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FOREWORD

In November 1969 The Travelers Research Corporation, now The Center for
the Environment and Man, Inc. (CEM), undertook a contract with the National Data
Buoy Center (NDBC)* to develop design criteria for specifying synoptic=-scale data
buoy networks, The objective of the study under Contract DOT-CG=02-007=A is to
determine, for environmental data collection systems that include data buoys and
other data collection platforms, the impact on overall system effectiveness of varia-
tions in data buoy system characteristics, including the following.

Random errors in amplitudes of data buoy observations,
Random failures of data buoys in networks,

Geographic location and density of data buoy networks,
Variation in redundancy of data buoys and ships-of~opportunity,

This report summarizes the accomplishment of the initial phase of this study.
It describes the activities that have been performed in developing an experimental
Monte Carlo statistical approach for determining data buoy network design criteria
as a function of specified levels of system effectiveness and illustrates their use.

This study is one of the basic studies of the NDBC Mission Analysis activities,
It is anticipated that these preliminary data buoy network design criteria will be used
and will provide the basis for further work by the NDBC, in conjunction with results
of other studies, to assist in specifying measurement characteristics (requirements)
more precisely, The study has benefited from the close cooperation and guidance
effort by members of the NDBC, particularly Mr, R. A, Zettel, who served as the
Technical Representative, and Mr, A, Thomasell, Jr., formerly of CEM and now with
the National Environmental Satellite Service, NOAA,. The experimental computations
were conducted at the U,S, Navy Fleet Numerical Weather Center, Monterey, California,
with the competent assistance of Meteorology International, Inc.

*The National Data Buoy Development Project was transferred to the National

Oceanic and Atmospheric Administration (NOAA) by Executive Order 11564 on
October 6, 1970, and to the National Ocean Survey (NOS) Office of Marine Tech-
nology on July 12, 1971, where it was designated the National Data Buoy Center,
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EXECUTIVE SUMMARY

The National Data Buoy Center (NDBC) of the National Ocean Survey (NOS),
National Oceanic and Atmospheric Administration (NOAA) has the responsibility to
develop and demonstrate the national capability to deploy and operate National Data
Buoy Systems. More explicitly, the mission of NDBC is to conduct the planning and
analytical studies necessary for the formulation of mission goals and system con-
cepts, and the conduct of the design,development, test, evaluation and operation of
data buoy systems to automatically measure and report marine environmental data
from oceanic, coastal zone and inland water areas to meet national needs.

Environmental data processing centers such as the NOAA National Meteoro-
logical Center (NMC) of the National Weather Service (NWS), the U.S. Navy Fleet
Numerical Weather Central (FNWC) and the U.S, Air Force Global Weather Center
(GWC) have need for environmental data from throughout the world and in particular
from the oceanic areas where reports from island stations and ship traffic are
sparse. The density and location of the unmanned data buoy networks, in conjunction
with other data sources, needed to provide the necessary marine atmospheric and
oceanic environmental data from the major ocean areas is a significant factor which
influences the development and demonstration of the capability to deploy and operate
National Data Buoy Systems effectively, In addition, other factors (such as the com-
posite reliability of the sensor-buoy-maintenance-communication system, accuracy
of environmental parameter values, and redundancy with complementary observing
platforms) impact on this buoy system effectiveness. Development and operation
costs greatly depend upon the level of performance specified in the design. Since the
performance specifications for design are derived from the composite measurement
requirements of the users, measures of effectiveness based on utility to the user will
more precisely assist their specification (e.g., accuracy: + 0.1 to + 1.0 mb for sea level
atmospheric pressure, etc.; and reliability: 50% to 90%, etc.; and location and spacing
of data points). The various influences related to data buoy measurement require=
ments (performance specifications) can be directly related to the useful statistic,
root-mean-square (RMS) analysis error, which is important to the significant class
of data users who operate numerical analysis and prediction centers, This statistic
can be utilized as a meaningful measure of effectiveness to assist specification of data
buoy network and systems design parameters.

Recognizing the desirability of developing objective criteria for data buoy network
and systems design, the NDBC contracted with The Center for the Environment and Man,
Inc. (CEM) to conduct a series of controlled numerical experiments involving the use of
existing and simulated data sources with the standard operational numerical analysis
computer programs used by the FNWC. This report describes the results of the experi-
ments and the data buoy network preliminary design criteria that evolved from this
initial study. The results described herein, while generally presented in terms of
'"data buoy'' systems, are equally applicable to networks of other data collection plat-
forms having equivalent characteristics. In addition, limitations of this initial study
are noted and a procedure is outlined for performing data buoy network and sysiems



design (measurement requirements/performance characteristics), using criteria based

upon reduction of the RMS analysis error.

Objective

The objective of the study is to determine, for marine environmental data collec-
tion systems that include data buoys and other data collection platforms, the impact
on overall system effectiveness of variations in data buoy system characteristics,

including the following.

Random errors in the amplitudes of data buoy observations.
Random failures of data buoys in networks.

Geographic location and density of data buoy networks.
Variations in redundancy of data buoys and ships-of-opportunity.

The ultimate objective is to permit, for any arbitrary level of performance of the net-
work, the definition of several alternative buoy networks, among which some or all of
the systems design characteristics (measurement requirements/performance specifica-
tions) vary. For a given level of performance, one buoy network, comprising a specific
configuration of the design characteristics that best meet prescribed criteria, may be
selected for actual implementation. The impact of these characteristics may then

be related to cost in a cost effective sense,

Mecthodology

The measure of system effectiveness selected for use in this study is related to
how well data from a given buoy network and from normal land and ship sources can
define the geographical distribution (commonly referred to as an ""analysis'") of an
environmental parameter. Specifically, in this study the selected measure of perform-
ance of a data network is the RMS analysis error. In terms of this measure, the results
of the study allow an assessment of the impact of variations in the buoy network design
characteristics on the resultant analysis accuracy. The companion problem of deter-
mining the impact of variations in analysis accuracy on forecast accuracy, although
important, is not treated in this study; primarily because it requires an effort equal
in magnitude to the network design problem, but also because the results would be
dependent upon the particular prediction models employed, which would introduce further
uncertainty. Furthermore, resolution of the network design problems is a logical first
step in the observation-analysis-prediction-control chain that is the goal of much
environmental research.

To facilitate the study of data networks and their impact on analysis accuracy,
measures of performance are calculated not only for the total geographical region
under consideration, i.e., the northern hemisphere, but also for sub-regions in which
the natural variability of the environmental parameters is more or less homogeneous.
Network design is accomplished separately for each sub-region,

The study presents data network performance results for three environmental
parameters—Sea Icvel Pressure, Surface Air Temperature, and Sea Surface Temper-
ature—all measured at the air-sea interface, a region where data buoys are comple-
mentary to numerous transient ship observations, (It was planned initially to conduct
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an experiment for Subsurface Sea Temperature at 600 ft, but this effort was discontinued
due to lack of sufficient real data to define a meaningful ""true' environment.) The effec-
tiveness of buoy networks is discussed with respect to the parameters taken individually
and collectively.

The basic approach of the overall study comprises the following steps.

® Define an ensemble of buoy networks in which the number of buoys
and their geographical locations vary over a wide range.

e Define an ensemble of data sets, each incorporating data from
the buoy networks and from normal land and ship sources. The
buoy data in the ensemble reflect a wide range of the design
characteristics: reliability (failure rate), accuracy (data error),
and redundancy with ship observations. Use Monte Carlo methods
to simulate random failure and random data error in the buoy data.

e For each data set in the ensemble, calculate an objective numerical
analysis and its measure of performance (RMS analysis error).
Calculate an average measure of performance for each unique con-
figuration of the design characteristics in accordance with the
Monte Carlo method employed.

® DPresent the results in a suitable format to allow the selection of
alternative buoy networks for a given average level of performance,

The study was conducted within the framework of the existing data acquisition -
system and with the cooperation of the U.S. Navy Fleet Numerical Weather Central and
its sub-contractor, Meteorology International, Inc. (MII). All computations were per-
formed on the computer facilities of FNWC by MII, using the existing operational
objective analysis models for Sea Level Pressure, Surface Air Temperature, and Sea
Surface Temperature.

To calculate an accurate measure of performance of an analysis constructed
with a particular data network (comprising buoy data with a unique combination of
design characteristics and normally available ship and land data), it was necessary to
have available an error-free reference or '""True' Analysis constructed from perfect,
totally adequate, data. Since such data are not available at the present time, it was
necessary to create, by definition, a '"True'’ Analysis for each of the three environ-
mental parameters. Becuase of the large amount of manual effort involved in pro-
ducing these analyses, only one "True' Analysis was defined for each of the three param-
eters, using as a basis actual analyses prepared for March 22, 1970, at 0000Z.

The "True' Analysis also serves the important function of supplying error-free
data for the various data networks defined for the study. With the aid of a random
number generator, the accuracy design characteristic may be specified with precision
simply by adding random errors to the error-free data for prescribed magnitudes of
the standard deviation of error. In this study all random data errors are gaussian,
and their characteristic magnitude is expressed in terms of the standard deviation,
which in this case (the error mean is zero) completely defines the probability distri-
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bution function, Standard deviations of errors up to 5 mb were investigated for the
Sea Level Pressure parameter, and standard deviations of errors up to 3°C were
investigated for the Surface Air Temperature and Sea Surface Temperature parameters,

The system reliability design characteristic is a function of failure rate. The
concept of failure extends from the sensor collecting data on a parameter through the
communications link back to a shore data collection facility. In this sense, buoy
downtime during maintenance also is a possible contributor to system failure, if other
means are not used to make the data available. All buoys are considered equally likely
to fail. (Here, failure is defined as the inability to observe and transmit information
for a given parameter to the shore data dissemination hub.) Buoys are removed from
the buoy networks at random, using a uniformly distributed random number for a
decision index, until a prescribed percentage of buoys is removed. In this study,
system reliabilities of 100, 80, and 50 percent were investigated.

The buoy-ship redundancy design characteristic is expressed in terms of a pre-
scribed minimum probability of occurrence of at least one ship report within a pre-~
scribed area around a buoy location. If the ship probability equals or exceeds the
prescribed minimum value (threshold value) the buoy is removed from the network
under the assumption that, on the average, sufficient ship reports are available to
preclude the need for buoy data from that general region. Threshold levels of 50 and
75 percent were investigated.

Results

The results of this initial study apply for three parameters and one set of synoptic
data collected on March 22, 1970, at 0000Z throughout the northern hemisphere. Ten
data collection networks, ranging from 76 to 600 data collection points, have been
investigated. The majority of the results in this report are based on the four networks
judged best; these are networks with 76, 150, 300 and 600 data collection points distri-
buted in an advantageous manner throughout the North Pacific and North Atlantic,
between the equator and 60°N. The spacing of data collection points was more dense in
the northern latitudes for the 76 and 150 data point networks; for the 300 data point net-
work the spacing was a uniform 300 n mi and for the 600 data point network, a uniform
200 n mi.

Of the approximately 3500 objective analyses made during the experiments, about
87 percent were performed to show the effects of buoys reporting in conjunction with
ships-of-opportunity and the effects of eliminating the redundance of data buoys and
ships-of-opportunity in the Northern Hemisphere. However, the majority of results
presented in this report are for networks without consideration of other data sources
or ships-of-opportunity redundancy. They are therefore equally applicable to networks
of any platform type with similar characteristics—including data buoys. For these
networks, system design curves have been prepared for a measure of effectiveness
which is defined as percent reduction of RMS analysis error relative to the Initial
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Guess error.* However, since the actual reduction of RMS analysis error is also of
interest, actual experimental results are also shown in many figures and tables. The
design curves have been prepared as a function of the number of data collection points,
standard deviation of data error and system reliability. The curves are essentially
unique for each of the four principal verification areas studied, which are defined as
High and Low Variability areas in the Pacific and Atlantic, north of the equator. How-
ever, there were general trends of results in each of the three experiments which

were common to all four verification areas. The table below gives the approximate
data spacing for a given number of data points in each of these areas,

DATA SPACING BY VERIFICATION AREA

Approximate Data Spacing (n mi)
Verification No. of Data Collection Points
Area 20 30 50 | 100

Pacific High Variability 565 450 360 260
Pacific Low Variability 750 580 440 300
Atlantic High Variability 460 375 290 200
Atlantic Low Variability 500 400 | 320 225

It has been possible to summarize the results of the experiments for networks dis-
tributed as noted in the table above into a set of approximate rules-of-thumb as follows.

® Percent reduction in RMS analysis error relative to Initial Guess RMS
analysis error per data collection platform added:

- Sea Level Pressure = 1-2%, for first 30 to 40 platforms
- Surface Air Temperature = 2—3%, for first 20 to 30 platforms
- Sea Surface Temperature = 0,2—0,8%, for first 30 to 50 platforms

1

® Percent reduction in RMS analysis error relative to Initial Guess RMS
analysis error per data collection platform added beyond the first 20 to
50 platforms:

- Sea Level Pressure = 0.2%, beyond 50 platforms
- Surface Air Temperature = 0.1—0.2%, beyond 30 platforms
- Sea Surface Temperature = 0,1—0,3%, beyond 30~50 platforms

*Throughout this report, the difference between the Initial Guess RMS analysis
error and the RMS analysis error for a given data collection system (or, systems) is
defined as the ''reduction in Initial Guess RMS analysis error." When this measure is
normalized by dividing by Initial Guess RMS analysis error and multiplying by 100, it
is referred to as the ''percent reduction in Initial Guess RMS analysis error."
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® Percent reduction in RMS analysis error relative to Initial Guess RMS
analysis error per millibar or degree centigrade decrease 1in st‘andard
deviation of data error (in the range of 0—1 mb or °C), for the first 20

to 50 platforms:
- Sea Level Pressure =149,

~ Surface Air Temperature = 12%
- Sea Surface Temperature 8%

® Percent reduction in RMS analysis error relative to Initial Guess RMS
analysis error per percent increase in system reliability, for the first 20

to 50 platforms:

1]

- Sea Level Pressure = 0.3%
- Surface Air Temperature = 0.2 to 0.35%
- Sea Surface Temperature = 0.1 to 0.5%

These approximate rules-of-thumb imply that a system of 30 platforms, with
standard deviations of error of 0.5 mb and 0.5°C and system reliabilities of 80% for
each parameter, implemented in one of the verification areas, might achieve reduc-
tions in Initial Guess RMS analysis error that typically might be:

e Sea Level Pressure: 60% - 2% - 6% = 53%
e Surface Air Temperature: 75% - 6% - 8% 'l 61%
e Sea Surface Temperature: 16% - 4% - 4% 8%

These example values are close approximations to actual answers that would have
been obtained by using the system design curves for the High Variability areas. 1t is
reiterated that results such as these are strictly applicable only for the particular
operational numerical analysis models used in the experiments,

During the experiments, effort was expended to determine the impact of acquiring
data from both buoys and ships (or, more generally, from uniform networks of fixed
data collection points and randomly distributed moving locations). At the present,
about 90 ship reports are received from throughout the northern hemisphere during
the first hour after a synoptic period. In this study, about 300 reports were assumed.
This approximates the results potentially more applicable to some time in the future.
In general, for equal numbers and quality of randomly~located and uniformly located
observations, the more uniformly located reports are more effective in reducing RMS
analysis error, In certain instances, a given number of essentially uniformly distri-
buted fixed data buoys might provide the cquivalence of approximately twice as many
randomly distributed ships.

Investigations were also conducted to show the impact of eliminating fixed data
collection platforms from areas where the probability of ship reports is quite high,
In general, it was found that the impact of eliminating redundancy is. most pronounced
where there are networks of 15—30 platforms in a verification area. Reductions in
Initial Guess RMS analysis error for non-redundant networks was at most about
0.1 mb for Sca Level Pressure and 0.2°C for Surface Air Temperature or Sea Surface
Temperature. In many instances, negligible improvement was observed for dense



networks, when redundancy was eliminated, It was found that the impact of reducing
redundance between buoys and ships is a function of parameter variability, density of
buoys, and data error—from hoth ships and buoys. In general, reduction of redundancy
is more effective for lower variability areas, sparse data networks, and higher data
errors.

Immediate Follow-on Work

The experimental data developed during the course of the study provides a
mcthodology and the basis for development of a technique for utilizing the results for
buoy network and system design which may proceed in successive stages of complexity.
First, it may start with a threc parameter system of surface variables only—Sea Level
Pressure, Surface Air Temperature, and Sea Surface Temperature—and then expand to
include the error esiimates made for subsurface sea temperature and upper air pressure
height. In parallel, a hierarchy of consiraints may be imposed as development proceeds.
These include constraints on network effectiveness, engineering constraints related to
the state-of-the-art, and others such as economic and geographic constraints, Later,
more complex forms of reliability and redundancy may be introduced.

The network design technique should accept whatever constraints are defined as
input data and, on the basis of those constraints, provide a list of data networks whose
characteristics satisfy the constraints. The goal is to arrive at the single ""best'" net-
work for deployment.

The simplest system design technique involves the three surface parameters
studied, i.e,, Sca Level Pressure (SLP), Surface Air Temperature (SAT) and Sea
Surface Temperature (SST). The network design characteristics are:

number of buoys in a verification area
overall system reliability

parameter data error

redundancy with ships-of-opportunity

The input constraints are the maximum allowable RMS analysis error—or some
other suitable measure—for each of the surface parameters. For a network to be
acceptable, the resulting analysis errors must satisfy the constraints for all three of
the parameters. Thus, the RMS analysis Error,f, for each parameter must be equal
to or less than, the maximum error allowed: that is,

(gSLP . MaxSLP, gSAT 5 gMaxSAT, gSST SfﬁMaxSST.

If the network satisfies the constraints it becomes a candidate for deployment.
Further constraints can reduce the number of networks, For example, networks that
are beyond the state-of-the-art can be eliminated immediately; cost can be introduced
to eliminate too-expensive networks or to select the most cost effective networks.

It is obvious that for a given set of constraints an infinite number of networks
can be defined that satisfy the constraints, It is equally obvious that most of such net-
works do not differ from one another enough to warrant their consideration. A finite,
tractable number of networks can be defined simply by assigning a number of discrete
values to the network characteristics. The guiding principle here is to define discrete



ver discrete network is ultimately chosen for deployment does

. hate i,
values such that w osen from the infinite

not differ significantly from the one that would have been ch
ensemble of networks.

A computer program for the simplest design technique would com.prise a data
bank containing the design characteristics of each defined network and its c:orre-
sponding routine for selecting those networks that satisfy the input constramts.‘ I
Implicit in this effort is translation of the range of values for accuracy and rehabllft?r
toward estimates of more definitive measurement requirements (performance ‘spe01f1ca-
tions) as an initial step followed by consideration of buoy network data in addition to
ship-of-opportunity data at various levels of threshold.

Limitations

It is recognized that several biases exist in the present results which could, by
obtaining additional experimental results, be removed prior to utilization in specifying
data buoy network and system design criteria more definitively.

One bias was introduced through the use of a fixed analysis model and a fixed
Initial Guess field in each experiment, regardless of data density or data quality. In
an operational numerical analysis center, with sufficient time and resources available,
effort would be expended to optimize both the analysis model and the Initial Guess field
as a function of data density or data quality. The results described in this report from
a fixed analysis model reflect project constraints of time and resources., The Initial
Guess fields used for this study are the result of available ship reports for 00007
March 22, 1970. The cxperimental results, therefore, underestimate the analysis
error for data densities less than the ships-only density and overestimate the analysis
error for data densities greater than the ships-only density. Thus, the results with
the buoy-ship network and with buoys-only networks should be interpreted as upper
bounds on the errors that would be encountered if buoy networks are implemented.

The actual operational analysis error can be expected to be less because both analysis
models and Initial Guess fields would be improved and, therefore, the buoy effective=
ness should show a corresponding increase, In summary, this bias produces under-
estimates of RMS analysis error for data networks with density less than that of the
present day data network and overestimates of RMS analysis error for higher density
data networks. The magnitudes of these departures are unknown but could be estab=-
lished with a few well-chosen experiments,

Another bias was introduced by the use of a ship network that contained more
ships than are normally available within one hour of synoptic map time, the present
requirement for return of buoy data, This gives a favorable bias toward the present-
day system and an unfavorable bias toward the decrease in RMS analysis error that would
be obtained by adding data buoys to the present ship reporting system. The following
table shows the average number of ship reports received at FNWC during Novembher
and December 1970. In particular, the table shows that an average of 90 ship reports
were received within one hour of the 0000Z synoptic time,

In this study, the number of ship reports used was 348 for the Sea Level Pres-
sure experiment and 302 for the Surface Air Temperature and Sea Surface Temper-
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Total Number of Ship Reports Received
Hours After 0000Z 06002 12002 18002
Synoptic
Period Stan. Stan. Stan. Stan.

Avg. | Dev. Avg. | Dev. Avg. | Dev. Avg. | Dev.
0.5 24 —1 12 — 14 - 10 -
1.0 90 25 92 23 84 27 56 22
k.5 197 37 180 24 173 26 146 4]
2.0 322 — 287 — 294 — 264 —
2.5 397 39 331 36 344 47 327 40
A5 503 — 398 — 468 — 41 o
4.0 538 27 441 38 496 ) 451 50
6.5 586 — 447 — 586. — 437 —

1Dashes in the table indicate that statistical data were not available,

ature experiments. Some experiments should be repeated with a smaller ship set,
representative of the one-hour time constraint, to establish the magnitude of this bias.

A third bias was introduced by the use of a set of fixed locations for ships in
each experiment, Day-to-day variations in the locations of ship reports with respect
to the horizontal distribution of variability in the environmental parameter may cause
substantial fluctuations in analysis accuracy, especially for smaller numbers of ship
reports, To remove the influence of these fluctuations, some experiments should be
repeated several times, each with a different set of ship locations, and these Monte
Carlo results averaged.

Finally, a fourth bias occurred in the experimental tests involving the removal
of buoys from networks in regions where the probability of ship reports is high, due
to the use of all ship reports received for a synoptic time, regardless of time of
arrival, An additional effort should be made to determine the probability of obtaining
ship reports from various regions as a function of time after the synoptic reporting
period. These results would provide a more realistic basis for determining the over-
all effectiveness of combined buoy and ship reports, after removing buoys from
regions in which there is a high probability of ship reports.



Later Follow-on Work

In later follow-on work related to this study, it is anticipated that first the four
major limitations discussed above will be eliminated by performing a highly selective
sct of additional cxperiments. Then, the computer program developed for immediate
follow-on work could be refined to accept other desired constraints and specifi¢ation
of specific buoy nctworks and system design criteria from an arbitrary ensemble.
Estimates of meaningful reduction of RMS analysis error would then be obtained with
the cooperation of the numerical analysis centers. With this information, various
nctworks of any type of data collection platform and data buoy plus ship (at various
thresholds of redundancy) collected data may then be analyzed to develop criteria
for usc in optimizing data buoy network system design,
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1.0 INTRODUCTION

1.1 Background

In November 1967, the U.S. Coast Guard was designated by the National Council
on Marine Resources and Engineering Development (successor to the Interagency
Committee on Oceanography) as the lead agency for the development of a capability to
implement national data buoy systems., This action followed the completion in October
1967 of the 10-month Study of the Feasibility of National Data Buoy Systems which,
under U.S, Coast Guard management, was prepared by The Travelers Research Center,
Inc., now The Center for the Environment and Man, Inc. (CEM). In January 1968, the
National Data Buoy Development Project (NDBDP) was formed in U.S. Coast Guard
Headquarters, In October 1970, the Project was transferred by Executive Order 11564
to the newly-formed National Oceanic and Atmospheric Administration and in July 1971
it bacame the National Data Buoy Center (NDBC) within the Office of Marine Technology
of the National Ocean Survey. The NDBC is located at the Mississippi Test Facility,
Bay St. Louis, Mississippi, with some staff elements located in the Washington, D.C.
area (Rockville, Maryland).

The National Data Buoy Development Project was established for the purpose of
developing a national capability to deploy and operate networks of automatic data buoys
to retrieve useful information describing the marine environment on a reliable, near
real-time basis, More specifically, the mission of the NDBC of the National Ocean
Survey, National Oceanic and Atmospheric Administration (NOAA) is to: '"...conduct
the planning and analytical studies necessary for the formulation of mission goals and
system concepts, and the conduct of the design, development, test, evaluation and
operation of data buoy systems to automatically measure and report marine environ-
mental data from oceanic, coastal zone and inland water areas to meet national needs."

During early 1969, two meetings were held to discuss the advisability of under-
taking several experiments to determine the feasibility of basing certain aspects of data
buoy system design on the quantity and quality of environmental data delivered. Par-
ticipants in the meetings included members of the NDBDP staff, Sperry Systems Manage-
ment Division (NDBC Engineering Support Contractor), Sperry-Rand Research Center,
and CEM. It was concluded in these meetings that the experiments should be undertaken,
with the following conditions observed.

e The experiments should be carried out using the data bases,
numerical analysis computer models, and facilities that are in
day-to-day operation in an environmental data processing
center,

e The measure of effectiveness to be used would most likely be
improvement in root-mean-square analysis error.

e System design parameters to be considered would include

- Geographical location of data buoy networks

- Data buoy network density

- Accuracy of data delivered by data buoy networks

- Reliability of data collection and delivery by data buoy
networks,



e The parameters to be considered would be

- Sea-level pressure - Sea surface temperature

- Surface air temperature - Sub-surface seatemperature (600 ft)*

In November 1969, CEM was awarded a contract (DOT-CG=02007-A) to perform
a study to determine aspects of various parameters and parameter characteristics on
system effectiveness, using environmental numberical analysis models. (The short
title is the Environmental Models/System Effectiveness Study [EM/SE].)

The EM/SE study was conducted in two phases, Phase I was conducted during
the first two months and embraced literature review and provided for contacts with
potential '"host' organizations to determine where the experiments might be conducted.
The final product of Phase I was a detailed plan of action for conducting Phase 2,
which comprised the experiments and analysis of results.

During Phase I, the National Meteorological Center (NMC) of the National
Weather Service, Suitland, Maryland, and the U.S, Navy Fleet Numerical Weather
Central (FNWC), Monterey, California, were contacted to see if either or both could
provide numerical analysis models and computational support, NMC was interested in
the study, but could not devote to it the requisite manpower and computer time, because
of scheduled implementation of new computer facilities, entailing program transfer
activities. FNWC agreed to make available facilities,on a reimbursable basis, to
support the proposed experiment. The NDBC arranged for an interagency transfer of
funds to cover computer time at FNWC and programming support provided by Meteo-
rology International, Inc., operating under separate contract to FNWC.

The numerical analysis experiments were preceded by a pilot model program
conducted at CEM. The pilot model study investigated the resolution characteristics
of uniformly distributed data collection networks operating in the presence of random
noise, while simultaneously suffering from random failures. The experiments at
FNWC were initiated in September 1970, following preparation of data inputs by CEM.
Computer processing of data was completed in April 1971, The experimental design
and analysis techniques and the preliminary data collection system design curves
presented herein for data buoy systems are equally applicable to other types of data
collection platforms. Appendix E lists interim informal reports that were prepared
during the course of the study; these documents are on file with the NDBC.

1.2 Definition of the Problem

Today's global environmental data acquisition system comprises a mix of data
collection platforms, distributed relatively densely over the land masses, but sparsely
over the oceans. The most dense data collection takes place over land in the northern

*Once the experimental process was begun, it was determined that inadequate data
were available to conduct a meaningful experiment for sub-surface sea temperature at
600 ft. Details are given in Appendix A. The general results for the other experiments
are given for Sea Level Pressure in Appendix B, for Surface Air Temperature in
Appendix C, and for Sea Surface Temperature in Appendix D.



hemisphere, In spite of the lack of adequate data from ocean regions, numerical
analysis and prediction models use available data to produce outputs for both hemi=~
spheres, and the entire world.

It is anticipated that data buoys will be one of the means used to acquire addi-
tional data from ocean areas, It is, therefore, desirable to determine through use of
present environmental numerical analysis models, the impact of adding postulated
data from some data collection system such as a buoy system. In turn, it is desirable
to determine the overall effect of postulated random errors in the hypothetical buoy data;
the effects of random failures of data collection and/or delivery; and alternative dis-
tributions of buoys. In general, the buoy systems would provide data from regions at
least partially surrounded by data acquired by land~based platforms, where accuracy
of data and reliability of reporting should (in theory) be high because of the relative
ease of maintenance. Other data are available from island stations, ocean station
vessels, and ships-of-opportunity.

There are many ways to define the effectiveness of a data collection system. A
typical definition might be related to the system's capability to satisfy a given set of
data requirements, Errors in data collection, probability of sensor and/or communica-
tions failure, and density and location of data buoys, are all elements of buoy system
effectiveness, if the measure of effectiveness is based on the ability to reproduce the
"true' environmental state as the output of an objective analysis model, It is anticipated
that the effects of errors, data delivery failures, and density of locations of buoys on
this measure of effectiveness can be determined by summing mean-square deviations of
analysis model outputs at the field grid points., This measure of effectiveness is
satisfactory for determining the ability of the postulated data buoy system, when working
in conjunction with the actual data collection network, to resolve certain scales of
natural phenomena.

System designers need information which will help answer such questions as
the following.

e To obtain maximum resolution with fixed resources, what are
the trade-offs between small numbers of high-cost, high~accuracy
observing platforms and larger numbers of low-cost, low~accu-
racy platforms?

e How reliable should be the instruments, power supplies, commu-
nications, etc.?

e What is the best deployment for a fixed number of platforms?
e What scales of natural variability can the design system resolve?

Quantitative information is needed for obtaining insight into answers to the above
questions, particularly as they apply to data collected at or near the ocean surface.
This information should make possible identification of those aspects of the design
problem that are independent of a particular set of requirements and hence require
only one solution, as opposed to those aspects which must be solved for each new set
of requirements,



1.3 Objective and Scope

The objective of this study was to determine, with operational numerical analysis
models, the impact of variations in buoy-collected data on the total data collection
system effectiveness.

The variations in the buoy data included:

Gaussianly distributed random data errors
Uniformly distribured failure of data delivery
Total number of buoys in the system
Geographical location of the buoys.

The results of this study will be directed toward aiding the development of design
specifications for buoy network deployment and instrumentation and for determining
the potential impact of the volume, quality, and reliability of buoy=-collected data on
existing environmental analysis models. The environmental parameters considered in
this study were:

® Sea Level Pressure
e Surface Air Temperature, and
® Sea Surface Temperature,

The objective analyses for the study were produced on grids with a spacing of
either (approximately)100 or 200 nmi.at mid-latitides, covering the northern hemi-
sphere, with the equator as an inscribed circle at the boundaries. Analyses were com-
puted and evaluated for a suitably large selection of buoy data variations to achieve the
program objective, The aspects of the study requiring global-scale numerical analyses
models were performed using the computer facilities at FNWC. Preparation of data,
analysis of results and preparation of reports took place at CEM.

1.4 Key Conditions, Assumptions and Definitions

1. The numerical analysis grids employed are those used operationally.

2. The numerical analysis models (or, objective analysis models)
employed are those in daily operational use,

3. The "True'" Analysis for each parameter comprised data values as
follows:

® Sea Level Pressure - 15,625 data values (125 x 125 grid)
® Surface Air Temperature - 3,969 data values ( 63 X 63 grid)
e Sea Surface Temperature - 15,625 data values (125 x 125 grid)

4, The "True'' Analyses (sets of gridpoint data values) for all three
parameters were derived from actual analyses produced for the
maptime 0000Z March 22, 1970, which was considered to be a
typical "'worst case'' day in the northern hemisphere. The ""True"
Analyses include realistic small-scale features which were manually
introduced into the actual analyses in selected areas.
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The operational Initial Guess analyses for each of the actual analyses
were modified to make them agree within normal limits with the cor=-
responding '"True' Analyses and were used as Initial Guess fields in
the experiments,

Both the ""True' Analysis fields and the Initial Guess fields remained
unchanged throughout all experiments.

Input data values for land and island stations, ocean station vessels,
ships-of-opportunity, and data buoys were obtained by computer
interpolation from the '""True'" Analysis fields.

. Additive data errors in amplitude were introduced in ship-of-oppor-

tunity and data buoy input data using an FNWC-provided random
number generator with zero mean, Gaussian amplitude statistical
characteristics. The amplitude of the standard deviation of errors
added to ""True' Analysis values was under the control of the systems
analyst,

Random failure of buoy data collection and/or delivery was achieved
using random withholding of buoy data, based on an FNWC=-provided
random number generator with uniform statistical characteristics
over the interval 0 to 1. Exactly 20% and 50% of all buoys within
each of eight specified regions were ''failed,'" so that system reli-
abilities of 100%, 80%, and 50% could be investigated. Thus, to the
degree that there is equality of natural variability, results for
similar regions should be similar,

An objective analysis (or, simply, "'analysis'") is the complete field
of output data values produced by a numerical analysis model given
a set of input data values and an Initial Guess field,

The principal measure of data collection system effectiveness used
in this report is the root-mean-~square (RMS) analysis error, deter-
mined by comparing in an RMS sense the '""True'' Analysis field with
a computed objective analysis field for a set of prescribed input
data. However, the Initial Guess RMS analysis error is determined
by comparing in an RMS sense the '""True' Analysis directly with the
Initial Guess field, For all other objective analyses, the data from
land, island, ocean station vessel, ship, and hypothetical buoy loca-
tions replace Initial Guess data where appropriate. In general, the
resulting RMS analysis errors will be smaller than the appropriate
Initial Guess RMS analysis error, this giving a measure of improve-
ment in the objective analysis. In this report, the difference between
the Initial Guess RMS analysis error and the RMS analysis error for
a given data collection system (or, systems) is defined as the ''reduc-
tion in Initial Guess RMS analysis error.'" When this measure is
normalized by dividing by Initial Guess RMS analysis error and
multiplying by 100, it is referred to as the '""percent reduction in
Initial Guess RMS analysis error,"



12. Eight different verification areas were defined, within which RMS
analysis errors were determined. The eight areas are defined to

be:

All Northern Hemisphere e All Atlantic

All North Pacific e Atlantic High Variability
Pacific High Variability e Atlantic Low Variability
Pacific Low Variability e Gulf of Mexico

1.5 Limitations of the Study

1. All numerical experimental results presented in this report apply
specifically only for those numerical analysis models in use during
the period the experiments were conducted: September 1970
through April 1971,

2. Experimental results for each parameter are the result of an inves-
tigation of a single field of synoptic information, i.e., one '""True"
Analysis field, Also, only one Initial Guess field, characteristic of
what is obtainable by the present day data network, was used for
each parameter to initiate all analyses.

