide the f Ihlowing Kriging system of equations:

S-- ) ,i = 1, ..--- . .,
j=

Where y(h,) is the variogram as a finclion of the separation dislance between location i and

location j, and -' is the variance of Z.

Equations 13 and 14 are combined t[o provide an estimate for the minimlrml estiomalion

variance as:

= - ci0:. k ( h, 1 - ':) 15

By considering the constraint in equal ion 11, Equal ions 12 and 13 are re-wrilten as follows:

(0o y(h) = y), i .... 16
p1

c^ .c0i . 7 I /

Spatial Mapping

(ising Equation 16 and the variogranm models firied in the preyviious section, Kriging was

applied to the data described carlier. 'l'he sets of data uscd are: i ) estimated average rainfiall over

1 15 sli tions for all 12 months, 2) estimnalted raiiifall for the ten retnurn pcriod.s over the 145

stalions [uo the monlh of January, and 3) estirnated rainfall F.r he Iten return periods over Ihe 145

statl ions For the mont h of July. Equation 17 is used t.o evaluat the estimlatio error variance f(r

the first datla set. Krigin g Module in ARC/VIEW package was used to carry out this task.

Presentation ol these applicalions proceeds.

Results

Figures Ia 1 I o 11 show the spalially interpolated average -;rainfall using Kriging. Dry season

months (November. December, January, February, March, and April) show rainfall values below

cl.0 inches- while t he wet season Ion ths show average nonthly rain fall values above 4.0 inchc.

Octoher shows rain tf;ll values below 4 inches in the western part of SFWM ) area and values

above 4.( inches in the eastern piart of S WM) aarca. Averagec rainfall 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
wet season. This range is 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
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. 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-eastern 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 southeastward 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 of 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 inchnes
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 is 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 are generally higher in the wet season munths 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



expected at such low 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

rnmay not be reliable estimates. The estimates for the wet return periods have similar spatial

patterns and they range between 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 peridls respectively. Rainfall in this group is higher in the eastern

area than in the western area. Such a pattern is reversed in the .luly rainfall estimates (Fligures
lIa t.o 141). For the dry and wct return periods, July rainfall estimates are higher in the western

area than in the eastern 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 reltrn period

respectively, For the 5, 10, 20, 50, and 100 year wet return period, they range hctween I 1.00-

8.50, 13.00 10.00, 15.00-13.00, 17.00 15.00, 1 8.00- I6.00 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, 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 ID # 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. Appendix 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 : the145 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 each 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 theoretical variograms
computed for the rainfall estimates show spatial coherence with a strong or weak stationarity.
Wet season variograms exhibited higher nugget effects than dry season ones. This indicates that
the existing rain gage network is lest 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
seasons. 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



to the preceding four months. Spatial maps for various return periods at a given month have

similar patterns wilh some offsets.

Point rainfall frequency analysis conducted in this report was useful in providing rainfall data

estirlanLLs that were used for monthly rainfall spilial mnapping over Ccntral an d SouLLt Florida for

various relurn periods. These maps ca.n be used to infer rainfall estimates at ungaged locations

fbr a given retLurn period or to infer Ihe return period corresponding t.o a given rainfall

inmeasurenent or estimate. These maps, however, can not be used to assess rainfall volumce over a

given area, particularly for high return period events, since a simultaneous occurrence of raillf'll

with the sanie frelquency at all gages within such an area is not guarantccd. Regional frequency
analysis can only provide an average estimate for this volume provided that enough data are

available within that area. Therefore, rainfall volume may not be easily estimated over an area

without, or with not enough, data. Ideally, a frequcncy analysis that considers Ihe joint
probability density function of all gaged locations is t.o be implementcd.

Rainfall 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
inroducc som.e smoolhing to to the cstimatJon process and, hence, arc not capable of capturing
extreme events at unsamripled locations. Extreme events can be captured, with some degree of

confidence, Lusinrg a stochastic miodlel. In a stochastic niodd, rainf'mll data can be generated

"raudonml y" such that the spatial and terimporal struct ure of the rainfall prcess is honored. The

generation of di ffercnt realizations wil h lle samite structure provides several rainfall estlimatl.s at

any location for a given return pel'iod. T'he highest and lowest values clan Ilihen be identified.

