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ABSTRACT

Of the many error sources associated with airborne laser hydrography, one 
of the potentially most serious is the effect of the scattering of the optical 
beam into a cone of continually increasing angle, i.e., of underwater light 
propagation. Depending on the entry nadir angle of the beam and the optical 
properties of the water, one of two opposing effects -- multiple scattering
and geometric "undercutting" — will dominate and result in either a deep or 
shallow depth measurement bias, respectively. The magnitude of this bias can 
greatly exceed international hydrographic accuracy standards, and hence bias 
correctors must be calculated and applied to the raw depths in post-flight
data processing to attain the required accuracy for the overall system. The 
magnitudes of the bias correctors depend not only on the water and flight
parameters, but also on the basic design of the receiver electronics. This 
report describes results obtained for several typical systems* outlines the
procedures required to calculate a set of bias correctors for any given 
system, and includes a cookbook approach for the necessary post-flight data 
processing algorithms.

* Portions of this work were sponsored by the Naval Ocean Research and 
Development Activity, Code 302, NSTL Station, Mississippi, 39529.
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SPECIFIC RESULTS

Introduction

The basic premise of airborne laser hydrography is that the water depth, 

D, can be determined by measuring the round-trip transit time, T, for a short- 

duration light pulse which travels to the bottom and back to the surface along 

a slanted path which makes a known angle, <}),from the vertical as in Fig. 1. 

From this simple ray model, the depth is calculated to be D = (c Tcos«t> )/2, 
where cw is the speed of light in water. W

I hi s model does not take into consideration the spreading of the beam in 

the water caused by scattering from entrained organic and inorganic 

particulate materials (Fig. 2). It can be seen that two competing effects 

exist which will cause a net bias in the measured slant range: a path 

lengthening due to multiple scattering and a path shortening due to energy 

returning early from the "undercutting" region. The magnitudes of these 

effects depend strongly on the beam entry nadir angle and the optical 

properties of the water. Because simple geometric arguments imply that the 

magnitudes could easily exceed the ±1 foot (30 cm) error budget, it its very 

important that the propagation-induced biases be accurately calculated. If 

the predicted biases do exceed an acceptable magnitude, they can, at least 

conceptually, be applied to field data as bias correctors to maintain system 

performance within the error budget.

Impulse Response Functions

A Monte Carlo simulation has been conducted (Guenther and Thomas 1981a) 

to determine the impulse response functions (IRFs) at an airborne receiver for 

the underwater return (including scattering and absorption effects on 

propagation) as a function of nadir angle, depth, and optical properties of 

the water. The existence of undercutting is illustrated in Fig. 3 which 

depicts results for sample energy density distributions at the bottom. 

Examples of typical impulse response functions (scaled to a 20-m depth) are
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shown in Fig. 4. In the "key" blocks, AD denotes the optical depth, and W0 is 
the single-scattering albedo. The round-trip time for the unscattered 
reference path, measured from the earliest possible return for a vertical 
path, is

tR = 2D (sec <p - l)/cw. (1)

This is denoted "REF" on the plots.

Depth measurement biases are defined from this reference time; i.e., if 
the pulse location time is tg, the depth measurement bias for an impulse input 
is B = cwcos<j) (tg - tR)/2. In the limiting case where the depth scaled 
impulse response is quite long compared to the incident pulse (typically for 
deep water with significant scattering), the bottom return pulse will look 
very much like the impulse response, and pulse location algorithms applied to 
these impulse responses will yield a set of fairly realistic biases.

Fractional thresholds have been determined to be the optimum linear pulse 
location algorithms (Guenther and Thomas 1981b). Sample biases calculated 
from the IRFs in this way are presented in Fig. 5, where the notation in the 
"key" blocks indicates the scattering "phase function," air nadir angle, 

detector threshold fraction (as a percentage of the peak), and single­
scattering albedo, respectively. A complete set of these biases is listed for 
reference in Appendix B of Guenther and Thomas 1981a. Under certain 
circumstances (such as high nadir angles) the bias magnitudes exceed, 
sometimes significantly, the acceptable error budget of + 1 foot (30 cm) to a 
depth of 20 m.

Realistic Bottom Return Signatures

Generally speaking, however, biases calculated from actual system input 
pulses will differ considerably from the above because typical impulse 

responses are not extremely long compared to a typical 7-ns incident laser 
P,j1se- The actual "input" pulses arriving at an aircraft receiver can be 
calculated by convolving the depth scaled impulse responses with the incident
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pulse from the laser transmitter. Typical biases for linear, depth-specific 
input pulses have been calculated for fractional threshold detectors by 
digitally convolving the depth-scaled impulse responses with an incident laser 
"source" pulse of triangular shape having a half-width of 7 ns. (This pulse 

shape is an excellent representation of the output pulse from the state-of- 
the-art HALS/AVCO* Dlue-green laser, as seen in Fig. 6). For the bias 
calculation, the source pulse is used for the surface return as described in 
detail in a later section titled "Processing". The results are tabulated in 
Appendix A, and sample plots are illustrated in Figs. 7 and 8 which 
demonstrate the effect of physical depth and the ancillary parameters on the 
biases for the same parameter sets as in Fig. 5.

It can be seen in Fig. 7 that at a 5-m depth, where the impulse response 
functions (IRFs) are generally narrow compared to the source pulse width, the 
biases are reasonably small because the convolution is very similar to the 
source pulse. For a 20-m depth, however, the IRFs are roughly of the same 
size as the source pulse, and the convolution differs significantly from the 
source pulse. The resulting biases (Figs. 8a, b) become quite large and 
require correction. Note the very important result that for air nadir angles 
of 25° and less the dependence of the bias on the phase function and single­
scattering albedo (both unknown quantities from an airborne platform) as well 
as the threshold fraction is minimal, and precise values of these inputs are 
not required to maintain the bias estimate within ±10 cm. This is no longer 
the case, however, at 35° (Fig. 8b) where the biases are larger and exhibit a 
greater dependence on the input parameters.

Effects of Non-Linear Processing

Bias results presented to this point have been calculated for an input 
signal which is processed linearly and located with a fractional threshold 
detector. In practice, because of the extremely large dynamic range inherent 
in incoming pulse amplitudes (as much as five decades), some form of amplitude 
compression will generally be required in the receiver hardware. Any form of

*The AVCO Everett Research Laboratory, Inc., is presently building a 
Hydrographic Airborne Laser Sounder (HALS) system for the U.S. Navy.
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non-linear signal processing has the potential to alter the biases 
significantly from those already presented. The most commonly used 
compression technique, logarithmic amplification, causes an extreme alteration 
in the shape of the leading edge of the pulse (Fig. 9) and a correspondingly 
large change in depth measurement biases resulting from locators applied to 
these distorted pulses.