3. After an initial investigation of 10 global data collection networks
Lo determine preferred distributions of data collection platforms,
the "best' four networks were used to obtain all subsequent experi-
mental results, These four global networks comprised 600, 300, 150,
and 76 data collection platforms (or, data points), distributed between
60°N and the equator in the North Atlantic and North Pacific. Uniform
spacings of 200 n mi and 300 n mi were used for the data collection
networks comprising 600 and 200 platforms, respectively. The data
collection networks of 150 and 76 platforms were essentially uni-
formly distributed in any 10°—=20° latutude band, with greater density
in the northern latitudes than near the equator.

4, Only one set of locations for data from ships was used for the
experiment associated with each parameter. Actual ship locations
for 0000Z, March 22, 1970, were used for Sea Level Pressure. A
hypothetical set of probable ship locations—based on a statistical
analysis of the occurrence of ship reports—was used for Surface
Air Temperature and Sca Surface Temperature,

5. In conducting the Sea Level Pressure experiment, the wind field
inputs were not used, although under normal operating practice
they are used.*

*A brief investigation was carried out in which duplicate runs were made with and
without wind field inputs, No differences of amplitudes significant enough to influence
this study were observed. Hence, the wind field input was omitted to conserve com-

puter time.



6. The number of ship reports used in the experiment (348 or 302) is con-
sidered optimistically high by a factor of 3 to 6, if the requirement is
to obtain the ship reports within 60 minutes of the synoptic time, as
in the case for National Data Buoy Systems., However, at some point
in the future, a method may be employed which will provide more timely
reporting by ships.

7. The study results for data densities less than the ships~only density
tend to underestimate the analysis error and for data densities
greater than ships-only density tend to overestimate the analysis
error, Thus, all the results with buoy-ship networks and with buoys=-
only networks where the data density is greater than ships-only should
be interpreted as upper bounds. The actual operational analysis
errors can be expected to be less than these errors and, therefore,
the buoy effectiveness should show a corresponding increase,

1.6  Outline of the Report

The remainder of this report contains the following categories of information,
Conclusions of the study are given in Section 2, which follows., The technical approach
used in conducting the three experiments involving the Sea Level Pressure, Surface
Air Temperature, and Sea Surface Temperature parameters is presented in Section 3.
The results of the experiment conducted for Sea Level Pressurearegivenin Section 4,
which also contains detailed system design curves and examples illustrating their use.

Section 5 contains the experimental results for Surface Air Temperature,
system design curves, and examples of their use. The results of the Sea Surface
Temperature experiment are presented in Section 6, along with system design curves
and examples of how they can be used.

Section 7 describes the results of investigating the impact on system effective-
ness that might derive from eliminating the redundancy of buoys and ships, in those
regions where the probability of obtaining ship reports is high.

Finally, Section 8 presents several examples of the use of the system design
curves from Sections 4, 5, and 6 in the design and cost effectiveness analysis of
hypothetical data buoy networks,

Supporting documentation is contained in the Appendices.



2.0 CONCLUSIONS

This study has covered a very wide range of topics, In addition to conclusions
related to the basic purposes of the study, a number of other concepts have been
verified that were intuitively recognized but generally unsubstantiated.

The conclusions presented herein have been derived for the High and Low Vari-
ability areas of the North Pacific and the North Atlantic. The approximate data point
spacing for these areas is shown in Table 2-1 for pertinent numbers of platforms.
Verification areas covering the entire North Pacific and North Atlantic are too large
to draw equally definitive conclusions regarding specific data collection system
characteristics.

TABLE 2-1
APPROXIMATLE AVERAGE SPACING BETWEEN DATA POINTS (n mi)
54
Verification Number of Platforms
Area

20 30 50 100

Pacific High Variability 565 450 360 255
Pacific Low Variability 750 560 440 310
Atlantic High Variability | 460 375 290 200
Atlantic Low Variability 500 400 320 225

Specific conclusions derived from this study are:

1. Objective analysis models can be used to determine the impact of
variations in such data collection system characteristics as

Number of data collection platforms in the system,
Distribution of locations of data collection platforms,

Reliability of the data system to collect and deliver
the expected data,

Total system error in the data delivered to the analysis
model, and

Redundancy of data collection platforms with probable
ship-of-opportunity data,

Simulated data sets can be used with Monte Carlo techniques to test
these system characteristics.

2. A relatively small number (20—50) of accurate and reliable data
collection platforms essentially uniformly distributed in the High
and Low Variability areas of the North Atlantic and the North
Pacific can achieve the following percent reduction in Initial Guess



RMS analysis error for the analysis models used:
® Sea Level Pressure—50% or more
® Surface Air Temperature—65% or more, and

e Sea Surface Temperature—25% or more, except in the
Atlantic High Variability area, where 15% or more
applies.

. A limited number (20—40) of data collection platforms essentially

uniformly distributed throughout a verification area is more effec-
tive than concentrating the same number of platforms in a small
percent of the total area of interest.

It is possible that additional data collection platforms should not
be placed in regions where the probability of acquiring ship-of-
opportunity data is more than 75%, although not enough facets of
this question have been considered in this study to draw significant
conclusions,

The effectiveness of an accurate and reliable data collection system
is directly due to the number of observational data values and their
distribution (location relative to analysis grid points) which in turn
determines the average number of analysis gridpoints that will be
influenced by each data platform,

Except in cases where the numerical analysis model includes con-
siderable smoothing (filtering) of input data, the RMS analysis error
approaches the data error standard deviation as the number of data
points increases, assuming the errors are essentially Gaussianly
distributed.

For essentially uniformly distributed data networks in a verification
area, the RMS analysis error can be approximated by a straight

line as the data error standard deviation goes from 0.0 to 1.0 units
(mb or °C). For the experimental data, deviations from the straight
line approximation in this range are less than 0.1 unit, Linear inter-
polation for error values is completely adequate. Rough rules-of-
thumb for improvement in percent reduction of Initial Guess RMS
analysis error per unit improvement in standard deviation of data
error are as follows:

® Sea Level Pressure : 1-40%/mb (avg. = 2%/mb)
e Surface Air Temperature: 1-18%/°C (avg. = 6%/°C)
® Sea Surface Temperature: 1-28%/°C (avg. = 10%/°C)

In general, the small end of the range applies to small numbers of
data points (i.e., about 20) and the large end of the range applies to
about 50 to 100 cdata points, However, the high and low ends of the
range do not apply in all four verification areas.
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For essentially uniformly distributed data networks in a verifica-
tion area, the effect of data system reliability is essentially linear
for variations of up to about + 15%. Tests were made where the
postulated data system reliabilities were 100%, 80%, and 50%.
Linear interpolations for data systems with intermediate reliability
values is adequate. Rough rules-of-thumb for improvement in
percent reduction of RMS Initial Guess analysis error per percent
improvement in reliability are as follows:

e Sea Level Pressure : 0.1 to0.35%/% Rel.
e Surface Air Temperature: 0.1 to 0.28 %/% Rel.
e Sea Surface Temperature: 0.05 to 0.40 %/% Rel.

In general, the small end of the range applies to small numbers of
data points (i.e., about 20) and the large end of the range applies to
about 50 to 100 data points, However, the high and low ends of the
range do not apply in all four verification areas.

A number of alternative data collection systems can be defined that
will produce the same effectiveness score, especially when all three
parameters are combined to form a single system score. The alter-
natives involve

Parameters measured,

Number of platforms,

Data system error standard deviation, and
Data system reliability.

Extensive tradeoffs are possible among these variables for a total
average effectiveness specified for a given verification area or a
combination of verification areas.

Experimental results derived for some verification areas appear
to be sufficiently unique to prohibit translation of results from
one verification area to another with high percision.

On the basis of the experiments conducted, when fixed networks of
accurate and reliable data collection platforms become available,
it is anticipated that marked changes will be made in numerical
analysis to match more adequately the accurate and reliable data
and the natural variability of specific parameters.
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3.0 MONTE CARLO EXPERIMENTAL APPROACH

3.1 Overview

One of the objectives of this study was to see if objective analysis models could
be used to evaluate the impact of various postulated data collection systems. Since
data buoy networks do not exist at the present time, it was necessary to simulate
data from hypothetical data buoy networks, using controlled data accuracy and system
reliability.* For each set of Monte Carlo simulated data, a hemispheric objective
analysis was prepared using the FNWC operational model, This analysis was scored
against a '""True' Analysis for the parameter by means of the root-mean-square dif=
ference between the two maps (defined as the RMS analysis error) in each verifica=
tion area, To obtain representative Monte Carlo RMS analysis error values, a
number of data-error and buoy-failure fields with a known distribution were prepared
by means of random number generators, The RMS analysis error for each of these
variations was then used to compute an average experimental RMS analysis error,

Figure 3-1 illustrates the sequence of events as they occurred for each experi-
ment, The variables under control of the system analyst include: the parameter to
be studied; the choice to include or exclude data for ship~of-opportunity locations, and
if included, the standard deviation of errors added to the ship data; buoy data obtained
by interpolating values from the "True' Analysis field for a number of buoy network
configurations; the accuracy of the buoy system data; and the buoy data system relia=
bility, When ship reports were used, it was possible to eliminate buoy data from
those locations where the probability of receiving a ship report exceeded a specified
value, These variables and conditions established the basic control for the oceanic
input data for each of the three experiments,

The input oceanic data, as specified above, is merged with "perfect' (i.e.,
reliable and error-free) observations from land stations and islands to constitute an
input data set to the FNWC operational objective analysis computer models, The output
is an analysis value at each of the gridpoints in the grid array used for the parameter,

An evaluation of each analysis was made by computing the root-mean-square
difference between the analysis gridpoint values and the gridpoint values for a pre=
viously established ""True'' Analysis, After sufficient Monte Carlo variations were
made in the controlled input, an average RMS analysis srror was computed by taking
the square root of the summed and averaged mean-square values for the individual
analyses,

A complete description of the fixed and variable elements in the experiments
is presented in Sections 3.2 and 3.3, respectively. The Monte Carlo procedures and
the measures of effectiveness used are also presented in greater detail in later
sections,

*System reliability in this study is defined as the ratio obtained by dividing the num=-
ber of observations from a network input to the analysis model by the total number of
platforms deployed in the network, Experimental results for system reliabilities of
100%, 80%, and 50% were obtained in this study.
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3.2 Fixed Elements in the Experiments

The elements of the experiments shown in Fig, 3-1 are listed in Table 3-1. Some
of the elements remained fixed for all experiments,* while others varied according to
controlled Monte Carlo procedures.,

TABLE 3-1
ELEMENTS OF THE EXPERIMENTS
Fixed Elements Variable Elements

1. Objective Analysis Models 1. Buoy Networks (Density)

2. Initial Guess Fields 2. Buoy Data Accuracy

3. "True" Analysis 3. Buoy Network Reliability

4. Verification Area 4. Ship-of-Opportunity Data Availability
(Yes or No)

5. Land and Island Data 5. Ship-of-Opportunity Data Accuracy

6. Measure of Effectiveness 6. Buoy and Ship-of-Opportunity
Location Redundancy

The following paragraphs in this section describe those elements that remained
fixed for all the experiments,

3.2.1 Objective Analysis Models

In order to evaluate a series of postulated data collection systems, arrangements
were made by the NDBC to use the operational objective analysis models at FNWC, The
Sea Level Pressure and Surface Air Temperature models that were used are described
in detail in Reference 1, These models use the Carstenson relaxation procedure for
interpolating analysis values among data points and cycle through a series of steps
involving error checking, interpolation, and smoothing. The degree of smoothing and
error tolerances is a function of the cycle. The models allow a variable reliability
factor to be assigned to data from different sources which also affects the error tol-
erances used in the error checking procedures. In both models, a factor was selected
to preclude exclusion of simulated data with large errors,

*The word "'experiment'' is used in this report to describe all of the computer runs
(numerical analyses) performed for a single environmental parameter. Approximately
2000 analyses were preformed in the Sea Level. Pressure experiments, while about
750 analyses were performed in the Surface Air Temperature experiment and the Sea
Surface Temperature experiment, respectively,
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The Sea Surface Temperature model was a new model being developed for FNWC
[2, 3], which has subsequently become the operational model. This model calculates
a best guess at a gridpoint from the data in the immediate vicinity., Data from dif-
ferent sources are assigned appropriate reliability weights and the best estimate is
the weighted average of the different data sources. The impact of highly reliable
data is spread to neighboring regions by successive updating of the best estimate
field. This technique forces the analysis to reflect the most reliable data sources,

All three of the above models operate on a hemispheric grid which is an orthog-
onal array on a polar stereographic map projection, The Sea Level Pressure model
and the Sea Surface Temperature model use a grid of 125 x 125 gridpoints, For this
grid mesh, the distance between gridpoints at 60°N is approximately 100 n mi and at
the equator is approximately 50 n mi, Surface Air Temperature uses a grid of 63 x 63
gridpoints; the corresponding grid interval is 200 and 100 n mi for 60°N and 0°N,
respectively,

3.2.1.1 Review of Numerical Analysis Procedures

A rudimentary review of the characteristics of objective analysis models provides
insight into the relationship between input observations, initial guess fields, grid mesh,
and the objective analysis models. The models require a previously prepared initial
guess with a value at each gridpoint that is a first approximation of the analysis being
prepared., Observations from random data points are used by the models to modify
all initial guess values within a prescribed distance from the data point. A relaxation
numerical analysis technique is then used to generate new field values wherever initial
guess values occur., Gridpoints influenced by observational data are considered as
internal boundary conditions and remain unchanged by the relaxation process., The
resultant field is usually smoothed after each relaxing pass to.remove small-scale
noise. The resulting gridpoint values may then be used as a new initial guess and the
cycle repeated according to specified criteria,

3.2.1.2 Impact of Numerical Analysis Model Grid Mesh

The grid interval used by the models determines the minimum scale features of
the parameter thancanberesolved, An estimate of the smallest scale that can be
resolved for a given grid network can be derived from the Scale Resolution Study [4]
performed during the early part of this contract.

Figure 3-2, taken from an interim report on the Scale Resolution Study, shows
the error incurred in reconstructing a one-dimensional sinusoidal waveform of given
wavelength and amplitude from equally-spaced error-free data for a range of grid
mesh sizes. Similar wave forms may be obtained from a "True" Analysis field simply
by plotting temperature or pressure along a line connecting two suitably chosen points,
In this one-dimensional sense, it is of value to know how accurately shorter-wave-
length features can be depicted from error-free data on a specified 'grid mesh, In
Fig. 3-2, points A and B represent two combinations of wavelength and grid mesh with
an equivalent error E_. That is, a 400 n mi wavelength on a 100 n mi grid mesh is
depicted with the samé accuracy as an 800 n mi wavelength on a 200 n mi grid mesh.
Obviously, other combinations may be defined along the line E 1’ and the results hold
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Fig. 3-2. RMS error of sinusoidal waveform with amplitude A reconstructed
with error-free data on the indicated grid mesh.
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for arbitrary unit of length for wavelength and grid mesh. If the parameter is atmos-
pheric pressure, E_ is given in millibars as a function of the waveform amplitude, A,
on the left-hand or(]”mate, or as percent reduction of variance on the right-hand
ordinate. Points C and D represent similar combinations for a smaller error Eg.
Points A and C define roughly the knee of the 100 n mi grid mesh curve, and B and D
define the knee of the 200 n mi curve. Above E;, error increases rapidly with
decreasing wavelength and below Eg, error decreases slowly with increasing wave-
length.

The interpretation of what comprises an acceptable error level E may be accom-
plished objectively by evaluating the influence of the analysis on some particular applica-
tion, say the accuracy of a forecast. This objective interpretation is beyond the scope
of this study; however, a subjective interpretation may be obtained rather easily.

Figure 3-3 illustrates a continuous waveform (curve a) and some typical reconstructed
waveforms (curves b, c, d) from the ensembles that comprise the E; and Eg error levels.
In Fig, 3-2, Points A and B both represent the E; case where a continuous waveform is
reconstructed from five equally-spaced error-free data points, This latter case is
illustrated in curves b, ¢, and d by open circles for the data points and dashed lines for
the reconstructed waveform. Subjectively, it can be seen that the 9-point representation
is significantly better than the 5-point representation. Returning to Fig. 3-2, it can be
said that Eg lies closer to an acceptable error level than E;. Therefore, on a 100 n mi
grid, the minimum wavelength that can be satisfactorily resolved lies in the neighborhood
of 800 n mi. Similarly, on a 200 n mi grid, the minimum wavelength is approximately
1600 n mi, These minimum values may be shifted in one direction or the other depending
upon the demands of the data application. Therefore, since the grid mesh for the "True"
Analyses for Sea Level Pressure and Sea Surface Temperature (described in Section
3.2.3) is approximately 100 n mi, it cannot be expected to contain accurately specified
scales of less than approximately 800 n mi at mid=latitudes, For Surface Air Temperature,
analyzed on a grid mesh of 200 n mi, the minimum wavelength accurately defined is
approximately 1600 n mi at mid-latitudes.

3.2.2 Initial Guess Fields

The need for an Initial Guess field to prepare an objective analysis was described
in Section 3.2.1. In those ocean areas where data are not available, the Initial Guess
values are used to define the curvature of the output analysis field through the relaxation
process, i.e., the Laplacian of the Initial Guess field is used as a forcing function in the
relaxation solution of Poisson's equation, Therefore, the Initial Guess field should be as
close an approximation to the final analysis as is possible prior to processing the data
for the synoptic time.

The Initial Guess for the three parameters was prepared in the same manner as
the ""True'' Analysis. At FNWC, the operational Initial Guess is prepared by updating
the forecast field for that maptime with data received after the analysis and forecast
models have been run., For this study, the operational Initial Guess for each parameter
was manually modified to reflect the greater detail defined in the "True' Analysis. In
this manner, a consistency was maintained between the Initial Guess and the expected
"True' Analysis and the Initial Guess field, as it occurs in routine FNWC operations,
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Fig. 3-3. Various configurations of a sinusoidal waveform reconstructed
from 5 and 9 data points per wavelength.
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3.2,.3  '"True''Analysis

In order to evaluate the objective analysis produced from the various input data
it was necessary to score them against a fixed '""True'' Analysis. In theory, the "True'"
Analysis is the exact error-free distribution of the parameter throughout the analysis
area, In practice, it was necessary to create the '""True' Analysis by definition to
assure that a meaningful spectrum of scales associated with the parameter was ade-
quately portrayed, i.e., include phenomena with a scale smaller than that which can be
resolved by the grid mesh used. However, in this study, emphasis was placed on
defining scales in the "True' Analysis that are of operational importance. In this
sense, the '""True' Analyses represent typical worst synoptic situations, ones that
include both large and small scale features, Thus, the experimental results are indic-
ative of how well postulated data networks can resolve the environment at times when
it is operationally of greater interest.

The "True'' Analyses defined for this study are shown in Figs. 3-4 through 3-6
for Sea Level Pressure, Surface Air Temperature and Sea Surface Temperature,
respectively. They were constructed from the FNWC operational analysis prepared
for 0000Z March 22, 1970. This particular maptime was chosen because the synoptic
patterns included the range of scales of interest and approximated a typical worst
case situation.

The "True'" Analyses were defined by modifying some of the analysis gridpoint
values to increase the detail presented for important smaller scale features, For Sea
Level Pressure, gradients were tightened, frontal zones were more sharply delineated,
low centers were deepened, and several open -wave small-scale cyclones were introduced.
The Surface Air Temperature operational analysis was modified to agree with the new
pressure field, particularly with respect to the frontal zones and newly introduced
cyclones.* '

To produce the "True' Analysis for Sea Surface Temperature, the operational
analysis, because of its rather smooth appearance, was markedly changed in the Gulf
Stream and Kuroshio regions and to a lesser degree elsewhere. The changes were
based on previous experience with Sea Surface Temperature in the Gulf Stream and
from cruise information published in various atlases. Over much of the open ocean
regions, however, only larger scales were introduced due to the lack of reliable
synoptic data concerning the frequency of occurrence and distribution of smaller
scale phenomena for this parameter.

The analyses shown in Figs. 3-4 through 3-6 were prepared by curve plotting
routines. These programs will accept grid arrays up to a maximum of 63 by 63 grid-~
points. This, to plot the maps shown for the northern hemisphere, it is necessary to
define the analysis output values on a 63 X 63 grid, even though the analysis for Sea
Level Pressure and Sea Surface Temperature are computed on a 125 X 125 grid. This

*For the experiments conducted, the analysis field for Sea Level Pressure is inde=~
pendent of the analysis field for Surface Air Temperature, i.e., the analysis models
did not force a consistency between the analysis for the two parameters.
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Fig. 3-4. "True" Analysis for Sea Level Pressure: 0000Z March 22, 1970.
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means that the contours shown in Figs. 3=4 and 3-6 are based on the values at every
other gridpoint, thus presenting more smoothed versions of the '""True' Analysis "
fields than were actually used in the experiments, Since the operational analysis grid
for Surface Air Temperature is the 63 x 63 grid, Fig. 3-5 is an accurate presentation
of the "True' Analysis for this parameter. Figure 3-7 is a plot of Sea Surface Tem-
perature for most of the Atlantic using all of the 125 x 125 gridpoint values from the
area.

3.2.4 Verification Areas

The analyses for each experiment were verified for the eight areas of the
northern hemisphere listed in Table 3-2, The Atlantic and Pacific Oceans were divided
into two areas to better evaluate the analysis results according to expected variability
of the parameters.

Each verification area was a rectangular subset of the analysis grid, Figures
3-8 and 3-9 show these areas on two different map projections,

Table 3-2 lists the number of ocean gridpoints in each area for which the
analyses were computed and verified, These are the analysis gridpoints as illustrated
in Fig. 3-8, which shows the 63 x 63 grid used in the Surface Air Temperature experi=-
ment, Halving the grid interval in Fig, 3-8 produces the 125 X 125 grid, which was
used in the Sea Level Pressure and Sea Surface Temperature experiments,

TABLE 3-2
VERIFICATION AREAS
Gridpoints in Area
vorivoucioy Sea Level Pressure and Surface Air
Area
Sea Surface Temperature | Temperature
1. Northern Hemisphere 10,059 2,554
2. North Pacific Ocean 5,935 1,545
3. North Atlantic Ocean 847 223
4, Pacific High Variability 2,875 752
5. Pacific Low Variability 2,322 594
6. Atlantic High Variability 628 166
7. Atlantic Low Variability 1,513 382
8. Gulf of Mexico 102 29

3.2,5 Land and Island Data

The input data for each parameter analysis included appropriate error-free
reports from land stations and islands. These data were generated by interpolating
values from the previously defined '"True' Analysis for all fixed stations for which
data were actually received at the analysis center for 0000Z March 22, 1970. Table
3-8 in Section 3.3 lists the number of island and OSV observations included in each
verification area, The same set of error-free data was used for each analysis of
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Fig. 3-7. Enlarged view of the Sea Surface Temperature analysis for the
Atlantic High Variability area.
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the parameter. Therefore, all variations in the analysis results can 'be ascribed to the
ship and buoy data used in conjunction with this set of fixed land and island data. Ocean

station vessels (OSVs) were included in the ship-of-opportunity data set.

3.2.6 Data Collection System Effectiveness Measures

The measure of effectiveness used in this study is the accuracy of the analysis
produced from the input data sets by means of the operational objective analysis
models. The primary measure of the analysis accuracy is the root-mean-square
value of the analysis error for all I,J gridpoints, defined as

N

o | 172
Z [ANAL(I,J) - TRUE(I, J)]

(3-1)

N

where "ANAL(,J)" is the output analysis value at a gridpoint used in the computation
such as those listed in Table 3-2, and "TRUE([,J)" is the value from the "True' Analy-
sis at the same gridpoint.

RMS Analysis Error = l_ =+

In this study, Eq. 3-1 is used to determine the Initial Guess RMS error by com-
paring in an RMS sense the '""True' Analysis directly with the Initial Guess field. For
all other objective analyses, the data from land, island, ocean station vessel, ship,
and hypothetical buoy locations replace Initial Guess data where appropriate. Except
when data errors are large, the resulting RMS analysis errors will be smaller than
the appropriate Initial Guess RMS analysis error, thus giving a measure of improve-
ment in the object analysis. In this report, the difference between the Initial Guess
RMS analysis error and the RMS analysis error for a given data collection system
(or, systems) is defined as the ''reduction in Initial Guess RMS analysis error."
When this measure is normalized by dividing by Initial Guess RMS analysis error
and multiplying by 100, it is referred to as the ''percent reduction in Initial Guess RMS
analysis error."

A secondary analysis accuracy measure considered in this study is the root-mean-
square analysis gradient error. This is defined as

RMS Analysis Gradient Error =
N

5 ]| 172
2 : ( 3 ANAL(LJ) 3 TRUE (LJ)) A (a ANAL(L,J) 3 TRUE(LJ) )
(3-2)

d1I d1 dJ dJ /

N

It was determined during the course of the experiments that for purposes of
system design the analysis gradient error offered no advantages over the analysis error
itself. Therefore, almost all the experimental results in this report are presented for
the RMS analysis error.

Table 3-3 lists the number of Monte Carlo variations used for the various types
of data set experiments. A single RMS analysis error was derived for each data set
experiment by computing the root-mean-square value of the individual map RMS
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TABLE 3-3

VERIFICATION STATISTICS CALCULATED

FOR DATA SETS COMPRIING A UNIQUE CONFIGURATION

OF BUOY NETWORK, STANDARD DEVIATION OF DATA ERROR,
AND FAILURE RATE

Failure Error Map Running Error Running Error
Set Sample Error Over Error Over Failure
J K Area A Sample-Area A Set-Area A
1 RMSE(1,1) Four Values ; One Value ;
3 || RMSE(1,3) L — A
p=1 K k=1 *
4 RMSE(1,4)
K=1,2,3,4
] RMSE(2,1) Four Values One Value ]
- (o
2 2 || RMSE(2,2) % mse(2,P)| 2 2 MSE ( J MSE(J,K) -
3 || RMSE(2,3) — i Z
a4 || RMSE(2,4) P=1 S,
K=1,2,3,4 2
1
3
4
1 RMSE (4,1) Four Values ] One Value L o
4 2 || RMSE(4,2) MSE (4,P) 2 MSE(J K| 2
3 || RMSE(4,3) Z Z Z
4 || RMSE(4,4) e J=1 K=1
K=1,2,3,4 4

analysis errors. This average RMS analysis error is defined in Table 3-3, which also
shows how intermediate RMS error values were computed for each map and reliability
set. Unless otherwise specified, all error values used in this report are for the average
RMS analysis error as defined in Table 3-3.
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3.3 Variable Elements of the Experiments

3.3.1 Data Buoy Networks

Ten buoy networks were defined at the start of the experiments. These ten net-
works had the following gross characteristics:

e 2 hemispheric networks with 600 buoys each,
® 2 hemispheric networks with 300 buoys each,
e 3 hemispheric networks with 150 buoys each, and
® 3 hemispheric networks with 76 buoys each.

The differences between networks with the same number of buoys was the spacing
of the buoys as shown in Table 3-4. The ten networks are identified by the total number
of buoys in the network and a modification letter; networks 150A, 150B, and 150C are
the three variations of a hemispheric network of 150 buoys. From the ten networks, it
was expected that the experimental results would indicate the more effective pattern
for each fixed number of buoys. Experimental results indicated, however, that dif-
ferent distributions of the same number of buoys were not as critical as other system
characteristics.

The buoy locations in the ten networks took into consideration the location of
island stations and ocean station vessels; redundancy with probable locations for ship-
of-opportunity reports were not considered. To account for the redundancy between
the buoy locations and the most probable areas for ship-of-opportunity data, one network
for each basic number of buoys (600, 300, 150 and 76) was modified to account for
areas of probable ship-of-opportunity data. As a result of initial experiments with all
ten networks, networks 600B, 300C, 150A and 76B were selected as preferred for all
experiments. These four networks are shown in Figs. 3-10 through 3-13; the other
six networks are shown in Appendix F. Figure 3-14 relates the number of data buoys
to an average spacing between buoys in the four verification areas of primary interest.

Figures 3-10 through 3-13 show the buoy locations by three different symbols.
The purpose of these symbols is to delineate areas of redundancy with probable ship-
of-opportunity data. Section 3.3.5 describes how these networks were modified to
reduce the buoy data redundancy with ship-of-opportunity data. Suffice to say, the
buoy networks are defined by the complete set of circles and solid dots shown in
Figs. 3-10 through 3-13.

3.3.2 Errors in Buoy Data

One aspect of the experiments was to determine the impact of errors in the sim-
ulated buoy data system. Error-free data were first obtained for each buoy location
by interpolation from the "True'' Analysis. This data set was then corrupted by adding
a list of error values composed of random numbers with a specified Gaussian distri-
bution. The resulting data set was then characterized by data system errors that have
the standard deviation of the set of random numbers that were generated. Error fields
with a standard deviation of 0.1, 0.5, 1.0, 2.0, 3.0, and 5.0 units were created and used
in addition to the error-free data. To average out possible biases in the error fields,
several Monte Carlo versions of each standard deviation of error were generated.

For Sea Level Pressure, four error fields were used to derive a single analysis
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TABLE 3-4
BUOY NETWORK CHARACTERISTICS

Total
Net; Latitude Average Buoy No. of Buoys No.
Jor Zone Spacing (n mi) Atlantic | Pacific | Buoys
0°-30°N 300 66 167
600A 30°N-45°N 200 90 143
45°N-60°N 140 54 80 600
600B™ 0°-60°N 200 182 418 600
0 0°-35°N 500 36 73
35°N-60°N 225 70 121 300
Fi 0°-60°N 300 89 211 300
. 0°-25°N 500 16 39
1204 25°N-35°N 400 15 15
35°N-60°N 300 17 48 150
b A 0°-39°N 600 17 36
39°N-60°N 200 3] 66 150
150C 0°-60°N 400 48 102 150
76A 0°-60°N 600 24 52 76
3 0°-36°N 700 13 32
36°N-60°N 300-400 10 21 76
0°-30°N 500 15 46
76C 30°N-60°N 600-800 3 12 76

*Networks used for all experiments.

score; for Surface Air Temperature and Sea Surface Temperature, three error fields
were used. Section 3.4 presents details of the Monte Carlo procedures that were used.
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Note

100%, all circular buoy symbols

® For Redundancy Threshold
are in the network.

® For Redundancy Threshold = 75%, open-circle buoys are eliminated.

® For Redundancy Threshold = 50%, open-circle and open-circle-
with-dot buoys are eliminated.
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Note

100%, all circular buoy symbols

® For Redundancy Threshold
are in the network.

® For Redundancy Threshold = 75%, open-circle buoys are eliminated.

® For Redundancy Threshold = 50%, open-circle and open-circle-
with-dot buoys are eliminated.

I
"o 3. & 8 10 12 14 6 18 20 13 34 B 20 3 32 34 3 3B M 42 4 4 4 W N N % N © “
e ) T

oo-\% f P // ) . 1%
P | e ™N | Prohability 1.

S vi Cuoy of at least Symbol Siiitel ;W
P Syrhol| ore Shin, P 1 il
o i . 0<P <503 & gg;‘:’i’on'“
VP k] © | sncp< sy Vessel Hs

o |75<r<00; Island

gl Station 1
“
. a2

; 10"
E ]
»
p= r o ) x x
{i o
\ 3
¥ ‘_’;r st I
r"..llt‘._; S I Sl o NI O [ R

v ) i
¢ - 1,

| ( s [e ) ‘

[ J o =]
: e/ 0 ® o } i n
*
<1 / s
' o fo) 1‘/ hd e ﬂ/ /% "
@ [ ]

19 D /i Rkt Ly /l_l_ .

o2 c i ol 507
r S— = - ® / £ - ol ot "
l 5 - "V‘ d al // i A n

[ ]

d = . o L
/o g =] o * ) s
P x L*' : 0 ] [

i . 4 e v4 e e (S )
f s R RN \ g
2 i A i ‘ } + . 2
e S A s e T T B B 9 2

4

Fig. 3-11.

¢ 8 0 12 e e 18 20 22 24 24 28 3 37 M M 38 60 42 a4 46 48 30 52 34 3 53 60 2

I

Postulated buoy network 300C.

31

ca



Note

® For Redundancy Threshold

are in the network.

100%, all circular buoy symbols

® For Redundancy Threshold

75%, open-circle buoys are eliminated.

® For Redundancy Threshold

with-dot buoys are eliminated.

50%, open-circle and open-circle-
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Note

® For Redundancy Threshold
are in the network.

100%, all circular buoy symbols

® For Redundancy

Threshold =

75%, open-circle buoys are eliminated.

® For Redundancy
with-dot buoys

Threshold = 50%,
are eliminated.
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3.3.3 Data Buoy System Reliability

The effect of reliability within an overall data buoy system was simulated. For
the experiments conducted, reliability was defined as the percentage of the total data
received from the data buoy network for the analysis. Failure to receive data from a
particular buoy location is considered as a failure somewhere in the data system
without regard to whether the failure was due to the sensor, platform, communications,
etc.

The experiments used data buoy system reliability values of 100%, 80%, and 50%.
To define a single buoy reliability network, a uniformly distributed random number
was assigned to each buoy within the four principal verification areas and the Gulf of
Mexico area. The buoys were then sorted according to their random number. For a
system reliability of 50%, the top half of the sorted list of buoys in each area was
deleted; for a reliability of 80%, the top 20% of the list was deleted. For a system reli-
ability of 100%, no buoy data were deleted.

The definition of a single buoy network with a reliability of 80% or 50% might
result in a network with an unusually good or unusually bad distribution of buoys with
respect to the patterns in the ""True'' Analysis. To average out this possibility,
Monte Carlo variations were generated by defining several unique sets of random
numbers for each network for each reliability. As was the case for data error fields,
four sets of random numbers were generated for Sea Level Pressure, and three for
Surface Air Temperature and Sea Surface Temperature, Section 3.4 presents further
details on the Monte Carlo procedures used in the experiments. :

3.3.4 Ship-of-Opportunity Data

Two different ship data sets were used in the experiments. The first set of ship
data was assigned the actual ship locations at 0000Z March 22, 1970; this set was used
exclusively for Sea Level Pressure, The second set of ship data was for probable
ship locations; this set was used for Surface Air Temperature, Sea Surface Temper-
ature, and, to a very limited extent, for Sea Level Pressure.