In addition to m.easurerrent crrors, rainfall est.imrates of this study are subject to such other

error types as errors cdue to frequency analysis estimation, errors duc to mapping to a regcular
grid, and errors due to isopluvial gcneration. While the estimation crror due to mappillg tIo
regular grid was quantified. the other cstimation errorls - e yet to he qluanltified.
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APPENDIX B

Theissen polygon representation of monthly average rainfall over 145 stations
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tFigurc b . TIhcissen polygon representatiuol of ,Ilnilary aver'age ralinfall oUvcI 145 statolus.

I
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February Rainfall
in inches:
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Figure b2. Theissen polygon representation of February average rainfall over 145 stations
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Resource Asessmt Division
1198sDBs

Figure b4. Theissen polygon representation of April average rainfall over 145 stations
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June Rainfall
in inches:

S447 -641
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Figure b6. Theissen polygon representation of June average rainfall over 145 stations.
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in inches:
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Figure b8. Theissen polygon representation of August average rainfall over 145 stations.
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Figure bl0. Theissen polygon representation of October average rainfall over 145 stations
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December Rainfall
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Figure B12. Theissen polygon representation of December average rainfall over 145 stations
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APPENDIX 1

MiNnthly varioglOlms forI variJous retur'n periods
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APPENDIX F

Model parameters of variogram presented in Appendix E



T'able 1. Jarmairy variog ram paramcters for ten return periods.

Table P2. 'aeb.m)ry

"abl" PSF. March va Ir'I

Month

100-year DRP

50-year DRP

20-year DRP

10-year DRP

5-year I)RP
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Variance
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0.0(401

(.0(109
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2.446

3.111
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50-year WRP 1.718 (.,4/2
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Month Variance Nugget
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0-year WRP 1.288 0.138

20) yea WIRP 2.631 0.5T/

50 your WRP 4.086 0.9011

I10-yec- WRP 5.975 1.339

Nugget
2E-04

8L-04
0.002
1.007

0.065

(1.133

0.283

(1.895

1.326

Ra

gc/:3
33.114

31.25

31.25
32.2

35.0(14

30.3

26.52

21.78

18.94
17.05

Ran ge/3
30.3

30.3
31 .25
33.14

35.104

35.98

35.98

32.2
30..
32' 21

Range/3
31.25

28.41

25.57

22.73

20.83
19.89
19.89

22.7.3
22.73

22./3

ngc.3

23.67

25.57

25.57

23.67

21.78

12.31

12.31

12.31

11.2
14.2

99.43

93.175
93.75

96.59

79.55

65.34

. 56.82
51.11

Range

90.9 I

93."/5
99)l.1 

3

1(I8

Q6.59

' ui ' l_

93.75
85. 2

/6.7
68.18

62.5

59.66

59.66

68. 18
(8.18

Range

71.02
76.7

76.7

71.(02

65.3-1

36.93

36.93:
36.93

42 61

3

7



Table F5. May variogram parameters for ten return periods.

Table F6. June variogram parameters for ten return periods.
Month Variance Nugget Range/3 Range
100-year DRP 0.436 0.264 28.41 8523
50-year DRP 0.547 0.323 30.3 90.91.
20-year DRP 0,677 0,385 31.25 93.75
10-year DRP 0.882 0.314 27.46 82.39
5-year DRP 1.067 0.352 30.3 90.91
5-year WRP 2.306 0,29 31.25 93.75
10-year WRP 3.418 0.448 29.36 88.07
20-year WRP 5.653 0.633 23.67 71.02
50-year WRP 7.994 0.935 18.94 56.82
100-year WRP 10.94 1.386 15.15 45.45

Table F7. July variogram parameters for ten return periods.