This is illustrated in Figs. 10 through 13 where biases calculated for 
the HALS system are plotted for the same water optical properties as in Figs. 
5, 7, and 8. Note that these biases differ significantly from the former. 
The HALS system incorporates logarithmic amplification for amplitude 

compression and a so-called "constant fraction discriminator" analog circuit 
for locating the pulse. The "delay" noted in the figures refers to a circuit 
parameter which serves roughly the same purpose as the threshold fraction for 
linear pulse location. As can be seen in Figs. 10 through 13, this 
combination has the unfortunate property of yielding biases sensitive to the 
peak signal-to-background ratio (Pm/B) as well as to the nadir angle, the 
delay, and the physical depth. Typical biases for the HALS system are 
tabulated in Appendix B.

It is clear, then, that bias correction for an airborne laser hydrography 
system depends not only on the transfer function of the water column, but also 
on the shape and duration of the incident pulse and on the transfer function
of the receiver electronics. An explicit set of generalized bias correctors
cannot be calculated for propagation-induced depth measurement errors until 
all of these things are completely defined. With this clearer understanding
of the scope of the problem, we can now step back and take a broader look at
the required procedures from a generic point of view.

GENERAL PROCEDURES 

Input

The basic starting point is the set of impulse response functions (scaled 
to the vertical depth transit time, D/cw) which describe the transfer function 
of the water column for various combinations of air nadir angle and water
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optical properties. In order to scale these functions into nanoseconds for 
any given depth (in meters), 0, the normalized abscissae values must be 
multiplied by D/cw = 4.440. The derivation of these functions by Monte Carlo 
computer simulation techniques is described in detail in Guenther and Thomas 
1981a. Because of their importance, these functions are archived in four 
different ways: 1) on two ASCII disk files named 0NEPR0.AS1 and 0NEPR0.AS2 
on the PDP Network Services, Inc. DEC-10 computer system; 2) on a magnetic 
tape cartridge for the Tektronix 4051 desk-top minicomputer; 3) as a printed 
paper output; and 4) on file 1 of a 9-track ASCII universal computer tape 
named PR0P1.

The convolution of these functions with a given "source" pulse has been 
accomplished in a Fortran program on the ADP system called SMPD.FOR. This 
program is documented in Appendix C along with instructions on how to modify 
the code defining the source pulse (which is currently a 7-ns halfwidth 
symmetric triangle). The depth-scaled convolutions or "input" pulses for a 
7-ns triangle source pulse are stored on an ADP ASCII disk file named 
SMPALL.EIR, on a 4051 tape cartridge, and on file 2 of the 9-track tape PR0P1.

Bias Calculation

For a given set of depth-specific input pulses parameterized on air nadir 
angle and water optical properties, the next step in calculating bias 
correctors for these circumstances is the modeling of the system receiver 
electronics including all the various non-linear processing and pulse location 
estimation procedures as well as bandwidth limitations. When the appropriate 
transfer functions have operated on the input signals, the apparent depth is 
then calculated from the time interval between the detection locations of the 
surface return and bottom return pulses. The source pulse (appropriately 
modified by the receiver electronics) may be used directly as the surface 
return pulse or, if desired, modified slightly before processing to include 
the effect of surface waves. The "input" pulse, modified by the electronics, 
is the bottom return pulse. (It should be noted that it might be desirable to 
use different pulse location techniques on the two pulses and correct for the 
resulting additional bias. Depending on the wind speed and air nadir angle, 
the "surface" return may come from a reflection at the air-water interface, or

6



it may be the result of backscattering from the water beneath the interface. 
The latter effect will cause a shallow bias in measured depths whose magnitude 
depends on the pulse location procedure — the nearer to the start of the 
surface pulse, the smaller the bias. Thus, while it may be desirable to 

have the bottom pulse located at, say, the 50% value, the surface pulse may 
need to be located at the 20% value to control the size of the 
interface/volume bias. Locating the two pulses at different levels causes an 
additional bias which depends only on the shape of the interface return and 
which can be easily removed with a pre-calculated ad hoc corrector.)

The bias calculation is then made according to the timing diagram shown 
in Fig. 14. The bottom pulse location time, tB, and the "reference" time, tR, 
can be measured from any consistent starting time such as the earliest 
possible return for a vertical path. The surface pulse location time, t$, 
is measured from the start of that pulse (where it would be located if it were 
a "delta" function). The time associated with the true slant range, tD, and 

the time associated with the apparent slant range measure, tA, can be seen in 
Fig. 14 to be related by the expression

tD = t$ + tA + tR - te. (2)

The slant range bias time, tE, is then

tE=tA~tD=tB“tR~tS» (3)

and the associated depth measurement bias will be

B = (cwtE cos<t>)/2. (4)

To calculate the bias time, tE, one obtains tg - tR from the processed bottom 
return input pulse and t^ from the processed surface return "source" 
pulse. It is important to note that for non-linear processing such as in the 
HALS system, the signal strength of the surface return may have an effect on 
the bias calculation, and a table of values for t^ parameterized on surface 
signal strength may be necessary.
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Biases must be calculated for all combinations of physical depth, 
receiver parameters, pulse location algorithms, and relevant water optical
properties (potentially: phase function, optical depth, and single-scattering 
albedo). This constitutes a very large data base. The next step is to 
examine this data base and compare the contents to a maximum permissable level 
- say ±15 cm. If all biases are smaller than this for the full range of 
desired operating conditions (an unlikely circumstance), then no bias
correction is required, and the effort is completed. If biases exceed ±15 cm, 
several major decisions are required - such as how to obtain quantitative 
values from field data for the necessary defining parameters and how to handle 
and apply the bias correctors once they are calculated. These questions are 
discussed in the next section.

Estimation of Input Parameters From Field Data

The application of a bias predictor as a bias corrector to field data
implies adequate quantitative knowledge of all of the previously named
variables upon which the biases are parameterized. This may include signal 
strengths, and it most certainly includes water optical properties. The 
operating scenario for an airborne laser hydrography system does not include 
any surface truth; hence any knowledge of water optical properties needed for 
bias estimation/correction must be obtained by the airborne system during its 
bathymetric profiling operations. This imposes a severe limitation on the 
parameters which can be obtained and the accuracy to which they can be 
measured. This in turn impacts the bounds of the operating parameters within 
which the system must be flown to maintain the ability to estimate the bias 
correctors to within about 10 cm.

Generally speaking, the phase function cannot be estimated from the 
air. The Monte Carlo simulations were conducted for two bounding phase 
functions (Petzold 1972): the so-called "NAVY" function for which the
scattering was very strongly forward (37% within 1° and 76% within 10°) and 
the so-called "NOS" function for which the distribution was slightly broader 
(23% within 1° and 66% within 10°). Fortunately, the effect of these changes 

in phase function on the impulse response and resulting biases is sufficiently 
small that an average value can be used and the dependency removed; thus the 
phase function is not required.
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The direct effect of the single-scattering albedo, wQ, on the impulse 
responses and subsequent biases is also small enough that an ad hoc average 
value of 0.8 can be used. There is, however, another need for wQ: the 
determination of the beam attenuation coefficient, a, from the diffuse
attenuation coefficient, K.