3.3.4.1 Actual Ship Set

The actual ship data set was obtained by interpolating error=free values from
the ""True'' Sea Level Pressure analysis at the locations of all the ship reports,
including those from OSVs, received by the analysis center for 0000Z March 22, 1970.
Since an errorfree ship data system is not completely realistic, another actual ship
data set was created by adding to the error-free data a field of Gaussianly distributed
random errors with a standard deviation of 1 mb,*

*The 1 mb standard deviation of Gaussian error for ship-of-opportunity pressure
data was selected as a representative value for the current ship-of-opportunity data
system accuracy. It is possible that this error estimate should have been revised up=-
ward, perhaps by a factor of 2. If the current ship-of-~opportunity data system does have
a representative error larger than 1 mb then the results presented will be overestimates
of the effectiveness.of ship data. If this is true, the effectiveness presented for buoy
data when compared to ship data will be on the conservative side.
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Ship locations at 0000Z on March 22, 1970, are shown in Fig, 3-15; Fig. 3-16
shows the locations of ships that reported 12 hours earlier. Multi-reports from the
same location or area are shown as a single dot. The distribution of ship reports
shown on these two plots is typical of the total number of ships that eventually
report, and show that more reports are received from a region during daylight hours
(1200Z in the Atlantic, 0000Z in the Pacific) than during the nighttime,

Table 3-5 gives statistics of the ship reports received at FNWC at various times
after the synoptic hour. This table was compiled for the months of November and
December 1970, and shows that the average total number of ship reports received with-
in 6.5 hours is the same for the primary synoptic times of 0000Z and 1200Z. The
larger number of ships reporting earlier for 0000Z is probably due to the fact that it
is daylight in the Pacific Ocean, which normally has more ships reporting than does
the Atlantic.

TABLE 3-5
AVERAGE NUMBER OF SHIP REPORTS RECEIVED AT FNWC, NOV-DEC 1970
Number of Ship Reports Received
Hours After 00002 06002 12007 18002
Synoptic ;
Period Stan. Stan. Stan. Stan.
Avg. | Dev. Avg. | Dev. Avg. | Dev. Avg. | Dev.
0.5 24 —1 12 — 14 — 10 —
1.0 90 25 92 23 84 27 56 22
15 197 37 180 24 173 26 146 41
2.0 322 | — 287 — 294 — 264 —
2.5 397 39 331 36 344 47 327 40
3.5 503 — 398 — 468 — 411 —
4.0 538 27 441 38 496 51 451 50
6.5 586 — 447 — 586 - 437 —

lDashes in the table indicate that statistical data were not available,
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Note:

Ships reporting in close proximity
are shown as a single dot.
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Note:

Ships reporting in close proximity
are shown as a single dot.
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3.3.4.2 Probable Ship Sets

During the study of ship-of-opportunity reports, it was noted that frequently
more than one ship report occurred at, or near, the same location. This indicated
either multiple reports from the same ship or reports from ships in close proximity.
Therefore, a set of probable ship locations was determined [5] to eliminate the
occurrence of multiple reports at a point and to be representative of the nighttime
(worst) distribution of the ship reports,

Probable ship locations were computed by the probability of at least one ship
ship reporting within an analysis grid square (on the 125 x 125 grid) centered on a
gridpoint for 0000Z in the Atlantic and 1200Z in the Pacific. This probability (P) was
derived from the frequency of occurrence of ship reports received at FNWC over a
period of 280 winter days (1966—1968).

To create a probable ship set, a uniformly distributed random number (U)
between 0 and 1 was generated for each i,j gridpoint. Each Uj j was compared with
the probability P of at least one ship report within a grid- square IfU. . < P
ship report was defined to exist at that i,j gridpoint; if U > P , NO stup report is
defined. Any number of ship sets can be generated in thls manner by simply gener-
ating a new set of Uj ] random numbers. Over a large number of such ship sets, ship
reports would occur at a given gridpoint with the same frequency as the actual ship
reports over the 280 maptimes.

A total of 100 probable ship sets was generated in the manner described above.
The general characteristics of these sets are shown in Table 3-6 by the mean and
standard deviation for the 100 ship sets and the actual numbers for three of the ship
sets. The plots of these three sets of ship locations are presented in Figs. 3-17
through 3-19. The geographical distribution of ship reports for two actual synoptic
times and for Probable Ship Set A is presented in Table 3-7.

TABLE 3-6
- PROBABLE SHIP SETS STATISTICS

Gridpoints Assigned a Ship Report
Ocean | Time 100 Ship Sets Probable Ship Set

Min } Max IMean Istd.pev.| A B | ¢ '—i

Atlantic |0000Z | 104 | 152 |128.4] 10.0 142 | 140 | 132
Pacific |1200Z | 150 | 205 |171.4| 12.4 160 | 163 | 198 |

Total - - - |299.8] - 302 | 303 | 330

Probable Ship Set A, the 100th ship set generated, was used for the locations of
ship-of-opportunity reports for Surface Air Temperature and Sea Surface Temperature.
Error-free ship data values were obtained for these locations from the '""True' Analysis.
Gaussian random errors with a standard deviation of 1°C were added to the error=free
data for both parameters to create a more realistic set of ships-of-opportunity data.
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Note: Ship locations used were for 0000Z in the
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Note:

Ship locations used were for 0000Z in the
Atlantic, and 1200Z in the Pacific.

4 . 8 10 12 1 18 20 22 24 2 280 30 32 34 36 I 40 41 44 46 48 0 52 34 %6 S 40 62
T - =

N

e o

1A
/

o |t .
Sos / o

SASATIATIA L]
> 2

-4

] o
|

P / e i 410

A\
{
(l

0 2 - *

8 W 12 4 16 18 20 22 20 26 20 W 32 M4 W W 6 42 44 & & 30 2 3¢ 3 S8 G0 62

I=->

Fig. 3-18. Probable Ship Set B.

41



Fig.

Note: Ship locations used were for 0000Z in the

Atlantic, and 1200Z in the Pacific.
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TABLE 3-7
GEOGRAPHICAL DISTRIBUTION OF SHIP REPORTS
(Number of Reports)

Verification Area proggglﬁ Py ACSSSL ,Shi Re 05331
March 22,1970 | March 21,1970

Northern Hemisphere 302 348 406
A11 Pacific 160 210 152
Pacific High Variability 79 108 71
Pacific Low Variability 14 20 1
A11 Atlantic 142 118 213
Atlantic High Variability 72 ' 72 117
Altantic Low Variability 36 31 86
Gulf of Mexico ) 6 7

1Used in the experiments.

As was the case for Sea Level Pressure, the standard deviation value of 1°C was
selected as a representative value* for the current ship-of-opportunity data system.

Table 3-7 shows that data for over 300 ship-of-opportunity locations were used
in the experiments. The timeliness of this volume of ship reports compared to the
timeliness of the data from the postulated buoy networks must be considered. Data
buoy system requirements and design characteristics have specified receipt of all
observed data within one hour after the synoptic time. Table 3-5, however, shows
that the average number of ship reports used in the experiments is normally not
available until at least two hours after the synoptic time. If, for operational reasons,
only ship data received within one hour after the synoptic time are usable, then too

*The 1°C standard deviation of Gaussian error for ship-of-opportunity temperature
data was selected as a representative value for the current ship-of-opportunity data
system accuracy. It is possible that this error estimate should have been revised up-
ward, perhaps by a factor of 2. If the current ship-of-opportunity data system does
have a representative error larger than 1°C then the results presented will be over-
estimates of the effectiveness of ship data. If this is true, the effectiveness presented
for buoy data when compared to ship data will be on the conservative side.
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many ships have been assumed for the ship data sets. A reduction in the number of
ship reports used would cause an undetermined decrease in the effectiveness of ship
data when compared to the effectiveness of data buoys.

3.3.5 Redundancy of Ships-of-Opportunity and Data Buoys

Initial experimental results indicated considerable redundancy between some of
the data buoys and ship-of-opportunity reports. To reduce this redundancy, four of the
original ten networks were modified to eliminate buoysinthose areas in which ships-
of-opportunity data were most probable.

From the probability of ship report computations outlined in the previous sec-
tion, it was possible to draw isopleths to show those areas where the probability of a
ship report was 75% or more and 50% or more (see Appendix G). Since each network
had a different gridpoint spacing, the probability pattern was slightly different for each
network.* Redundancy threshold (RT) levels of 75% and 50% were selected as the
criteria for removing buoys from the original network configurations. For the RT = 75%
network, buoys were deleted from those locations where the probability of at least one
ship report was 75% or more. Another network was derived by eliminating buoys where
the probability of at least one ship report was 50% or greater. Table 3-8 lists the
number of buoys in each network for the three Redundancy Threshold values. The
definition of redundancy threshold networks is illustrated in Fig. 3-26. The upper left
corner of Fig. 3-20 shows the Pacific High Variability area on the FNWC grid. Super-
imposed above the grid are the probability contours for ship reports for the 150A
buoy network, Note that the probabilities range from less than 50% to over 75% for
this area. The bottom left plot in Fig. 3=-26 shows the locations of all the buoys in this
area for the 150A network. This plot corresponds to a redundancy threshold of 100%,
since no buoys have been removed. The RT = 75% plot shows the same network after
all buoys within the equal to or greater than 75% contour have been removed. The
bottom right plot shows the RT = 50% buoy locations,wherethe only buoys remaining
are in areas where the probability of a ship report is less than 50%.

Figure 3-20 also shows a plot of the actual ship set of 0000Z March 22, 1970,
and the probable ship set that was used. These maps are shown here to illustrate how
ships-of-opportunity are expected to provide data from those areas where buoys were
removed. The reader is cautioned not to confuse the ship probability contours with
an actual probable ship position plot. The probability contours in Fig. 3-20 were
derived from 280 days of data whereas the plots shown are for a single maptime and
probability set. Similarly, the buoy locations are independent of the ship locations for
a single maptime since the buoys were removed for a Redundancy Threshold by means
of the probability of receiving at least one ship report within a specified area derived
from 280 winter days of data.

*A detailed description of how the four buoy networks were modified to reduce
buoy-ship redundancy is given in Reference 5, which is on file at the NDBC.
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TABLE 3-8
DATA POINTS PER VERIFICATION AREA

Number of Ships Redun. Buoys Per Network
Island Actual |Probable | Ibresh-

Area Stns. 0SsVs Ships Ships old 600B 300C 150A | 76B
Northern 32 13 348 342 1002 ‘600 300 150 76
Hemisphere 75 542 224 125 58

50 434 172 66 37
All 15 4 210 160 1002 423 212 104 53
Pacific 75 397 176 81 44

50 345 136 54 30
High 3 3 108 79 1002 111 54 53 26
Variability 75 98 33 45 19
Pacific 50 65 11 27 12
Low 7 0 20 14 1002 206 107 31 18
Variability 75 206 103 28 18
Pacific 50 205 89 17 14
All 17 9 118 142 1002 177 88 46 23
Atlantic : 75 145 48 24 14

50 89 36 12 7
High 2 8 72 ) 72 1002 67 37 25 12
Variability 75 44 12 12 7
Atlantic 50 8 5 3 2
Low 8 | 31 36 100% 96 47 20 11
Variability 75 95 38 12 8
Atlantic 50 81 33 9 6
Gulf of 0 0 6 5 100% 6 3 3 0
Mexico 75 5 0 0 0

50 3 0 0 0
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3.4 Monte Carlo Experiment Procedures

To study the impact of buoy data system accuracy and reliability it was neces-
sary to simulate data with the appropriate system characteristics. The effect of any
biases present in a particular set of simulated data was reduced by using a number of
Monte Carlo variations in the input data for each experiment.

Results of the pilot model study [6] conducted prior to production analyses
indicated a fairly small number of Monte Carlo runs would be required to obtain
reasonably stable statistics. Table 3-9 lists the number of Monte Carlo runs selected
for each error and reliability value.

TABLE 3-9
MONTE CARLO VARIATIONS IN SIMULATED DATA
Data Frror Monte Carlo Runs Total
Data System
Standard T For Each For Each Data
& s Reliability L
Deviation Error Value | Reliability Sets
Sea Level Pressure*
100% 1 1 1
0.0 mb 80 1 4 4
50 1 4 4
0.5, 1.0, 2.0, 160 A L %
and 5.0 mb 20 4 d I
’ 50 4 4 16
Surface Air Temperature and
Sea Surface Temperature
|
100% | 1 1 1
0.0°C 80 1 3 3
50 1 3 3
0.5,1.0, 100 3 1 3
and 3.0°C Bp p 8 9
E 50 3 3 9

*A limited number of experiments were also conducted for pres-
sure with three variation fields, as shown for the temperature param-
eters.

Obviously, for error-free data and all buoys reporting,only one set of data is
required. For Sea Level Pressure, four sets of data were normally prepared for each
data error value. Each of these error fields was applied to four independent reliability
fields, when the system reliability was less than 100%. The same approachwas applied to
the temperature parameters except that three error and three reliability variations
were used instead of four. These numbers (three and four) were chosen as the
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minimum number of Monte Carlo runs that could be used and still obtain representa-
tive results. Figure 3-21 shows the progression of the average RMS analysis error
for a Sea Surface Temperature experiment, For this example, the average RMS
analysis error has stabilized within 0.02°C,

The last column in Table 3-9 shows the total number of input data sets that were
used in each type of experiment (the number of data sets is the number of maps
analyzed to produce an average experiment score). Table 3-9 shows all the variations
in input data sets that were used. The numbers in the elements of Tables 3-10 and
3-11 are the number of Monte Carlo runs that were used for each data system accu-
racy and reliability. In the Sea Level Pressure experiment four Monte Carlo runs
were made for most buoy data error sets and most buoy reliability sets. In a few
cases only three runs were made. In the Surface Air Temperature and Sea Surface
Temperature experiments, three Monte Carlo runs were made for each buoy data error
set and three runs for each buoy reliability set. The last column in Tables 3-10 and
3-11 lists the total number of maps that were analyzed considering all the variations
in buoy system accuracy, reliability, and ship-buoy redundancy.

3.5 Idealized Analysis Error Curves

Two idealized RMS analysis error curves are shown in Fig. 3-22, Curve A
shows expected results if both the Initial Guess and the Analysis Model were con-
stantly optimized to the available data density. Curve B shows a typical buoys-only
result in this study in which both the Initial Guess and the Analysis Model were held
fixed over the entire range of data density. For simplicity, all data are assumed to
be error-free and uniformly distributed throughout a region.

Curve A at zero data density starts at the no-data Initial Guess RMS analysis
error. The Initial Guess might have been obtained from climatology or from whatever
prior knowledge one has about the environment. As the availability of the data
increases over time, the ability to generate a better Initial Guess is improved, and the
Analysis Model is changed to take advantage of the new data density. The RMSanalysis
error for this new Initial Guess capability is shown as Curve A. The new Initial Guess
error on the ordinate (a function of data density) is connected with an arbitrary Point D
by a dashed line. Curve A achieves zero error when the data density provides one
observation for every grid point. At this density, the Analysis Model does nothing
whatsoever to the data, i.e., there is no need for '"smoothing' in the model, because
there is accurate data available at every grid point. Therefore, the Initial Guess
exerts no influence on the final analysis, because all Initial Guess values are replaced
by data values,

Curve B at zero density starts at the ships-only, Initial Guess error, an unreal-
istically low value for zero data. As the data density increases, both the Initial Guess
and the Analysis Model are held fixed. Curve B intersects Curve A at a point that
corresponds approximately to the ships-only data density and analysis error. At this
point, the Initial Guess for both curves is the ships-only Initial Guess. For larger data
densities, Curve B lies above Curve A, primarily because the Analysis Model is not
optimal, but also because the Initial Guess has too large an error for the data density.
However, the influence of the Initial Guess on the final analysis rapidly diminishes with
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Note
® Sea Surface Temperature
® Network 150A
® Reliability = 80%
® Buoys Only (op = 1.0 °C)

Error Sample

1 2 3 1 2 3 1 2 3

1.80 =F

RMS 1.70 == 2 3 ‘:h:g L e — 3
Analysis “_ﬁ"d__—* @ - O

Error "
: o ot -
(°C)

=

0

1 2 3

Reliability Sample

n
% Average RMS Analysis Error for n error samples.

(D Average RMS Analysis Error for first reliability sample.
@ Average RMS Analysis Error for first two reliability samples.

@' Average RMS Analysis Error for all three reliability samples.

Fig. 3-21. Example of the derivation of an average RMS analysis error.
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TABLE 3-10
MONTE CARLO DATA SETS ANALYZED FOR SEA LEVEL PRESSURE

Prob Other | Standard Deviation ?f Buoy Reliability| Redundancy No.of|No.of
Actual] Ship oy’ Basic Buoy Networks Six Buoy Data Error,op mb) (%) Threshold (%) | Runs jRuns ¢ ¢
ships | set [/ Buoy w/o Jwith -
A 6008 300C  150A 76Bjvetworks| 0 0.5 [1.0 [2.0]5.0 J100| 80 | so | 100 75 | 50| winds|uinas
1 Initial Guess
; 7/ |10 1 Probable ship.Set A
1.0 1 Actual ships only
/ 1.0] 7 v/ 7/ A SN 4 |4 4 7/ 160
/ 0.0 v / /| / ' / 2 I I IRV
’ oof v [ v | v |V / T A ag * 03 oy = 0
v/ 0.0 v / / / / v/ / /| 36
/ 110 ¥ / / v/ / / / /| 8 8
/ 1.0 7 / / / / / / / 10 10
/ 1.00 ¢ / / / / / / v/
I 10 10
A1l ten networks;
/ 1.0 7 / / v/ / 4 |4 |4 |4 /| / 160 no removal of buoys
J/ 1.0 J/ J/ J/ J/ 7] J/ | 4 Y, 40 40 redundant with ships.
4 1.0f v / O A 4 14 & s 4 / 640
/ 1.0] 7 / / 7/ / / / 40
4 1.0 v / v/ v/ / 4 |4 |4 |4 4 640
/ v/ / / / / v/ i0 10
/ v/ / / 3 / / 12 L
/ / / / / 3 / 12 uoys only
/ v/ /| 3 3 / 36
/ v/ / / / / 12
/ / / / 3 / 36
1991 Total Runs

* Standard deviation bf ship data error.

** Monte Carlo variations of specified condition included in average experimental RMS analysis error.
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TABLE 3-11
MONTE CARLO DATA SETS ANALYZED FOR SURFACE AIR TEMPERATURE AND SEA SURFACE TEMPERATURE

Prob Standard Deviation of Buoy Reliability Redundancy No.
Ship | o * Buoy, Network Buoy Data Error, °b(°C) (%) Threshold (%) | - E W
t °
SE (°C) | 6008 | 300C [150A| 76B] o0 0.5] 1.0 | 3.0 100 80 50 { 100 | 75 , 50 }Runs
1 Initial Gues_s
" | 1.0 1 _|Ships Only
/ o vIIv by lz1lv / & v L% /| e
' 0 / / / / / 3 v/ / v/ 36 g = 0 gy = 0
/ 0 / / / / v/ 3 / 4 / 36
/Y 11.0 / "2 I I / ./ / / 8 |Probable Ship Set A
2 B E'N B2 2 2 A | |3 |3 P Pithos & WI0°EE
only two Redundancy
/ 1.0 5 / / / / 3 / / 24 Thresholds :
:: 1.0 y ; / / , 3 3 3 3 / v/ |216 RT = 75%, and
1.0 / / 3 / / 24 RT = 50%
4 1.0 A 4 / 3 3 3 3 4 / |216
/ / / / / v/ 4
/ / / / 3 / v/ 12
/ / / / / 3 / 12 Buoys Only
' / / / 3 3 / 36
'4 / / / / v/ 12
4 4 v/ 4 3 3 4 36
758 Total Runs

* Standard deviation of ship drata error.
** Monte Carlo variations of specified condition included in average experimental RMS analysis error.
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Fig. 3-22. Idealized RMS analysis error curves.
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increasing data density. At maximum data density, Curve B is non-zero, because the
analysis model has not been modified to take advantage of the available data, i.e., it
still contains a '"'smoothing' operator,

Curve A represents what could be done with the data in an operational system
where time and resources were available to optimize the Analysis Model and Initial
Guess generation procedures. Curve B represents what was done in this study within
the project constraints of time and resources, although the exact impact of '"smoothing"
in the analysis models was not explicitly determined.

From Fig. 3-22, it is seen that the study results for data densities less than the
ships-only density tend to underestimate the analysis error and for data densities
greater than ships-only density tend to overestimate the analysis error. Thus, all the
results with buoy-ship networks and with buoys-only networks where the data density
is greater than ships-only should be interpreted as upper bounds. The actual opera-
tional analysis errors can be expected to be less than these errors and, therefore,
the buoy effectiveness should show a corresponding increase.
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4.0 RESULTS OF THE SEA LEVEL PRESSURE EXPERIMENT.

4.1 Overview of the Experiment

The Sea Level Pressure (SLP) experiment was the first in a series of three experi-
ments conducted. Initially, data for ten global networks of data buoy locations were
prepared. Simultaneously, the "True' Analysis was prepared, based on sea level pres-
sure data for the synoptic time 0000Z March 22, 1971, which was provided by the analysis
center, Modifications were made in the data to introduce a tropical cyclone in the
western Pacific, sharpen frontal systems and tighten gradients. Other appropriate data
provided by the analysis center were used to prepare an Initial Guess field of data which
was commensurate with the '"True' Analysis.

Once the ""True' Analysis had been prepared, utility programs were used to
determine by interpolation ''true' values for all land, island, ocean weather station,
ship-of-opportunity and buoy networks that would be used in the experiment. For a
single analysis, the total number of input data locations varied between 4000 and 5000,
of which approximately 4000 were land and island stations. These locations were con=-
stant throughout all runs in the experiment, and these input data values were always
"true'' values, obtained by interpolation from the '"True' Analysis.

Buoy network and ship-of-opportunity data fields of zero mean Gaussianly-dis-
tributed errors were added to the ''true' values. During various parts of the experiment,
standard deviations of 0, 0.5, 1.0, 2.0, and 5.0 mb were used for errors added to buoy
data, while standard deviations of 0 and 1.0 mb were used for errors added to ship data.
All buoy network and ship-of-opportunity data fields for Monte Carlo runs were prepared
and maintained on magnetic tape.

Other buoy network data fields were prepared in which given fractions of the
number of buoys in each verification area were randomly ''failed." That is, data for only
80% and 50% of the data buoy locations were included in these fields. Of course, several
sets of data for random failures of buoys were prepared for each network in order to
perform several Monte Carlo runs in the system reliability dimension. These data
fields were also maintained on magnetic tape.

The RMS analysis error for the Initial Guess field was computed first, by
directly comparing in an RMS sense the Initial Guess and the '""True' Analysis. Veri-
fication was carried out only over ocean grid points, by using an available ""mask"
which eliminates verification over land areas. The RMS analysis error for the Sea
Level Pressure Initial Guess field is shown below in Table 4-1.

Having obtained the RMS analysis error for the Initial Guess field, the next step
was to obtain similar information for the data for Actual Ships, with an assumed standard

deviation of 1.0 mb in the random errors.* Random errors in ship~of-opportunity data
were not Monte Carloed; only one run each was made for Actual Ships and Probable Ships,
with RMS analysis error results shown in Table 4-2, along with the Initial Guess RMS

*It is stressed that the actual ship data for 0000Z March 21, 1970, were not used in
this experiment. Locations for the 348 reporting ships were used to obtain ''true' values
for ship data by interpolating from the ""True' Analysis field.
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TABLE 4-1

RMS ANALYSIS ERROR FOR THE

SEA LEVEL PRESSURE INITIAL GUESS FIELD

NUMBER OF VERIFICATION GRID POINTS AND SHIPS;

Verification Initial Guess Number of Verification
Area RMS Analysis Error (mb) Grid Points
All Nor. Hem 2.07 10,059
All Pacific 2.30 5,935
Pacific Hi Var 5.21 847
Pac Lo Var 0.82 2,875
All Atlantic 2.03 2,322
Atl Hi Var 3.54 628
Atl Lo Var 1.03 1,513
Gulf of Mexico 1361 102
TABLE 4-2

AND RMS ANALYSIS ERROR VALUES

B i No. of No. of No. of RMS Analysis Error (mb)
Kpaa Verification | Actual | Probable | Initial |Actual Ships | Prob. Ships
Grid Points Ships Ships Guess (os=1.0 mb) (0's =1.0 mb)
All Nor. Hem 10,059 348 302 2.07 0.62 0.91
All Pacific 5,935 210 160 2.30 0.60 0.80
Pac Hi Var 847 108 79 5.21 0.98 1.32
Pac Lo Var 2,875 120 14 0.82 0.42 0.66
All Atlantic 2,322 118 142 2.03 0.79 1.34
Atl Hi Var 628 72 72 3.54 1.27 2.33
Atl Lo Var 1,513 31 36 1.03 0.60 0.85
Gulf of Mexico 102 6 5 1.51 0.59 0.28
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analysis error and the number of points in the 125 X 125 grid over which verification
took place in each area.

Table 4-2 clearly indicates the favorable impact that randomly distributed data
collection platforms, such as ships-of-opportunity can have in reducing RMS analysis
error, relative to the RMS analysis error of the Initial Guess field. Of course, it must
be held in mind that, at present, FNWC is not experiencing the accumulation of more
than 300 ship reports until about 2 hours after a synoptic reporting period, as indicated
previously in Table 3-5. Furthermore, as can be seen for the Atlantic High Variability
area, equal numhers of ship reports (72) can have much different impact on reducing
Initial Guess RMS analysis Error, depending on the distribution of ships. (As will be
shown later, 72 highly accurate and reliable data collection platforms, essentially
uniformly distributed throughout the Atlantic High Variability area, could reduce the
RMS analysis error to about 0.7 mb, which compared with the Initial Guess error of
2.54 gives an improvement of 80%.)

After the preliminary Initial Guess and Actual Ships runs had been made, the 10
data buoy networks were evaluated, each used in conjunction with Actual Ships. Four
Monte Carlo runs were made for each case where there were non-zero errors in buoy
data; also four Monte Carlo runs were made for each case where the system reliability
was 80% or 50%. This resulted in a total of 16 analyses being performed and 16 mean-~
square analysis error values summmed, averaged, and the square root taken in order to
produce one value for RMS analysis error of a buoy-ship combination, in which the buoys
had non-zero random errors and less than 100% system reliability. When buoys had 100%
reliability and zero data error (i.e., when they were "'perfect'’), it was necessary to make
only one computer run. When buoys had 100% reliability and non-zero data error, or
zero data error and less than 100% reliability, four Monte Carlo runs were performed
in the appropriate dimension. Buoy system reliabilities of 100%, 80%, and 50% were
investigated, for buoy system random error standard deviations of 0, 0.5, 1.0, 2.0, and
5.0 mb. A total of 1600 analyses were performed in this phase of the experiment.

Results were analyzed, and four data buoy networks (600, 300, 150, and 76 buoys)
were selected for the remainder of this experiment and for use in the Surface Air
Temperature and Sea Surface Temperature experiments. This was done to conserve
computer time, due to limitations of resources. General experimental results are found
in Appendix B.

Following the first set of computer runs made with buoys and ships, two addi-
tional features were considered. First, it was decided to investigate the effect of
reducing the redundancy of ships and buoys in the ocean regions where ship reports
are most probable. Second, an effort was made to determine the effectiveness of data
obtained from buoys alone. The details of developing probabilities for ship reports have
been presented in Section 3 (page 39). The rationale for investigating the condition of
""buoys only'' data is severalfold.

e Requirements for National Data Buoy Systems state that all buoy
data are to be received within one hour after a synoptic observa-
tion time. Substantial changes will have to be made in the
volunteer ship-of-opportunity program in order that a substantial
fraction of the total number of ship reports be received within the
first hour following a synoptic time, as indicated in Table 3-5.
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e Ships have a tendency to avoid areas of intensive weather condi-
tions. Reports from data buoys or other data collection platforms
in these areas could be of critical use in detecting, locating,
analyzing and predicting storm conditions.

e Environmental data users prefer data obtained from a fixed point,
rather than from a moving data collection platform. Not only can
data from a fixed point be used to establish a climatological base,
but such data are also important for sensing sudden changes in
the environment, such as the passage of a front, a surface trough,
or a tropical cyclone.

The remainder of this section is intended toachieve four aims.

(1) Typical experimental results for buoys-only are presented and
discussed.

(2) System design curves based on experimental results for buoys
only are presented, emphasizing percent reduction in Initial
Guess RMS analysis error as a function of number of data buoys
(or, data collection platforms), data buoy system reliability,
and standard deviation of data error.

(3) Examples of system design are given, and implications of vari-
ations in system reliability, system data error and number of
data buoys (or, data collection platforms) are explored.

(4) Experimental results for mixes of ship-of-opportunity and buoy
data are presented and discussed.

In Section 8, system designs are undertaken in which Sea Level Pressure and the
other two parameters are all taken into consideration. This section, then, prepares the
reader for consideration of the more difficult, but meaningful, problem of preliminary
system design and analysis of system tradeoffs, such as those involving reliability,
data error, and number and location of data buoys.

4.2 Typical Experimental Results for Buoys Only*

Figure 4-1 shows the impact of increasing the number of data buoys and varying
system reliability for each of the eight verification areas. All experimental results
in Fig. 4-1 are for zero data error. For the Pacific High and Low Variability areas
and the Atlantic High and Low Variability areas, average grid spacing between buoys
(or, data points) in the areas is also indicated. Similar information is not presented
for the other verification areas, because the actual distribution of buoys throughout

*These results are described for networks of data buoys; they are, of course,
equally applicable to networks of other data collection platforms with similar char-
acteristics.
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various parts of the verification area differs considerably from the average for an
entire region, such as All Pacific, All Atlantic and All Northern Hemisphere.

General conclusions drawn from Fig. 4-1 are as follows:

e Within the scope of the number of data buoys considered in each
verification area, substantial reductions in Initial Guess RMS
analysis error were achieved in each verification area.

¢ Networks of fifty data buoys in each of the four verification
areas of principal interest (Pacific High and Low Variability,
and Atlantic High and Low Variability) are sufficient to provide
50% or more reduction in Initial Guess RMS analysis error.*
Fifty "perfect' data buoys (100% reliability; zero data error),
distributed in consonance with the pattern described for the
four basic networks in Section 3 (page 28, et seq.) could
achieve the percent reductions in RMS analysis error given
in Table 4-3, which also shows the ratio of gridpoints per
data buoy in the area in which the verification was computed.

The verification areas where the average number of grid points per data buoys is
low prove to be the areas with greatest reduction in Initial Guess RMS analysis error,
even though they are also the areas of high natural variability. This is, of course, to be
expected, because in a numerical analysis model in which data points are treated as
internal boundary conditions, the number of grid points substantially influenced by an
isolated data point is twelve to twenty-four, e.g., two to three grid lengths from the
data point. Thus, the experimental data suggest as a rule of thumb that error-free data
from 100% reliable data buoys (data collection platforms) that are essentially uniformly
distributed throughout an area, with a density that averages about twelve or less grid
points per data buoy (data point) will provide more than 70% reduction in RMS analysis
error. This statement holds for the Sea Level Pressure numerical analysis model
used during the experiment. From Table 4-3, a similar statement can be made that for
the case of data buoys distributed to give an average of 60 or less grid points per
"perfect' buoy, the reduction in Initial Guess RMS analysis error will be 60% or greater.

Figure 4-1 shows that the reduction of Initial Guess RMS analysis error dimin-
ishes as a function of decreasing system reliability, although not on a one-to-one basis.
That is, a data buoy system with a data-collection-and-transfer-to-shore reliability

*Throughout this report the following definition is used:

Percent Reduction Initial Guess _ Experimental RMS
in Initial Guess _ RMS Error Analysis Error S
RMS Analysis Error Initial Guess RMS Error Lo

where the experimental RMS analysis error is a function of natural variability of the
parameter, goodness of the Initial Guess, the characteristics of the numerical analysis
model, number and distribution of buoys and/or ships, data errors for buoys and/or
ships, system reliability for buoys, and the area over which the verification statistic
(RMS analysis error) is computed.
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TABLE 4-3
REDUCTION IN INITIAL GUESS RMS ANALYSIS ERROR,
BASED ON FIFTY "PERFECT" DATA BUOYS IN
EACH PRINCIPAL VERIFICATION AREA

No. of | Reduction in Grid Grid Points

i . Data Initial Guess Points per
Verification Buoys | RMS Analysis in Ver. | Data Buoy

Area Error (%) Area
A11 Nor Hem. 200 69 (1.43)! 10,059 50.3
A11 Pacific 100 68 (1.56) 5,935 59.4
Pac Hi Var 50 77 (4.01) 847 16.9
Pac Lo Var 50 63 (0.52) 2,875 S/o
A1l Atlantic 100 62 (1.26) 2,322 23.2
Atl Hi Var 50 74 (2.62) 628 12.6
Atl Lo Var 50 65 (0.67) 1,513 30:3

1Values in parentheses are actual experimental reduction in RMS
analysis error (mb), relative to the applicable Initial Guess RMS
analysis error for the verification area.

of 50% will provide a reduction of Initial Guess RMS analysis error that is greater than
half that provided by a 100% reliable system.

Other experimental results discussed below indicate that the reduction in Initial
Guess RMS analysis error also diminishes (as would be expected) inversely as a func-
tion of the standard deviation of random error in the data.

Obviously, it would be desirable to be able to specify data buoy system (data col-
lection system) characteristics and determine what percent reduction of Initial Guess
RMS analysis error could be achieved. For example, the number of data buoys (essen-
tially uniformly distributed throughout a region), the system reliability of data collec-
tion and transfer to shore, and the standard deviation of data error are three highly
important parameters. From a different point of view, it might be desirable to specify
the percent reduction in Initial Guess RMS analysis error desired, the system reliability
and the standard deviation of data error, and determine the number of buoys that would
be required to achieve the desired percent reductions. Of course, it is possible to
specify any three of the four variables and determine the fourth.