100-year DRP
50-year DRP
20-year DRP
10-year DRP
5-year DRP
5-year WRP
10-year WRP
20-year WRP
50-year WRP
I00-year WRP

Table FS. August varic gram parameters for ten return periods.
Month Variance Nugget Range/3 Range
I00-year DRP 0.404 0.018 14.2 42.61
50-year DRP 0.457 0.021 15.15 45.45
20-year DRP 0.514 0.026 16.1 48.3
10-year DRP 0.598 0.038 18.94 56.82
5-year DRP 0.673 0.059 20.83 62.5
5-year WRP 1.293 0.342 25.57 76.7
S10-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 4.437 1.303 15.15 45.45

RangeMonth
100-year DRP
50-year DRP
20-year DRP
10-year DRP
5-year DRP
5-year WRP
10-year WRP
20-year WRP
50-year WRP
100-year WRP

Variance
0.061
0.091
0.133
0.216
0.316
1.737
3.074
5,654
8.288
11.56

Nugget
0.03

0.045
0.065
0.098
0.082

0
0

0.459
0.764
2.338

Range/3
8.523
11.36

<wwl:3.26
19.89
23.67

32.2
30.3

29.36
27.46
28.41

Month 

Range

Variance
0.537

0.63
0.738
0.908
1.069
1.999
2.582

3.61
4.608
5.814

Nugget
0.121
0.139
0.153
0.171
0.175
(1.229

0.374
0.711
1.083
1.561

Range/3
30.3
32.2

33.14
34.09
35.04
33.14
29.36
23.67
18.94
15.15

90.91
96.59
99.43
102.3
105.1

99,43
88.07
71.02
56.82
45.45

25.57
34.09
39.77
59.66
71.02
96.59
90.91
88.07
82.39
85.23

.: s~' ; e

Month Range



Table F9. September varin rain pararers lot ten return periods..

Month Variance Nugget Range/3 Range

I00 year DRP 0.276 0.03 13.26 39.7

50-year DRPI 0.332 0,036 14., 42.6

20 year DRP 0.4 0,047 15.15 45.4

10 year 13RP 0 .515 ,0/3 16.1 48.

5-year )DRP 0.642 0.112 17.99 539

5-year \VRP 2.018 0.451 16.1 48

10-year WRP ] 3.056 1, 44 16, 1 48

20-year WR ' 4.865 1.633 13.26 39.

50-year WRI' 6.585 2.145 12,31 .36.S

1 00-year WRP 8.617 2.7 X1 10.42 31.;

7

.1

15

3

77

93

25

'I'Ta I) 1 Octuobcr va

Table FI I. November

l ;Abl' I 2. D)cLcmrber

I l n'rn i,,ia.ar icr. {r Luntiea r 0(ii [ tf l ZM I".

Month Variance Nuggeilt Range/3 Range

I110 year DRP' 0.129 0,041 33.1.; 99.43

50 year DRP 0.207 0.0591 32.2 96.59

70-year DRIP 0,331 0).1083 32.2 96.59

1l -year DRP 0,627 0.13 31.25 93.75

5-year DRP 1.054 0 28.41 85.23

5-year WRPI 5.233 0 29.36 88.0/

10-year WRP i ,632 28,41 85.23

20-vyear WRP 1135 1 28.11 85.23

50-year WRP 14.64 0 27.46 82.39

100-year WR' 18.38 0 26.52 79.55

vanri ram parameters for ten return periods.

Mon:th rirince Nuggect IuRani,./3

100-year DRP 0,004 0.0011 17,05
50-year I)RP (),' I 00)2 17.99

20-year DRP 0 1.023 0.0(02 1 /.99

10 year DRP 0.069 18.9.1

5 year D)RP 0. 153 0 19.89

-vear W RI I.469 ( 18.94

1 0-y:ear WRP 2-439 0 1,105

2(1-year WRP 4.118 (1 16.1

50-veza WRP 5.722 0 15.15

100-year, WRP 7.617 0 14.2

vari_,I'rtMn paranreters ;for ten return periud s.

Month Variance Ntugret Range/3

10) year DRP 0.001 0 2.3.67

5(0-year DRPi 0.003 2H= 04 22.73
20-year DRI' 0.007 6 (04 19,.89

1)0-ycar DR P 0[).21 SL-04 17.1)5

5 year DR)' 0.045 0.002 16.1

5 year WRP 0.401 0 1 .99

10 year WN ' 0.742 0 17.99

20 year WRP' 1.45 3 1 17.015

50-vear WRP 2.228 ( 107.).5

1 00-year WRP 3.2, 0 1 6.1

Range
51.11
53.98
53.98

56.8?
51.1)

48.34; 4.3
4..45
12..0 i

Range
71.02
68.18
59.66

51.14
48.3

53.98

53.98

51.1'1

51.11
4S,:?

~....... .~..r:...1.

- - ~~
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