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ABSTRACT: The total phasphorous (TP) concentrations in the
South Flerida rainfall have boen recorded in weekly intorvals wilh
8 detection limit (Dp) of 3.6 pg/L. As o large amount of the daln is
reparted as below the Dp, appropriate slatistieal mothods are neod-
od for data analvais. Thua, an ailcmpl wes moade Lo Idenlify an
appropriate method Lo catimate the meon and varionee of the dan.
In particular, a method to acparale the stotiatica for the below D,
poriion from the estimnied populalion alatistics i3 proposed. The
calimatled alatiatica of the censored data are compared with the
gtatistica of the uncenrored date available rom the recent years'
laboratory records. I wae found that the one-atep restricted maxi-
mum likelihaod method is the most seccurate for the wet TP data,
and that the propored method to combine the estimated statisties
for TP < D)y, porlion and the sample statisiica for TP = Dy, porlion
improven estimates compared Lo the conventional maximum likeli-
hood estimates.

(KEY TERMS: wator quality; ecnsored data: below deleetion limil,
tots] phoaphorus; wet atmospheric deposition; maximum likelihood
egtimator.}

INTRODUCTION

It has been recognized for the last several decades
that the phosphorus level of aquatic systems is direct-
ly related not only to their eutrophication but also to
the structure of the aquatic vegetation community.
Therefore, the management of phosphorus input to
the South Florida ecosystem has become an increas-
ing coneern resulting in the need for accuraie moni-
toring and analyseg of the phosphorus distribution in
the region. In South Florida where most water bodies
are large and shallow, atmospheric deposition ¢an be
one of the significant sources of phosphorus to the
system (Chen and Fontaine, 1997). The importance is
enhanced by the frequency and magnitude of rainfall
in its subtropical climate.

In general, two forms of atmospheric deposition are
commonly measured: wet deposition is that in the
form of rain, while dry deposition occurs as dustfall
unider no-rain conditions. The atmospheric deposition
data in the region have been collected by the South
Florida Water Management District (District) since
the early 1980s. The monitoring program was signifi-
cantly improved in 1992 by deploying wet/dry collec-
tors (Aerochem Metriecs Model 301 automatic wet/dry
samplers) and adopting a standard operating proce-
dure for data collection and processing. From 19 mon-
itoring sites, atmospheric deposition samples are
taken in weekly intervals {every Tuesday) from both
wet and dry collectors separately and analyzed at the
District’s laboratory to determine nutrients and
major jons. The data are stored permanently in the
District’s database with the method deteciion limit
(D) of 3.5 pe/L and the reporting accuracy of 1 pg/L.

As population meansg of the TP concentrations in
rainfall approach the D, and many TP samples have
values below the Dy, it is necessary to use appropri-
ate statistical methods to determine the statistics of
the data. Thus, the main objective here is to identify
an adequate method to estimate the mean and vari-
ance of the censored TP concentrations in South Flori-
da's rainfall.

For censored data, earlier studies used maximum
likelihood (ML) methods (Aitchison and Brown, 1969,
Cohen, 1959; Newman et al., 1989; and Schneider,
1986) which estimate the parameters for the entire
diztribution (both for the below detection limit (BDL)
and above detection limit (ADL) portions simultane-
ously). Based on the above ML estimates, this paper
proposes a method to compute the BDL statistics
which are very useful for computing TP loads in

1Paper No. 37068 of the Journal of the American Water Resources Asgocieition, INaouesions are open until Fehruary 1, 1989,
2Lead Hydrologist, Resource Asssaemont Division, WRE, South Florida Waoler Management Disirict, 3301 Gun Club Rond, Wesl Polm

Beech, Florida 33406 (E-Mail; hosung.ahn@sfwmd. gov).
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which the censored TP concentration values are
replaced by the estimated BDL mean. Also, the BDL
statistics ean be utilized to compute the combined
statistics of both BDL and ADL portions as proposed
in the following section. An application of the pro-
posed method to compute the statistics for the wet TP
deposition data measured in South Florida rainfall is
presented in “Results and Digcussion.”

METHODS FOR SINGLY LEFT-CENSORED
LOG-NORMAL DATA

The TP concentrations in atmospheric deposition
sources are frequently less than the D, below which
the data are not sufficiently reliable to report as
numerical values. In general, the reason to use the
less then Dy indicator in data is that sometimes the
signal produced by a sample is too small te discrimi-
nate it from the background noise of the instrument.
This ¢ondition is referred to as “below the detection
limit (< Dg)", and the data containing less-than (or
sometimes preater-than) indicators rather than their
exact values are ealled “censored data.”