In the next section, curves are presented for facilitating preliminary systems
design and analyses. Curves are given for each of the four principal verification areas,
because it is anticipated that systems design would be carried out essentially on a
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regional basis. As indicated by Fig. 4-1, among the four areas, differences in reduction
of Initial Guess RMS analysis error exist. However, it is apparent from Table 4-1 that
50 ""perfect'' data buoys in the Atlantic High Variability area provide essentially the

same reduction as 50 data buoys in the Pacific High Variability area (77% vs. 74%) and

50 '"perfect' data buoys in the Pacific Low Variability area provide essentially equal
reduction as 50 data buoys in the Atlantic Low Variability area (63% vs. 65%). Therefore,
it is clear that for Sea Level Pressure, the differences in percent reduction of Initial
Guess RMS analysis error are small, for systems of equal numbers of data buoys
operating in like areas of natural variability. These comments are illustrated in more
detail in the material to follow.

4.3 System Design Curves for Sea Level Pressure—Buoys Only*

The figures presented in this subsection are intended for use in preliminary design
or evaluation of data buoy systems. The curves in Figs. 4-2 through 4-5 are based on
experimental results using the analysis center Sea Level Pressure analysis model.
Figures 4-6 through 4-8 were obtained from crossplots for networks of 20, 30, 50, and
100 buoys, taken from Figs. 4-2 through 4-5.

The curves in Figs. 4-2 through 4-5, showing percent reduction in Initial Guess
RMS analysis error as a function of number of data buoys, are each based on four
networks of data buoys.T The actual location of data buoys within a verification area
was not uniform throughout the area, but was arranged in what was determined by
experiment to be the best of two or three different distributions. The number of data
buoys in each area, and the approximate average spacing between buoys is given in
Table 4-4. The table also gives the approximate number of grid points in each verifica-
tion area over which the RMS analysis error was computed. It is emphasized that the
buoy locations were such that these average values were not realized in many instances,
which is why there is not a perfect match between average data spacings and average
number of grid points per buoy. The conversions are also complicated by the nonlinear
distortion introduced by the polar stereographic projection used for the numerical
prediction grid.

In Figs. 4-2 through 4-5, the curves show directly the effect of number of buoys
distributed throughout each verification area, and the effect of varying system reliability
(100%, 80%, and 50%) and standard deviation of data errors (zero and 1.0 mb).

In general these curves indicate that the highest marginal percent reduction in
Initial Guess RMS analysis error occurs in the range of zero to 50 data buoys, or less.

*These results are described for networks of data buoys. They are, of course,
equally applicable to networks of other -data collection platforms with similar char-
acteristics.

tTo aid the reader in relating percent reduction of Initial Guess RMS analysis error
to actual experimental results, scales calibrated in millibars appear along the right-
hand side of all graphs in Figs. 4-2 through 4-8, Also, the RMS analysis error for
zero-error data from fixed numbers of ships-only is shown in these figures.
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Notes

® Sea Levél Pressufe.

® High Variability Pacific.

® Buoys only; no ship reports.

® Initial Guess RMS Analysis Error = 5.2 mb.
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TABLE 4-4
NUMBERS OF DATA BUOYS AND AVERAGE DATA SPACING

Verification No. of Average Data Anal;_r Sie A'naly i
Area Data Buoys Spacing (n mi) Grid Grid Points
- i . g Points Per Buoy
Pacifi 26 380 847 33
?ﬁl;c 53 320 16
Variabilit it 320 16
;. 111 235 5
ifi 18 700 28175 160
Pacific g
Low : 460 103
Variability 103 300 2%
206 200 14
12 380 628 52
Atlantic 25 320 3
High A § 2
Variability

67 235 9
i 13! 700 1513 137
Atiaé::lc e e 3
Variabilit 47 300 32
- 96 200 16

That is, the ""knee' of each curve has been passed, once 50 data buoys have becn added to
each area. With the exception of the curves for the Low Variability Pacific area, rough
rules-of-thumb derived from these curves are:

® 2% reduction in Initial Guess RMS analysis error per buoy (data
collection platform) added, up to 30—40 buoys,

e 0.2% reduction in Initial Guess RMS analysis error per buoy
(data collection platform) added, beyond 50 buoys,

e 4% loss in reduction of Initial Guess FMS analysis error per
millibar increase in standard deviation for data error,

® 0.3% loss in reduction of Initial Guess RMS analysis error
per percent reduction in system reliability.
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The curves in Figs. 4-3 and 4-5 for a standard deviation of 1.0 mb for data error
in the Low Variability areas may be explained as follows. The Initial Guess RMS
analysis errors were low in both of these areas (0.82 mb for Pacific and 1.0 mb for
Atlantic). It is believed that for the case of a few data points, the data from buoys
improve the analysis because the distribution of Initial Guess errors is by no means
Gaussian in nature, as are the data errors. However, after a transition point has
been passed—apparently at about 50 buoys—the amount of error-containing data
becomes sufficient to eliminate the improvement and drive the curve back towards
zero, or into the negative half-plane, in the case where the Initial Guess RMS analysis
error is 0.82 mb. It was demonstrated many times during the various phases of the
experiment that uniformly distributed data, having standard deviations of data error in
excess of the initial guess, will tend asymptotically towards an RMS analysis error
commensurate with the standard deviation of data error and the amount of ''smoothing"
performed on the data. This is, of course, to be expected.

Non-monotonic curves, such as these shown in Figs. 4-3 and 4-5, exhibit a double-
valued characteristic, as a function of constant percent reduction of Initial Guess RMS
analysis error. That is, there are two different networks ofdata buoys that would, under
the stated conditions, produce the same reduction in Initial Guess RMS analysis error.
For example, in Fig. 4-5, with 100% system reliability and a standard deviation of data
error of 1.0 mb, 40% reduction (0.4 mb) in Initial Guess RMS analysis error can be
achieved by networks of 40 and 82 data buoys (data collection platforms). Of course, in
a system design, the lower number of data buoys would be chosen.

It is of interest to note that the double-valued curve characteristics do not occur
in any of the other data for buoys-only experiments. Therefore, for the purposes of
this report, concern for this type of phenomenon is limited to these two Low Vari-
ability area cases for Sea Level Pressure.

Crossplot data from the curves in Figs. 4-2 through 4-5 were made for 20, 30,
50, and 100 data buoys in each verification area, and are plotted as a function of
reliability in Fig. 4-6. The same crossplot data are presented as a function of
standard deviation of Gaussian data error in Figs. 4-7 and 4-8. It is stressed that,
in principle, it should be possible to carry out preliminary systems design and/or
analysis using any one of these three sets of curves. However, depending upon
which three variables are given, in order to find the fourth variable, one set of curves
may prove to be more convenient to use than the others. An effort has been made to
accommodate all possibilities. To solve a problem in system design or analysis, it
is apparent that interpolation may have to be used. The next subsection presents a
number of systems design and analysis examples, using the curves in Figs. 4-2 through
4-8, In all instances where required, linear interpolation has been used. This has
been done because it is considered that there is adequate data, and the data are
sufficiently well-behaved so that a higher order interpolation scheme would introduce
more apparent accuracy in the results than is warranted by the accuracy of the
original data.
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4.4 Examples of System Design: Buoys Only*

To illustrate the use of the system design curves presented in the previous sub-
section, four typical system design and/or tradeoff examples are presented.

Case 1—Buoys with equal capabilities: 20-buoy and 30-buoy networks

For Sea Level Pressure, determine the percent reduction in Initial Guess RMS analysis
error that can be achieved by using 30 data buoys, rather than 20 data buoys, in each of
the four verification areas. Assume the system reliability of the data buoys is 80%,

and the overall system data error is Gaussianly distributed with zero mean and a

standard deviation of ob = 0.5 mb.

Solution

For the conditions described, the system design curves in Figs. 4-7 and 4-8 are most
applicable. The table below shows the marginal improvement in reduction of I.G. RMS
analysis error for Sea Level Pressure that can be achieved by adding 10 data buoys to
networks containing 20 data buoys in each verification area. (It is assumed that all
buoy networks are essentially uniformly distributed throughout each verification area.)

TABLE 4-5
DATA FOR CASE 1
Riil:itfir; lgrlljgl: I;MS Marginal Marginal Approx. Data Spacing
Verification y () Improve- | Improvement | (n mi)
Area Rel.=80%; ob=0.5 mb m;nt per Bu(()yy Added 20 buoys | 30 buoys
20 buoys | 30 buoys (%) (%)
Pac Hi Var | 54 (2.81)1| 63 (3.28) 9 (0.47)| 0.9 (.05 ) 565 450
Pac Lo Var | 23 (0.19) 33 (0.27 10 (0.08) 1.0 (.008) 750 580
Atl Hi Var | 47 (1.66) | 54 (1.91) 7 (0.25)| 0.7 (.003) 460 375
Atl Lo Var | 31 (0.32) | 39 (0.40) 8 (0.08) 0.8 (.008) 500 400

1values in parentheses are actual experimental reduction in RMS analysis error
(mb), relative to the applicable Initial Guess RMS analysis error for the verifica=

tion area.

Comment

For data buoys with equivalent characteristics, it is possible to determine readily the
marginal reduction in I.G. RMS analysis error that will be contributed by each buoy
added. Of course, in this example, the marginal change of approximately one percent

per buoy added is valid only in the range of 20 to 30 buoys in each of the four verifica-
tion areas. The parabolic nature of the design curves in Figs. 4-2 through 4-5 clearly
indicates that the marginal reduction in I.G. RMS analysis error per buoy added decreases
rapidly after 30 to 50 buoys have been deployed uniformly throughout a verification area.
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Case 2—Effect of reduction in reliability: 30-buoy networks

Problem Statement

For the 30-buoy networks of Case 1 (80% reliable; 0.5 mb standard deviation of data
error), determine for the four verification areas the marginal loss in reduction in L.G.
RMS analysis error that would occur for Sea Level Pressure, should the system
reliability decrease from 80% to 60%.

Solution

For the conditions presented, the system design curves in Fig. 4-6 are most applic-
able. Reduction in I.G. RMS analysis error can be found easily for buoy systems with
standard deviation of data error of 0y = 0 and 0}, =1.0 mb. Linear interpolation is
then used to find the desired values for o 0.5 mb.

TABLE 4-6
DATA FOR CASE 2

Reduction in Initial Guess RMS Analysis Error (%)

Reduction of

Verification o, =0mb o, =1.0mb 0. =0.5mb I.G. RMS
b b b P

Area Analysis
Rel=80% | Rel=60% | Rel=80% | Rel=60% | Rel=80% Rel=60% Error (%)

Pac Hi Var | 65 (3.39)1 59 (3.07) |63 (3.28) |57 (2.97)| 64 (3.33)[58 (3.02)| 6.5 (0.34 )
Pac Lo Var | 37 (0.30) (32 (0.26) |37 (0.30) [30 (0.25)| 34.5 (0.28)( 31 (0.25)| 3.5 ( .029)
Atl Hi Var | 55 (1.95) |48 (1.70) |54 (1.91) |47 (1.66)| 54.5 (1.93) | 47.5 (1.68) | 7.0 (0.25 )
Atl Lo Var | 45 (0.46) |37 (0.38) |32 (0.33) |27 (0.28)| 38.5 (0.40)| 32 (0.33)| 6.5 (0.07 )

1Values in parentheses are actual experimental reduction in RMS analysis error
(mb), relative to the applicable Initial Guess RMS analysis error for the verification

area.,

Comment

With the exception of the Pacific Low Variability area, one percent reduction in system
reliability will result in a downward change of about 0.35% in reduction of I.G. RMS
analysis error for networks of about 30 buoys and standard deviations of data error

ranging from oy,

=0t00b

=1.0 mb. In the Pacific Low Variability area, the downward

change is about one-half of that in the other three areas, i.e., about 0.17% (.0014 mb)
per one percent change in reliability. This may be due to less variability in Sea Level
Pressure in this area, when compared to the other three areas. Of course, improve-
ment in system reliability produces the same relative improvements in reduction of
I.G. RMS analysis error—namely, 0.17% to 0.35% per one percent increase in system

reliability.
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Case 3—Tradeoff comparison of 20-buoy and 30-buoy networks

Problem Statement

For Sea Level Pressure, compare the reductioninI.G. RMS analysis error for a 30-buoy-
network having a system reliability of 60% and a 0.5 mb standard deviation of data error
with a 20-buoy network having a system reliability of 90% and a 0.1 mb standard devia-
tion of data error, for each of the four areas.

Solution

Data for the 30-buoy networks (R = 60%; 0}, = 0.5 mb) can be taken directly from Case 2.
Data for the 20-buoy networks (R = 90%; O, = 0.1 mb) is most conveniently obtained

from the curves for 100% and 80% reliability. Note that, on the average, in each network,
18 buoys would be delivering data to the shore data dissemination hub.

TABLE 4-7
DATA FOR CASE 3
Reduction in I.G. RMS Analysis Error (%)
Verification 20 buoys; 0, = 0.1 mb 30 buoys; |col. A—Col. B
Area b Ob =0.5mb (%)
Rel=100% | Rel=80% | Rel=90% Rel=60%
Pac Hi Var | 62 (3.23)1 | 54 (2.81) [ 58 (3.02) | 58 (3.02) 0.0 (0)
Pac Lo Var |27 (0.22) |24 (0.20) |25.5 (0.21) [ 31 (0.25) | =-5.5 (=0.05 )
Atl Hi Var |65 (2.30) |48 (1.70) | 51.5 (1.82) | 47.5 (1.68) | 4.0 ( 0.14 )
Atl Lo Var | 41 (0.42) | 34 (0.35) [37.5 (0.39) | 32 (0.33) 5.5 ( 0.057)
Column A Column B

1Values in parentheses are actual experimental reduction in RMS analysis
error (mb), relative to the applicable Initial Guess RMS analysis error for the
verification area.

Comment

In the Pacific High Variability area, the more reliable and accurate 20-buoy network
is an exact tradeoff, when compared with the 30-buoy network. The 20-buoy network
is less satisfactory in the Pacific Low Variability area. However, in both the Atlantic
High Variability and Low Variability areas, the more accurate 20-buoy network will
achieve a greater reduction of I.G. RMS analysis error as might be expected.

It is apparent that the marginal development, implementation and operational costs
required to increase system reliability from 60% to 90%, and reduce the standard devia-
tion of system data error from 0.5 mb to 0.1 mb (the present requirement), can be
traded off against the marginal implementation and operational cost of 10 buoys having

60% system reliability and o, = 0.5 mb.
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Case 4—Alternative systems producing the same reduction in L.G. RMS analysis error

Problem Statement

Determine the number of data buoys required to achieve a 50% reduction of Initial )
Guess RMS analysis error in each of the four verification areas, for the following condi-
tions: zero standard deviation of data error and system reliabilities of 100%, 80%, and
50%; and 1.0 mb standard deviation of data error and system reliabilities of 100%, 80%,
and 50%,

Solution

For the conditions described, the system design curves in Figs. 4-2 through 4-5 are
most applicable. The table below shows the number of data buoys required in each
verification area to achieve 50% reduction in I.G. RMS analysis error.

TABLE 4-8
DATA FOR CASE 4

No. Buoys Required for 50% Reduction in RMS Analysis Error

Verification
ey Ob =0 mb ob =1.0 mb
Rel=100% Rel=80% | Rel=50% Rel=100% | Rel=80% | Rel=50%

Pac Hi Var 11 17 22 13 17 22
Pac Lo Var 41 52 101 N.AlL N.A. N.A.
Atl Hi Var 12 22 36 18 24 40
Atl Lo Var 28 £37/ 56 N.A. N.A. N.A.

N.A. = Not Achievable under stated conditions,

Comment

The table indicates that a 50% reduction in Initial Guess RMS analysis error cannot be
achieved in the Low Variability areas with systems that introduce random errors having
standard deviations of 1.0 mb or more. In Low Variability areas, the Initial Guess RMS
analysis errors are generally lower than 1 mb; buoys with random errors having
standard deviations of less than 1.0 mb are required to improve the analysis in these
areas.

4,5 Typical Experimental Results for Buoys and Ships

For the Sea Level Pressure experiment, most of the analyses performed were made
using actual ship locations for 0000Z March 22, 1970. During the 12~hour period following
0000Z, 348 ship reports were received. For the experiment, the ship locations were used
to determine by interpolation from the '""True' Analysis what the ship data would have to
have been in order to fit perfectly into the ""True' Analysis. Two fields of ship data were
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prepared: one with zero data error and one in which zero mean Gaussian random errors
with a standard deviation of 1.0 mb were introduced.

As noted elsewhere in this report, statistical data received from FNWC after the
experiments were completed indicate that, on the average, two to two-and-a-half hours
elapse after the synoptic period before a total of 348 ship reports are received.
Requirements for National Data Buoy Systems state that all observations are to be
returned to the shore data dissemination hub within one hour following the synoptic
time. Therefore, the number of ship reports assumed for this part of the experiment
can be construed as an optimistic concept (by about a factor of three to four) of the
volume of ship reports that may in the future be received within the same time frame
as reports from data buoys.

Actual ship reports have several characteristics that are different from the
buoys-only data networks discussed in the previous subsections,

® Density of locations of ship observations tends to be very high
in the shipping lanes between the U.S. and Europe, and the U.S.
and the Orient, particularly between the U.S. and Japan.

e Very large data errors appear relatively frequently in ship
reports, sometimes because an observation is in error, and
sometimes because the ship location data are in error, thus
placing an accurate observation at the wrong location.

e Bias in ship observations, rather than Gaussianly distributed
random errors, occurs rather frequently.

e Often, ships are within very close proximity of one another
when they make observations, thus introducing redundancy
in reports.

From the experimental results, it appears that large networks of data buoys that
are essentially uniformly distributed throughout each of the four principal verifica-
tion areas in the northern Pacific and northern Atlantic will, under '""perfect’’ condi-
tions (100% reliability; zero data error), considerably enhance ship data and effect
substantial reductions in the Initial Guess RMS analysis error. Figure 4~9 shows a
typical set of experimental results for both ships and buoys with zero data error,
and buoy system reliabilities of 100%, 80%, and 50%. Table 4-9 shows the percent
reduction of Initial Guess RMS analysis error achieved by the ships alone, the percent
reduction in Initial Guess RMS analysis error achieved by 50 ''perfect'' buoys in each
verification area (see Section 4.2); and the percent reduction in Initial Guess RMS
analysis error stemming from the combined ''perfect' ship data and the '"perfect'' data
from 50 buoys in each principal verification area.

The data in Table 4-9 are intended primarily to convey an impression of the per-
cent reduction in Sea Level Pressure Initial Guess RMS analysis error that might be
achieved under conditions of perfect reliability and zero data error for both buoy and
ship reports. The information in Table 4-9 and the graphical results in Fig. 4-9
indicate that, for the most part, data from buoy networks and ships-of-opportunity would
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TABLE 4-9
REDUCTION IN INITIAL GUESS RMS ANALYSK ERROR FOR
"PERFECT'" SHIPS AND FIFTY "PERFECT'" DATA BUOYS IN
EACH PRINCIPAL VERIFICATION AREA

Verification| No. of No. of Reduction in I.G.RMS Analysis Erroﬂt

Area Actual Data Actual Buoys Buoys +
Ships Buoys Ships Only Ships

A1l Nor.Hem.| 348 | 200 |76 (1.57)1 |69 (1.43) |88 (1.82

A1l Pacific 210 100 |79 (1.82) |68 (1.56 |84 (1.93

Pac Hi Var 108 50 (84 (4.38) 77 (4.01) |95 (4.95)

Pac Lo Var 20 | “so |57 (0.42) |63 (0.52) |76 (0.62)

Al11 Atlantic 118 100 (70 (1.42) 62 (1.26) |85 (1.73)

Atl Hi Var 72 50 |73 (2.58) 74 (2.62) |87 (3.08)

Atl Lo Var 3 50 (46 (0.47) »65 (0.67) |75 (0.77)

1 > B
Values in parentheses are actual experimental reduction in RMS analysis error (mb),
relative to the applicable Initial Guess RMS analysis error for the verification area.

be rather redundant, if
® the data from each type of platform were of equal quality, and

® the data from both types of platform were received in the
volumes indicated in Table 4-9 within a one-hour period after
each synoptic reportime time.

Of course, neither of these conditions is being met at present. Nor is there a pro-
gram under way at present that would upgrade ship reports in quality or timeliness of
reporting to meet the same performance standards that are being required of data buoys.*

*There is no question of the technical feasibility of being able to obtain observations
from a ship and transmitting them to a shore data dissemination hub in a timely manner.
It could be done. But it is noted that it would be an expensive process to install and
maintain the necessary equipment on board ship that would duplicate the capabilities
being required of data buoys. Manned data collection aboard ship costs about $50,000 per
year per ship, not including the cost of data collection and transmission equipment
implementation and maintenance. To keep only 67 ships operating at sea on the average
with high performance has been estimated to cost about $35 million for implementation
and $7.5 million per year for basic operations. Other important operational costs could
include about $5 million per year for two rawinsonde releases per ship per day, and
$1.6 million per year for four expendable bathythermograph observations per ship per
day. (See Reference 7 for details of costs.) These comments are introduced only to put
into proper context the cost of obtaining in a timely manner several hundred accurate
ship reports each synoptic period. It is this cost that should be compared with obtaining
equally accurate, reliable, and timely reports from unmanned data buoys, or whatever
other data collection platform may be under consideration. Furthermore, it is not yet
clear that large sums of money should be invested in obtaining data from relatively
small numbers (50 or less per verification area) of moving platforms, rather than fixed
platforms which provide data of greater benefit to data users.
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Most probably because of the redundancy of ship reports from certain regions,
the percent reduction in Initial Guess RMS analysis error is generally less for
""perfect’ ship reports than it is for '"perfect' data buoy reports (or, more properly,
""perfect'' reports from essentially uniformly distributed data collection platforms).
These crude measures of ''system effectiveness'" are shown in Table 4-10. How-
ever, it is not suggested that sufficient experimental investigations and analyses
have been conducted to make the comparisons in Table 4-10 of significance. Data
should be obtained using different numbers of buoys and ships in combination in
order to obtain a more balanced understanding of the entire question of the effec-
tiveness of randomly distributed data collection platforms and essentially uni-
formly distributed networks of platforms.

TABLE 4-10
PERCENT REDUCTION OF INITIAL GUESS RMS
ANALYSIS ERROR PER "PERFECT'" PLATFORM

Verification |Number of Number of Percent Reduction in I.G. RMS
Area Actual Ships| Data Buoys Analysis Error/Platform e
Actual Buoys §uoys Plus
Ships On1l | Ships |
A11 Nor Hem 348 200 0.22(.0046)40.35(.0072)(0.16(.0033)
A11 Pacific 210 100 0.39(.0090) (0.68(.0156) |0.27(.0062)
Pac Hi Var 108 50 0.78(.041) [1.54(.080) |0.68(.035)
Pac Lo Var 20 50 2.85(.023) |[1.26(.010) |1.08(.0089)
A11 Atlantic 118 100 0.59(.012) {0.62(.013) {0.39(.0079)
Atl Hi Var 7e 50 1.0.(.036) {1.48(.052) |0.71(.025)
Atl Lo Var 31 50 1.48(.015) [1.30(.013) |0.93(.010)

1Values in parentheses are actual experimental reduction in RMS analysis error
(mb), relative to the applicable Initial Guess RMS analysis error for the verification

area,

One point of significance, however does emerge from Table 4-10. It is apparent
that, within each of the four principal verification areas, for Sea Level Pressure it is
possible to obtain marginal reductions in Initial Guess RMS analysis error that are in
the range of one percent or more per additional ship report or data buoy report. This
rough rule-of-thumb holds in the range of 20—50 buoys per verification area. There
is not sufficient data available to determine the range of numbers of ships for which a
similar rule-of-thumb is valid,

The next subsection looks at the impact of data errors and data buoy system
reliability on the percent reduction of Initial Guess RMS analysis error achieved by

combinations of ship reports and data buoy reports.
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4.6 Some Examples of System Comparisons for Buoys and Ships

Figures 4-10 through 4-13 show for each of the four principal verification areas
the impact of the following.

® Variation in data errors in ship data: og =0 and 0g = 1.0 mb.
Data for Os = 0 are extrapolated from other experimental results.

e Variation of data errors in buoy data, combined with ship data:

0 =0ando, =0,ando =1.0andg, =0,1.0, and 2.0 mb.
s b s b

® Variation in system reliability of buoys-only data, and buoys com-
bined with 100% reliable ship data: buoy system reliabilities of
100%, 80%, and 50%.

One of the most obvious comparisons that can be made using Figs. 4-10 through
4-13 concerns the number of data buoys in the essentially uniformly distrubuted data
buoy networks that provides reduction of Initial Guess RMS analysis error equivalent
to that of the ships used in the experiment: i.e., a buoys-only vs. ships-only comparison.
Typical data for this comparison are shown in Table 4-11.
TABLE 4-11
A TYPICAL COMPARISON BETWEEN BUOYS AND SHIPS-OF-OPPORTUNITY

No. of Buoys (ob = 0) Required for Equal
Number R(;dHCtII:Mn Sm Reduction in I.G. RMS Analysis Error
Verification of <G . 1] b
Area Actual Analysis Frror o, = 0m os =1,0 mb
Ships Due to Ships (%) L
GS=0mb OS=1. omb Buoy Reliability (%) | Buoy Reliability (%)
100 80 50 100 80 50
Pac Hi Var 108 | 84 (4.38)1| 81 (4.22)| 89 |107 [1822 68 [103 |1672
Pac Lo Var 20 |57 (0.47) | 49 (0.40)| 37 | 50 |1712 23 | 38 | 83
Atl Hi Var 72 | 73 (2.58) | 64 (2.27)| 46 | 67 |1122 28 | 42 | 732
Atl Lo Var 31 47 (0.48) 43 (0.44) 33 49 65 27 41 43

1Values in parentheses are actual experimental reduction in RMS analysis error
(mb), relative to the applicable Initial Guess RMS analysis error for the verification

area.

2Extrapolated data.

With the exception of Pacific Low Variability area, it is generally evident from
Table 4-11 that the essentially uniformly distributed data buoys are more effective than
the randomly distributed and highly redundant ships, even for buoy reliabilities of 80%.
In the Atlantic variability areas, it appears that equal numbers of 100% reliable ships
and buoys that are about 50% reliable perform essentially equally. In the Pacific High
Variability area, it appears the comparison is between equal numbers of ships and
buoys that are about 80% reliable. The data for the Pacific Low Variability area
appear to give almost opposite results. Comparison of the '"True' Analysis and the
location of these 20 ships (see Figs. 3-4 and 3-15) shows that the ships are located
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Fig. 4-10. Experimental results for Sea Level Pressure:
Buoys and Ships in the Pacific High Variability area.
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Sea Level Pressure: Atlantic High Variability
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Fig. 4-12. Experimental results for Sea Level Pressure:
Buoys and Ships in the Atlantic High Variability area.
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Sea Level Pressure: Atlantic Low Variability
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Fig. 4-13. Experimental results for Sea Level Pressure:

Buoys and Ships in the Atlantic Low Variability area.
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rather densely in the regions of highest variability in the Pacific Low Variability
area. That is, by ""chance' this small number of ships is in excellent position to
reduce I.G. RMS analysis error. The concentration of ships in this portion of the .
Pacific Low Variability area undoubtedly accounts for the relatively high variability
and, because of this, introduces a serious bias in the experimental results obtained

for the area.*

Figures 4-10 through 4-13 show two characteristics that are prevalent through-
out much of the experimental data obtained in this study. These are as follows,

® Often, when small amounts of data with Gaussian error are-
used, the RMS analysis error initially reduces until rather
large numbers of erroneous data points are introduced, at
which point the RMS analysis error begins to degrade toward
a level associated with the standard deviation of data error.
The behavior of the RMS error curve depends on the rela=-
tive values of the Initial Guess error andthe data error.

® Data from buoys and/or ships with error of the same magnitude
as the Initial Guess RMS analysis error will provide consider-
able reduction in RMS analysis error for the verification area.
This arises from the fact that Initial Guess errors at neigh-
boring grid points are likely to be highly correlated (for ex-
ample, all near 2 mb too high) while observations in the
same region are not correlated (equally likely to be 2 mb too
high or 2 mb too low). An analysis with these observations
will clearly reduce the Initial Guess RMS analysis error.

In summary, the investigation of buoy-ship networks has been complicated by the
use of more ship reports than are available one hour after synoptic time. This is an
important point because any operational system should always take maximum advan-
tage of available ship data, i.e., buoys would probably not be placed in regions where
the probability of accurate ship reports is high, It is possible, however, to estimate
the performance of data from a smaller number of ships from appropriate buoys-only
results with a high failure rate, i.e., buoys are then distributed in a random manner,
not too unlike ships. Additionally, several ship sets should have been used in the study
to account for day-to-day fluctuations in occurrence of ships; however, this would have
increased the use of resources for computer time by 100% for each new ship set. In
general, it should be noted that the relative characteristics of the buoy-ship error
curves are probably conservative with respect to failure rate, data error ad number
of platforms required.

*It must also be kept in mind that the definition of High and Low Variability areas
was arbitrarily set before any experimental data had been obtained. For example, had
the boundary between Pacific High and Low Variability areas been set two grid lengths
to the left (south, in the mid-Pacific)—a distance of about 300 ni mi—then only 6 ships
(instead of 20) would have been in the Pacific Low Variability area, and the results
would have been considerably different, In future experimental work of this kind, it
would be desirable to Monte Carlo both the natural variability (i.e., use more than one
"True'' Analysis) and the location of ship reports. However, that would increase the
number of computer runs by an order of magnitude or more.
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5.0 RESULTS OF THE SURFACE AIR TEMPERATURE EXPERIMENT

5.1 Overview of the Experiment

The preparation of the "True' Analysis and the Initial Guess field for the
Surface Air Temperature (SAT) experiment was initiated and completed while the
experimental computer runs were being completed for Sea Level Pressure. The
""True'' Analysis and associated Initial Guess fields were based on the actual FNWC
Surface Air Temperature analyses for 0000Z, March 22, 1970, with a limited amount
of manual modifications introduced to make the Surface Air Temperature fields com-
mensurate with the previously prepared Sea Level Pressure fields. During this pre-
paration period, a detailed investigation of the probability of ship reports was
conducted, and a number of sets of randomly distributed ship locations were gen-
erated on the basis of the statistical analysis. One of the sets of ship locations—
Probable Ship Set A—was chosen for use in the Surface Air Temperature experiment,
rather than the actual ship locations for 0000Z, March 22, 1970, which had been used
for the Sea Level Pressure Experiment.

Another major difference in this experiment involved the Surface Air Temerpature
analysis grid. At the time of the experiment, the analysis center was employing a
63 X 63 analysis grid, rather than the 125 X 125 grid used previously for Sea Level Pres-
sure, and subsequently for Sea Surface Temperature.

For this experiment, the four networks of data collection platform locations—
previously chosen as ''best'" from among the ten networks tested in the Sea Level
Pressure experiment—were the only ones used. Also, to further conserve resources
for computer runs, the standard deviations of data error were confined to 0, 0.5, 1.0,
and 3.0°C for buoys when combined with ship reports, and 0 and 1.0°C for the buoys-
only investigation. Buoy system reliabilities of 100%, 80%, and 50% were investigated,
as before. However, in performing the Monte Carlo Analyses in the data error and
reliability dimensions, mean-square results for only three runs (rather than four) were
summed, averaged and the square root taken. That is, a total of nine analyses was per-
formed (rather than 16) to obtain a single result for a buoy system with non-zero data
error and less than 100% system reliability. A total of 758 analyses (computer runs)
was performed at the analysis center in conducting this experiment. These runs were
divided into three categories; buoys-only, complete buoy networks and ships, and
reduced buoy networks and ships, in which buoys were removed from regions where the
probability of ship reports was determined to be high. General experimental results
are shown in Appendix C.

As before, the RMS analysis error for the Initial Guess field was computed first.
Next, the RMS analysis error for the data for Probable Ship Set A was determined.
Again, verification was carried out only over ocean gridpoints, by using the land ""mask."
The RMS analysis error for the Surface Air Temperature Initial Guess field and the
Probable Ship Set are shown in Table 5-1, along with the number of verification grid
points and number of probable ships.

As can be seen from the table, the introduction of the ship data in the volume
shown generally improves the RMS analysis error over that of the Initial Guess field
by more than 60% in every verification area. Note also, that in those instances where
the average number of verification gridpoints per ship is low, the RMS analysis error
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TABLE 5-1
NUMBER OF VERIFICATION GRID POINTS AND SHIPS;
AND RMS ANALYSIS ERROR VALUES

RMS Analysis Error (°C)
vertioaon | Sumber of | Sumberof |7 T prcbnte sp st
Grid Points Ships Guess Us =0°C Us =1.0°C

All Nor. Hem 2554 302 2.52 0.87* 0.89
All Pacific 1515 160 2.42 0.92 0.98
Pac Hi Var 223 ny 2.83 0.95 1.06
Pac Lo Var 752 14 1.84 0.65 0.84
All Atlantic 594 142 2.25 0.62 0.85
Atl Hi Var 166 72 2.76 0.62 0.85
Atl Lo Var 382 36 2.12 0.60 0.79
Gulf of Mexico 29 5 2.82 0.32 0.40

*Data in this column obtained by extrapolation of buoy plus ship results.

for ships is also low, e.g., the Atlantic High Variability area and the Gulf of Mexico
area. Of course, in most of the verification areas, a considerable amount of redun-
dancy may exist, for the probable ship set is generated in a manner that allows up to
five ship reports to influence a single gridpoint in the 63 x 63 grid. As will be shown
subsequently, in general, good reduction in RMS analysis error can be achieved for the
Surface Air Temperature Parameter, in part because of the large scales of natural
variability of the parameter, and in part because the ratio of average number of veri-
fication gridpoints per data collection platform can be made low with relatively small
numbers of platforms (i.e., buoys and/or ships).