K is the only important parameter which can be easily extracted from the 
lidar returns. The log slope of the volume backscatter curve following the 
surface return pulse should be roughly equal to -2K, and hence its value can 
readily be determined from each recorded pulse. The biases, however, are
parameterized on optical depth, aD, which involves a, not K. The relationship 
between a and K (Fig. 15) is a strong one which depends on a single parameter, 
the single-scattering albedo, wQ. (Guenther and Thomas 1981a). Even if K 
were known precisely, which it will not be, uncertainty in wQ would cause an 
uncertainty in a and hence in the optical depth, a D. Two approaches to the 
problen are possible: 1) try to estimate wQ from airborne data, or 2)
assume wQ = 0.8 and restrict operational parameters such that the attendant 
errors caused by poor knowledge of aD are acceptable within the error 
budget. (Primarily this will mean restricting the nadir angle, because the 
bias versus optical depth plots become increasingly steep as the nadir angle 
increases).

It is theoretically possible to estimate wQ from airborne data as 
follows. The peak signal strength of the volume backscatter return is 
proportional to the quantity o^/K where a^ is the backscatter coefficient (at 
180°) per unit solid angle. As seen in Fig. 16, a plot of o /K vs wQ (which 
was obtained by using o^, a, and wQ values from Petzold 1972) provides a
smooth, monotonic function. Thus, if an accurate quantitative estimate 
of c^/K could be determined from an inversion of the signal equation by 
measuring the peak volume backscatter power, then the relationship described 
in Fig. 16 could be used to estimate wQ.

This procedure has never been attempted, and it is questionable whether 
the numerous parameters in the signal equation can be known to sufficient 
precision to permit an accurate estimate of a^/K. The range of interest in Wq

9



for coastal waters if roughly between 0.6 and 0.9, and o /K varies by only a 
factor of 2 over that range. Hence, a /K would have to be determinable to

7T

within roughly 20% to predict wQ to the nearest tenth. We regretfully do not 
believe this is practical.

The second and remaining option of selecting wQ = 0.8 as a rough mean 
value leads (from Fig. 15) to the relationship a ~ 3.8 KD, which implies the 
optical depth, aD, can be estimated from the apparent measured depth, D, and 
the estimated value of K using the expression a D ~ 3.8 KD. If wQ actually 
varies between 0.6 and 0.9, a/K varies between 2.2vand 6.3. Thus, our 
estimate of aD is basically good to a little better than a factor of 2, and
changes in bias correctors over that range of optical depth for a given
parameter set must be less than about 10 an for that parameter set to be 
operationally acceptable.

Application of Bias Correctors

A final required decision involves the practical handling of the large 
data base of bias correctors. It is expected that roughly 1080 correctors are 
required to provide coverage of all necessary combinations and resolutions of
the input variables. These correctors could be utilized directly in matrix
form with a table look-up procedure, or a multivariate (possibly non-linear) 
regression program could be used to fit the data and generate a formal 
expression which describes the results. The former is conceptually simpler 
but does not lend itself well to interpolation and would require considerably 
more computer time in operational use. The latter requires an additional 
development effort, but readily permits interpolation and would be fast 
computationally. Because of the importance of processing speed in the 
operational data reduction software, it is felt that the best approach is to 
develop a set of formal equations which fit the tabulated values.

DATA PROCESSING

The post-flight data processing converts the raw lidar pulses and 
ancillary flight data into a set of depths at specified locations. The exact 
procedures implemented will be system dependent to a certain extent, but those
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involved with the calculation of the depths and their correction for 
propagation-induced biases can be listed generically to indicate the required 
parameters and the magnitude of the effort.

Inputs

The data needed to calculate an apparent depth and a propagation-induced 
bias corrector are as follows:

1) the lidar return waveform;
2) the air nadir beam entry angle, 0, corrected for aircraft roll and 

pitch;
3) surface and bottom return pulse location algorithm parameters, pn- „ 

(such as fractional thresholds or CFD delays);
4) a table or equation of bias correctors, B, parameterized on physical 

depth, D, nadir angle, 0, optical depth, d), pulse location algorithm, 
p.j, and other items such as signal-to-background ratio, as needed; and

5) a table or equation of bias corrector modifiers, Bs, parameterized on 
surface return strength or signal-to-background ratio, as needed.

Calculations

A typical set of processing steps might occur as follows.

1) From the waveform, estimate surface and bottom peak signal strengths 
or signal-to-background ratios, as required (SSS, SSB).

2) Estimate K from -1/2 x log slope of volume backscatter curve between 
the surface and bottom returns.

3) Process the waveform prior to pulse location: this might include 
such things as low pass filtering, background subtraction, etc.

4) Apply pulse location algorithms to the waveform to obtain surface and

bottom return location times t$ and tB’ t*11s Process ,nay include a 

tracking loop based on previous detections and statistics as well as 
rules limiting or expanding the search regions.
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5) Using Snell's Law, calculate the water nadir angle, <j>, from the air 
nadir angle, 0; calculate the apparent depth, D1, from
D'= 2cw^B" t$) cos where cw/2 = 2.22 m/ns is half the speed of 
light in water.

6) Estimate the optical depth as a'D' ~3.8 KD1.
7) Given D', 0, a'D1, pulse location parameters p^, and bottom signal

strength measure SSB, use tables or regression equation to calculate 
the bias corrrector B (D', 0, a'D', p^, SSB).

8) Based on surface signal strength measure, SSS, use tables or
regression equation to calculate bias modifer Bs(pi, SSS) as 
necessary.

9) Calculate the corrected depth estimate D" = D' - B - B$.
10) Apply the wave corrector, W (separately calculated from altitude

information), to obtain the best estimate of the mean water depth:
D = D" - W.

11) Apply statistical editing procedures (see Appendix D) to remove
suspect pulses.

12) Apply tide corrector, T, to convert depths to "mean low
water": DMLW = D - T.

Conclusions

Steps 1, 2, 6, 7, and 8 involve the correction of propagation-induced 
biases as modified by the system electronics. Under many circumstances, as 
seen in the first section, these correctors are required to permit an airborne 
lidar system to meet international hydrographic accuracy standards. They must 
oe developed for any given systan by following the guidelines in tne second 
section. This is not a simple task, and it should be undertaken as soon as 
the basic system design is solidified.
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Figure 6. Typical Pulse from HALS/AVCO 

doubled Nd:YAG Laser
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Simplified Impulse Response Case
surface return ref

Actual Two Pulse Depth Measurement Case

Figure 14. Timing Diagram for Bias Calculation
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FIGURE 15.
NORMALIZED ATTENUATION COEFFICIENTS AS FUNCTION 

OF ALBEDO OF SINGLE SCATTERING

NADIR

4 "NAVY" WATER (CLEAN)

<=> "NOS" WATER (DIRTY)

ALL RESULTS AVERAGED OVER OfD 
BETWEEN 0 AND 10

-------- TIMOFEYEVA |0.23 (l-t^))^0/2
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FIGURE 16. RATIO OF VOLUME SCATTERING FUNCTION AT 180° TO DIFFUSE
ATTENUATION COEFFICIENT AS FUNCTION OF SINGLE-SCATTERING 
ALBEDO
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Appendix A

Depth-specific biases calculated from linear fractional 

threshold pulse locators applied to environmental 

response functions.
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Appendix B

Depth-specific biases calculated for the HALS system.
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Appendix C

Program SMPD.FOR documentation
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APPENDIX C
DOCUMENTATION FOR THE PROGRAM, "SMPD

This section documents the computer program, SMPD, which is a 
post-processor to the radiative transfer simulation program, ONEPRO. 