The main idea of estimating the mean and variance
of censored data is that, given a set of observed ADL
data and the number of BDL samples, the mean and
variance of the data (BDL+ADL) are estimated under
the assumption that the probability distribution of
the ADL portion is continuous and extendible to that
of the BDL portion. Since the TP concentrations in
rainfall are mostly positively skewed, lognormal dis-
tribution or logarithm (natural) transformation is
desirable for data analyses. Common methods of esti-
mating summary statistics for censored lognormal
data can be divided into three classes: simple substi-
tution, distributional method, and regression method
{Schneider, 1986; Helsel and Hirsch, 1992). Simple
substitution methods, which substitute each less than
Dy, observation with a single value such as D;/2, have
less theoratical basie and are apt to have bias in esti-
mated statistics. Thus, some distributional and
regression methods are discussed here in detail.

Distributional Methods

Distributional methods use the characteristics of
an assumed distribution to estimate summary statis-
tics such as mean and variance under the assumption
that a set of data (both BDL and ADL portions) fol-
lows a given distribution and that summary statistics
are computed by fitting a probahility distribution
function to the observed ADL data The most popular
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maximum likelihood (ML) methods are deseribed
below.

ML Estimator of Aitchison and Brown (1969).
Let us congider a random varable X = [x;,i = 1,...,n]
with n observations. The variable X is assumed to he
described adequately by a lognormal distribution
LN(u,52) or equivalently by a normal distribution
N(p.ly .. 2) for a transformed variable Y = [y; = In(x;i),

.n}. It is further assumed that both X and Y are
sorted in order of increasing magnitudes for mathe-
matical convenience. With a single Dy, value, X can be
divided into two parts as in Figure 1: (m) censored
observations Xy = (x(, i = 1,...,m, for all x; = Dy) whose
exact values are unknown, and {n-m) uncensgored
observations X = [x;, i =m + 1,...,n, for all x; 2 D). If
the probability density function (pdf) of Y is given hy
normal distribution such that

2
1 (y,, - I-L_y)
) +2r gy exp 20‘5 0

Then, the likelihood function of the pdf for the data
censored at a log-transformed detection limit (d =
In(Dp)} is given by (Aitchison and Brown, 1969:
Cohen, 1959)

2
(y uy ) (2)

F(E)™ 7_—::—
()&LEI or

with p=F()= f.,., f(t)dt and &= (d - 1,)/oy. Taking

partial derivatives of the log-likelihood function with
respect to y, and Gyz, respectively, and solving the two
simultaneous e%uatinns, the estimates (*) of parame-
ters ly and 8,° in Equation (1) are obtained by

(Altchlson and ﬁrown, 1969)
y=d-za, )]
6, - &2 3 (g @
R—m i=m+1
with h = m/n. The functions z and g(h,z) can be

obtained from the tables in Hald (1949) and Pearszon
(1955). After computing fi, and & 2 the back-trans-
formed mean and variance of original data are
obtained by (Aitchison and Brown, 1969)
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d= I n(D L)
P=Pr.[X<D, ]
1
BDL ADL £=(d—Hy)/ oy
I
(4g,%8):m Log—Transform
Y= In(X)
a —>
LN( 1, 0):n
(Hp, Op)
DL K X
o (v-tov) /oy
Fipure 1. S8chemalie of n Censored Lognormal Distribution.
. I:l_r+ﬁ'2/2 (5) L &y [H—MI|
L=e d,, =0, - 1[0.312+ 0.859 o (10)
& -0 2(96: -D (6) One-Step Restricted ML, The one-step restricted

ML Estimator by Cohen (1959). Defining r =
&,°/(fya-d) where {5 and &,,are the mean and vari-
ance of the log-transformed ADL samples [y, i =
m+1,...,n), Cohen (1959,1961) simplified ML estima-
tors using only one auxiliary function ag

By = fiya — MB, Py —d) 7

2 =82, +Mh, )Ly - Y (8)
The value of A(h,r) as a function of h and r is obtained
from the tables in Cohen {1959, 1961), and Equations
{6) and (6) are used for back-transformation.