5.2 Typical Experimental Results for Buoys Only*

Figure 5-1 shows the impact of increasing the number of data buoys and varying
system reliability for each of the eight verification areas. All experimental results in
Fig. 5-1 are for zero data error. As in Fig. 4-1, average spacing between data buoys
in the Pacific and Atlantic High and Low Variability areas is indicated.

*These results are described for networks of data buoys; they are, of course, equally
applicable to networks of other data collection platforms with similar characteristics.
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Fig. 5-1. Experimental results for Surface Air Temperature: Buoys Only; o, = 0 °C.
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General conclusions drawn from Fig. 5-1 are as follows.

® Within the scope of the number of data buoys considered in
each verification area, substantial reductions in Initial
Guess RMS analysis error were achieved in each verifi-
cation area.

® Achievement in reduction in Initial Guess RMS analysis
error is 10—15% greater for Surface Air Temperature
than was found for Sea Level Pressure. This is due to
the combined effect of less small scale natural variability
and the larger analysis grid spacing for Surface Air Tem-~
perature.

e Networks of fifty data buoys in each of the four verifica-
tion areas of principal interest (Pacific and Atlantic High
and Low Variability areas) are sufficient to provide 60%
or more reduction in Initial Guess RMS analysis error.
Fifty "perfect' data buoys (100% reliable; zero data error),
distributed in consonance with the patterns described for
the four basic networks in Section 3 (page 28, et. seq.)
could achieve the percent reduction in Initial Guess RMS
analysis error given in Table 5-2, which also shows the
ratio of gridpoints per data buoy in the area in which the
verification was computed.

TABLE 5-2
REDUCTION IN INITIAL GUESS RMS ANALYSIS ERROR
BASED ON FIFTY "PERFECT'" DATA BUOYS IN
EACH PRINCIPAL VERIFICATION AREA

No. of} Reduction in . | Grid |Grid Points
Verification | Data | Initial Guess |Points per
i A Buoys Rgirg:a](ﬁw IRr\e’_ee;' DatarBuoy
A1l Nor.Hem | 200 | 84  (2.12)! | 2554 12.8
A1l Pacific 100 82 (1.92) 1515 15.2
Pac Hi Var 50 82 (2.32) 223 4.5
Pac Lo Var 50 78 (1.44) 752 15.4
A11 Atlantic| 100 85 (1.91) 594 5.9
Atl Hi var 50 82 (2.26) 166 3.3
At1 Lo var 50 78 (1.65) 382 7.6

1Values in parentheses are actual experimental reduction in RMS
analysis error (°C), relative to the applicable Initial Guess RMS
analysis error for the verification area.
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It is apparent, both from the results in Table 5-2 and the curves in Fig. 5-1,
that 50 '""perfect'' data buoys per verification area provide sufficient coverage to
achieve most of the possible improvement in reduction of Initial Guess RMS analysis
error. For example, when the average number of gridpoints per data point falls
below 12, then each non-data gridpoint is being influenced considerably by more than
one data point. This condition exists for three of the four principal verification areas
noted in Table 5-2, assuming 50 ""perfect'' buoys (or, data collection platforms) essen-~
tially uniformly distributed throughout each area.

It is of interest to note that in all but the Pacific High Variability area the 'knee"
of the RMS analysis error curve occurs in the range of networks comprising 20—30
data buoys. Also, the data in Table 5-2 shows that approximately equal reductions in
Initial Guess RMS analysis error are achieved for essentially equal ratios of grid-
points per data buoy. This is consistent with the fact that analysis error is a mono-
tonic function of effor-free data.

The remainder of this section presents design curves and examples of system
design, compatible with similar material for Sea Level Pressure in Section 4.

5.3 System Design Curves for Surface Air Temperature—Buoys Only*

The figures presented in this subsection are intended for use in preliminary
design or evaluation of data buoy systems (or any other type of data collection plat-
form having similar measurement and reliability characteristics). The curves in
Figs. 5-2 through 5-5 are based on experimental results using the FNWC Surface Air
Temperature analysis model. Subsequent Figs. 5-6 through 5-8 were obtained from
crossplots of the curves in Figs, 5-2 through 5-5.

The curves in Figs. 5-2 through 5-5, showing percent reduction in Initial Guess
RMS analysis error as a function of number of data buoys, are each based on four net-
works of data buoys.t The actual location of data buoys within a verification area was
not uniform throughout the area, but was arranged in what was determined in the Sea
Level Pressure experiment to be the best of two or three different distributions. For the
number of data buoys in each area, the approximate average spacing between buoys is
given in Table 5-3. The table also gives the approximate number of grid points in each
verification area over which the RMS analysis error was computed. It is emphasized
that the buoy locations were such that these average values were not realized in many
instances, which is why there is not a perfect match between average grid spacings
and average number of grid points per buoy. The conversions are considerably com-
plicated by the nonlinear distortion introduced by the polar stereographic projection
used for the numerical weather prediction grid.

*These results are described for networks of data buoys; they are, of course, equally
applicable to networks of other data collection platforms with similar characteristics.
tTo aid the reader in relating percent reduction of Initial Guess RMS analysis error
to actual experimental results, scales calibrated in degrees Centigrade appear along the
right-hand side of all graphs in Figs. 5-2 through 5-8. Also, the RMS analysis error
for zero-error data from fixed numbers of ships-only is shown in these figures.
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TABLE 5-3
NUMBER OF DATA BUOYS AND AVERAGE DATA SPACING

Analysis Analysis
Verification No. of Average Data nGar}i’ dl Grid goints

Area Data Buoys | Spacing (n mi) Points Per Buoy
Pacific 26 380 223 8.6
High 53 320 4.2
Variability 54 320 4.1
111 235 2.0
Pacific 18 700 752 42.0
Low 28 460 27.0
Variability 103 300 7.3
206 200 3.7
Atlantic 12 380 166 14.0
High 25 320 6.6
Variability 37 300 4.5
67 235 2.5
Atlantic 11 700 382 35.0
Low 20 450 19.0
Variability 47 300 8.1
96 200 4.0

In Figs. 5-2 through 5-5, the curves show directly the effect of number of buoys
(data points) distributed throughout each verification area, and the effect of varying
system reliability (100%, 80%, and 50%), and standard deviation of data errors (zero
and 1.0°C).

In general, these curves indicate that the highest marginal percent reduction in
Initial Guess RMS analysis error occurs in the range of about 30 data buoys, or less.
That is, the 'knee' of each curve has been passed, with 30 data buoys in each area.
Rough rules-of-thumb derived from these curves are:

® 2% reduction in Initial Guess RMS analysis error per buoy
(data collection platform) added, up to 20—30 buoys,

® 0.10 to 0.20% reduction in Initial Guess RMS analysis error
per buoy (data collection platform) added, beyond 30 byoys,
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Fig. 5-2. System design curves for Surface Air Temperature in the Pacific High Variability
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Notes

Surface Air Temperature.
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® 12% loss in reduction of RMS analysis error per degree
centigrade increase in standard deviation of data error,

Crossplots of the curves in Figs. 5-2 through 5-5 were made for 20, 30, 50, and
100 data buoys in each verification area. These data are plotted as a function of
reliability in Fig. 5-6. The same data are plotted as a function of standard deviation
of data error in Figs. 5-7 and 5-8. It is stressed that, in principle, it should be pos-
sible to carry out preliminary systems design and/or analysis using any one of these
three sets of curves. However, depending upon which three variables are given in
order to find the fourth variable, one set of curves may prove to be more convenient
to use than the others. Obviously, an effort has been made to accommodate all pos-
sibilities. To solve a problem in system design or analysis, it is apparent that
interpolation may have to be used. The next subsection presents a number of systems
design or analysis examples, using the curves in Figs. 5-2 through 5-8. In all in-
stances where required, linear interpolation has been used. This has been done
because it is believed that there is adequate data, and the data are sufficiently well-
behaved so that a higher order interpolation scheme would introduce more apparent
accuracy in the results than the accuracy of the original data warrants.
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5.4 Examples of System Design: Buoys Only*

To illustrate the use of the system design curves presented in the previous sub-
section, four typical preliminary system design and/or tradeoff examples are pre-
sented.

Case 1—Buoys with equal capabilities: 20-buoy and 30-buoy networks

Problem Statement

For Surface Air Temperature, determine the percent reduction in Initial Guess RMS
analysis error that can be achieved by using 30 data buoys, rather than 20 data buoys,
in each of the four verification areas. Assume the system reliability of the data is 80%,
and the overall system data error is Gaussianly distributed with zero mean and a

standard deviation of ob =-0,5°C,

Solution

For the conditions described, the system design curves in Figs. 5-7 and 5-8 are most
applicable. The table below shows the marginal improvement in reduction of I.G. RMS
analysis error that can be achieved by adding 10 data buoys to all networks containing
20 data buoys in each verification area. (It is assumed that all buoy networks are

essentially uniformly distributed throughout each verification area.)
TABLE 5-4
DATA FOR CASE 1

Reduction in I.G. RMS Marginal Marginal

Verification Analysis Error (%) Improve- Improvement SERr o (5'::: Spacing
Area Rel. = 80%; 0, =0.5°C ment per Buoy Added )
(%) (%) 20 buoys | 30 buoys

20 buoys 30 buoys
Pac Hi Var 44 (1.25)1 | 56 (1.58) |12 (.34 ) 1.2 (.034) 565 450
Pac Lo Var 62 (1.14) 66 (1.21) 4 (.073) 0.4 (.007) 750 580
Atl Hi Var 59 (1.63) 63 (1.74) 4 (.11) 0.4 (.011) 460 375
Atl Lo Var 64 (1.36) 66 (1.40) 2 (.042) 0.2 (.004) 500 400

1
Values in parentheses are actual experimental reduction in RMS analysis error (°C), rel-
ative to the applicable Initial Guess RMS analysis error for the verification area.
Comment

For data buoys with equivalent characteristics, it is possible to determine readily the
marginal reduction in I.G. RMS analysis error that will be contributed by each buoy
added. Of course, in this example the marginal change of 0.2 to 1.2 percent per buoy
added is valid only in the range of 20 to 30 buoys in each of the applicable verification
areas. The parabolic nature of the design curves in Figs. 5-2 through 5-5 clearly
indicates that the marginal reduction in I.G. RMS analysis error per buoys added de-
creases rapidly after about 50 buoys have been deployed in the Pacific High Variability
areas and after deployment of about 20 or 30 buoys in each of the other verification
areas,

*These results are described for networks of data buoys; they are, of course, equally
applicable to networks of other data collection platforms with similar characteristics.
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Case 2—Effect of reduction in reliability: 30-buoy network

Problem Statement

For the 30-buoy network of Case 1 (80% reliable; 0.5°C standard deviation of data error),
determine the marginal loss in reduction of I.G. RMS analysis error that would occur for
Surface Air Temperature, should the system reliability decrease from 80% to 60%.

Solution

For the conditions presented, the system design curves in Fig. 5-6 are most applicable.
Reduction in I.G. RMS analysis error can be found easily for buoy systems with standard
deviations of data error of 0y, = 0 and 0}, = 1.0°C. Linear interpolation is then used to

find the desired values for ob = 0.5°C.
TABLE 5-5
DATA FOR CASE 2

Reduction in Initial Guess RMS Analysis Error (% D
CEAORA™ I i (%) Reduction of

Verification ob =0 ob =1.0 ob = 0.5 I.G. RMS

Area Analysis
Rel=80% | Rel=60% | Rel=80% | Rel=60% | Rel=80% | Rel=60% | Error (%)

Pac Hi Var|57 (1.61)!| 53 (1.50)| 54 (1.53)| 47 (1.33)|55.5 (1.57)|50.0 (1.42)| 5.5 (.156)
Pac Lo Var |70 (1.29) | 68 (1.25)| 63 (1.16)|61 (1.12)|66.5 (1.22)|64.5 (1.19)| 2.0 (.037)

Atl Hi Var|67 (1.85) |62 (1.71)| 60 (1.66)|58 (1.60)|63.5 (1.75)|60.0 (1.66)| 3.5 (.097
Atl Lo Var |68 (1.44) |64 (1.36)|63 (1.34)|62 (1.31)|65.5 (1.39)|63.0 (1.34)| 2.5 (.053)

1Values in parentheses are actual experimental reduction in RMS analysis error (°C)
relative to the applicable Initial Guess RMS analysis error for the verification area.

Comment

The 20 percent reduction in system reliability has its highest impact in the Pacific High
Variability area, where the marginal loss is 0.275 percent reduction in I.G. RMS analysis
error per percent reduction in system reliability. The least impact is in the Pacific

Low Variability area, where the marginal loss factor is 0.075, or approximately four
times less than that in the Pacific High Variability area. In general, these factors are
roughly half those determined in the comparable Case 2 for Sea Level Pressure (see
page 72). As a rough rule-of-thumb, for networks of 20—30 data buoys, system reli-
abilities in the range 60—80 percent and zero mean Gaussian data errors with stand-
ard deviations between zero and 1.0°C, the change in reduction in I.G. RMS analysis
error will be less than 0.3 percent per one percent change in reliability.
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Case 3—Tradeoff comparison of 20-buoy and 30-buoy networks

Problem Statement

For Surface Air Temperature, compare the reduction in Initial Guess RMS analysis
error for a 30-buoy network having a system reliability of 60% and an 0.5°C standard
deviation of data error with a 20-buoy network having a system reliability of 90%
and a 0.1°C standard deviation of data error, for each of the four verification areas.

Solution

Data for the 30-buoy networks (R = 60%; 0, = 0.5°C)can be taken directly from Case 2.
Data for the 20-buoy networks (R = 90%; 01, = 0.1°C) is most conveniently obtained
from the curves for 100% and 80% reliability in Figs. 5-7 and 5-8, with linear inter-
polation used to determine the data for 90% reliability. Note that, on the average, in
each network, 18 buoys would be delivering data to the shore data dissemination hub.

TABLE 5-6
DATA FOR CASE 3
Reduction in RMS Analysis Error (%)
Verification £ . 30 buoys; Col. A—Col. B
Area LA G 0, =0.5°C (%)
Rel=100% Rel=80% Rel=90% Rel=60%
Pac Hi Var | 49 (1.39)! 44 (1.25) | 46.4 (1.32) | 50 (1.42) =3.5 (-.099)
Pac Lo Var 68 (1.25) 64 (1.18) | 66 (1.21) | 64.5 (1.19) 1.5 ( .028)
Atl Hi Var 67 (1.85) 61 (1.68) | 64 (1.77) | 60 (1.66) 4 (.11)
Atl Lo Var 70 (1.48) 65 (1.38 67.5 (1.43) | 63 (1.34) 4.5 ( .095)
e
Column A Column B

1Values in parentheses are actual experimental reduction in RMS analysis error (°C)
relative to the applicable Initial Guess RMS analysis error for the verification area.

Comment

In the Pacific Low Variability area, the two networks are almost exact tradeoffs. In
the Pacific High Variability area, the less reliable and accurate 30-buoy network has

a slight edge over the less densely deployed 20-buoy network. In both Atlantic High and
Low Variability areas, the more reliable and accurate 20-buoy networks appear to be
somewhat preferable.

It is apparent that the marginal development, implementation, and operational costs
required to increase system reliability from 60% to 90%, and reduce the standard devia-~
tion of system data error from 0.5°C to 0.1°C (the present requirement), can be traded
off against the marginal implementation and operational cost of 10 buoys having 60%

system reliability and oy = 0.5°C.
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Case 4—Alternative systems producing the same reduction in I.G. RMS analysis error

Problem Statement

For Surface Air Temperature, determine the number of data buoys required to achieve

a 60% reduction of Initial Guess RMS analysis error in each of the four verification areas,
for the following conditions: zero standard deviation of data error and system relia-
bilities of 100%, 80%, and 50%, and 1.0°C standard deviation of data error and system
reliabilities of 100%, 80%, and 50%.

Solution

For the conditions described, the system design curves in Figs. 5-2 through 5-5 are
most applicable. The table below shows the number of data buoys required in each
verification area to achieve 60% reduction in I.G. RMS analysis error.

TABLE 5-7
DATA FOR CASE 4
No. Buoys Required for 60% Reduction in RMS Analysis Error
Verification
=0° =1.0°C
Area S 2G ob
Rel. =100% | Rel. =80% | Rel. = 50% | Rel. =100% | Rel. =80% | Rel. = 50%

Pac Hi Var 20 31 40 30 36 51
Pac Lo Var 13 17 20 18 21 26
Atl Hi Var 12 19 31 19 38 41
Atl Lo Var 7 12 20 8 10* 13*

*Results questionable,

Comments

The desired 60% reduction in I.G. RMS analysis error can be achieved with modest num-
bers of buoys, even with system reliability as low as 50%, and standard deviation of
error of 1.0°C. This is probably due both to the large scales of natural variability of
Surface Air Temperature and to the use of a 63 X 63 analysis grid at FNWC. Should

the 125 x 125 grid be used, it is expected that the resulting design curves would show
that more data buoys would be required to achieve 60% reduction in I.G. RMS analysis

error,

The data for o}, =1.0°C and Rel. = 80% and 50% for the Atlantic Low Variability area
are suspect. It would be expected that these values of 10 and 13 data buoys should be
greater than 12 and 20, respectively, in order to make them commensurate with the
data for op = 0°C. In general, insufficient data were run during the experiments at
FNWC to put a high level of credibility in system designs that result in less than 20
data buoys in a verification area.
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5.5 Typical Experimental Results for Buoys and Ships

For the Surface Air Temperature experiment, the analyses performed were made
using Probable Ship Set A, described in Section 3.3.4. There were 302 ships distributed
throughout the northern hemisphere, at least one grid length apart (125 x 125 grid). All
Probable Ship locations were at grid points; hence, there was no interpolation error
involved in going from the ''True'' Analysis to data for Probable Ship locations. Two
fields of Probable Ship Set A data were prepared: one with zero data error and one in
which zero mean Gaussian random errors with a standard deviation of 1.0°C were
introduced.

As noted in Section 4.5, the concept of obtaining 302 non-redundant ship reports
within one hour after a synoptic period is optimistic, in comparison to present con~
ditions. However, this may be possible in the future.

As noted in Section 4.5, for the Sea Level Pressure experiment, adding data buoys
in essentially uniformly distributed networks throughout the four principal verification
areas in the northern Pacific and the northern Atlantic will, under ideal conditions,
considerably enhance ship data, reducing the Initial Guess RMS analysis error very
close to zero. Figure 5-9 shows a typical set of experimental results for both ships
and buoys with zero error, and buoy system reliabilities of 100%, 80%, and 50%.

Table 5-8 shows the percent reduction of Initial Guess RMS analysis error achieved
by the ships alone; the percent reduction in Initial Guess RMS analysis error achieved
by 50 ""perfect'' buoys in each verification area; and the percent reduction in Initial
Guess RMS analysis error stemming from the combined '""perfect'' ship data and the
""perfect'' data from 50 buoys in each principal verification area.

The data in Table 5-8 are intended primarily to convey the impression that under
ideal conditions buoy and ship reports in large numbers would be rather redundant. Of
course, as noted elsewhere, it is not clear at what period in the future ship reports
will be received with the timeliness and accuracy being required of data from buoys.
Furthermore, it is evident that buoy data considerably enhance that from ships. In
general, data from smaller numbers of essentially uniformly distributed buoys appear
to do better than the data from Probable Ship Set A.

Most probably because of the redundancy of ship reports from certain regions,
the percent reduction in Initial Guess RMS analysis error is generally less for ''perfect'
ship reports than it is for '"perfect' data buoy reports (or, more properly, ''perfect'’
reports from essentially uniformly distributed data collection platforms). These crude
measures of ''system effectiveness" are shown in Table 5-9. However, it is not sug-
gested that sufficient experimental investigations and analyses have been conducted to
make the comparisons in Table 5-9 of great significance. Data should be obtained
using different numbers of buoys and ships in combination in order to obtain a more
balanced understanding of the entire question of the effectiveness of randomly distri-
buted data collection platforms and essentially uniformly distributed networks of

platforms.

A major point illustrated by Table 5-9 is that it is possible, within each of the
four principal verification areas, to obtain marginal improvements in Surface Air
Temperature Initial Guess RMS analysis error that are in the range of one percent or
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TABLE 5-8
REDUCTION IN INITIAL GUESS RMS ANALYSIS ERROR FOR
"PERFECT'" SHIPS AND FIFTY "PERFECT'" DATA BUOYS IN
EACH PRINCIPAL VERIFICATION AREA

e NG of MEnbE Reduction in I.G. RMS Analysis Error (%)
Verification

Aben. Probable Data Probable Buoys Buoys

Ships Buoys Ships Only Plus Ships

All Nor. Hem. 302 200 64 (1.61)1 | 84 (2.12) 84 (2.12)
All Pacific 160 100 62 (1.50) 82 (1.98) 85 (2.06)
Pac Hi Var 79 50 66 (1.87) 82 (2.32) 88 (2.49)
Pac Lo Var 14 50 64 (1.18) 78 (1.44) 82 (1.51)
All Atlantic 142 100 73 (1.64) 85 (1.91) 85 (1.91)
Atl Hi Var 72 50 72 (1.99) 82 (2.26) 87 (2.40)
Atl Lo Var 36 50 71 (1.51) 78 (1.65) 83 (1.76)

1Values in parentheses are actual experimental reduction in RMS analysis
error (°C), relative to the applicable Initial Guess analysis error for the verifi-
cation area.

TABLE 5-9
PERCENT REDUCTION OF INITIAL GUESS RMS ANALYSIS ERROR
PER "PERFECT" PLATFORM

Percent Reduction in I.G. RMS
Verification No. of No. of Analysis Error/Platform
Probable Data
Area Ships Buoys Probable Duioys Buoys Plus
Ships Ships
All Nor. Hem, 302 200 0.21 (.005)1 | 0.42 (.011) | 0.17 (.004)
All Pacific 160 100 0.39 (.009) 0.82 (.020) | 0.33 (.008)
Pac Hi Var 79 50 0.84 (.024) 1.64 (.046 0.68 (.019)
Pac Lo Var 14 50 4.57 (.084) | 1.56 (.029) | 1.28 (.024)
All Atlantic 142 100 0.51 (.011) 0.85 (.019) | 0.35 (.008)
Atl Hi Var 72 50 1.00 (.028) 1.64 (.045) | 0.71 (.020)
Atl Lo Var 36 50 1.97 (.042 1.56 (.033) | 0.97 (.021)

1Values in parentheses are actual experimental reduction in RMS analysis
error (°C), relative to the applicable Initial Guess RMS analysis error for the
verification area.

more per additional ship report or data buoy report. This rough rule-of-thumb holds in
the range of 20—50 buoys per verification area.

An additional major point to be drawn from Table 5-9 is the remarkable correla-
tion of percent reduction in Initial Guess analysis error per platform for buoys plus
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ships with the similar data for Sea Level Pressure in Table 4-10. These two sets of
data are shown in Table 5-10.

TABLE 5-10 |
COMPARISON OF SEA LEVEL PRESSURE AND
SURFACE AIR TEMPERATURE RESULTS FOR DATA FROM BUOYS PLUS SHIPS

Percent Reduction in I.G.RMS Analysis

k. _ Error/Platform (Buoys Plus Ships)
Verification Sea Level Surface Air

Area Pressure Temperature 4
A11 Nor Hem 0.16 (.0033)! 0.17 (.0043)
A1l Pacific 0.27 (.0062) 0.33 (.0080)
Pac Hi Var 0.68 (.035 ) 0.68 (.019 )
Pac Lo Var 1.08 (.0089) 1.28 (.024 )
A1l Atlantic 0.39 (.0079) 0.35 (.0079)
At1 Hi Var 0.71 (.025 ) 0.71 (.020 )
Atl Lo Var 0.93 (.0096) 0.97 (.048 )

1Values in parentheses are actual experimental reduction in RMS
analysis error (mb or °C), relative to the applicable Initial Guess RMS
analysis error for the verification area.

Not only is the correlation of results in Table 5-10 quite good overall, it is actually
an identity in the two High Variability areas and is quite close in the Low Variability
areas. This is all the more remarkable when it is noted that (a) results for two dif-
ferent parameters are being compared; (b) different grid spacings were used in the
analyses (125 X 125 and 63 X 63); (c) different analysis models were used; and
(d) the ship locations were not the same, nor was (e) the number of ships. Unfortun-
ately, insufficient data were acquired during the experiments to determine whether this
apparent ‘“universality” of results applies over a wide range of combinations of buoy
and ship data.

The next subsection considers the impact of data errors and data buoy system
reliability on the percent reduction of Initial Guess RMS analysis error achieved by
combinations of ship reports and data buoy reports.

5.6 Some Examples of System Comparisons of Buoys and Ships

Figures 5-10 through 5-13 show for each of the four principal verification areas
the impact of the following:

e Variation in data errors in ship data: og = 0 and og = 1.0°C. Data for
) 13 0 are extrapolated from other experimental results.
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Surface Air Temperature:

Pacific High Variability
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Buoys and Ships in the Pacific High Variability area.



Surface Air Temperature: Pacific Low Variability
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Fig. 5-11. Experimental results for Surface Air Temperature:
Buoys and Ships in the Pacific Low Variability area.
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Surface Air Temperature: Atlantic High Variability
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Fig. 5-12. Experimental results for Surface Air Temperature:
Buoys and Ships in the Atlantic High Variability area.
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Surface Air Temperature:

Atlantic Low Variability
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Fig. 5-13. Experimental results for Surface Air Temperature:

Buoys and Ships in the Atlantic Low Variability area.
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® Variation of data errors in buoy data, combined with ship data:

O =0and 0 =0;and o =1.0and 0 =1.0 and 3.0°C.
S b S b

® Variation in system reliability of buoys-only data, and buoys combined
with 100% reliable ship data: buoy system reliabilities of 100%, 80%,
and 509,

One of the questions that can be answered using Figs. 5-10 through 5-13 con-
cerns a comparison of the number of data buoys in the essentially uniformly distri-
buted data buov networks that provide reduction in Initial Guess RMS analysis error
equivalent to that of the ships used in the experiment: i.e., a buoys-only vs. ships-
only comparison. Typical data for this comparison are shown in Table 5-11.

With the exception of the Pacific Low Variability area, it is generally evident
from Table 5-11 that the essentially uniformly distributed data buoys are more effec-
tive than the randomly distributed and sometimes redundant ships, even for buoy
reliabilities of 80% to 50%. In the Atlantic variability area, it appears that equal
numbers of ships and buoys that are about 80% reliable are approximately equally
effective. In the Pacific High Variability area, it appears that equivaient effective-
ness is achieved between equal numbers of ships and buoys that are about 50% reliable.
The data for the Pacific Low Variability area appear to give different results. Com-
parison of the ""True' Analysis and the location of these 14 ships (see Figs. 3-5 and
3-17) shows that the ships are located rather densely in the regions of highest
variability in the Pacific Low Variability area. The concentration of ships in this
portion of the defined Pacific Low Variability area undoubtedly accounts for the apparent
relatively high variability and, because of this, introduces a serious bias in the experi-
mental results obtained for the area.

Figs. 5-10 through 5-13 show two characteristics that are .prevalent
throughout much of the experimental data obtained in this study. These are as
follows:

® Often, when small amounts of data with Gaussian error are
used, the RMS analysis error initially reduces until rather
large numbers of erroneous data points are introduced, at
which point the RMS analysis error begins to degrade toward
a level associated with the standard deviation of data error.
The behavior of the RMS error curve depends on the rela-
tive values of the Initial Guess error and the data error.

® Data from buoys and/or ships with errors of the same mag-
nitude as the Initial Guess RMS analysis error will provide
considerable reductionin RMS analysis error for the verifi-
cation area. This arises from the fact that Initial Guess
errors at neighboring gridpoints are likely to be highly cor-
related (for example, all near 2°C too high), while observa-
tions in the same region are not correlated (equally likely
to be 2°C too high or 2°C too low). An analysis with these
observations will clearly reduce the Initial Guess RMS
analysis error.
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A TYPICAL COMPARISON BETWEEN BUOYS AND

TABLE 5-11

SHIPS-OF-OPPORTUNITY

Reduction in I.G.
No. ot RMS Analysis Error

No. of Buoys (o
Reduction in I.

b=0) Required for Equal
G. RMS Analysis Error

Due to Ships (% + ° 1 °

, Verification Zg?g' ps () Og = 0°C U 1.0 °C
Area Ships cS=O oC cs=].0°c' Buoy Reliability (%)|Buoy Reliability (%)
| P 100 80 50/ 100 80 50
: Pac Hi Var 79 66 (1.87)|63 ("|.78)1 31 38 53| 28 34 46
, Pac Lo Var 14 |65 (1.20)[54 (0.99) | 20 22 271 13 16 17
At Hi var | 72 72 (1.99)|62 (1.71) | 37 48 62| 17 31 47
A3l b3 ) Ve ah? 3] 84 8 12 13

L

'At1 Lo var | 36 172 (1.53)

1Values in parentheses are actual experimental reduction in RMS analysis error (°C),
relative to the applicable Initial Guess analysis for the verification area.

In summary, the investigation of buoy-ship networks has been complicated by

the use of more ship reports than are available one hour after synoptic time. It is
possible, however, to estimate the performance of a smaller number of ships-only

from appropriate buoys-only results with a high failure rate, i.e., buoys are then dis-

tributed in a random manner, not too unlike ships. Additionally, several ship sets
should have been used in the study to account for day-to-day fluctuations in occur-
rence of ships; however, this would have increased the use of resources for com-
puter time by 100% for each new ship set. In general it should be noted that the
relative characteristics of the buoy-ship error curves are probably conservative
with respect to failure rate, data error and number of platforms required.
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6.0 RESULTS OF THE SEA SURFACE TEMPERATURE EXPERIMENT

6.1 Overview of the E xperiment

The procedure followed in conducting the Sea Surface Temperature (SST) experi-
ment was essentially the same as that used for Surface Air Temperature. The '""True"
Analysis and Initial Guess fields—based on results for 0000Z, March 22, 1970—were
prepared while the Surface Air Temperature computer runs were being performed.
The ""True" Analysis and the Initial Guess field were manually modified in the vicinity
of strong ocean currents such as the Gulf Stream by introducing a limited amount of
small scale features and more pronounced gradients in the Sea Surface Temperature
structure.

The analysis was carried out on a 125 X125 grid, similar to that used for Sea
Level Pressure. The 302 ship locations comprising Probable Ship Set A were used in
introducing simulated ship-of-opportunity data. Ship data were introduced with stand-
ard deviations of data error of zero at 1.0°C. The standard deviations of data error
were 0, 0.5, 1.0, and 3.0°C for buoy data when combined with ship reports, and 0, and
1.0°C for the buoys-only computer runs. (As noted elsewhere in this report, the so-
called "buoys-only'' portions of the experiments are equally representative of any types
of data collection platforms having similar characteristics.) Buoy system reliabilities
of 100%, 80%, and 50% were investigated, as before. As was done in the Surface Air
Temperature experiments, in performing the Monte Carlo analyses in the data error
and reliability dimensions, only three runs were cumulatively averaged. That is, a
total of nine analyses was performed to obtain a single result for a buoy system
(data collection system) with non-zero data error and less than 100% system reli-
ability. As was the case with the Surface Air Temperature experiment, a total of
758 analyses (computer runs) was performed. These runs were divided into three
categories: buoys-only, complete buoy networks and ships, and reduced buoy networks
and ships, in which buoys were removed from regions where the probability of ship
reports was determined to be high. General experimental results are shown in
Appendix D.

The RMS analysis error for the Initial Guess field was determined first, by
direct comparison in an RMS sense with the '"True' Analysis. This was followed by an
analysis of the ships-only data using the ship locations for Probable Ship Set A. Veri-
fication was carried out only over ocean grid points, by using the land ""mask." This
analysis was also compared in an RMS sense with the ""True' Analysis. The RMS
analysis error for the Sea Surface Temperature Initial Guess field and the probable
ship set are shown in Table 6-1, along with the number of verification grid points and
the number of probable ships in each verification area.

The table indicates that very little reduction in Sea Surface Temperature Initial
Guess RMS analysis error is achieved by introducing the ship data, especially in com=~
parison with the 50% to 70% reduction relative to Initial Guess RMS error achieved for
the other two parameters. As will be seen subsequently, this same statement will
continue to hold as the buoys-only and buoys-plus-ships networks are discussed.

This difference between the experimental results for Sea Surface Temperature and
the results for Sea Level Pressure and Surface Air Temperature is probably due to a
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TABLE 6-1
NUMBER OF VERIFICATION GRID POINTS AND SHIPS;
AND RMS ANALYSIS ERROR VALUES

S No. of No. of RMS Analysis Error (°C)
Verification e
Verification Probable foi Probable Ship Set A
Area : : . Initial
Grid Points Ships
Guess ag_ =0°C o =1.0°C
8 8
All Nor. Hem 10,059 302 0.90 0.66* 0.75
All Pacific 5,935 160 0.94 0.70 0.79
Pac Hi Var 847 79 1.94 1.35 1.49
Pac Lo Var 2,875 14 0.68 0.65 0.67
All Atlantic 2,322 142 1.12 0.79 0.90
Atl Hi Var 628 {2 1.83 1.16 1.34
Atl Lo Var 1,513 36 0.65 0.60 0.64
Gulf of Mex. 102 5 1.38 0.94 1.12

*Data in this column obtained by extrapolation of buoy-plus-ship data.

combination of factors:

® In the Sea Surface Temperature analysis model, data from
ships and buoys were combined with Initial Guess values,
using different weights for each. The '"'reliability' assigned
to various parts of the Initial Guess field on 0000Z March 22,
1970, determined the weights assigned to those values. The
standard deviations of errors in buoy and ship data were used
to determine weights assigned for those data. A weighting fac-
tor of A = 1/(20% was used. Thus, for buoy or ship standard
deviations of error much greater than 0 = 1, the introduction
of data had reduced effect on the Initial Guess values.

® In the Sea Surface Temperature model, the values (both Initial
Guess values plus buoy and/or ship data, and Initial Guess
values alone) were 'blended' rather than relaxed by the
Carstenson method.

® The scales of variability appearing in the Sea Surface Tem-
perature ""True' Analysis were smaller than those in the
Sea Level Pressure, and Surface Air Temperature experi-
ments. None of the networks investigated was sufficiently
dense to resolve these small scales of variability.
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® The Initial Guess field was a more smooth (or, average) approx-

imation to the "True' Analysis than was the case in the Sea Level
Pressure and Surface Air Temperature experiments.