The objectives of the program are as follow:

1) generate the temporal response at the receiver of a 
bathymetric lidar system for the bottom return from a 
given depth and for a specified source pulse description;

2) analyze the generated temporal response using emulations 

of realistic system electronics and compute the depth- 

specific depth estimate biases;

3) produce summary printouts of the computed biases as a 
function of depth and the inherent water parameters; and

4) archive the results on disk files for subsequent refer­

ence.

The impulse response function (IRF) generated by the simulation 

program is the receiver response for impulse input to the water 
column, and for given inherent water parameters it can be scaled to 
any depth. The temporal response at the receiver for a finite input 
pulse is referred to here as the "environmental response function" 
(ERF), and it is specific for the individual depth at which it is

calculated.
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Figure Cl presents the logical flow description for SMPD. The 
IRF is read from disk and the associated time bin computed for the 
specific depth being treated. The source pulse, described in the 
coding, is then convolved digitally over the depth-scaled IRF to 
produce the ERF. Two types of algorithms are applied to the ERF for 
depth bias estimation:

1) a linear fractional threshold technique in which we deter­
mine the time at which the ERF rises to a given fraction 
of its peak height, Pm; and

2) a constant fraction discriminator (CFD) appropriate to 
the operation of the U.S. Navy's Hydrographic Airborne 
Laser Sounder (HALS).

Figure C2 details the determination of the ERF. There are two 
slightly different treatments depending on whether the source pulse 
is longer or shorter than the IRF. For large depths, the IRF will 
generally be longer as shown on the left-hand side. In this case, 
the source pulse is sampled within the time bins appropriate to the 
description of the IRF, and the resultant ERF has an associated 
time bin which is the same as that for the IRF. For small depths, 
however, the source pulse is longer than the IRF and, in this case, 
the IRF is extrapolated to the end of the source pulse by assuming 
an exponential decay. The resultant ERF, in this case, has a 
duration equal to that of the source pulse.

The ERF is always assigned 50 time bins for its description.
It follows that, for small depths, the IRF must be resampled since 
the time bins for its description are shorter than those for the 
ERF.
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Figure C3 presents an overview of the data flow structure for the 
program together with the names assigned to the input and output files. 
Two files of IRFs may be input, one for the 'NAVY' phase function and 
the other for the 'NOS' phase function. Four output disk files are 
produced:

1) a file of all ERFs generated;

2) a file with a subset of all the computed biases;

3) a file of the biases In "summary page" format; and

4) a file of computed peak power, also in "summary page"
format.

The last two files are routinely dumped on the line printer.

Following this section is a complete listing of the SMPD.FOR 
file containing all the Fortran code of the program. We will now 
discuss critical sections that the user may wish to modify.

1. Changing the Shape of the Source Pulse.

The routine, CNV, beginning on line 2310, integrates the 
source pulse into time bins prior to convolving over the 
IRF to form the ERF. The method of obtaining the integra­
tion is to estimate the total integral of the source pulse, 
SINT, up to time, T, (lines 2010 thru 2840) and then to 
take the differences of these integrals estimated for all 
sampling bin boundaries for computing the integral over 
individual bins.
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The parameter, TWID, defined in the data statement on line 
2510, is the total width of the pulse in nanoseconds. The 
computations currently assume that the pulse is a symmetric 
triangle and, if the shape is to be retained but with a 
different base width, then only this line needs to be 
modified.

In order to facilitate the computation of the integral of 
the source pulse up to time, T, we compute the total integral, 
TINT, of the pulse in line 2760 assuming that the peak input 
power is unity per nanosecond. The quantity, C, computed in 
line 2600, is the number of centimeters of travel of light 
in water during the entry of the entire leading edge, and 
is defined here for convenience in calculating the biases.
For assymetric triangular pulses, only the integral and the 
value of C need to be changed.

The program, STATS, beginning on line 490, estimates the 
biases for both linear fractional thresholds (LFTs) and the 
constant fraction discriminator (CFD). The biases depend 
on the detection algorithm performance over both the surface 
return (assumed to be identical to the source pulse) and the 
bottom return, represented by the ERF. Since the leading edge 
of the source pulse is linear in the present application,the 
effect of the LFT detection algorithms can be represented 
simply by the terms involving the parameter, C, in lines 
900 and 930. Lines 890 and 900 compute the bias for a 
fractional threshold (centimeters of travel of light in water), 
while lines 920 and 930 estimate the duration of the leading 
edge of the ERF from the 0.1 percent point to the peak (the 
rise time). For a non-linear leading edge, the term, 
-C*TST(KK-2), in line 900 should be replaced by the number 
of centimeters of travel of light in water prior to reading 
the fractional threshold, TST(KK-2), in the leading edge of the 
source pulse. Also, the term, +0.999*C, in line 930 should be
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replaced by the number of centimeters of travel of light in 
the time from the 0.1 percent threshold to the peak of the 
source pulse.

It should be noted that for non-linear leading edges, the 
bias estimates for the CFD detectors will also be subject to 
modification, but these modifications will be much more 
complicated than those for the LFT and outside the scope of 
this document.

2. Changing the Depths for Which Results are to be Generated.

The depths in meters are specified in line 140, and the 
index, KD, of the loop beginning on line 320 controls 
which depths are to be employed. In this particular 
example, results were required for the first and second 
elements of the DEPTH array, namely, 5 and 10 meters.

3. Selection of the Phase Function and Beam Entry Nadir Angle.

This selection is controlled by the parameter, I, of the 
loop beginning on line 210. The values of the nadir 
angle (in air) and the phase functions associated with 
given values of I are as follow:

I Phase Function Zenith Angle (Degrees)
1 
2 
3 
4 
5 
6 
7 
8 
g 
10 

NAVY
NAVY
NAVY
NAVY
NAVY
NOS
NOS
NOS
NOS
NOS

0
15
25
35
45

0
15
25
35
45

The program is structured so that these parameters can be 
selected by merely choosing the range of values of I in 
the loop beginning on line 210.
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Program "SMPD"
00 010 c 