Bias Corrected ML Estimator. For a small sam-
ple size (n < 20}, Shaw (1961) and Schneider and
Weissfeld (1986) provided a bias correction method for
the previous ML estimates as

R . aJ n-m
=i, ——2 2.692-5.439(—] 9
Hye =Hy n+1expl: n-2m+1 9)
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ML method (Perszon and Rootzen, 1977) provides the
following explicit solutions for the mean and variance
by imposing an assumption that BDL samples follow
a discrete binomial distribution:

fiy=fi,4 -ac* (11)

=6?,A —(ae —a?)o*)? ' (12)

where a = nF{e¥m, F(.) is the standardized normal
pdf, 6% = 1/2[C2 + 4 4,42 + 4 (fy,4-D2IVZ, C = g(fi4-d),
and e = (d - Va2

BDL Statistics

The mean and variance computed in the previous
subsection are those for overall data, that is, for hoth
the BDL and ADL poriions. However, one may
be interested in estimating the statistics of only the
BDL portion. For instance, TP loads can be computed
accurately from the censored TP concentrations by
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replacing every censored value with the estimated
BDL mean. Also, the mean and variance of a censored
data zet can be improved by combining the sample
statistics for ADL portion and the estimated BDL
statistics as will be shown latter.

Once a pdf f(x) of censcred data is defined hy esti-
mating the parameters 1, and g,2 using one of the
ML methods, the BDL probability p at Dy, can be
defined and estimated by

oy ny
p="Pr. X-cDLlﬁI,&i]: J- f(x}dx=AxE flx) (13)
0 i=1

where Ax is the discrete interval that should be small
enough to engure the accuracy of the numerical sum-
mation, and np is the number of effective discretiza-
tions of the BDL portion. Using the definition of
probability weighted moments (Mood et al., 1974), the
BDL mean and standard deviation are computed,
respectively, by

- 1 DL Axnl
ip=-], f(x):cdx:—p—zi Fla)x, (14)

Az_l Dy, Ry _Ex"n' A 82
85 ==f  fea-ipde- pzif(x., g
(15)

The analytical solutions of the above three definite
integral equations are not known to the author; how-
ever, they can be solved efficiently and accurately
with the discrete summation schemes shown as the
right-hand-sides of Equations (13) through (15).
Then, the ¢combined (compound) mean and variance
are computed by (Kite, 1988)

fL=hiig+(1-hig (16)

62 = ha2 +(1-h)6% + R(1-A)jig - (ig)? (17)

where fI, and 6'y2 are one of ML estimates, and the
ADL mean and variance are computed by fiy =
T met %fn-m) and 842 = T [x; - a1 (m-m-1),
respectively.

Linear Regression Method

If singly censored data after log-transformation fol-
low a normal distribution, it is poszible Lo estimate x;9
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for x; < D, based on the linear relationship of log-
transformed ADL values versus the normal scores
designated by the plotting positions of the ordered
data (Gilliom and Helsel, 1986; Helsel and Cohn,
1988; Helsel and Gilliom, 1986; Helsel, 1990; Helsel
and Hirsch, 1992). The normal zcore (z-score) z; is an
inverse of the standardized cumulative distribution
funection (¢df) of a plotting position p; as
Z; = ql'l(ﬂi) (18)
With the data sorted in increasing order of magni-
tude, the general expression for the plotting position
of the i-th rank (i = m+1,...,n) can be exprossed by
(Cunnane, 1978; Hirsch and Stedinger, 1987)

o imo (19)

P e
where © is uzed to correct bias in the extreme (largest
and smallest) observations. Depending on @, Equa-
tion (19) is called Weibull (@ = 0), Blom (@ = 3/8), or
Hazen (@ = 0.5) plotting position. The Blom estimate
i3 selected here since Newman ef ¢f. (1989, 1995)
found that it s the best choice for censored data.

Assuming a simple linear equation adequately rep-
resents the relationship between the log-transformed
data and the corresponding z-score as

yi=In{x) = a+ Pz, withi=1,.n (20)
the parameters @ and f are estimated hy regression
analysis with observed ADL data. Then, the BDL por-
tion values {%;, 1 = 1,...,m} are estimated by Equation
(20) with the z-scores assigned by an appropriate plot-
ting position method. The combined mean and vari-
ance of the BDL and ADL portions in this method are
obtained, respectively, by

m H2
ﬁ=i[zii+ I"] {21)
-1 i=m+l
N 1 | Q. .2 -
6t = ¥ (& -A)"+ ¥ (x-0) (22)
i=1 i=m+1

It is also possible to estimate the parameters & and
by either Kendall's robust line, tobit regression, or
logistic regression (refer ta Helsel and Hirsch, 1992),
but this study adopled a simple regression method
which gives enough aceuraey as shown later.