The experimental results are not sufficiently comprehensive to delineate the
contribution of each of these factors to the overall differences seen when comparing
Sea Surface Temperature and Sea Level Pressure or Surface Air Temperature per-
cent reductions in Initial Guess RMS analysis error. In general, the Sea Surface
Temperature reductions in Initial Guess RMS analysis error for complete verifi-
cation areas and numbers of data buoys are less by a factor of about 2 to 4, or more
in certain cases. These issues will be discussed in greater detail in the remainder
of this section.

6.2 Typical Experimental Results for Buoys-Only*

Figure 6-1 shows the impact of increasing the number of data buoys and varying
system reliability for each of the eight verification areas. All experimental results
in Fig. 6-1 are for zero data error. As in Figs. 4-1 and 5-1, average data spacing
between data buoys in the Pacific and Atlantic High and Low Variability areas is
indicated.

General conclusions drawn from Fig. 6-1 are as follows.

® Wwithin the scope of the number of data buoys considered in
each verification area, substantial reductions in Initial Guess
RMS analysis error (i.e., more than 50%) were achieved only
in the Pacific High Variability areas.

® With the exception of the Pacific High Variability areas, the
achievement in reduction of Initial Guess RMS analysis error
is less by a factor of 2 to 4 than that achieved in the Sea Level
Pressure and Surface Air Temperature experiments. This is
likely due in part to the four points noted above: the numerical
analysis techniques used which resulted in mixing data with
Initial Guess values and ''blending;' the fact that Sea Surface
Temperature exhibits more small scale natural variability
than Sea Level Pressure or Surface Air Temperature; and
the smoothness of the Sea Surface Temperature Initial Guess
field.

® Networks of 100 to 200 (or more) data buoys in each of the
four verification areas would be required in order to achieve
a reduction in RMS analysis error to less than half the
Initial Guess error. Fifty "perfect' data buoys (100% reliable;

* These results are described for networks of data buoys; they are, of course,
equally applicable to networks of other data collection platforms with similar character-
istics.

116



ws T
ANALYSIS 1.0

INITIAL GUESS
_...ERROR = 0.90 °C .3YSIEM BELLARILITY.

ERROR X
(*c)
B 302 Ships;
L o"o c
0.0
° 150 300 0 600
MISER OF DATA BUOYS
2.0 20
l ALL ! AL
r pactfic | ATLANTIC
1.5 =~ 1.8
RMS | RS i INITIAL GUESS
ANALYSIS INITIAL GUESS_ ANALYSIS  Lopo . ERROR = 1.1 °C M RELIABILITY
rror 10 ERROR = 0.94 °C conon 10 F 50%
. .SYSIEM RELIABILITY 803 4 142 Ships;
L 50% (°c) - 1002 54810 1=0,4C
80z
LR 1003 160 Ships; 0.5 r'
. 04%0 °C
°-° a_a o L o . _— PV N S S W o‘o . T e d e o e i
0 150 300 450 600 ° 50 100 150 200
MMBER OF DATA BUOYS _ WPBER OF DATA BUOTS

Buoy Spacing (n mi
2.0

== = INITIAL GUESS : ;
ERROR = 1.9 °C HIGH VARIABILITY OR c
PACIFIC TL @ .
1.5 : - 1.5
RMS SYSTEM RELIABILITY b ig) L

72 Ships;
e =0 *C
3

° ° T Y s - Il o o PR Ak . - ! .

2

¥

.ﬂ 3
-

| g

ANALYSIS 50% ANALYSIS § o

ERROR
3 L 80% ERROR
() 100% (°c)
0.5 ~ 0.5

1.0

0 50 100 150 200 0 50 100 150
NUMBER OF DATA BUOYS MPBER OF DATA BUOYS

Average Buoy Spacing (n mi) AveraRe Buoy Spacing {n mi)
700480 300 5

00
2.0 2.0 —— -
VARIA r LOW VARIABILITY
'- o PAS%F?([IUTV ATLANTIC
00

RMS RMS

1.5 ' 1.5 %
i

ANALYSIS 1.0 L ANALYSIS 1.0
ERROR IKITIAL GUESS ' ERROR INITIAL GUESS
(°c) X _ .. ERROR = 0.68 °C M RELIABJLITY 14 Ships;: {°c) ____ ERROR = 0.65 °C -SYSTEM REL[ABILITY ]
13 0.=0 °C 0.5 k= 50% nD H
0.5 50% = $ S F 0.=0 °C
; B80% s
80{_ 100%
. 100! o
° o i - PR VHE S Gy W L & o.o . e e 4 . !
0 50 100 150 200 ] 50 100 150 2
NUMBER OF DATA BUOYS NUBER OF DATA BUOYS
2.0

INITIAL GUESS A2 (Y

1.5 = __ _ERROR = 1.4 °C SYSTEM RELIABILITY
RMS 50%
ANALYSIS 4.0 133: 5 Shipsi
ERROR 9g=0 °C
(°c)

0.5

St e L
Q 5 10
NU@ER OF DATA BUOYS

0.0

Fig. 6-1. Experimental results for Sea Surface Temperature: Buoys Only; Gp 15 0" %C.
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zero error), distributed in consonance with the patterns
described for the four basic networks in Section 3 (page 28,
et. seq.) could achieve the percent reduction in Initial
Guess RMS analysis error given in Table 6-2, which also
shows the ratio of gridpoints per data buoy in the area in
which the verification was computed.

TABLE 6-2
REDUCTION IN INITIAL GUESS RMS ANALYSIS ERROR,
BASED ON FIFTY "PERFECT' DATA BUOYS IN
EACH PRINCIPAL VERIFICATION AREA

: No.of Reduction in I.G3. Grid |Grid Points
Verification| Data | RMS Analysis I_’oints per
e Buoys Error (%) A:eZer. Data Buoy
ATl Nor.Hem | 200 | 24 (.216)! fo,059 | 50.3
A1l Pacific | 100 28 (.263) 5,935 59.4
Pac Hi Var 50 48 (.931) 847 16.9
Pac Lo Var 50 27 (.184) 2,875 37.5
A1l Atlantic | 100 18 (.202) 9,322 SR
Atl Hi Var 50 18 (.329) 628 12.6
Atl Lo Var s0 | 28 (.182) 1,513 | 30.3 I

1Values in parentheses are actual experimental reduction in
RMS analysis error (°C), relative to the applicable Initial Guess
RMS analysis error for the verification area.

It is apparent, both from the results in Table 6-2 and curves in Fig. 6-1, that
50 ''perfect' data buoys per verification area do not provide sufficient coverage to
achieve percent reductions in Initial Guess RMS analysis error compatible with those
found in the Sea Level Pressure and Surface Air Temperature experiments (i.e., 60
to 80%). Both the Sea Level Pressure and Sea Surface Temperature experiments
were conducted using the 125 X 125 analysis grid. Therefore, for equal numbers of
data buoys (data points) in a verification area, the gridpoints per data buoy are the
same in these two experiments. Of course, both the scales of variability and the
numerical analysis techniques are substantially different; therefore, it is not sur-
prising that considerable differences in results are observed.
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6.3 System Design Curves for Sea Surface Temperature—Buoys-Only*

The figures presented in this subsection are intended for use in preliminary
design or evaluation of data buoy systems or any other type of data collection plat-
form having similar measurement and reliability characteristics. The curves in
Figs. 6-2 through 6-5 are based on experimental results using the FNWC Sea Surface
Temperature analysis model. Subsequent Figs. 6-6 through 6-8 were obtained from
crossplots of the curves in Figs. 6-2 through 6-5.

The curves in Figs. 6-2 through 6-5, showing percent reduction in RMS analysis
error as a function of number of data buoys, are each based on four networks of data
buoys selected on the basis of the Sea Level Pressure experimental results in the All
Pacific and All Atlantic verification areas (see Section 3 for detaild.? The number of
data buoys in each area, and the approximate average spacing between buoys is given
in Table 6-3. The table also gives the approximate number of gridpoints in each veri-
fication area over which the RMS analysis error was computed.

In Figs. 6-2 through 6-5, the curves show directly the effect of number of buoys
(data points) distributed throughout each verification area, and the effect of varying
svstem reliability (100%, 80%, and 50%), and standard deviation of data errors (zero
and 1.0°C).

In general, these curves for Sea Surface Temperature show markedly different
characteristics relative to similar curves developed from the Sea Level Pressure and
Surface Air Temperature experiments. This difference is believed to be due primarily
to major differences in the numerical models used. The Sea Surface Temperature
experimental results shown in Figs. 6-2 through 6-5 exhibit the effects of weighting
and '"blending' of the data values, and the other factors noted above. Special numerical
analysis techniques can modify ''good' (i.e., small errors) data to the point where com-
plete elimination of RMS analysis error is not possible. Obviously, when a major
numerical analysis center is convinced that the quality and quantity of synoptic data
are sufficiently high, the degree of smoothing applied to the data and/or the analysis
would be modified, thus permitting the analysis to more accurately represent the
observed environmental parameter. This concept of modifying and adjusting analysis
models to provide a 'best'' match between available data and analysis techniques is,
of course,a continuing process constantly taking place at major numerical analysis
centers, such as FNWC.

The Sea Surface Temperature experimental results shown in Figs. 6-2 through
6-5 indicate that at least 30—50 data buoys are needed to pass the initial knee of the
reduction in RMS analysis curve. At low numbers of data buoys—less than 20—50,

* These values are described for networks of data buoys; they are, of course, equally
applicable to networks of other data-collection platforms with similar characteristics.
TTo aid the reader in relating percent reduction of Initial Guess RMS analysis error
to actual experimental results, scales calibrated in degrees Centigrade appear along
the right~hand side for all graphs in Figs. 6-2 through 6-8. Also, the RMS analysis
error for zero-error data from fixed numbers of ships-only is shown in these figures.
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TABLE 6-3
NUMBERS OF DATA BUOYS AND AVERAGE DATA SPACING

i Analysis
Verification No. of Average Data An(z;.ll‘zr?s Average Data Grid Ig’oints
Area Data Buoys Spacing (n mi) Points Spacing (n mi) Per Buoy

Pacific 26 380 847 33

2 53 320 16

High or oo 100 16

Variability 111 235 8

Pacifi 18 700 2875 160

‘;c‘ 1 28 460 b 103

. ,°;Yl_t 103 300 27

R 206 200 14

. 12 380 628 52

. 25 320 25
High 100

Variabilit 37 300 17

ariability 67 235 9

y 11 700 1513 137

Atlantic 20 450 76
Low 60

Variabilit &7 h -

‘| 96 200 16

depending upon the verification area—the marginal reduction in Initial Guess RMS
analysis error per buoy added is very low. However, at a transition point, the rate of
reduction grows rapidly, and then appears to drop off again to a lower rate. Rough
rules-of-thumb can be derived from these curves, as noted below; however, it is
stressed that changes in the FNWC numerical analysis techniques could alter these
rules substantially:

® 0.2 to 0.8% reduction in Initial Guess RMS analysis error
per buoy (data collection platform) added, up to 30—50 buoys,

® 0.1 to 0.3% reduction in Initial Guess RMS analysis error
per buoy (data collection platform) added, beyond 30—50
buoys,

® 8% loss in reduction of Initial Guess RMS analysis error
per degree centigrade increase in standard deviation for
data error, and

® 0.1 to 0.5% loss in reduction of Initial Guess RMS analysis
error per percent reduction in system reliability.

Crossplots of the curves in Figs. 6-2 through 6-5 were made for 20, 30, 50 and
100 data buoys in each verification area. These data are plotted as a function of
reliability in Fig. 6-6. The same data are plotted as a function of standard devia-
tion of data error in Figs. 6-7 and 6-8. It is stressed that, in principle, it should be
possible to carry out systems design and/or analysis using any one of these three
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sets of curves. However, depending upon which three variables are given in order to
find the fourth variable, one set of curves may prove to be more convenient to use than
the others. Obviously, an effort has been made to accommodate all possibilities. To
solve a problem in system design or analysis, it is apparent that interpolation may
have to be used. The next subsection presents a number of systems design or analysis
examples, using the curves in Figs. 6-2 through 6-8. In all instances where required,
linear interpolation has been used. This has been done because it is believed that
there is adequate data, and the data are sufficiently well-behaved so that a higher
order interpolation scheme would introduce more apparent accuracy in the results
than the accuracy of the original data warrants.
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6.4 Examples of System Design: Buoys-Only*

To illustrate the use of the system design curves presented in the previous sub-
section, four typical system design and/or tradeoff examples are presented.

Case 1—Buoys with equal capabilities; 20-buoy and 30-buoy networks

Determine the percent reduction in Sea Surface Temperature Initial Guess RMS analysis
error that can be achieved by using 30 data buoys, rather than 20 data buoys, in each of
the four verification areas. Assume the system reliability of the data buoys is 80%, and
the overall system data error is Gaussianly distributed with zero mean and a standard
deviation of crb EROR52CH

Solution

For the conditions described, the system design curves in Figs. 6-7 and 6-8 are most
applicable. The table below shows the marginal improvement in reduction of Initial
Guess RMS analysis error that can be achieved by adding 10 data buoys to networks
containing 20 data buoys in each verification area. (It is assumed that all buoy net-
works are essentially uniformly distributed throughout each verification area.)

TABLE 6-4
DATA FOR CASE 1
Reduction in RMS
[ P Marginal Marginal Approx. Grid Spacing
Analysis Error (%)
Verification Improve- | Improvement (n ml)
A 1. =80%;0 =0.5° t B Added
X R A A m(;:; i u(% 20 buoys | 30 buoys
20 buoys | 30 buoys
Pac Hi var | 8(.155) |13 (.252)1 | 5(.097) [ 0.5(.010) 565 450
Pac Lo Var 5 (.034) | 11 (.075 6 (.041) 0.6 (.004) 750 580
Atl Hi Var 4 (.073) 7 (.128) 3 (.055) 0.3 (.006) 460 375
Atl Lo Var 6 (.039) | 10 (.065) 4 (.026) 0.4 (.003) 500 400

1Values in parentheses are actual experimental reduction in RMS analysis error
(°C). relative to the applicable Initial Guess RMS analysis error for the verification area.

Comment

For data buoys with equivalent characteristics, it is possible to determine readily the
marginal reduction in Initial Guess RMS analysis error that will be contributed by each
buoy added. Of course, in this example the marginal change of 0.3 to 0.6 percent per
buoy added is valid only in the range of 20 to 30 buoys in each of the applicable verifi-
cation areas. The nature of the design curves in Figs. 6-7 through 6-8 indicates that
100 or more data buoys would be required in each of the four verification areas in
order to achieve reductions in I.G. RMS analysis error of approximately 50 to 60%.
The high variability of Sea Surface Temperature—especially in the Atlantic—appears
to preclude much improvement in reduction of Initial Guess RMS analysis error with
small numbers of buoys, such as 20 to 30. However, to provide compatible data the
20-buoy and 30-buoy networks explored in Sections 4 and 5 are also considered in

this section.

* These results are described for networks of data buoys; they are, of course, equally
applicable to networks of other data collection platforms with similar characteristics.
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Case 2—Effect of reduction in reliability: 30-buoy network

Problem Statement

For the 30-buoy network of Case 1 (80% reliable; 0.5°C standard deviation of data error),
determine the marginal loss in reduction of Initial Guess RMS analysis error that would
occur for Sea Surface Temperature, should the system reliability decrease from 80%

to 60%.

Solution

For the conditions presented, the system design curves in Fig. 6-6 are most applicable.
Reduction in Initial Guess RMS analysis error can be found easily for buoy systems with
standard deviations of data error of 0 = 0 and 0}, = 1.0°C. Linear interpolation is then
used to find the desired values for 0} = 0.5°C.

TABLE 6-5
DATA FOR CASE 2
Reduction in Initial Guess RMS Analysis Error (%) Loss in
£ ; Reduction of
Verification _ no I ° 5 °
Ob = (X0 Ub =1.0°C Ub = 0.5°C 1.G. RMS
Area .
Analysis
Rel=80% | Rel=60% | Rel=80% | Rel=60%|Rel=80% Rel=60% (%)

Pac Hi Var |18 (.349)1| 13 (.252)|11 (.213)|8 (.155)[15.5 (.301) [10.5 (.204)| 5.0 (.097)
Pac Lo Var |14 (.095) |12 (.082)| 8 (.054)|6 (.041)[13.0 (.088)| 9.0 (.061)| 4.0 (.027)
Atl Hi Var |10 (.183) | 7 (.128)| 8 (.146) |5 (.092)| 8.5 (.156)| 6.0 (.110)| 2.5 (.046)
Atl Lo Var |16 (.104) |12 (.078)| 5 (.033)|3 (.020)[10.5 (.068) | 7.5 (.049)| 3.0 (.020)

1Values in parentheses are actual experimental reduction in RMS analysis error
(°C), relative to the applicable Initial Guess RMS analysis error for the verification area.

Comment

The 20 percent reduction in system reliability has its highest impact in the Pacific, where
the marginal loss is between 0.25 and 0.20 percent reduction in Initial Guess RMS analy-
sis error per percent reduction in system reliability. The impact in the Pacific verifica-
tion areas is almost twice that in the Atlantic verification areas. However, this is prob-
ably because a given number of buoys in the Pacific have almost twice the impact in
reducing Initial Guess RMS analysis error as it does in the Atlantic, emphasizing that

Sea Surface Temperature has higher variability in the Atlantic than in the Pacific, at
least as reflected by the ""True'' analysis in this experiment.

It must be stressed that in the four verification areas, the percent reduction in Initial
Guess RMS analysis error was quite low—in the range of 6 to 16 percent, for the situa-
tion of O, = 0.5°C. This is lower by a factor of about 4 to 10, when compared with
similar results for Sea Level Pressure and Surface Air Temperature. This ispos-
sibly due to essentially the same differences in the scales of natural variability of these

parameters.

130



Case 3—Tradeoff comparison of 20-buoy and 30-buoy networks

Problem Statement

Compare the reduction in Sea Surface Temperature Initial Guess RMS analysis error
for a 30-buoy network having a system reliability of 60% and a 0.5°C standard devia- .
tion of data error with a 20-buoy network having a system reliability of 90% and a

Op = 0.01°C standard deviation of data error, for each of the four verification areas.

Solution

Data for the 30-buoy networks (R = 60%; Ob = 0.5°C) can be taken directly from Case 2.
Data for the 20-buoy networks (R = 90%; Ub = 0.01°C) is most conveniently obtained
from the curves for 100% and 80% reliability in Figs. 6-7 and 6-8, with linear inter-
polation used to determine the data for 90% reliability. Note that, on the average, in
each network 18 buoys would be delivering data to the shore data dissemination hub.

TABLE 6-6
DATA FOR CASE 3
Reduction in I.G. RMS Analysis Error (%)

Verification 30 buoys; | Col. A—Col. B
2 + 0 =0.01°
Area b AR PRt oy 0, = 0.5°C (%)

Rel=100% | Rel=80% Rel=90% Rel=60%

Pac Hi Var | 13 (.252)1 | 11 (.213) | 12 (.233) | 10.5 (.204) 1.5 (.029)
Pac Lo Var | 13 (.088) 6 (.041) | 9.5(.065) | 9 (.061) 0.5 (.003)
Atl Hi Var | 8 (.146) 4 (.073) | 6 (.110) | 6 (.110) 0 (xOik-3)
Atl Lo Var | 13 (.085) | 10 (.065) | 11.5 (.075) | 7.5 (.049) 4 (.026)

Column A Column B

1V:«.llues in parentheses are actual experimental reduction in RMS analysis
error (°C), relative to the applicable Initial Guess RMS analysis error for the

verification area.
Comments

In the Atlantic High Variability area, the 20-buoy and 30-buoy networks are exact trade-
offs. They are both also least effective in comparison to networks of equal numbers of
buoys in the other three verification areas. In the Pacific High and Low Variability

areas the more reliable and accurate 20-buoy network is slightly better than an even
tradeoff with the less reliable and much less accurate 30-buoy network. In the Atlantic
Low Variability area, the 20-buoy network is decidedly preferable to the 30-buoy network.

It is apparent that the marginal development, implementation, and operational costs
required to increase system reliability from 60% to 90%, and reduce the standard devia-
tion of system data error from 0.5°C to 0.01°C (the present requirement), can be trade-
off against the marginal implementation and operational cost of 10 buoys having 60%
system reliability and O}, = 0.5°C.
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Case 4—Alternative systems producing the same reduction in Initial Guess RMS

analysis error

Problem Statement

Determine the number of data buoys required to achieve a 40% reduction of Sea Sur-
face Temperature Initial Guess RMS analysis error in each of the four verification
areas, for the following conditions: zero standard deviation of data error and system
reliabilities of 100%, 80%, and 50%; and 1.0°C standard deviation of data error and
system reliabilities of 100%, 80%, and 50%.

Solution

For the conditions described, the system design curves in Figs. 6-2 through 6-5 are
most applicable. The table below shows the number of data buoys required in each

verification area to achieve 40% reduction in Initial Guess RMS analysis error.

DATA FOR CASE 4

TABLE 6-7

Verification

No. Buoys Required for 40% Reduction in RMS Analysis Error

ks o, = 0°C o = 1.0°C
Rel =100% | Rel =80% | Rel =50% | Rel =100% | Rel =80% | Rel =50%
Pac Hi Var 45 50 73 57 79 N.A.*
Pac Lo Var 106 160 N.A. N.A. N.A. N.A.
Atl Hi Var 90 104+t 118¢ 110t 119t 132¢
Atl Lo Var 93 117¢ 150t N.A. N.A. N.A.

*N.A. = Not Achievable under stated conditions with reasonable numbers of data buoys.
tExtrapolated from experimental data.

Comment

To achieve 40% reduction in Sea Surface Temperature Initial Guess RMS analysis error
would require rather dense data buoy networks, even in the so-called Low Variability

areas,

For standard deviations of 1.0°C or greater, it would not be possible within

reasonable numbers of data buoys (i.e., 200 or less) based on the experimental results.
In the High Variability areas, 45—60 highly reliable data buoys would be required in
the Pacific and about 100 or more data buoys would be required in the Atlantic. This
latter value undoubtedly reflects the impact of the small scale natural variability of
the Gulf Stream which was present in the ""True' Analysis for this experiment. Of

course, in an actual case, the analysis model operational characteristics would
probably be modified to accommodate the additional accurate and reliable data.
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6.5 Typical Experimental Results for Buoys and Ships

For the Sea Surface Temperature experiment, the analyses performed at FNWC
were made using Probable Ship Set A, described in Section 3.3.4. There were 302
ships distributed throughout the northern hemisphere, at least one grid length apart
(125 x 125 grid). All Probable Ship locations were at gridpoints; hence, there was no
interpolation error involved in going from the ""True' analysis to data for Probable
Ship locations. Two fields of Probable Ship Set A data were prepared: one with zero
data error and one in which zero mean Gaussian random errors with a standard
deviation of 1.0°C were introduced. These conditions are the same as those used in
the Surface Air Temperature experiment.

As noted in Section 4.5, the concept of obtaining 302 non-redundant ship reports
within one hour after a synoptic period is optimistic, in comparison to present condi-
tions. However, this may be possible in the future.

Unlike the experimental results for Sea Level Pressure and Surface Air Tem-
perature, where '"perfect' (zero error; 100% reliable) ship reports alone or approx-
imately equal numbers of data buoys produced marked reduction of Initial Guess RMS
analysis error, the use of relatively large numbers of "perfect' ship and buoy reports
provides less than 50% reduction in Initial Guess RMS analysis error. This is probably
due to the analysis model characteristics noted previously and the natural variability
of Sea Surface Temperature, which contains small scales and steep gradients. The
smoothness of the Initial Guess field may also be a contributing factor. Figure 6-9
shows a typical set of experimental results for both ships and buoys with zero error,
and buoy system reliabilities of 100%, 80%, and 50%. Table 6-8 shows the percent
reduction of Initial Guess RMS analysis error achieved by the ships alone; the per-
cent reduction in Initial Guess RMS analysis error achieved by 50 'perfect' buoys
zero error; 100% reliable) in each verification area; and the percent reduction in
Initial Guess RMS analysis error stemming from the combined "perfect' ship data and
the ""perfect' data from 50 buoys in each principal verification area.

The data in Table 6-8 are intended to convey several possible observations. These
include the following:

® With the exception of the Pacific High Variability area, over
100 data collection platforms would be required ineach of the
principal verification areas in order to reduce the Initial
Guess RMS analysis error by more than 50% (assuming use
of the Sea Surface Temperature analysis model that was
used in this experiment). This point is reinforced by review-
ing Figs. 6-3, 6-4, and 6-5.

® The greatest percent reduction of Initial Guess RMS analysis
error for buoys andfor buoys plus ships occurs in the Pacific
High Variability area (48% and 62% respectively).

® Essentially uniformly distributed networks of buoys are more
effective on a per platform basis than the essentially ran-
domly distributed ship reports stemming from Probable
Ship Set A, especially in the Low Variability areas.
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TABLE 6-8
REDUCTION IN INITIAL GUESS RMS ANALYSIS ERROR FOR
"PERFECT'" SHIPS AND FIFTY "PERFECT'" DATA BUOYS IN
EACH PRINCIPAL VERIFICATION AREA

No. of No. of Reduction in I.G.RMS Analysis Error(%y
Verification | Probable Data Probable Buoys Buoys
5f§3m_ Ships Buoys Ships L__VA0n1y Plus Ships_
A11 Nor.Hem. 302 200 |37 (.333)! |24 (.216) | 40 (.360)
A1l Pacific 160 100 |26 (.244) |28 (.263) | 37 (.348)
Pac Hi Var 79 50 |30 (.582) |48 (.931) | 62 (1.202)
Pac Lo Var 14 50 3 (.020) |27 (.184) | 34 (.231)
A1l Atlantic 142 100 |37 (.414) |18 (.202) | 39 (.436)
Atl Hi Var 7 50 |37 (.677) |18 (.329) | 43 (.786)
At] Lo Var 36 50 | 8 (.052) |28 (.182) | 34 (.221)

1
Values in parentheses are actual experimental reduction in RMS analysis
error (°C), relative to the applicable Initial Guess RMS analysis error for the
verification area.

These observations are more fully delineated by determining the percent reduc-
tion of Initial Guess RMS analysis error contributed on the average by each buoy.
These crude measures of ''system effectiveness' are shown in Table 6-9. However,
it is not suggested that sufficient experimental investigations and analyses have
been conducted to make the comparisons in Table 6-9 of great significance.

TABLE 6-9
PERCENT REDUCTION OF INITIAL GUESS RMS ANALYSIS ERROR
PER "PERFECT'" PLATFORM

Percent Reduction in I.G. RMS
No. of No. of Aralysis Error/Platform

Verification | Probable Data | Probable Buoys Buoys

Area Ships Buoys Ships Only _ Plus Ships
A11 Nor Hem 302 200 |12 (.0011)4.12 (.0011)|0.08 (.0007)
A11 Pacific 160 100 (.16 (.0015)|.28 (.0026)(0.14 (.0013)
Pac Hi Var 79 50 .39 (.0076)|.96 (.019 )|0.48 (.0093)
Pac Lo Var 14 50 |.21 (.0014)|.54 (.0037)}0.53 (.0036)
A11 Atlantic 142 = 100 |.26 (.0029)|.18 (.0020){0.16 (.0018)
Atl Hi Var 72 50 |.51 (.0093)|.36 (.0066)]|0.35 (.0064)
Atl Lo Var 36 50 |.22 (.0014)].56 (.0036)]0.40 (.0026)

1Values in parentheses are actual experimental reduction in RMS analysis
error (°C), relative to the applicable Initial Guess RMS analysis error for the
verification area
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A major point illustrated by Table 6-9 is that within three of the four principal
verification areas, it is not possible to obtain marginal percent reductions in Sea
Surface Temperature Initial Guess RMS analysis error that are greater than one
percent per additional ship report or data buoy report. For buoy reports, a rough
rule-of-thumb is 0.4 to 1.0 percent reduction in Initial Guess RMS analysis error per
additional buoy report. This holds in the range of 20—50 buoys per verification area.
There is not a sufficient range of experimental results available to specify a similar
range for ship reports.

There is correlation only in the general trends that are found in comparing the
buoys plus ship report columns of Tables 4-10, 5-9, and 6-9. These comparisons
are shown in Table 6-10.

TABLE 6-10
COMPARISON OF SEA LEVEL PRESSURE, SURFACE AIR TEMPERATURE,
AND SEA SURFACE TEMPERATURE RESULTS FOR
DATA FROM BUOYS PLUS SHIPS

Percent Reduction in I.G.RMS Analysis
Error/Platform (Buoys Plus Ships)
Verification Sea Level Surface Air Sea Surface
Area Pressure Temperature Temperature
A11 Nor Hem 0.16 (.0033) 1 |0.17 (.0043) 0.08 (.0007)
A11 Pacific 0.27 (.0062) 0.33 (.0082) 0.14 (.0013)
Pac Hi Var 0.68 (.0354) 0.68 (.0192) 0.48 (.0093)
Pac Lo Var 1.08 (.0089) 1.28 (.0236) 0.53 (.0036)
A11 Atlantic 0.39 (.0079) 0.35 (.0079) 0.16 (.0018)
Atl Hi var 0.71 (.0251) 0.71 (.0196) 0.35 (.0064)
Atl Lo Var 0.93 (.0096) 0.97 (.0206) 0.40 (.0026)

1Values in parentheses are actual experimental reduction in RMS analysis
error (mb or °C), relative to the applicable Initial Guess RMS analysis error
for the verification area.

With the exception of results for the Pacific High Variability area, the percent
reduction of Sea Surface Temperature Initial Guess RMS analysis error per platform
for buoys plus ships is very nearly one-half that found for Sea Level Pressure and
Surface Air Temperature. This is considered to be due to the four factors discussed
previously.

The next subsection considers the impact of data errors and data buoy system
reliability on the percent reduction of Initial Guess RMS analysis error achieved by
combinations of ship reports and data buoy reports.
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6.6 ___Some Examples of System Comparisons for Buoys and Ships

Figures 6-10 through 6-13 show for each of the four principal verification areas
the impact of the following:

® Variation in data errors in ship data: 0g =0 and gg = 1.0°C.
Data for Og = 0°C are extrapolated from other experimental
results.

® Variation of data errors in buoy data, combined with ship
data: o..=0 and 0 =0; and Og = 1.0 and Oy = 0, 1.0, and
3.0°C.

® Variation in system reliability of buoys-only data, and
buoys combined with 100% reliable ship data: buoy system
reliabilities of 100%, 80%, and 50%.

One of the most obvious comparisons that can be discussed using Figs. 6-10
through 6-13 concerns the number of data buoys in the essentially uniformly distri-
buted data buoy networks that provide reduction of Initial Guess RMS analysis error
equivalent to that of the randomly-located ships used in the experiment. Typical
data for this comparison are shown in Table 6-11.

TABLE 6-11
A TYPICAL COMPARISON BETWEEN BUOYS AND SHIPS-OF-OPPORTUNITY

| No. of Buoys (0}, = 0) Required for Equal
No. of Reduction in I.G. Reduction in I.G. RMS Analysis Error
Verification | Prob- RI\]’I)SUA:alg:‘IS E;ror 0 = 0°C O = 1.0°C
Area able e 12 2nips (%) 8 8
Ships | 0 =0°C | 0_=1.0°C |Buoy Reliability (%) | Buoy Reliability (%)
100 | 80 [ 50 | 100 | 80 |50
Pac Hi Var | 79 |30 (.582)1| 23 (.446) 33 | 42 | 57 29 | 37 |45
Pac Lo Var 14 3 (.020) 1 (.007) 13 16 18 11 13 14
Atl Hi Var 72 37 (.677) | 27 (.494) 80 87 (il 68 75 79
Atl Lo Var 36 8 (.052) 1 (.007) 6 10 -2 2 4 5)

1Values in parentheses are actual experimental reduction in RMS analysis error
(°C), relative to the applicable Initial Guess RMS analysis error for the verification

area.

With the exception of Atlantic High Variability area, it is noted from Table 6-11
that the essentially uniformly distributed data buoys are more effective than the ran-
domly distributed ships, even for buoy reliabilities of 80% to 50%. In the Atlantic
High Variability area, it appears that the more closely spaced ship reports in the
Gulf Stream region tend to dominate the verification statistic. Unless the errors in
ship data are very small, this would imply that a non-uniform grid of highly accurate
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Fig. 6-10. Experimental results for Sea Surface Temperature:

Buoys and Ships in the Pacific High Variability area.
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Sea Surface Temperature: Pacific Low Variability
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Fig. 6-11. Experimental results for Sea Surface Temperature:
Buoys and Ships in the Pacific Low Variability area.
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Sea Surface Temperature: Atlantic High Variability
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Fig. 6-12. Experimental results for Sea Surface Temperature:
Buoys and Ships in the Atlantic High Variability area.
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Sea Surface Temperature: Atlantic Low Variability
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Fig. 6-13. #xperimental results for Sea Surface Temperature:
Buoys and Ships in the Atlantic Low Variability area.
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and reliable data buoys with greatest density in the Gulf Stream region would be needed
to improve the Sea Surface Temperature analysis in that region. In the Pacific High
Variability area, it appears that about fifty 50% reliable, highly accurage data buoys
can substantially reduce the RMS analysis error due to ship data only. The data for
the Pacific Low Variability area appear to give different results; roughly speaking,
neither small numbers of ships nor buoys appear to have much impact on reduction

of Initial Guess RMS analysis error. This is probably due to the four factors dis-
cussed previously. Additional experiments would have to be run with more networks

of data collection platforms and possibly more details of natural variability before
great significance could be attached to the Pacific Low Variability results.

Figures 6-10 through 6-13 show three characteristics that are prevalent
throughout the Sea Surface Temperature experiment. These are as follows.

® Generally, a considerable number of buoy or ship reports
(at least 20—50) were needed within a principal verification
area, before much significant reduction in Initial Guess RMS
analysis error occurred.

® Reduction in Sea Surface Temperature Initial Guess RMS
analysis error was less in all of the principal verification
areas, than was observed for the Sea Level Pressure and
Surface Air Temperature experiments.