Tur m^un/FO CONVOLUTION RESULTS FROM THIS PROGRAM READS THE ARCHIVED *
00020 C 
00030 C 
00040 C 
00050 
00060 

sisiis&j
00070 
00080 
00090 DIMENSION TEMP(8,8 )00100 DIMENSION PMOB(3),DELTA(4)00110 
00120 
00130 
00140 
00150 
00160 
00170 
00180 
00190 
00195 lastso 00200 

illllliiii
1

lll’
00210 DO 1 1*1.10 

AaO,00500220 
00230 KK*M0D(I-1» 5 ) ♦ 1 
00240 ir(KK.GE.4)A*0.01 
00250 KF*7
00260 IF(I,GT.5)KF*9
00270 •Nip record block* It appropriateC 
00280 3 il*ILAST*1 
00290 DO 4 K*IL,I
00300 4 CALL REDARC(ZEN,IALPHA,TEMP»KF)
00310 5 Ua*t*l
00320 DO 1 KDal,5 
00330 DaDEPTH(KD)
00340 DO 2 L*1» NT0R 
00350 I3*4*L“1
00360 CALL CNV(I 3,D,I ALPHA.ZEN)
00370 CALL STATStlJ.D.PMOB,DELTA)
00380 2 CONTINUE
00390 C OUTPUT THE SUMMARY PAGECALL SMPAGE(ZEN,I ALPHA,D,PMOB,DELTA)
00400 
00410 1 CLOSF(UNIT*9,ACCESSa'SEOIN'»FILE»'OOepro,ARN',DEVlCE*'DSK')
00420 
00430 
00440 
00450 
00460 
00465 
00470 stop
00480 END
00490 •ubroutlne »tats(13,D,PMOB,DELTA) h receiver »looal.
00500 thl» routine compute* *ummary parameter* to t r *rrayC the Input parameter, 13, 1* the second Index of tne tdl»t array
00510 C 
00520 In which tne temporal result 1* atored.C 
00525 C PMOB * VECTORl0r VALUES OF BOTTOM SIGNAL PEAK/BACKGROUND 
00530 C 
00535 C DELTA ■ CFD TIME DELAY (NANOSECONDS)COMMON/BLK1/CINC6),TSAMP(8 , 32,3),TO1ST(8 , 32,50) , 11epr^ , «
00540 1,TSCALE(10),RSAMP(8 ,32,8) , RDISTC8 ,32,100),G,A,B,C , BA,BB,BC.S1,«3
00550 l,lnd,TPATH,IX,R,NMAX,PI,TPI,TH0,CZl,ntor,KP,t,dl,tor(8),frac(8)
00560
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00570 l,I5RCE,IT)fPE,Xl(5,100), f 1 (5,100),X(5,100),511(100,5), NK(5) ,N U MK(5) 
1,KIND,NUM,NKK,nalb,ALB(l0),ZW(10),CR,SR(CZ0,rTH,CRl ,TMAx,IPC5),IS 00580

00590 dimension tst(7),PM OB(3),DELTA(4),1STC4),FFR(4),SS(5 0 ) 
00500 data tst/O.001,0.01,0.01,0.1,0.2,0.5,0.8/
00510 DO 5 1=1,4
00620 IST(X) = l + INT(DELTACn/BB)
00630 IFCIST(I).LT.2)IST(I)=2
00640 5 FFR(I)*DELrA(I)/BB-FLOAT(ISr(I)-l)
00650 C BBsBIN WlDTHtNS)
00660 C B sBlN WIDTH(CMS)
00670 BAS=(200./CR-200.)*D
00680 14=13+1
00690 lr*13/4+l
00700 TMUtiTxB
00710 do 1 1=1,nalb
00720 c compute the peak value and Its position 
00730 Pk = 0. 
00740 lpos*0 
00750 do 2 k=l,49
00760 if(tdist(l,13,K),ie.pk)go to 2
00770 pk = tdlst(i,13 , K)
00780 lpos«k
00790 2 continue
00800 tdlst(l,14,n*Cfloat(ipos)-0.5)*tmult-BAS-C
008 10 tdlStCi,14,2)«pK/0B
00820 c compute biases for forward looking threshold detectors 
00830 base=pas 
00840 Kk*2
00850 TEST=TST(11*PK
00860 do 3 k = 2,50
00870 4 IFCtdlst(l,l3,K).it.test)go to 3 
00880 kfcskicf 1tdlsttl,14,kk)»Cfloat(k)-0.5+(test-tdlst(l,13,K))00890 l/(tdlst{l,13,K)-tdl«t(l,13,K-l)))*t!»ult-baSE-C*TST(KK-2)00900
00910 1f(kk,eq.9)go to 10IFCKK.EQ.4)rDIST(I,l4,4)*CTDISTCI,I4,l)”TDIST(I,I4,4) 00920
00930 1+0.999*0/22.5 
00940 teat=tst(kk-1)*pk 
00950 GO TO 4
00960 3 continue
00970 C COMPUTE THE CFD RELATED BIASES
00980 10 KPDSalO
00990 DO 6 K As 1 , 3 
01000 DO 7 K = 1 ,49
01 01 0 SS(K)=TDIST(I,I3,K)*PM0B(KA)/PK 
01020 IFCSS(K),GT.0.0001)SSCK)«ALOGtSS(K)+l.)
01030 7 CONTINUE 
01040 DO 6 KJ»1,4 
01050 IIsISTtKJ)*1 
01060 KPOS*KPOS+l 
01070 FF«0,
01080 DO 8 K=II,49 
01090 FLASTsFF
01100 KPREVsK-IST(KJ)+l 
onio IF(KPREV.GT.O)GO TO 9 
01120 FF«-0.2*SS(K)
01130 GO TO 8
01140 9 FF=-0.2*SSCK)+SSCKPREV)
01150 XF(KPREV.E0.1)KPREV=2
01160 FF»FF-FFR(KJ)*(SS(KPREV)-SS(KPREV-m
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IF(FF.GT.O.)G0 TO01170 l   6 
01100  msm!l4.KPOS>«(FLOAT(K)-0.5-FF/Crr-FLAST))*THULT-BAS
01190 1-22.5*DELTA(KJ)01200 
01210 1 continue 
01220 return
01230 subroutine smpaGE(ZEN,IALPHA,D,PMOB,DELTA) convolution01240 this program publishes a summary page of the sampled convolution 01250 C the Input parameters are as follows.01260 C ZENITH ANGLE OF ENTRY (DEGREES)ZEN 01270 C 4 character descriptor of scattering function type ialpha01280 C e.q. navy, nos, Kb etc01290 C D VECTORCOFTVALUES OF BOTTOM PEAK/BACKGROUND 01295 C signal 
01300 C pmobDELTA a CFD TINE DELAY (NANOSECONDS) rDELTA01305 C CDMH0N/BLK1/CIN(6),TSAMP(8 , 32,3 ) ,TDI1ST(8 , 32,50), «'t epr,RAD,IARC 01310 1,TSCALE(10),RSAMP(8 ,32,8),RDIST(8 *32,100),G,A,B,C,BA,BB,BC,Gl,ag01320 , tpath ix R nmAX,PI,TPI,ThO,CZ1,ntor,KP,t,di,tor(8),frac(8)01330 51oS),Y1(5,100).X(5.100),SU(100,5),NK(5),NUMK(5) 
01340 l',KIN0,NUM,NKK,nalb,ALB(10),ZW(10),CR,SR,CZ0,TTH,CRl,TMAx,lP(5),I01350 DIMENSION KV(20),TEST(8),PMOB(3),DELTA(3),ITT(5)01360 DATA KV/3,5,6,7,8,9,1,4,11 ,12,13,14,15,16,17,18,19.20,21,22/01370 DATA TEST/0,1,1.0,10.0,20,0,50.0,80.0,100.0,0.0/01380 
01390 DATA ITT/3,7,15,23,31/
01400 FRaCR/2. 
01410 nt»4*ntor 