Since the z-score in Equation (20) is the standard-
ized normal variate of log-transformed value, that
is, z; = lln(x;) - K lay, the mean and variance of the
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censored data may be obtained directly from the rela-
tionship of In(x;) = py, + o,z; (Gleit, 1985). However,
this method was not applied here since it gives more
biased results than the regression method by Equa-
tions (18) through (22).

RESULTS AND DISCUSSION
Preliminary Statistics of Uncensored TP Data

Among 19 atmospheric deposition monitoring sites,
only two sites, namely BGIWET and BG2ZWET, weare
selected in this study since the data from the other
sites have severe contamination problems which will
be addressed separately. Both sites are located in
the southeastern marsh of Lake Okeechobee (Lati-
tude 26°43°, Longitude 80°437), approximately one
kilometer east of the agricultural fields. In particular,
the wet TP deposition data from 1993 to 1996 were
taken for the censored data analysis here because,
tduring the period of record, the uncensored TP data
including values for TP « 3.5 pg/L are available from
laboratory records, Also available are the uncensored
quality ¢control data of atmospherie depogition in¢lud-
ing equipment blanks, split samples, and replicate
samples. Equipment blanks are collected, before the
collection of routine samples, at a rate of one in 20
samples (five percent), by passing one liter of deion-
ized water through each piece of sampling equipment.
Replicate samples are those collected at the same
time and place ag the routine samples, while split
samples are aliquots (parts) of the same samples nsed
to measure the variability of sampling and the labora-
tory analyses,

Table 1 summarizes the sample statistics of overall
and BDL data, where “overall” means hoth ADL and
BDL portions. As shown in this table and Figure 2,

the TP concentrations from each site are highly
skewed and thus transformation of the data is neaded
before the censored data analysis, When the data are
log-transformed, the skewness and kurtosis in each
site are improved significantly as shown in Table 1.
The result of a normality test proposed by Snedecor
and Cochran (1980) showed that the kurtosis at each
site satisfies the normality assumption, but the skew-
ness at each site is slightly higher than the tabulated
value (0.567 for n = 100 and 1 percent significant
level). However, the skewness effect to the censored
data analysis is diminished when the proposed com-
bined statistics by Equations (16) and (17) are used
and thus the log-transformation of the original data is
still valid as shown later.

Table 2 presents the sample statistics of the BDL
data taken from several different sources collected
during 1996 by the District, and Figure 3 displays the
frequency distributions of the same BDL data where
the negative TP concentrations are the result of
instrument noise. These presentations demonstrate
that the summary statistics of the BDL wet TP data
from different sources are quile consistent. The distri-
bution in the BDL portion has monotonically deecreas-
ing TP values so it is deemed to be a left tail of a
lognormal distribution. For further comparison, the
statistics of 1996-wet-TP-samples (the second column
in Table 2) were selected as the typical BDT. statistics
due to its large sample size.

Comparison of Estimators

Table 3 summarizes the means and standard devia-
tions estimated by four ML methods and one regres-
sion based method performed in three different ways.
The “overall estimated” in Case A represents the
statisties of both BDL and ADI. portions as outlined
by the conventional ML methods. In particular, the

TABLE 1. Sample Sialistice of the Uncensored Wet TP Coneentrations in South Florida's Reinfall.

Overall (ADL+BDL) Data Data for TP<Dy, (3.5 pg/L)

Btatistics BGIWET BG2WET BG1WET BG2WET

Number of Samples 118 109 31 (27T%) 25 (23%)
Mean (ug/L) 9,732 13.884 2.074 1.957
8.D. (pg/L) 12.034 20247 0.917 1022
Skewness 179 3.791 0478 0467
Skoewnass for Y = InX 0.803 0.705 -0.900 (0,895
Kurtosis 12.178 17.22 0.017 -0.988
Kuriosia for Y = InX 0.577 0.482 0.343 .038

*Percent censoring, h = 100 m/n.
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Frequency (%)

(2) BGIWET
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TP (ug/L)
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Figure 2. Frequency Distributions of Wet TP Concentration Data at
(a) BGIWET (1 = 116) and (b} BG2WET (n = 109) Siles.

regression method in Case A computes the sample
statistics (moment estimates) of the estimated TP val-
ues (hath BDL and ADL portions) using the fitted
regression equation x; = exp{a + Pz;). It was observed
that a simple linear regression model fitz well for
In(TP) versus z-score: R2s for BGIWET and BGZWET
sites are 0.962 and 0.979, respectively. The ML esti-
mates of BDL statistics (for Case B) were obtained by
Equations (13), (14), and (15) with the estimated log-
normal pdfs listed in Case A, while the regression
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method in this case computes the sample statistics
{moment estimates) of the estimated (filled-in) BDL
values [xy,...,xp,). For Case C, Equations (16) and (17)
are used to get the combined statistics.