® Regardless of the amount of Gaussian error introduced
into the buoy data (up to a standard deviation of 3°C),
adding more buoy data reduced the total RMS analysis
error for combinations of buoys and ship reports.
This may be due to the data weighting and '"blending"
techniques used in the numerical analysis model.

In summary, the experimental results for Sea Surface Temperature indicate
that the characteristics of the analysis model, the natural variability, and the
smoothness of the Initial Guess field all have the same effect. There is not sufficient
experimental data to separate these factors. Fortunately, there appear to be gen-
eral trends in the experimental results that compare reasonably well with the other
two experiments.,
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7.0 EFFECT OF ELIMINATING REDUNDANCY OF DATA BUOYS AND SHIPS-OF-
OPPORTUNITY
7.1 Overview of the Experiment

Environmental data processing centers such as FNWC use all data available in
their effort to define the geographical distribution of the environmental parameters.
The present sources of observational synoptic data include, in addition to land
stations, sources over the ocean areas such as island stations, fixed weather ships
and transient commercial and military ships (ships-of-opportunity). Since a data
buoy system would be located only in ocean areas, the desirability of buoys reporting
data redundantly with other existing ocean data sources must be established in order
to construct the most cost effective data buoy system. The islands and weather ships
are reliable data sources with fixed locations; hence, redundant data buoys are not
needed. However, consideration of the data from transient ships requires different
treatment because the locations, numbers, and accuracy of ship report sources vary
over time. In this case a certain level of redundancy in buoy and ship reports must be
tolerated in order to assure complete data coverage at all times.

For this study, it was decided that a field of the probability of at least one ship
report originating from each ocean gridblock of the 125 X 125 analysis grid would best
suit the needs for establishing appropriate mixes of redundant buoy and ship reports.
Actual ship report data for the months of December, Janyary and February for three
recent years were obtained from FNWC and used for computing probabilities with the
time period confined to the winter months. This was prompted by the desire to establish
the availability of data at a time when it is needed most; that is during the period of
severe storms in the northern hemisphere.

7.1.1 Buoy and Ship Data Field Simulation

Four of the original ten buoy networks were selected for buoy locations in the
simulation of buoy data in the redundancy experiments. Average data spacing of buoys
in these networks varied from approximately 700 to 200 nautical miles in the Pacific
and Atlantic verification areas. Ship locations for simulating ship data ship data were
established by two different means. For the Sea Level Pressure analyses, ship
reports for an actual day (March 22, 1970, at 0000Z) were obtained from the analysis
center and the same locations were used as a typical situation. Typical ship locations
for the Surface Air Temperature and Sea Surface Temperature data were established
bv a uniformly distributed random number generator in conjunction with the probability
field generated from the statistical analysis of three years of winter ship reports as
described above.

The data used at the ship and buoy locations were simulated by using "True"
Analysis data degraded by using random errors of Gaussian distribution. Ship data
fields were generated with standard deviation of errors of zero and 1.0 mb or °C.
Buoy data fields were generated with standard deviations of error ranging from zero
to 5.0 mb and zero to 3.0°C. Details of the generation of ship and buoy data fields are
given in Section 3.0 of this report.
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7.1.2 Control of Redundancy

The probability field generated from the location of actual ship reports was used
to delineate areas by level of probability of occurrence of at least one ship report
originating from each grid block as thresholds at which to remove buoys to reduce
redundancy of reports. Three levels of probability were selected; 100%, 75%, and 50%.
Contour lines enclosed the areas so that within the lines, the probabilities were equal
to or greater than these values. The four basic buoy networks were revised to cor-
respond with each of these levels by removing buoys located within the areas defined
by the three probability levels. For the 100% threshold, no buoys were removed;
for the 75% and 50% thresholds, buoys were removed in the regions where the prob-
ability of at least one ship report was equal to or greater than 75% and 50%, respec-
tively. The area of the region under consideration was essentially the area repre-
sented by a square of average buoy network spacing, centered on each buoy. Thus,
the area around buoys varied both by network density, and by density within a given
network, in some cases. Buoy data fields corresponding with these revised networks
were then combined with the ship data fields to measure the effect of reducing
redundancy of buoy and ship reports. Table 7-1 shows the reduction in number of
buoys for each redundancy level for each verification area. (Table 7-1 is Table 3-8,
repeated here for convenience.)

7.2 Typical Experimental Results

To set the stage for the discussion of the experimental results, consider the
following hypothetical examples.

Conditions

(1) In a given region, the RMS analysis error for the Initial Guess
is 4 mb.

(2) Use of 50 ship reports with zero data error, randomly dis-
tributed throughout the area, produces an analysis with RMS
analysis error of 1.0 mb.

(3) When error-free data from three hypothetical 100% reliable
data buoy networks of 15, 30, or 50 data buoys (each network
essentially uniformly distributed in the region) are intro-
duced in addition to the ship data, the RMS analysis error
values are 0.50 mb, 0.39 mb and 0.20 mb, respectively.

This is shown as Curve A in Fig. 7-1.

(4) Assume that data buoys in the 30-buoy network are
removed from those locations where the statistical
probability of at least one ship is 75% or greater, and
that this entails the removal of 10 buoys and the resulting
analysis for this combination of ships and 20 buoys pro-
duces an RMS analysis error of 0.33 mb. (The remaining
20 buoys are still located and spaced as they were in the
original 30-buoy network.) For the 50% probability
threshold, assume that a total of 20 buoys is removed, and
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TABLE 7-1
DATA POINTS PER VERIFICATION AREA

Number of Ships Redun. Buoys Per Network
Island Actual |Probable Thresh- -

Area Stns. OSvs Ships Ships old 600B 300C 150A 76B
Northern 32 13 348 342 100Z 600 300 150 76
Hemisphere 75 542 224 125 58

50 434 172 66 37
All 5 4 210 160 1002 423 212 104 53
Pacific 75 397 176 81 44

50 345 136 54 30
High 3 3 108 79 1002 111 54 53 26
Variability 75 98 33 45 19
Pacific 50 65 11 27 12
Low 7 0 20 14 1002 206 107 31 18
Variability 75 206 103 28 18
Pacific 50 205 89 17 14
All 17 9 118 . 142 100% 177 88 46 23
Atlantic 75 145 48 24 14

50 89 36 12 7
High 2 8 72 72 100% 67 37 25 12
Variability 75 44 12 12 7
Atlantic 50 8 5 3 2
Low 8 1 31 36 100% 96 47 20 i1
Variability 75 95 38 12 8
Atlantic 50 81 33 9 6
Gulf of 0 0 6 5 100% 6 3 3 0
Mexico 75 5 0. 0 0

50 3 0 0 0
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Fig. 7-1. Example of potential effects of reducing the redundancy of
buoy and ship reports.

the resulting RMS analysis error for 50 ship reports and
10 buoy reports is 0.46 mb. These results are plotted as
Curve B in Fig. 7-1. Curve B falls below Curve A, which
indicates that for a given number of buoys, it appears to
be better to space the buoys densely in areas where the
probability of at least one ship report is low, than to space
them essentially uniformly throughout the entire region.

(5) Next, again assume that data buoys in the 30-buoy network
are removed from areas where the probability of at least
one ship report is 75% or greater and 50% or greater, with
the result that 5 and 10 buoys are removed respectively.
But in this case, assume that these mixes of 50 ships and
25 data buoy reports and 50 ship and 20 buoy reports pro-
duce RMS analysis curves of 0.40 mb and 0.60 mb, respec-
tively. This is shown as Curve C in Fig. 7-1. Curve C
occurs above Curve A, which suggests that the '""holes"
created in the 30-buoy network are not being filled by ship
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reports, and suggests that it would be better to have buoys
essentially uniformly distributed throughout the region,
even though buoy and ship reports would be received
redundantly from some areas.

Results such as both the hypothetical examples given above (Curve B and Curve C
results) occurred in the Sea Level Pressure, Surface Air Temperature, and Sea Sur-
face Temperature experiments. In general, it was found in these experimental results
(discussed below) that the potential for improvement fit into three types: (a) a small
improvement (less than 0.1 mb or 0.2°C); (b) essentially no improvement was found;
or (c) a Curve C situation occurred, suggesting that a uniform distribution of buoys
was the better choice.

The comments above reflect the results of the experiments. However, it is
stressed that these comments cannot be taken as conclusions, because in each experi-
ment only a single set of random ship locations and number of ships was used. Several
sets of random ship locations would be needed to provide enough experimental data to
draw well-founded conclusions concerning the desirability of removing data buoys
from networks, especially for the 50% probability threshold. In addition to the need
for Monte Carloing the locations of ship reports, it might be advisable to use reduced
numbers of ship reports (i.e., about 90, rather than an average of about 348 to 302,
as were used in the experiments), commensurate with the information in Table 3-5
for the average number of ship reports received within one hour of synoptic reporting
time.

7.2.1 Impact of Reducing Redundancy of Buoy and Ship Reports

Figures 7-2 and 7-3 show Sea Level Pressure experimental results for the four
major verification areas. Each figure shows two graphs, comparing results in con-
tiguous high and low variability areas of the Pacific or Atlantic. Each graph shows
the ship reports under two conditions: error-free ship and buoy data, and ship data
with Gaussian errors of 1.0 mb standard deviation combined with buoy data with
Gaussian errors of 1.0 mb standard deviation. All buoy networks are 100% reliable.
For the zero error case, curves are plotted for redundancy thresholds of 100%, 75%,
and 50%. No 75% or 50% redundancy threshold data were obtained in the Sea Level
Pressure experiment for the case where buoy and ship data had errors with 0, =
Og = 1.0 mb. Solid dots in solid curves in the graphs are actual experimental
RMS analysis errors for the four buoy networks used in all three experiments.

Open squares give RMS analysis errors for the ships and a reduced number of buoys
that are in areas where the probability of at least one ship report is less than 75%.
(The locations of the remaining buoys are the same as in the 100% redundancy case.)
Open circles show RMS analysis errors for ships and a smaller number of buoys
that are in areas where the probability of at least one ship report is less than 50%.

If an open square or open circle falls below the 100% redundancy threshold line
(which passes through the solid dots), then removing buoys to avoid redundancy of
reports is preferable to distributing that same number of buoys essentially uniformly
throughout the verification area. If the open square or open circle falls above the
100% redundancy threshold line through the solid dots, then an essentially uniform
buoy network throughout the verification area is preferably to a buoy network that

is dense in areas where ship report probabilities are low, and sparse in areas where
ship report probabilities are high.
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Fig. 7-2. Experimental results for Sea Level Pressure, showing the impact of reducing

data redundancy of buoys and ships.
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Fig. 7-3. Experimental results for Sea Level Pressure, showing the impact of reducing
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indicates that for a 25-buoy network the reduction of 0.2°C in RMS analysis error is
obtained in going from a uniformly distributed network to a network that eliminates
redundance in areas where the probability of at least one ship report is high. Essen-
tially similar results appear to hold for the case of data errors in both ship and buoy
data (Og = 1.0°C; 0y, = 1.0°C).

In the Pacific Low Variability area, reducing redundancy of ship and buoy reports
had essentially no effect for sparse buoy networks (50 buoys or less), or an adverse
effect for networks of about 100 buoys, or no effect for dense networks of about 200 buoys
(because in no areas was the probability of at least one ship report greater than 50%).

Surface Air Temperature: Atlantic High and Low Variability Areas (Fig, 7-5)

In the Atlantic High Variability area, in the error-free data case, there is seen
to be an advantage in eliminating redundancy of buoy and ship reports for networks of
30 buoys or less (spacing between buoys of about 300 n mi or more). The largest reduc-
tion in RMS analysis error in the experimental results is about 0.05 mb, for a network
of about 12 buoys. For networks of more than 30 buoys, the experimental results for
the error-free data case show that eliminating redundancy has essentially no impact.

In the Atlantic Low Variability area, for both the error-free and non-error-free
experimental results, small or no reduction in RMS analysis error occurs when ship
and buoy report redundancy is reduced for networks of 30 buoys or less. Adverse
effects occur when buoys are eliminated from essentially uniform networks of 40 buoys
or more, thus suggesting that eliminating potential redundancy is not advisable for the
denser buoy networks,

Sea Surface Temperature: Pacific High and Low Variability Areas (Fig. 7-6)

The experimental results for Sea Surface Temperature are remarkably similar
to those for Surface Air Temperature. In the Pacific High Variability area, it
appears that eliminating redundancy between ship and buoy reports is advantageous
for buoy networks of about 50 buoys or less, and offers slight or essentially no advan-
tage for buoy networks of 50 to 100 buoys. For the error-free case, the experimental
results show an improvement of about 0.2°C in going from about 25 buoys essentially
uniformly distributed)to an equal number of buoys located in regions of low probability
of ship reports.

In the Pacific Low Variability area, again the experimental results for Sea
Surface Temperature closely approximate those for Surface Air Temperature. For
buoy networks of 30 or fewer buoys, slight or no advantage is gained by redistributing
buoys to avoid redundancy of reports. For networks of about 100 buoys, no redistri-
bution takes place, because the probability of at least one ship report for all areas
around buoys is less than 50%.

The above general comments hold for both the error-free and non-error-~free
data cases.

Sea Surface Temperature: Atlantic High and Low Variability Areas (Fig. 7-7)

In both the Atlantic High and Low Variability areas, the experimental results
indicate either very slightly adverse effects from eliminating redundancy of buoy and
ship reports, or essentially no impact at all. Since there are small scales of vari-
ability involved, due to the Gulf Stream, these experimental results do not appear to

be unusual.
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Figures 7-4 and 7-5, and Figs. 7-6 and 7-7, follow essentially the same format
as above in presenting experimental results for Surface Air Temperature and Sea
Surface Temperature. Buoy data with Gaussian errors of 1.0°C standard deviation
are combined with ship data with Gaussian errors of 1.0°C in both of the temperature
experiments. Also, thresholding results were obtained at the 75% and 50% levels
for the cases where there were errors in buoy and ship data. No experimental data
are available for the 100% threshold case, and a dashed curve has been used to show
that extrapolated data were used for depicting the 100% threshold case.

The remainder of this sub-section discusses in detail the results shown in
Figs. 7-2 through 7-7,

Sea Level Pressure: Pacific High and Low Variability Area (Fig. 7-2)

In the Pacific High Variability area, for the zero-error data case, removing buoys
from the essentially uniformly distributed networks has adverse effects on networks
comprising more than about 25 data buoys in the area. That is, if the buoy network
spacing is less than about 400 n mi, then the uniform spacing throughout the area is
preferred. But, if the uniform buoy network spacing is about 400 n mi or greater, then
the same number of buoys can be relocated to avoid areas of high probability of ship
reports, resulting in a reduction of RMS analysis error. It should be noted that even
where eliminating redundancy of buoy and ship reports appears to be preferred, the
reduction in RMS analysis error is no more than 0.05 mb for the error-free data,
100% reliability case, indicating that even less improvement would be expected from
redistributing data buoys that have errors in the data and are not perfectly reliable.

The above comments also hold for the Pacific Low Variability area. Figure 7-2
shows that for dense networks of about 100 data buoys or more, few, if any, data buoys
would be removed, because there are essentially no areas where the probability of at
least one ship report is 50% or more.

Sea Level Pressure: Atlantic High and Low Variability Areas (Fig. 7-3)

In the Atlantic High and Low Variability areas, the general results for zero
error data were similar to those in the Pacific. Specifically, in the High Variability
area, reducing redundancy of reports was beneficial for buoy networks numbering less
than about 30 buoys (i.e., for buoy networks with spacing of 300 n mi or more). For
networks of about 10 buoys, a reduction in RMS analysis error of about 0.1 mb was
found in going from a uniform spacing to a buoy distribution that eliminated redun-
dancy of ship and buoy reports in areas in which the probability of at least one ship

report was 50% or more.

In the Atlantic Low Variability area, reducing redundancy of ship and buoy
reports had either little impact (an improvement of 0.01 mb, at most) or an adverse
effect, in the case of the denser buoy networks.

Surface Air Temperature: Pacific High and Low Variability Areas (Fig. 7-4)

In the Pacific High Variability area for the zero-error data case, it appears that
relocating data buoys to avoid redundancy with ships is beneficial for networks of 100
buoys or less (i.e., a network spacing of about 250 n mi or greater). Figure 7-4

151



Wolah 1, T Y T T
Pacific High Vvariability
Initial Guess = 2.83°C : 7 T
R
L basg
79 Ships: -
Q e N ot o)
sn e AT T T e i T s
140 i
—_—— =\ O~ —m . = —_———— — o= 0
ot
Buoys and 79 Ships:
RMS B N o =1, o5 = 1 -
Analysis \
& ~
EP‘Y‘OY‘) - - O——= _'—-%' -
©°
c
L -
Solid dots are
ois & extrapolated data. -
Redundancy Threshold
i S
75% 100%
3 A Buoy System -
Buoys and 79 Ships: Reliability = 100%
op = 0 05 = _|
1 L | L i L 1 LA
0 50 100 150 200
1.0 5 ik 1 L T
Initial Guess = 1.84°C Pacific Low Variability
e T T 0
?\"' ———————————————————— og =1
e N -
N\) $ei :
‘/—Buoys_I and 14 ]Smps. 14 Ships:
= A ERaablyiOic) S g, =0 -
O\’. A s
——————— R e e e - anll® ol Tams e e o — —
& Solid dots are
Analysis 0.5 = extrapolated data. o
Error
(°c) I 50% Redundancy Threshold 7
75% =t
e 100%
E Buoy System )
ST Buoys and 14 Ships:
Reliability = 100% % 1, o, = 0 P
1 L 1 1 1 i 1 1
0 50 100 150 200
Number of Buoys in System
Fig. 7-4. Experimental results for Surface Air Temperature, showing the

data redundancy of buoys and ships.
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Fig. 7-7. Experimental results for Sea Surface Temperature, showing the impact of reducing
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7.2.2 Impact of Reducing System Reliability

In the discussion above, experimental results have been presented which show
that in the error-free data case, adding buoy data to ship data always produced a reduc-
tion in RMS analysis error (mb or °C), relative to the RMS analysis error for ship data
alone. With the exception of the Atlantic and Pacific Low Variability areas for Sea
Level Pressure, when buoy data with substantial Gaussian errors (0Op = 1.0 mb and

1.0°C, as appropriate) were added to ship data with Gaussian errors (0g = 1.0 mb and
1.0°C, as appropriate), the addition of the buoy data reduced the RMS analysis error
(mb or °C), relative to the RMS analysis error for ship data only. All of the experi-

mental results presented in Figs. 7-2 through 7-7 are for buoy system reliability of
100%.

Experimental results were also obtained to determine the impact on RMS analy-
sis error due to buoy system reliabilities of 80% and 50%, with and without buoys
removed from networks to reduce redundancy between buoy and ship reports. In
general, increasing random failure of buoy system capability to make observations
and/or return the data to a shore communication hub results in an increase in RMS
analysis error, because less observed data is available. The results of varying buoy
reliability and redundancy threshold values is illustrated in Fig. 7-8. Two extreme
cases were selected to show the range of variation encountered. In the Sea Level Pres-
sure, Pacific High Variability case, a '"worst case' situation is shown, similar to
Curve C in Fig. 7-1. Removing buoys to reduce redundancy offers no advantage, even
for the 100% reliable buoy system, and reducing buoy system reliability further
reduces the capability of the buoy network to reduce the RMS analysis error below
that achieved by ship data alone. In the Surface Air Temperature, Pacific High Vari-
ability case, a ""best case!'' situation is shown, similar to Curve B in Fig. 7-1. In this
instance, removing buoys to avoid redundancy appears to be the appropriate choice,
and even with a buoy system reliability of 50% this statement continues to hold. For
example, the original network has 54 buoys: the average spacing between these buoys
is about 300 n mi. When buoys are eliminated in areas where the probability of at
least one ship report is 75% or more, there are 33 buoys left. The graph indicates
that this buoy system with 50% system reliability is as equally effective in reducing
RMS analysis error below that due to ship reports, as a 100% reliable network that is
essentially uniformly distributed. Thus, these experimental results indicate strongly
that the concept of locating buoys where ship reports occur with low probability has
considerable potential "pay-off'' for system design.

The purpose of Fig. 7-8 and the discussion above is to emphasize that the experi-
mental results obtained in this study provide information which can be used to aid in
selecting candidate networks for further detailed study. As noted elsewhere, such
studies would most likely include variations in the number of ship reports received
within one hour of synoptic time, and the location of the ships, based on statistics of
ships that report within the first hour (or some other selected interval) after the
synoptic time.

7.3 Summary

This section described the impact on RMS analysis error of removing from essen-
tially uniformly distributed networks buoys that are in areas where the probability of
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Fig. 7-8. Experimental results showing worst and best conditions experienced in reducing
data redundancy of buoys and ships.
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ship reports is 75% or greater, and 50% or greater. It has been shown for networks in
which the original uniform spacing is about 300—350 n mi or greater (i.e., 30 to 50
buoys or less in a verification area) that this technique in some instances may offer a
better way of selecting the location of data buoys. However, in a number of cases, it
appears that the same or better (lower) RMS analysis errors can be achieved by an
equal number of data buoys that are essentially uniformly distributed.

In the case where the spacing between essentially uniformly spaced buoys is less
than about 300 n mi (i.e., 50—70 buoys or more in a verification area), the experimental
results indicate that either no significant reduction in RMS analysis error is achieved,
or worse (higher) RMS analysis error occurs. The above comments are summarized
in Table 7-2.

The concept of reducing redundancy between buoy and ship report locations is
attractive, because it suggests that a given number of buoys can be more effectively
employed. However, the experimental results suggest that this is most important
when only small numbers of buoys are involved (less than 30 to 50 in a verification area)
and, hence, the distances between buoys, if uniformly distributed, would be large (300
n mi or more). The experimental results indicate that even in the few cases where
improvements occurred due to 'redistributing'' buoys to areas where ship report
probabilities were low, the comparative difference in RMS analysis error was small—
at most 0.1 mb or 0.2°C, and in many instances less.

It is recognized that this redundancy study has left several facets of the question
unexplored. For example, the number and location of ship reports should be Monte
Carloed in a later study. Certainly, the possible substantial savings in buoy deployment
that might be realized suggest that a more comprehensive study seems warranted.

TABLE 7-2
EXPERIMENTALLY OBSERVED IMPACT OF
REDUCING REDUNDANCY OF BUOY AND SHIP REPORTS

B o] Veri;ication 50 Buoys or Less More than 50 Buoys
rea Impact |Max.Improve- Impact
ment Noted
Sea Hi Var Pac Nomjna] 0.03 mb Adverse or None
Heved Lg Var Pac Nom1n§1. 0.02 mb Adverse or None
Predclird Hi Var Atl Beneficial 0.1 mb Adverse or None
Lo Var Atl None Adverse
Surface Hi Var Pac Beneficial 0.2°C Nominal or None
Air Lo Var Pac None Adverse
Temperature |[Hi Var Atl Nominal 0.06°C None
Lo Var Atl None Adverse
Sea Hi Var Pac Bengficia] 0.2°C Nominal or None
SRl Lg Var Pac Nominal 0.04°C Adverse or None
Temperature Hi Var Atl None Adverse or None
Lo Var Atl None None
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8.0 EXAMPLES OF SYSTEM DESIGN, USING THREE ENVIRONMENTAL
PARAMETERS

In this section, data from the design curves presented in Sections 4, 5, and 6
are combined in several different forms to show how rational design of data buoy
systems can be accomplished.

First, three data buoy systems are postulated, with reliability and data error
characteristics that range from "minimal'' to ''very good." Representative system
implementation and 10-year operational costs, taken from a previous cost effectiveness
study [ 7], have been used to illustrate the types of cost effectiveness analyses that can
be performed. (The costs employed should not be used for budgeting or planning
purposes.)

Second, a large number of combinations of possible system configurations has
been evaluated. System effectiveness values have been tabulated for each of the four
verification areas and also for the average effectiveness over all four areas.

These illustrative examples cover a wide spectrum of potential applications of
this methodology to the design of effective data collection networks. However, it has
been discussed in Section 3 of this report that design of effective networks is influenced
by:

(a) the natural variability of the parameters being measured;
(b) impact of the analysis model;

(c) distribution of data collection platforms;

(d) data collection system reliability; and

(e) the characteristics of errors in the returned data.

Other factors may also require consideration in the design of effective data collection
networks, e.g., the accuracy of platform location. In the remainder of this section three
characteristics—density of data buoys, .system reliability and data error—are used as

a basis for a typical example of cost effectiveness analysis of systems with alternative
capabilities.

First, a system effectiveness measure is defined in terms of percent reduction
of Initial Guess RMS analysis error. Second, system effectiveness values are pre-
sented for each parameter in each of the four verification areas, as well as total
sys tem effectiveness over all four areas. Third, cost effectiveness ratios for the
three systems are compared, and the cost of equally effective systems is determined
and the effectiveness of equal cost systems is found. Finally, an outline of a com-
puterized technique for carrying out effectiveness analysis is given.

8.1 Typical System Designs in Each Verification Area, Using Three Environmental
Parameters

The assumed characteristics of three data buoy systems of increasingly greater
capabilities are listed in Table 8-1.

For this example, it is assumed that each of the parameters is of equal impor-
tance. It is recognized that the relative importance of these parameters in a par-
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TABLE 8-1
CHARACTERISTICS OF THREE DATA BUOY SYSTEMS

System Measuring and Reporting Characteristics
Sea Level Press. | Surf. Air Temp. | Sea Surf. Temp.
System
(0
% bendikesnei 4150 Rel. | %b Rel. | %b
%) SLP %) SAT %) SST
(0} (mb) 0 (°C) 0 (oc)
1 50 1.0 50 1.0°C 50 1.0
2 80 0.5 80 0.5 80 0.1
3 90 0.1 90 0.1 90 0.01

ticular system may vary significantly. Effectiveness is defined to be an additive func-
tion of the reduction in Initial Guess RMS analysis error achieved for each parameter:

i
System ~ _ . _ Esrp "Fawr  Bser
Effectiveness 3

where the effectiveness for each parameter is given by

E E Percent Reduction in Initial Guess RMS Analysis Error
Parameter 100

For the purpose of analysis, it is further assumed that networks of 20, 40, and
100 data buoys are implemented in each verification area.* The approximate average
network spacing in each verification area is given in Table 8-2. To demonstrate how
cost effectiveness comparisons can be performed, representative system costs (imple-
mentation cost plus ten years of operational costs) will be used for three alternative
Limited Capability Buoys Systems, moored in the deep ocean. The analyses leading
to these system costs have been given in detail in Reference 7. The system cost
values presented in Table 8-3 are based on the assumption that costs divide equally
among the four verification areas. While this assumption is probably not strictly
true, it is considered to be a reasonably good approximation for these illustrative
examples. Finally, it is emphasized that the system costs used in this section are not
suitable for budgeting or planning purposes.

* As noted elsewhere in this report, it is stressed that the system design techniques
demonstrated in this section are applicable to other types of data collection platforms,
such as satellites, ships, balloons, and aircraft. However, the system characteristics
used in this section are representative of data buoy systems. Also, the costs are
typical of Limited Capability Buoys, moored in the deep ocean. Therefore, the discus-
sion is presented in terms of data buoy system design, rather than a more general
data collection platform.
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TABLE 8-2
APPROXIMATE AVERAGE NETWORK SPACING

No. of Pacific Pacific Atlantic Atlantic
Data Buoys Hi Var Lo Var Hi Var Lo Var
20 565 750 460 500
40 400 500 325 350
100 260 300 200 225
TABLE 8-3

TYPICAL LIMITED CAPABILITY BUOY SYSTEM COSTS

Implementation and Ten Years of Operation
(Millions of Dollars)

Each Verification Area Total for Four Verification Areas
Number of System Cost Number of System Cost
i Sys. #1 | Sys. #2 | Sys. #3 Buoys Sys. #1 | Sys.#2 | Sys. #3
20 16 18 20 80 64 71 80
40 28 32 35 160 110 127 138
100 49 58 66 400 196 230 262

For the given system reliabilities, standard deviations of data error, and numbers of
buoys, Figs. 4-7, 4-8, 5-7, 5-8, 6-7, and 6-8 are most appropriate for extracting effec-
tiveness values for each parameter (i.e., percent reduction in Initial Guess RMS analy-
sis error, divided by 100). These parameter effectiveness values are shown in
Table 8-4, together with (average) system effectiveness, as defined in Eq. 8-1, for
each verification area and the total system effectiveness over all four verification
areas. All average effectiveness values are based on the assumption that data for
parameters are of equal importance or, worth)and that data from the verification areas

are of equal importance.

Based on the assumed costs for the three systems, typical cost effectiveness
curves for each system in each verification area are shown in Figs. 8-1 and 8-2. The
following comments are representative of cost effectiveness analysis results, but
should not be construed as factual conclusions at this time.

® For system costs in excess of $30 million (in each verification
area), System #3 (high performance) dominates all system
choices, except in the Atlantic High Variability area. In that
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TABLE 8-4

DATA FOR SYSTEM ANALYSIS, USING THREE ENVIRONMENTAL PARAMETERS

No. of

No- °f lsystem Stam-iax-‘d Effectiveness (%) Average | Average
System :zi Relia- Df e;;at;on Para- Pacific Atlantic Param. | Total
No. R e Effect. | Effect.
. Verif. e Data Error uetef High | Low | High | Low 9
(%) (%) (%)
Area ©) Var | Var | Var | Var
1.0 mb SLP |47.00|18.00( 36.00 |22.00 | 30.50
20 50 1.0°C SAT |37.00 /56.00(52.00 [59.00 | 51.00 28.40
1.0°C SST 4,00 2.00( 4.00| 4.00 3.50
System Eff, for Each Verif. Area |29.30|25.30|30.60 |28.30
1.0 mb SLP [59.5 |28 48 29 41.13
40 50 1.0°C SAT |49 61.5 [59.5 |62 57.9 35.5
1.°C SST (12 6 6.5 5 7.38
1 System Eff. for Each Verif. Area | 40,17 [ 31.83|38.0 |32.0
1.0 mb SLP |70 32 64 38 51.25
100 50 1.0°C SAT | 64 62 70 63 64.75 44.7
1.0°C SST |29 10 27 6 18.0
System Eff. for Each Verif. Area |54.33 |35.0 |53.7 |35.7
0.5 mb SLP |54 23 48 30.5 38.9
20 80 0.5°C SAT |44 62 59 64 57.25 34.55
0.1°C SST (10 6 5 9 7.5
System Eff. for Each Verif. Area |36.0 [30.33|37.33 |34.5
0.5 mb SLP |68 39 59 44 52.5
40 80 0.5°C SAT | 62 67 68 68 66.25 45.38
0.1°C SST |25 17 10.5 |17 17.38
2 System Eff. for Each Verif. Area |51.67 |41.0 |45.83 |43.0
0.5 mb SLP |78 48 85 54 66.25
100 80 0.5°C SAT | 76 73 81 74 76.0 60.1
0.1°C SST |54 30 37 31 38.0
System Eff. for Each Verif. Area | 69.33 |50.33 | 67.67 | 53.0
0.1 mb SLP | 58 25.5 |51.5 |37.5 43.1
20 90 0.1°C SAT | 46.5 |66 64 67.5 61.0 38.0
0.01°C SST |12 9.5 6 11.5 9.8
System Eff. for Each Verif. Area | 38.83(33.67|40.5 (38.83 | 37.97
0.1 mb SLP | 72,5 |44.5 | 64.5 |53 58.6
40 90 0.1°C SAT | 69 73 73.5 |71.5 71.8 50.7
0.01°C SST |31 21 13 21.5 21.6
3 System Eff. for Each Verif. Area | 57.5 |[46.17|50.33 [48.67
0.1 mb SLP | 83.5 |61 79.5 |68.5 73.13
100 90 0.1°C SAT | 85 81.5 |87.5 |82 84.0 66.84
0.01°C SST | 61.5 | 34.5 | 40.0 |37.5 43.38
System . Eff. for Each Verif. Area | 76.67| 59.0 | 69.0 | 62.67
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area, System #2, with about 80 buoys, is at a cost effective
tradeoff when compared to System #3, with about 30 buoys.
(Cost of about $50 million; effectiveness of about 0.61.)
Beyond an effectiveness of 0.61, System #2 is more cost
effective than System #3.

In both the Pacific and Atlantic, greater effectiveness is
achieved for a given number of buoys in the High Variability
areas. This occurs because, for a given number of buoys,
the ratio of buoys to gridpoints is higher in the High Vari-
ability areas, i.e., as more Initial Guess values are re-
placed by accurate data values, the RMS analysis error
diminishes. This suggests that the ratio of average num-
ber of reporting buoys (or, data points) may be of more
importance in the reduction of Initial Guess RMS analysis
error (%) than the differences in natural variability, at
least on a synoptic scale. This statement holds more
strongly for Sea Level Pressure and Surface Air Temper-
ature, than it does for Sea Surface Temperature.

Reference to the system design curves in Sections 4, 5, and
6 (or reference to Table 8-4) shows clearly that System #3,
with 100 highly accurate and reliable data buoys in each
verification area, is providing a reduction in Initial Guess
RMS analysis error of 61—84% for Sea Level Pressure,
82—88% for Surface Air Temperature, and 35—62% for Sea
Surface Temperature. It is obviously this latter param-
eter which holds the system effectiveness to the range 0.59
to 0.76 throughout the four verification areas. (See set of
values at the bottom of Table 8-4.)

In all verification areas, the lowest cost effectiveness

ratio (most cost effective system) is achieved using System

#2 with 20 buoys. The highest cost effectiveness ratios (least
cost effective systems) are produced by System #1, with 100
buoys in each verification area, with the exception of the
Atlantic High Variability area, where System #3 with 100
buoys has the highest cost effectiveness ratio. The minimum and
maximum cost effectiveness ratios are compared in Table 8-5.
It must be held in mind that the cost effectiveness ratios in
Table 8-5 are dependent on the assumptions that system costs
are equal in each verification area, and that the costs are,
indeed, representative of a moored limited capability data buoy
system.

Table 8-5 shows very clearly that, given the assumption that
reduction of RMS analysis is a good criterion for measuring
system effectiveness, then it is a poor strategy to implement a
system comprising many buoy data collection platforms that

163



Note:

Costs are for illustrative purposes only;
they should not be used for budgeting or planning.
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area, System #2, with about 80 buoys, is at a cost effective
tradeoff when compared to System #3, with about 30 buoys.
(Cost of about $50 million; effectiveness of about 0.61.)
Beyond an effectiveness of 0.61, System #2 is more cost
effective than System #3.