DO 6 K JK* 1,2 01415 
01417 KUNIT=16"5*KJK 
01420 L«0
01430 DO 1 KKal, 5 _ „IF(KJK.EQ.2)Wrlte(6,100)IALPHA,ZEN,D01440 IF(KJK.EO,l)Nrlte(ll,99)I ALPHA,ZEN,D 01445 
01450 do 1 LL«1,4 
01460 L = Lt 1 
01470 KsKV(L)

IF(KJK.EO.l)K = 2 01475 If (lc.eq.l)t*rlte(6,101)01480 lfOt.eg.2)write(11,102)01490 If (K.eg.3)wrlte(6,103)01500 If (tc.eq.4)wrlte(6,104) 01510 lf(lc,eq,5)write(6,105) 01520 lf(K,eq.6)wrlte(6,106)01530 If Oc.eq.7)wrlte(6,107)01540 If(K.eq.8)write(6,108) 01550 lf(K.eq.9)wrlte(6,109)01560 IF(KK.GE.3)WRITE(6,113)PM0B(KK-2),DELTA(LL) 01570 write(KUNlT,110)(tor(l),1*1,ntor) 01580 
01590 do 2 1=1,nalbIF(K.EQ.2.0R.K.EQ.4)G0 TO 4 01600 
01610 DO 3 1=4,NT,4

3 TDIST(J,I,K)*TDIST(J,I,K)*FR ... .,01620 4 iF(K.E0.2)wrlte(ll,lll)alb(j),(tdlst(l,l,M),l=4,nt,4)01630 IF(K,EQ.2)GO TO 201635 IF(K.NE.2)wrlte(6,U2)alb(1),(tdlst(1,l,lc),l*4,nt,4)01640 IF(J,NE.1.AND.MOD(J,2).NE.OJGO TO 2 01650 
01660 IF(J.EQ.8)GO TO 2
01665 IF(KK.GE.3)MRITE(8,90)IALPA,D,ZEN,PM3B(KK-2),DELTA(LL)01670 1,ALB(1),(ALB(M),M=2,6,2)01675

91



01680 IF(KK.LT.3)WRITE(8»90)IALPHA,D,ZEN,IEST(L)
01685 1, ALB(1),(A LB(M),M*2,6,2}
01690 5 WRITE(8,91)TDIST(J,4,K),(TDIST(J,I,K),1 = 8,NT, 8 )
01700 IF(KK*LL,NE.1)GO TO 2
01710 WRITE(10,114)IALPHA,D,ZEN,ALB(J),BB,rOR(l),(TOR(M),M=2,8,2)
01720 DO 12 IK = 1,5 
01730 I«ITT(IK)
01740 12 WRITE(10,115) (TDIST( J,I,M) ,M*1,50)
01750 2 continue
01755 IE(K,EO,2)GO TO 6 
01760 1 continue
01765 6 CONTINUE
01770 90 FORMAT!A4,9F8.2)
01780 91 FORMATC8C1PE10.3))
01790 100 format!'lconvolutlon summary for ',a4,' water' 
01800 l/'Ozenlth angle of entry*',f8.2 ,' degrees',6x,'DEPTH*',
01810 2F7.2,' METERS')
01812 99 format!'©convolution summary for ',a4,' water' 
01814 l/'Ozenlth angle of entry*',f8.2,' degrees',6x,'depth*',
01816 2F7.2,' METERS')
01820 101 format! 'Oresults for bias In peak (Centimeters)')
01830 102 format!'Oresults for peak power per depth transit time (arbitrary 
01840 lunlts)')
01850 103 format!'Oblas In .1 percent point (CENTIMETERS)')
01860 104 format!'Orlse time from one percent point to peak (ns)')
01870 105 format!'Oblas in l percent point (CENTIMETERS)')
01880 106 format('Oblas in 10 percent point (Centimeters)')
01890 107 format('Oblas in 20 percent Point (CENTIMETERS)')
01900 108 format('Oblas In 50 percent point (CENTIMETERS)')
01910 109 format('Oblas In 80 percent point (CENTIMETERS)')
01920 110 format('Oalpha*d=',Bf12.3/' albedo')
01930 111 formate ' f 5.2,7x , 8 (lx , el 1.4))
01940 112 FORMAT!' ',F5.2,7X,8(F8.3,4X ) )
01950 113 FORMAT!'OCFD BIASES IN CENTIMETERS FOR PM/B=',F8.1, ' AND 
01960 1 DELTA(NS)*',F7.1)
01970 114 FORMAT(A4,9F8.4)
01980 115 FORMAT(50(1PE10.3)) 
01990 return
02000 end
02010 subroutine REDARC(zen,ialpna,temp,KF)
02020 C THIS PROGRAM READS THE 0NEPR0.BIN AND ONEPRO.'ARN FILES FROM DISK
02030 C THE INPUT PARAMETER, KF, IS THE LOGICAL FILE NUMBER FOR INPUT
02040 c the OUTput arguments are as follow.
02050 C ZEN * ZENITH ANGLE OF ENTRT (DEGREES)
02060 c laipha * 4 character descriptor of scattering function type
02070 c e.g. navy, nos, kb etc
02080 c temp(l,j)= k*d estimate for 1th o.t. and jth albedo
02090 C0MM0N/BLK1/CIN(6),TSAMP(8 ,32,3),TDIST(8 ,32,50),stepr,RAD,IARC 
02100 1,TSCALE(10),RSAMP(8 ,32,8),RDIST(8 ,32,100),G,A,B,C,BA,BB,BC,G1,ag 
02110 l,ind,TPATH.IX,R,NMAX,PI,TPI,THO,CZl,ntor,KP,t,dl,tor(B),frac(8) 
02120 l,ISRCE,ITKPE,Xl(5,100),Tl(5,100),X(5,100),311(100,5),NK(5),NUMK(5) 
02130 1 ,KIND,NUM,NKK,nalb,ALB(10),ZW(10),CR,SR,CZO,TTH,CR1,TMAx,IP(5) ,IS 
02140 dimension temp(8,8)
02150 100 format(a4)
02160 READ(KF)zen,ntor,nalb,ls,nmax,(tor(i),l«l,ntor),(alb(l),
02170 ll=l,nalb),((temp(l,j),j*l,nalb),l*l,ntor)
02180 READ(KF,100)laipha 
02190 do 2 l*l,ntor 
02200 12*1*4-2 
02210 do 2 1*1,nalb
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02220 2 READ(KF)(tdlSt(i,l2,IO,K=l,50) 
SR=SIN(ZEN/57.2951/1.33 02270 CR*SQRT(1.-SR*SR) 02280 