The result in Table 3 indicates that, for the wet TP
concentration data, the ML methods outperform
the regression method. This differ from the simula-
tion result by Gilliom and Helsel (1986) where they
concluded that the regression method is the most
robust. To draw a general eonclusion of which method
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TABLE 2. Statintics of the Uncensored Wel TP Samplea for TP < 3.6 pg/L (TP unit in p/L).

Data Type
1956 Wet TP Equipment Heplicate Split
Statistics Samples Blank Sampla Sample

Number of Samples 117 b 13 17
Mean 2.081 2.000 1834 2,128
Standard Deviation 1.064 1.000 1.030 1.147
Median 2.0 2.0 2.0 20
Geometric Mean 2.232 2.076 1.802 2.668
Skewnass -0.828 0.656 0.211 -1.18%
Pr[TP < 0 pg/L]* (%) 4.3 28 7.1 5.9

*The probability thal the selected random BDL samples are less than 0 pg/L due Lo instrament orror (ratio af less than 0 zamples to total

BDIL samples).

40

Frequency (%)
» w
= S

,_
=
T

-2
TP Concentration (ug/L)

B2 BGIWET(m=31)
Bl 1996 wet TP(m=117)

LT T P AR NN,

LT T A, x
A T T T T W

A DA, P B B A
I T T A T
AR R

e

-1 0 1 2 3

PABG2WET(m=25)
1996 Equip. Blank(m=22)

Figure 3. Frequency Distributions of BDL Wet TP Concentration Dala
From Different Sourves, Where m is the BDL Sample Size.

is good for the proposed BDL estimate, comprehensive
simulation experiments should be done which is out of
the scope here. When the estimated BDL statistics
and the ADL sample statistics are combined to obtain
the overall statistics, the estimations are improved for
four ML methods as well as the regression method.
There is no significant difference between the tested
ML methods, but the one-step restricted method
glightly outperforms the other ML estimates.

In addition, Tables 3 and 4 include the combined
statistics estimated by Equations (16) and (17) with
replacing the BDL statistics with two simple pdfs: the
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typical pdf obtained from the 1996-wet-TP-samples
{from Table 2) and a uniferm distribution. The com-
bined statistics for the typieal distribution case are
quite comparable to the ML estimates as shown in
both Case C in Table 3 and Table 4. The combined
standard deviations with a uniform distribution
assumption (the last raw in Table 4) seem to be the
most accurate, but this result is not defensible since
the estimate by Equation (17) was influenced by the
underestimated BDL mean.

As shown in Case B in Table 3 and Figure 4, all
methods underestimate mean and standard deviation
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TABLE 3. Estimated Mean and Standard Deviation of Censored Wet TP Concentralion {lg/L).

BG1WET BGZWET
Eatimation Mathod Mean 8.D. Mean 8.
Casa A: Overall Estimated
Observed 9.732 12.034 13.664 20,247
ML by Aitchisen sand Brown 8.204 11215 13061 19,592
ML by Cohen, Equations (7} and (#) 9,238 11.360 13.11k 19 844
Bias Correclod ML, Equations (9) and {10) 9.236 11.470 13.116 20.038
One-Step Restricled ML, Equations (11) and {12) 9349 11,866 13.262 200553
Regresaion Method 8.943 9.7561 12.660 16.683
Caze B; Estimated for x; < Dy,
Obaarved 2074 0817 1857 l.og2
ML by Aitchison and Brown 2118 0866 2038 0.695
ML by Cohen 2.110 0874 2.030 0.900
Bisu Carrected ML 2.101 0.BB2 2,021 0.909
One-Siep Restricted ML 2.084 0.892 2.010 0.914
Regression Mcthod 1.673 0.702 1.644 (.729
1996 Wet TP Hamples* 2.001 1.058 2.001 1.058
Uniferm Distribution 1.760 1021 1.700 1021
Case C: Statisties for Combined Population of the BDL {Care B) and ADL** Portions
Obsorved 9732 12.034 13.664 20.247
ML by Aitchison and Brown 9.480 11.986 13467 20.148
ML by Cohen 8478 11.988 13.4668 20.150
Bina Corrected ML 9475 11.491 14464 20,152
One-Step Rostricted ML 9471 11.897 13.481 20.154
Regression Meihod B.361 11.871 13.377 20.180
1988 Wet TP Samples® 2470 11.91% 13477 20,122
Uniform Distribution 9.3u2 11.873 13,344 20.164

*The ADL statistica (mean and 8D) for BGIWET and BG2WET are

(12165, 12.885) and (16.869, 21.792) in pg/T, respoctively.
**The typical BDL statistics hased on Lhe 1996 wet TP samples (rom the first column in Table 2).