02290 return
02100 endSUBROUTINE CNV(I3.D,IALPHA,ZEN)02310 THIS ROUTINE PERFORMS A CONVOLUTION OF THE SOURCE PULSE PROFILE 02320 C OVER THE IMPULSE RESPONSE FUNCTION.02330 C 
02340 C g??:;,, „HERE m IHPULSE RESRt,«sE
02350 C FUNCTION IS STORED AND REPLACED 02360 C D * DEPTH IN METERS02370 C THE OUTPUT RESULT FOR THE CONVOLUTION IS PLACED IN THE TDIST 02380 C ARRAY IN THE 14 LOCATION. ALSO, WE COMPUTE!02390 C ARRAY T"* Juhber op cms op. TRAVEL QF LISHr pcR BI„ -IDTH
02400 C C « NUMBER OF CMS OF TRAVEL OF LIGHT IN THE LEADING02410 C EDGE OF THE SOURCE PULSE02420 C NOTE- TWID IS THE FULL WIDTH OF THE SOURCE PULSE IN NANOSECONDS 02430 C AND CC IS THE VELOCITY OF LIGHT IN WATER IN CMS/NANOSECOND 02440 C C0MM0N/BLK1/CINC6) ,TSAMP(8 , 32,3 ) . TDI ST C 8 • - 50> *02450 1,TSCALE(10),RSAMP(8 ,32,8),RDIST(8 ,32,100),G,A,B,C,BA,BB,BC,Gl,ag02460 l.lnd,TPATH,IX,R,NMAX,PI,TPI»TH0,CZl,ntor,KP,t,dl,tor(8)»frac(8)02470 l,ISRCE,ITYPE»Xl(5,100),Yl(5,100),X(5,100),Sll(100,5),NK(5),NUMK(5)02480 l,KIND,NUM,NKK,nalb,ALBC10),ZW(10),CR,SR,CZO,TTH,CRl,TMAx,IP(5),02490 DIMENSION TEMPC50,8)02500 
02510 COMPUTE THE WIDTH OF THE IMPULSE RESPONSE FUNCTION IN NANOSECONDS02520 C 
02530 C FOR THE GIVEN DEPTH

DWID*A*D*5000,/CC02540 
02545 10*13/4+1
02550 12*13-1
02560 11*12-1
02570 COMPUTE THE NUMBER OF CMS OF TRAVEL OF LIGHT IN THE LEADING EDGE02580 C 
02590 C OF THE SOURCE PULSE
02600 C*TWID*CC/2.
02610 ™e°SJS;«ce‘J!JseG?sTSarrower than the impulse resp°nse; SO dump
02620 C THE IMPULSE RESPONSE FUNCTION INTO THE 12 ARRAY AND INTEGRATE THE 02630 C THE SOURCE PULSE INTO THE II ARRAY02640 C B AND BB ARE THE BIN WIDTH IN CMS AND NANOSECONDS, RESPECTIVELY 02650 C 
02660 B = A* D*100.
02670 BBsB/CCCOMPUTE THE NUMBER OF BINS FOR WHICH THE SOURCE PULSE IS NON-ZERO 02680 C NN*1+INT(TWID/BB)02690 
02700 DO 2 1*1,NALB 
02710 DO 2 K*1,50 
02720 TDIST(I,I1,K)*0,
02730 2 TEMP(K,n=TDIST(I,I2,K)

CONSTRUCT THE SOURCE PULSE FUNCTION 02740 C 
02750 8 TT = 0•5*TWIDCOMPUTE THE INTEGRAL OF THE SOURCE PULSE ASSUMING UNIT PEAK 02755 C 
02760 TINT*TT*TT
02770 1*1
02780 SLINTsO.
02790 DO 4 K * 1,N N
02800 T=BB*FLOAT(K) „THE NEXT 4 STATEMENTS COMPUTE THE INTEGRATED SOURCE PULSE 02805 C PRIOR TO TIME, T, ASSUMING THAT THE PEAK RATE IS UNITY. 02807 C FOR A DIFFERENT SOURCE SHAPE, THEY MUST BE REPLACED.02809 C
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SINT=T*T/2.02810 IF!T.LE.TT)G0 TO 5 02820 SINT=TINT-0.5*!TWlD-T)**2 02830 IF!K.EQ.NN)SlNT=TlNr 02040 5 TDIST!I,I1,K)=!SINT-SLINT)/TINT 02850
02860 4 SLINTsSINT

IFCNALB.ED.1)GO TO 5 02870
02880 DO 7 1 = 2,NALB 
02890 DO 7 K=1,NN

7 TDIST(I,I1,K)=TDIST(1,I1,K)02900
02910 GO TO 6! THE SOURCE PULSE IS BROADER THAN THE IMPULSE RESPONSE FUNCTION02920
02930 1 BB=TWID/50.
02940 DT=DWID/50.
02950 B*BB*CC; SAMPLE THE IMPULSE RESPONSE FUNCTION IN THE FIRST NN BINS02960 NN=INT!DWID/BB)02970
02980 TT = DT 
02990 K = 1 
03000 F = l.
03010 DO 9 L=1,NN 
03015 KK«1
03020 T=BB*FLOAT!L)
03030 10 DO 11 1 = 1,NALB ,IFCKK.GT.1)TEMP(L,I)=TEMP(L,I)+F*TDIST(I,I2,K)03040 IF(KK.E<3.1)T£MP(L.I)=F*TDISr(I,I2,K)03050
03060 11 CONTINUE 

IF(TT.LT.T)GO TO 12 03070
03080 F*1.*F
03090 GO TO 9
03100 12 KxKt1 
03105 KK»K K +1
03110 IFCK.EQ.50)G0 TO 9 
03120 F = 1.
03130 TT=TT+DT

IFCTT.LE.TIGO TO 10 03140 F«F+(T-TT)/DT 03150
03160 GO TO 10 
03170 9 CONTINUE
03160 IF(NN.GE.50)GO TO 8
03190 NM.NN+1 ..C FILL OUT THE IRF ASSUMING AN EXPONENTIAL DECAY03195
03200 DO 13 1=1,NALBRATI0 = TEMP(NN-3,n/TEMP(NN-l,I)03205 RAT10=SQRTCRATI0)03206 TEMP(NN,1)*TEMP(NN-1,I)/RATIO 03208 DO 13 K = NM , 5003210 13 TEMPCK,n=TEMP(K-l,D/RATIO03220 C PERFORM THE CONVOLUTION ON THE II AND 12 ELEMENTS03230
03240 NN = 50 
03250 GO TO 8
03260 6 DO 14 1=1,NALB 
03270 DO 15 Mil,50 
03280 TDIST(I,I 3,M ) *0 ,
03290 DO 15 LM = 1 , M15 TDIST(I,I3,M)*TDIST(I,I3,M)+TEMP(LM,I)*TDISrCI,Il,l+M-LN)03300
03330 14 CONTINUE 
03340 RETURN

100 FORM AT C ' IMPULSE RESPONSE',C/' '.10E11.4))03350
03360 101 FORMAT!' SOURCE',!/' '.10EU.4))
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102 FORMAT( ' OERF FOR ',A4,' WATER', 4X,03370 D(M)1'ALPHA*D=',F6.2,4X»'ALBEDOS',F6.2,4X,'ZEN(DE3)C F6.2,'03375 2F6.2 , ' TBIN(NS)s',F7.4/(' ',10E11.4))03376
03380 END

95



FIGURE Cl. LOGIC FLOW DIAGRAM FOR PROGRAM "SMPD"
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FIGURE C2. ILLUSTRATION OF PROCEDURE TO GENERATE ENVIRONMENTAL RESPONSE FUNCTION

LARGE DEPTHS
SMALL DEPTHS
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FIGURE C3. DATA FLOW DIAGRAM FOR PROGRAM "SMPD

IRF = IMPULSE RESPONSE FUNCTION (DEPTH NORMALIZED) 
ERF = ENVIRONMENTAL RESPONSE FUNCTION 
CFD = CONSTANT FRACTION DISCRIMINATOR 
LFT = LINEAR FRACTIONAL THRESHOLD
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Appendix D

Data Quality Indicators
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APPENDIX D

DATA QUALITY INDICATORS

The determination of depth measurements from airborne lidar return waveforms is 

conceptually simple: measure the time between the surface return an the bottom 

return and, knowing the nadir angle and the speed of light in water, calculate the 

depth. Measuring the time between the surface and bottom returns from a noisey 

waveform to sufficient accuracy is the problem. Lidar bathymetry returns are 

typically long compared to the accuracy requirment, and carefully selected 

sophisticated data processing procedures are required to obtain acceptable 

results. This cannot be significantly altered by going to a shorter laser source 

pulse width because the impulse response function of the water column (which can be 

quite long depending on depth, nadir angle, and optical properties) will then 
dominate.

Each particular hardware configuration will have its own inherent data 

processing requirements and problems, but a set of basic generic procedures is 
outlined here, and examples of data quality edits are specified. These procedures 

involve transformations on the raw waveforms, pulse identification and location, and 

a number of quality checks which, if failed, will result in the flagging or editing 

of the results out of the data base. Ultimate data quality depends first on the 

hardware; no amount of processing can salvage accurate depth measurements from a 

poorly designed or improperly operated system. The quality of the data from the 

hardware will determine the extent to which the various procedures need to be 
applied.

The processor must be very intelligent; indeed, it must emulate the thought 

processes of a trained data technician. It must be able to recognize a number of 

possible fatal flaws, and it must be able to make judgements based on non-parametric 

statistics and correlations from multiple inputs.

The following procedures are listed exactly in the order in which they would be 

applied. Notation: in the following text, the symbols a, b, and n are considered 

to be selectable constants. SS means signal strength; an added S means surface, and 

B means bottom. The standard deviation about a mean value u is denoted as o . 
"A" stands for altitude and D for depth.
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1. Edit on lack of sufficient data;

e.g., lost or unacceptable values for position, aircraft attitude, scanner 
azimuth, etc.

2 Edit on fault indicators;

e.g., laser misfire, excessive roll or pitch, etc.

3. Preliminary waveform processing:

Non-linear transforms;
e.g., exponentiate a previously logged signal.

Special system-dependent noise suppression techniques;
e.g., removal of false pulses, deep-water subtraction ala AOL, etc. 

Low-pass filter smoothing;
various weighting functions possible.

4. Pulse detection/identification:

Tracking algorithm with selectable width, number of consecutive "misses", 
and expanding search strategy;

Pulse identification logic such as stongest pulse or last pulse above a 
threshold;

Pulse shape or shape criteria for recognition;

Protocol for handling inflections such as differencing or deconvolution;

5. Single waveform properties:

Utilize widths or shapes to identify problems such as interface vs. volume 
return at surface or a merged surface/bottom return in shallow water;
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Examine minimum and maximum SSS and SSB for acceptibility;

Cull out "strange" returns.

6. Edits on pulse properties compared to neighbors;

e.g., edit pulses with SSB differing from an n-point running mean by more 
than a + bo or a + b /y , etc.

7. Edits on ancillary data;

e.g., altimeter data corrected for scanner effects differing from an n- 
point running mean by more than some A A max.

8. Depth determining algorithm:

digital or analog; 
linear or non-1inear;

fixed threshold, linear fractional threshold (threshold fraction), peak 
detector, centroid detector, correlation detector, or CFD detector;

Separate techniques may be used for surface and bottom as long as a 
corresponding algorithm bias corrector relationship is known.

9. Wave correction:

variable data span used for determination of surface plane

10. Edits on determined depths compared to neighbors;

e.g., depths differing from the mean, y , of an n-point running average 
by more than a + b o ; or

a block of data with the standard deviation exceeding some predetermined 
value.
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11. Edits on combinations of factors:

e.g., edit if A D > a and A A > b or if sign ( A A) = sign ( AD).

12. Filters on determined depths;

e.g., HALS griding.

13. Overlapped data cross checks;

e.g., edit if A D > a and A position < b.

This is a shopping list of typical procedures many of which were used 
successfuly with AOL data. Data processing software must be designed to be flexible 
enough to permit the development of these kinds of interactions with the data during 
the shakedown flights.
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NOAA SCIENTIFIC AND TECHNICAL PUBLICATIONS
The National Oceanic and Atmospheric Administration was established as part of the Department of 

Commerce on October 3, 1970. The mission responsibilities of NOAA are to assess the socioeconomic impact 
of natural and technological changes in the environment and to monitor and predict the state of the solid Earth, 
the oceans and their living resources, the atmosphere, and the space environment of the Earth.

The major components of NOAA regularly produce various types of scientific and technical informa­
tion in the following kinds of publications:

PROFESSIONAL PAPERS — Important definitive 
research results, major techniques, and special inves­
tigations.

CONTRACT AND GRANT REPORTS — Reports 
prepared by contractors or grantees under NOAA 
sponsorship.

ATLAS — Presentation of analyzed data generally 
in the form of maps showing distribution of rainfall, 
chemical and physical conditions of oceans and at­
mosphere, distribution of fishes and marine mam­
mals, ionospheric conditions, etc.

TECHNICAL SERVICE PUBLICATIONS — Re­
ports containing data, observations, instructions, etc. 
A partial listing includes data serials; prediction and 
outlook periodicals; technical manuals, training pa­
pers, planning reports, and information serials; and 
miscellaneous technical publications.

TECHNICAL REPORTS — Journal quality with 
extensive details, mathematical developments, or data 
listings.

TECHNICAL MEMORANDUMS — Reports of 
preliminary, partial, or negative research or technol­
ogy results, interim instructions, and the like.

FIG

Information on availability of NOAA publications can be obtained from:

ENVIRONMENTAL SCIENCE INFORMATION CENTER (D822) 
ENVIRONMENTAL DATA AND INFORMATION SERVICE 

NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION 
U.S. DEPARTMENT OF COMMERCE

6009 Executive Boulevard 
Rockville, MD 20852

NOAA—S/T 81-250

8398 1001 9470 7
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