TABLE 4. Comparizon of Estimation Errora (=100 1 Obs -Est. |/Obs.} for the BDL Estimates,

Error (percent)

Egtimation Method Mean sD.
ML (One-Step Restricted) 1.60 6.65
BRegreasion Method 17.66 26.07
1996 Wet TP Bamples* 2.6% 945
Uniform Distributiona* 13.10 5.72

*1i i nerumed that the distribution of thoe BDL portion follows either the 1998 wet TP samplo diatribution or a uniform distribution.

compared to the observed statistics of the uncensored
data except the standard deviation at BGZWET esti-
mated by the one-step restricted method. The bias in
the BDL estimates can also be checked by computing
the BDL probability p by Equation (13) and compar-
ing it with h. When the one-step restricted method
is used, the estimated p values at BGIWET and
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BG2ZWET sites are 0.305 and 0.261, respectively,
while the corresponding h values are 0.267 and 0.229,
respectively. This difference in each site is the result
of overestimation of the lefi-tail of the fitted pdf com-
pared to the sample distribution.

Comparing the Cases A and C in Table 3, it can be
concluded that the estimates can be improved by
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Figure 4. Obacrved As Well Aa Ealimnted CDF Curves of Wel TP Coneentralions
Versus Standardized Normal Vadatos (z-uscores).
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adopting the proposed combined statistics. With the
proposed approach, the estimation errors in mean and
standard deviation are 2 percent and 7 percent
respectively. Moreaver, with the typical BDL statistics
of a mean of 2.081 pg/L. and a standard deviation of
1.054 pg/L, the estimation errors are slightly
increased (1 percent and 3 percent, respectively) but
are still comparable to the proposed approach.

CONCLUSIONS

The objective of this study was to find an adequate
method to compute the mean and variance of the cen-
sored TP concentrations in South Florida's rainfall. In
particular, this paper proposes an approach to esti-
mate the mean and variance of the BDL data for log-
normally distributed singly left-censored data. The
proposed approach computes the BDL statistics based
on the probability weight moments with the pdf esti-
mated by the conventional maximum likelihood tmeth-
ods. The estimated BDL statistics are useful for
caleulating TP loads with highly censored TP concen-
tration data as well as for computing the combined
statistics by Equations (16) and (17).

The proposed approach was applied to estimate the
gtatistics of the wet TF atmospheric deposition data
collected from two monitoring sites in South Florida,
where censoring levely of the selected data from both
sites are moderate (26.7 percent and 22.9 percent).
The combined statistics in each site were compnted
and compared with those of uncensored data includ-
ing “recorded” BDL values which are available from
labhoratory records. The results of analyses herein con-
firm that the proposed approach to compute combined
statistics with the estimated BDL statistics improves
estimates compared to the conventional approach to
compute the overal] statistics.

The one-atep restricted method was the most accu-
rate for the wet TP data. The one-step restricted
method is relatively simple to use because this
method does not rely on iterative solution or tabulat-
ed input values. Moreover, this method is baced on a
ML approach which ig widely nsed for model parame-
ter estimations due to its ability to produce minimum-
variance unbiased estimates (Aitchizon and Brown,
1969). Therefore, it ic highly recommended to use the
proposed BDL estimation method in conjunction of
the one-step restricied ML method for the censored
wet TP concentrations in South Florida rain. With
this proposed approach, the estimation errors in mean
and standard deviation are about 2 percent and 7 per-
cent, respectively.
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Based on the 1996 wet TP samples, the typical
mean and standard deviation of the BDL data are
about 2.1 pe/L and 1.1 pg/L, respectively. These
typical BDL statistics can be used in practice for com-
puting the statistics of the censored wet TP concen-
trations data in South Florida rain. It was found that,
with these typical BDL statistics, the estimation
errors in the estimated mean and standard deviation
are increased moderately (about 1 percent and 3 per-
cent, respectively) but are still comparable to the pro-
posed approach.
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