In both the Pacific and Atlantic, greater effectiveness is
achieved for a given number of buoys in the High Variability
areas. This occurs because, for a given number of buoys,
the ratio of buoys to gridpoints is higher in the High Vari-
ability areas, i.e., as more Initial Guess values are re-
placed by accurate data values, the RMS analysis error
diminishes. This suggests that the ratio of average num-
ber of reporting buoys (or, data points) may be of more
importance in the reduction of Initial Guess RMS analysis
error (%) than the differences in natural variability, at
least on a synoptic scale. This statement holds more
strongly for Sea Level Pressure and Surface Air Temper-
ature, than it does for Sea Surface Temperature.

Reference to the system design curves in Sections 4, 5, and
6 (or reference to Table 8-4) shows clearly that System #¥3,
with 100 highly accurate and reliable data buoys in each
verification area, is providing a reduction in Initial Guess
RMS analysis error of 61—84% for Sea Level Pressure,
82—88% for Surface Air Temperature, and 35—62% for Sea
Surface Temperature. It is obviously this latter param-
eter which holds the system effectiveness to the range 0.59
to 0.76 throughout the four verification areas. (See set of
values at the bottom of Table 8-4.)

In all verification areas, the lowest cost effectiveness

ratio (most cost effective system) is achieved using System

#2 with 20 buoys. The highest cost effectiveness ratios (least
cost effective systems) are produced by System #1, with 100
buoys in each verification area, with the exception of the
Atlantic High Variability area, where System #3 with 100
buoys has the highest cost effectiveness ratio. The minimum and
maximum cost effectiveness ratios are compared in Table 8-5.
It must be held in mind that the cost effectiveness ratios in
Table 8-5 are dependent on the assumptions that system costs
are equal in each verification area, and that the costs are,
indeed, representative of a moored limited capability data buoy
system.

Table 8-5 shows very clearly that, given the assumption that
reduction of RMS analysis is a good criterion for measuring
system effectiveness, then it is a poor strategy to implement a
system comprising many buoy data collection platforms that
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Note:

Costs are for illustrative purposes only;

they should not be used for budgeting or planning.

100
Implementation
Plus
10-year 50
Operating Cost
(M)
0
100
Implementation
Plus
10-year 50
Operating Cost
(M)
0

Fig. 8-1. Cost

Pacific High Variability

1] | L] i ] Li 1 L] L 4
oy -
b1 System =+
= 3 -
r_ Humber of Buoys =
h— -
= L
o L
s -
L 20 i

(0l 00 (O el (0] 3 (]300 e (1) (5 i )57/ () () i (0)56°) g |
Pacific Low Variability
T ] ; 4 L ¥ 1 L] L]
e ;
1 | l L L | 1 L 1
() ) S Ty N P O S T T )L 0 W O0E 0 e

Effectiveness

effectiveness comparisons for Pacific areas.

164

.0

.0



Note:
Costs are for illustrative purposes only;
they should not be used for budgeting or planning.
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Fig. 8-2. Cost effectiveness comparisons for Atlantic areas.

165


https://budgeting.or

have low reliability and introduce considerable errors in
the data. A preferred strategy is to implement a few highly
reliable and accurate buoys. This is exemplified by noting
that in the Atlantic Low Variability area, 20 buoys in System
#2 produce essentially the same system effectiveness as 100
buoys in System #1. The system capabilities and (assumed)
costs are shown in Table 8-6.

TABLE 8-5
MINIMUM AND MAXIMUM COST EFFECTIVENESS RATIOS
Verification | C/E min System | No. of | C/E max System |No. of
Area ($M) B No.* |Buoys ($M) Effec. No.* [Buoys
Pac Hi Var 49,3 0.36 2 20 90.2 0.54 1 100
Pac Lo Var 58.5 0.30 2 20 140.0 0.35 1 100
Atl Hi Var 47.5 0.37 2 20 94.0 0.69 3 100
Atl Lo Var 51.4 0.35 2 20 130 0.36 1 100

* See Table 8-1 for system characteristics.

TABLE 8-6
COMPARISON OF EQUALLY EFFECTIVE SYSTEMS
IN THE ATLANTIC LOW VARIABILITY AREA

No. of Standard Deviation
A gﬁ: Effec. Data Pt;l). of Data Error
Buoys ; SLP | SAT | SST
(mb) | (°C) | (°C)
1 49 0.36 100 50 1.0 1.0 1.0
o 18 0.35 20 80 0.5 0.5 0.1

The implication drawn from Table 8-6 is that it is better
to have 16 data buoys on the average reporting data that
are essentially twice (or more) accurate than that stem-

ming from 50 data buoys on the average reporting data

with errors having standard deviations of the order of
1 mb and 1°C. Furthermore, the indicated level of effec-
tiveness can be achieved with 20 System #2 buoys at a
cost that is 60% less than the cost of 100 System #1 buoys.
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® In many instances, it may be desirable to set a level of fund-
ing and determine what system effectiveness can be achieved.
For example, assume that $40 million can be spent for imple-
mentation and 10 years of operations for a data buoy system
in the Pacific High Variability area. Table 8-7 compares
the effectiveness of the three systems on this constant cost
basis. Clearly, the more reliable and accurate System #3
is the preferred choice, with 53 data buoys.

TABLE 8-7
COMPARISON OF EQUAL-COST SYSTEMS IN THE
PACIFIC HIGH VARIABILITY AREA

System | Cost ’ Approximate Number C/E
Number | (gnpe| Effectiveness of Data Buoys $M)
1 40 51 80 79.5
2 40 58 60 69.0
3 40 63 53 63.5

While the above comments are not intended as aids for decision-making at this
time, they are illustrative of the types of comparisons that can be made when more
accurate cost-performance data become available. As examples, they indicate
that many types of system tradeoffs can be investigated in a straightforward manner.
Furthermore, it is believed that the orders of magnitude of costs and effectiveness
values are commensurate with results that will stem from more accurate future
analyses.

8.2 A Typical System Design Covering All Four Verification Areas, Using Three
Environmental Parameters

Under certain circumstances, it may be necessary to determine the effective-
ness of environmental data collection systems of global scale. As an illustration
of some of the possible system tradeoffs that can be made evident, the individual-
buoy networks presented in the previous subsection will be considered to com-
prise a single data collection system. Because each of the verification areas
involves its own unique set of system design curves, system effectiveness must be
determined first in each verification area, for each parameter. The average of the
twelve effectiveness values provides the overall effectiveness of the entire system,
assuming parameters and verification areas are of equal importance.*

*If desired, it is a simple matter to use relative importance weights for param-
eters within areas, and additional relative importance weights for the verification
areas. See Ref. 7 for a detailed discussion of the use of relative importance weights

in cost effectiveness analyses.
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The average total effectiveness values have been given in Table 8-4. They are
summarized below for convenience in Table 8-8, along with total system costs and
cost effectiveness ratio values. These data are plotted in Figs. 8-3 and 8-4.

TABLE 8-8
TOTAL SYSTEM COST AND
EFFECTIVENESS CHARACTERISTICS

g .

System Number of Liverage i C/E

Numb Data Buoys ol Cost | emy
f y Effective. ($M)

80 0.284 64 225

1 160 0.354 110 311

400 0.447 196 438

80 0.346 70k 205

2 160 0.454 127 280

400 0.601 230 383

80 0.380 80 211

3 160 0.507 138 272

400 0.668 262 392

Figure 8-3 shows that for constant system costs (implementation plus 10 years
of operations) in excess of $80 million, System #3 is preferred, because if gives the
greatest effectiveness for a given system cost. For specified total system effective-
ness in the range 0.38 to 0.67, System #3 dominates the other systems; that is,
System #3 provides the desired effectiveness at the lowest cost.

Figure 8-4 indicates that minima in cost effectiveness ratios do not exist for
each of the systems. Indeed, the case of 20 data buoys in each verification area pro-
vides the lowest cost effectiveness ratio for each system. However, in comparing
the three systems, with constant numbers of buoys in each system, it is apparent that
System #2 has the lowest cost effectiveness ratio at the 20-buoy and 100-buoy per
verification area. But for 40 buoys per verification area, System #3 has the lowest
cost effectiveness ratio.

In all cases, it is evident, for these assumed cost figures, that System #1
is the least preferred strategy; that is, higher reliability and lower standard devia=-
tion of data error is preferred on a cost effectiveness basis. This generally stems
from the fact that the design curves in Sections 4, 5, and 6 have shown that, for Sea
Level Pressure and Surface Air Temperature, the knee of the curve of percent
reduction of Initial Guess RMS analysis error (effectiveness) is achieved with about
20 to 40 data buoys (or, equivalent data collection platforms) in each verification
area. The design curves also make it apparent that for 40 buoys per verification
area the loss in parameter effectiveness in going from a reliability of 90% and a
standard deviation of error of 0.1 to 0.01 (mb or °C) can result in a loss of more than
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20% in effectiveness for specific parameters and areas. The difference between average

total effectiveness values is 15%.)

It is of interest to be able to compare the average contribution of effectiveness
due to each parameter in each system. Such a comparison is shown in Fig. 8-5, where
total system effectiveness is defined as the average percent reduction in Initial Guess
RMS analysis error for all three parameters, divided by 100 (see Eq. 8-1), The figure
shows that in every case, Surface Air Temperature is the greatest contributor to total
system effectiveness, and Sea Surface Temperature is the least contributor. The
contribution of Sea Level Pressure to effectiveness is generally about 60—80% of that
provided by Surface Air Temperature. (It has been noted in Section 5 that the better
reduction of Initial Guess RMS analysis error found for Surface Air Temperature is
probably due both to the use of the 63 X 63 analysis grid and the fact that the natural
variability of Surface Air Temperature does not possess the finer scales found in Sea
Level Pressure and Sea Surface Temperature. Therefore, the comparative results
shown in Fig. 8-5 are in keeping with the findings presented elsewhere in this report,)
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8.3 General System Design Using Three Parameters

The experimental data developed during the course of the study provide the basis
for development of a technique for utilizing the results for buoy network and system
design which may proceed in successive stages of complexity. The first stage could
start with a three-parameter system of surface variables only—Sea Level Pressure,
Surface Air Temperature, and Sea Surface Temperature—and then expand to include
the error estimates made for sub-surface sea temperature and upper air pressure
height. In parallel, a hierarchy of constraints may be imposed as development
proceeds. These include constraints on network effectiveness, engineering con-
straints related to the state-of-the-art, and others such as economic and geographic
constraints. Later, more complex forms of reliability and redundancy may be intro-
duced.

The network design technique should accept whatever constraints are defined as
input data and, on the basis of those constraints, provide a list of data networks whose
characteristics satisfy the constraints. The goal is to arrive at the single "best"
network for deployment.

The simplest system design technique involving the three surface parameters
studied (i.e., Sea Level Pressure, Surface Air Temperature and Sea Surface Temper-
ature)will be discussed further in this section. The network design characteristics
are:

® number of buoys in a verification area
® overall system reliability
® parameter data error

The input constraints are the maximum allowable RMS analysis error—or some
other suitable measure—for each of the surface parameters. For a network to be
acceptable, the resulting analysis errors must satisfy the constraints for all three of
the parameters. Thus, the RMS analysis error, &, for each parameter must be equal
to, or less than, the maximum error allowed: that is,

LS gMaxSLP, Caar * E\MaxSAT; eyl CrSST ) £MaxSST.
If the network satisfies the constraints, it becomes a candidate for deployment.
Further constraints can reduce the number of networks. For example, networks that
are beyond the state-of-the-art can be eliminated immediately; cost can be introduced
to eliminate too-expensive networks or to select the most cost effective network,

It is obvious that for a given set of constraints a very large number of networks
could be defined that satisfy the constraints. It is equally obvious that many of these
networks do not differ greatly from one another. A finite, tractable number of networks
can be defined simply by assigning a number of discrete values to the network charac-
teristics. The guiding principle here is to define discrete values such that the discrete
network ultimately chosen for deployment does not differ significantly from the one
that would have been chosen from an infinite ensemble of networks.

A computer program for the simplest design technique would comprise a data
bank containing the design characteristics of each defined network and its corresponding
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routine for selecting and printing those networks that satisfy the input constraints.
Implicit in this effort is translation of the range of values for accuracy and reli-
ability toward estimates of more definitive measurement requirements (perform-
ance specifications) as an initial step followed by consideration of buoy network
data in addition to ship-of-opportunity data at various levels of threshold.

As a set of representative solutions to values of the typical system design
applications, the following variables given in Table 8-9 have been used in a computer
program designed to provide average reduction of Initial Guess RMS analysis error
(%) in each verification area, based on equal importance of the three parameters, and
the total average reduction of Initial Guess RMS analysis error (%) for all four veri-
fication areas, assuming equal importance of each area.

TABLE 8-9
VALUES OF SYSTEM DESIGN VARIABLES
IN EACH VERIFICATION AREA

e Number of Data Collection Platforms: 20, 30, 50, 100

e System Reliability: 100%, 80%, 50%

e Standard Deviation of Data Error:

(all combinations) Sea Lev. Surf. Air | Sea Surf.
Pressure Temp. Temp.

0.0 mb 0.0°C 0.0°C
0.1 0.1 0.01
0.5 0.5 0.1
1.0 1.0 1.0

The variations in system characteristics indicated in Table 8-9 results in a total
of 3840 effectiveness values, generated for the four verification areas and the com-
posite of the four areas. These results are tabulated in Appendix H. They can be used
to provide a check on more explicit analyses, such as those given previously in this
section, or they can be used as a ready reference for relating system effectiveness
values to the system characteristics required to achieve a specified level of effective-
ness.

Ultimately, it will be desirable to develop a computer program that will provide
complete flexibility for specifying different characteristics for each of the parameters
in each of the verification areas. Such a program is feasible, and has been structured
in principal. However preparation and checkout of the computer program does not fall
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within the scope of the present study effort. It is anticipated that this useful system
design tool may be prepared in the near future.

8.4 Summary

This section has used assumed system costs for three typical data buoy systems.
Numerous examples of systems cost effective analyses, system tradeoffs, and pre-
ferred systems design have been presented. In most instances, based on the assumed
costs, it has been apparent that the preferred systems were those with higher reli-
ability and lower standard deviation of data error. This implies that fewer ''good’
data buoys are preferable to more "poor'' data buoys, even though the system cost of
the ''good'' buoys was as much as 34% higher than the system cost of 'poor' buoys.

The examples presented in this section have been couched in terms of moored
limited capability data buoy systems. It should be evident to the reader that the
effectiveness analyses are actually independent of data collection platform type. Any
other platform, having similar reliability and data error characteristics would pro-
duce the same effectiveness results, Only the costs—taken from Reference 7—are
directly associated with data buoy systems. In this sense then, the effectiveness
results presented here are essentially universal in character and could be used for
similar system studies associated with other data collection platforms.
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APPENDIX A

" JUSTIFICATION FOR THE ELIMINATION FROM
THE STUDY OF THE PARAMETER SEA TEMPERATURE At 600 FT



The EM/SE Study is based on two assumptions:

e A typical, realistic "true" analysis of an environmental parameter can
be postulated; and

e The accuracy of an operational analysis of the environmental parameter
using conventional data sources can be estimated with the aid of the
postulated '"true'" analysis and used as a benchmark for evaluating the
impact of additional data sources, such as automatic data buoys.

For the parameters Sea-Level Pressure, Surface Air Temperature, and Sea Surface
Temperature, the assumptions appear valid. These parameters are known well enough
to permit the definition of "true' analyses with representative scales and variabil-
ity. Further, the analysis models depend heavily upon actual observations of the
parameters for definition of the operational analyses. Often, enough observations
are available to produce useful analyses, although they are not necessarily totally
adequate. By using a normally available collection of synoptic data in conjunction
with the postulated '"true'" analysis, an estimate of the accuracy of operational
analyses produced with particular analysis models may be made.

For the parameter Sea Temperature at 600 ft (T600 ft) or any other sub-
surface temperature parameter, however, there does not exist enough synoptic or
near-synoptic information to permit the definition of a realistic postulated
"true" analysis. The bathythermographic data normally available for analysis
usually comprise a 4-or 5-day collection of observations that tend to occur in
a few string-like patterns along ship tracks over the collection period. Or,
they are concentrated in relatively small regions and, in general, are totally
inadequate to describe the overall T600 ft field accurately. To overcome the
lack of data, the FNWC analysis model estimates the T600 ft field by extrapolating
downward from the sea surface where more abundant data exist, using climato-

logical and physical constraints and actual data where available.



To incorporate the T600 ft parameter into the EM/SE Study, it would be
necessary to postulate the three-dimensional temperature structure from the sea
surface to a depth of 600 ft in a physically consistent and realistic manner.

This is necessary to evaluate and implement the extrapolation procedures of the

FNWC analysis model and to evaluate the final operational T600 ft analysis. It is
the opinion of both CEM and MII that the large uncertainties involved in postulating
this required three-dimensional temperature structure would make the results of

the T600 experiments highly questionable. For this reason, CEM recommended the

elimination of the T600 ft parameter experiment from the EM/SE Study.
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SEA-LEVEL PRESSURE
GENERAL EXPERIMENTAL RESULTS
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Fig. B-9. Experimental results for Sea Level Pressure: RMS analysis gradient error in the Pacific High Variability area.
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Fig. B-10. Experimental results for Sea Level Pressure: RMS analysis gradient error in the Pacific Low Variability area.
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Fig. B-11. Experimental results for Sea Level Pressure: RMS analysis gradient error in the Atlantic High Variability area.
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Fig. B-12. Experimental results for Sea Level Pressure: RMS analysis gradient error in the Atlantic Low Variability area.
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Fig. C-1. Experimental results for Surface Air Temperature: RMS analysis error in the all Northern Hemisphere area.
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Fig. D-3. Experimental results for Sea Surface Temperature: RMS analysis error in the Pacific High Variability area.
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Fig. D-5. Experimental results for Sea Surface Temperature: RMS analysis error in the all Atlantic area.
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Fig. D-6. Experimental results for Sea Surface Temperature: RMS analysis error in the Atlantic High Variability area.
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Fig. D-7. Experimental results for Sea Surface Temperature: RMS analysis error in the Atlantic Low Variability area.
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Fig. D-8. Experimental results for Sea Surface Temperature: RMS analysis error in the Gulf of Mexico.
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Fig. D-9. Experimental results for Sea Surface Temperature: RMS analysis gradient error in the Pacific High Variability area.



0.50 == - - S 0.50 +
Pacific Low Variability -
. Sea Surface Temperature
0.49 4 RMS Analysis Gradient Error 1
Buoy Networks: 6008, 300C, 150A, & 758
Redundancy Threshold: 75% & 50%
0.48 + Ships Only, and Buoys plus Ships -
0.47 L
Standard
0.46 + NDeviation T
of Data
SST Error
0.45 = 5 - =t - ES - 0.8%
NS (deg. C)
ANALYSIS- 0.44 4 4
GRADIENT
ERROR 0.43 + 1.0 1.0 4
(deg. C 3.0

o

Fy

-—
3

Initial Guess Error
Ships Only (14 Ships) @ = 1 deg. Cl - =

= per 3.0
[ grid 0.42 + 0 +
b= interval) : p 1.0

JA
l
|
|
|
|
|
|U!Q
T
|
|
Sooe
A
1
|W
J[;
I

S —. 1 e | =101 00 3
0.40m= /T E 0.5 4o 0.5 4 : 0
80 0. L ——00 0

0.39 + x 1+

0.35 " i " 1 L ] " 1 " '] " [} . 10.35 - ]
Fail Rate------- | ox 202 s0%| 0% 20% s0%] 0% 20% 505 ) 0% 20% sox| 0%  20% 50%] 0%  20% sox| oz a0% sox| ox 20 50%
No. of Buoys----| 206 165 103| 205 164 103 ] 103 g 52| B9 7 45 | 28 22 1wl o7 9 |18 14 9 f 14 m 7
Buoy Network---- | 6008 | 6008 | 006 o 300¢ | 1508 | 1508 | 768 | 768
Threshold------- | 75% ] 50% | 75% | 50% | 75% | 50% | 75% | 50%
Orig. Buoy | | I | | | |
200 200 300 300 ; 400-500 400-500 700 700

Spacing(n mi)

Fig. D-10. Experimental results for Sea Surface Temperature: RMS analysis gradient error in the Pacific Low Variability area.
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Fig. D-11. Experimental results for Sea Surface Temperature: RMS analysis gradient error in the Atlantic High Variability area.
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Fig. F-3. Postulated buoy network 150B.
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Fig. F-5. Postulated buoy network 76A.
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APPENDIX G

PROBABILITY OF TRANSIENT SHIP REPORTS AS A
FUNCTION OF DISTANCE BETWEEN SHIPS
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Probability of at least one ship in a 100 n mi square.
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Probability of at least one ship in a 200 n mi square.
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Probability of at least one ship in a 300 n mi square.
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APPENDIX H

EFFECTIVENESS SCORES FOR
POSTULATED DATA COLLECTION SYSTEMS



Buoys[ReHa- Standard Deviation SLP Effectiveness SAT Effectiveness SST Effectiveness Effectiveness Avg.
per |bility|of Sys. Data Error Pacific Atlantic Pacific Atlantic Pacific | Atlantic Pacific Atlantic Total
Area | (%) [9g1p 9sar s | Hivar Lovar| Hivar Lovar | Hivar LoVar | HiVar LoVar | HiVar _LoVar| HiVar Lovar | Hivar Lovar | Hivar Lovar ]| Effect.
26 | 100 |0e0 0s0 a0 Ce0 Ve28 0050 Je4l | Us50 0068 |0e6d 0077 | 0el3 Nel2 [0698 0616 | 0e4l 0e3b [Coss 0e4i | 046l
20 | 100 [0e0 060 0ol | Ue6U 0628 |0056 Jet2 | 0e5C 0668 |0e68 0e70 | 0013 Je13 0608 Neléd | 0esl 0o36 {0as4 Jesi | Vel
20 1 130 0e0 CGel 0elU ] 0e6U 0e28 |0656 Ue42 | 05U 0063 [0e53 0e70 | 0613 .12 0608 2613 | 064l 0636 [Oeve 0e4: | Oesl
2C 1100 [0e0 000 1600 | Ue60 0423 0056 0642 | 0050 0068 0668 0070 | 0609 Ie06 [0008 060% | 0.40 0033 [Je44 0035 | 0o 39
2€ 1100 |0e0 0.1 0.0 UebU Vo283 |0e56 0642 | Vo5V 0e67 0667 0069 | 0013 Jel3 0,08 0Osl6e| 0s41 0436 [0e4e 004z | Oosl
2C | 100 |0s0 0ol 0001 0,60 0628 |0e56 0662 0650 0067 [0e57 0669 | 0013 0o13 |0.08 0Oolé 0e41 0036 |0e4c 0o4: 0.61
2C | 100 |0s0 0.1 O0.l0 060 0029 |Ue56 0642 0650 0e57 [0e67 0669 0el3 0012 0,08 0.13 0e41 0636 [0s26 0062 0,41
2C |1 100 |0e0 Cel 1le0U 0060 0628 |0e56 Qe42 0650 0667 |0e67 0669 0s09 0s04 [0.08 0,064 040 0033 |0e46 D639 0639
20 | 100 |0e0 Coe5 060 0660 00238 |0e56 0042 0048 0065 |0ebs 0667 Oe13 0el13 [0.08 0,16 0e41 0635 [0e42 0esl 0040
2C | 100 |0eu Ge5 0601 Ue60 0028 |0e56 WVe42 0e48 0665 |0e6% 0e67 Oel3 0013 0.08 0Oeléc] 0e41 0035 [0e23 0o6l 0,40
2C | 10U j0e0 Ce5 O0ol0 0e6VU 0628 |0e56 De42 0648 0665 |0e64 0667 0el3 0e12 0408 0613 0040 0635 [0.42 O0e41 0040
20 | 100 |00 0e5 100 0s60 0628 |0e56 0642 0648 0065 [0e56 0067 0.09 0s04 0,08 0,04 | 0639 0032 [0.43 03¢ 0. 38
20 | 100 |0.0 1e0 0.0 0660 0628 |Ue56 Vo462 047 0062 (060 0e66 O0ell 0cl3 ]0.08 0clée] 0040 0o34 |0e4l 0640 0. 39
20 | 10V fueU 160 0.01 0060 0428 |0e56 0042 0647 0662 |0s60 O0o66 0.13 0.13 |0.08 0,14 040 O0e34 |0o41 0,40 0e 39
2C | 100 |Osu 1e0 0610 0:60 06028 [0e56 0042 0047 0062 060 0,64 Oel3 0012 0,08 0.13 0s40 0634 [0.41 0,40 0639
2C | 100 |ue0 1.0 1,00 0:60 0028 [0e56 Jeé2 0,47 0662 060 0056 0,09 0004 [0.08 006 0¢39 0031 (041 0.37 | 0,37
20 | 100 |0s1 060 060 0s60 00238 [0e56 0Oe4l 0050 0668 |0.58 0070 Ocl3 0el13 008 0cl4 | 0e41 0036 [0Ocdé 0,62 0041
20 | 100 |Cel 0.0 0.01 0660 0628 [0e56 O0o¢l 0e50 0068 |0s68 0670 0el3 0013 0,08 O0.16 0e41 0036 [0o48 0,42 0. 41
20 | 100 |0s1 0.0 0.10 0s60 0028 |0.56 0.6l 050 0.68 |0.68 0,70 0s13 0012 0,08 0.13 0s41 0036 [0.44 0,41 0.41
2C | 100 |0e1 0eO 1,00 0:60 0628 |0.56 0041 050 0068 [0e68 0,70 0,09 0,04 |0.08 0,04 0s40 0033 |0.646 0,38 0. 39
2G | 100 |0el (Gel 000 0060 0028 |0s56 Ueél 0s50 0e67 [0e67 0669 O0el3 0e13 0,08 O0.14 | 0c41 0036 [0e66 0,61 0. 41
2C | 100 |0.1 G.1 0.01 0,60 0,28 |0.56 0,61 050 0067 [0.67 0669 0el3 0¢13 0408 0el4 | 0o41 0036 [0o46 0.41 0. 41
20 | 100 0.1 0.1 O.lO 00660 0028 |0s56 0041 0650 0067 [0s67 0669 0,13 0,12 |0.08 0,13 0e4l 0636 [0e46 041 0.40
20 | 100 j0.1 0.1 1.00 Ue60 0028 [0.56 0.1 0650 0467 [0e67 0069 0,09 0,04 0,08 0,04 0,40 0.33 0.4¢ 0,38 0.39
20 | 100 |01 0.5 0.0 0060 0028 |0s56 0.6l 0048 0s65 [0e64 0067 0e13 0,13 0,08 O0.1¢ Oe4l 0635 0,42 0.6l 0.40
20 |10v |0el Ge5 0.01 0e60 0028 |0s56 0.6l 0048 0,65 [0.64 0067 Oel3 0el3 0408 Oel4 | 0e41 0035 (0,43 0.6l 0.40
20 |10V 0.1 0.5 0.10 060 0628 |0s56 0,61 048 0,65 [0s646 0067 O0el3 0.12 |0.08 0.13 Oc4l 0035 0.43 0.40 0640
20 | 100 |0e1 (o5 1600 0s60 0028 [0s56 0041 0e48 0.65 |0.64 0067 009 0,04 0,08 0.0¢ 039 0032 J0.43 0,37 0. 30
20 | 100 |0s1 L0 0.0 0s60 0028 [0.56 Vo8l 0e47 0062 |0.60 0.66 O0el3 Je13 0,08 0,14 0440 0034 |04l 0.40 0639
20 |100 |01 1.0 0.01 0s60 06028 |0s56 0.6l 0s67 0062 [0.60 0064 Oel3 0¢13 |0c08 O0o14 | 0,40 0034 |0e41 0,40 | 0,39
20 100 0.1 1.0 Ool0 0s60 06,28 |0.56 0.6l 0s47 0662 [0.60 0,64 0ell 0012 0608 0e13 | 0.40 0.34 0.41 0,39 0039
20 |100 Gl 1.0 1600 |0e60 0028 |0.56 0,41 0047 0062 (0060 0064 | 0,09 0.06 (008 0e06 | 0.39 0031 {0.61. 0.36 | 0037
2C | 100 0.5 0.0 0.0 0e61 06026 [0e54 0635 Ce50 0063 0468 0070 | Qel3 0el3 0608 Ocléc] 0s42 0.36 [0.843 0,40 0.40
20 | 100 0.5 0G.0 0.0l 0e61 0626 |0e54 0035 0550 Je6d [0e68 0070 | Ocl3 O0el3 [0.08 OGoléo] 062 0.36 [3.43 0.40 | 0.¢0
2C€ | 100 |0e5 0.0 0.10 0061 0026 |0e54 0635 0¢50 0,68 [0s68 0070 | O0el3 0.12 0,08 O0o13 | Oc4l 0,36 [0.43 0.39.] 0.40
20 | 100 0.5 0.0 1.00 Oe6l 06026 |0e56 0035 0e50 0468 |0668 0o70 | 0.09 0.06 |0.08 0.06 | 0,40 0.33 [0.43 0.36 0630
20 {100 (05 Col 0.0 Ge61 0626 |0s54 0635 050 Q67 |0e67 0069 Oel3 0613 0,08 Oclé |.0.61 0036 0,43 0,40 0,40
20 | 100 0.5 0.1 0.0l 0s61 0.26 |0e56 035 050 0s67 [0.67 0069 0e13 0.13 |0.08 0.164 0s61 06036 |0.43 0.40 | 0.40
20 |10 0.5 C.l O.l0 0e61 0026 |0.56 0635 0650 06067 |0s67 0069 | 0o13 0012 [0.08 0al3 0e4l Q0435 |0.43 J.39 0,40
20 {100 [0.5 0.1 1.00 Oe6l 0.26 |0.56 0035 0050 0667 [0e67 0669 | 0.09 0.06 0,08 0604 040 0033 |0.4) 0.3¢t.| 0,38
20 J100 [0e5 Ce5 060 0e61 0626 |0s54 0635 0048 0065 [0e66 0667 | 0el3 0o13 [0008 Oelée] 0041l 0035 [0e42 0.3%. | 0,39,
20 | 100 [0.5 Co5 0.01 0.61 0026 |0.56 0,35 0e48 0s65 [0s66 0067 O0e13 0613 0,08 O.lé 0.41 0,33 |6.42 0.39 0. 39
20 |100 045 Ce5 O0.10 Ge61 0026 [0.54 0.35 0048 0665 0064 0067 0.13 0.12 0,08 0.13 0e41 0035 |0.42 0,3¢ 0. 39
20 |100 0.5 Co5 1.00 0s61 0026 |0.54 0035 0648 0065 |0s646 0067 0,09 0,04 |0.08 0.06 0.40 0632 0042 0.35 0,37
20 | 100 jUeS 1.0 060 0e61 UVe26 |Ue54 0033 0047 0062 [0s60 0066 O0el3 0¢13 0,08 Osléc.] Oo41 0.3¢ JO.41 0.30 0. 38
20 | 100 JueS 1.0 0.01 0e61 0026 |0.54 0035 0e47 0062 [0.60 0.¢¢ O0el3 013 0,08 0.14 | 0e41 0.3% [0o41 0,30 0. 38
20 |100 |0s5 1.0 0010 0e6l 0026 |0.54 0635 0647 0062 [060 0064 0el3 0.12 |0.08 - &l) 0,40 0034 J0.41 0037 0430
20 | 100 JCe5 1.0 1.00 0e61 0626 |0.54 0035 0047 0662 [0.60 0.64 009 0,04 0,08 0,04 0e39 0031 |0.41 0.34 0. 36
20 |100 1.0 00 0.0 0s63 0425 |0.52 0.20 0e5C 0068 (0668 0o70 | 0ol3 0.13 0,08 0.14 | 0.42 0035 [0.43 0.37 0040
20 |100 |le0 0.0 0.0l 0063 0625 |0.52 0.28 0050 0068 (0668 0070 | 0el3 0el3 0,08 Osl4 | 042 0¢335 [0.43 0,37 0.40
20 |100 |le0 U0 O0.10 0e63 0625 052 0.2% 0050 0¢68 |0e68 070 | 0.13 0.12 0,08 0,13 0e42 0,35 |0.43 0037 039
2C |100 |lev UeO 1.00 0e€3 0025 |0s52 0.28 0650 0e6H |0e68 0.70 | 0,09 0004 |0.08 0,06 O0e4l 0,32 |0s43 .36 0.38
20 | 100 [le0 Cel Uev Ue63 0025 |0e52 V.28 0050 0.67 0e67 2669 | 0s13 0e13 |0.08 Oelé | 0042 0035 |0.42 0.37 0.39
20 100 |lev Usl 0.0l 0063 0625 |0e52 00280 | 050 0067 [0667 0669 0el3 0613 008 0.14 | 0e42 035 |0.42 037 0. 39
2C |100 lev Cel O0elV 0663 0625 |0s52 0.c8 0650 0e67 [0.67 0.69 O0el3 0.12 |0.08 Os13 0e42 0.3% |0.42 0.37 0.39
20 |1J0 lev Wel 1leuv Ce63 0625 |0.52 0.28 0650 0067 [Ue57 0069 0,09 0.04 |0.08 0,06 O0e4l 0632 |0.62 0034 0s37
2C |10 [lev Le5 0.0 Ue63 0025 |0e52 0.28 0048 0665 [0.66 0.67 O0el13 0,13 |0.08 0.l4 0042 0034 |0.61 D.3¢ 0. 3¢
20 (100 [leu Ce5 0001 JUe&3 0.25 |0052 0¢28 | 0048 0065 |0.66 0067 | 0o13 0.13 |0.08 0.14.] 0.42 0.34 [0.61 03.3¢ | 0039
20 1)t Jlev CeS5 0610 Ue€3 0025 |0s52 V.28 0s48 0665 |0s66 0e67 0el13 J.,12 |0.08 0.13 0e61 0434 |0.41 0038 0630
2C J100 J1.u Ce5 1.00 0663 Ue25 |Ue52 VecH 0s48 0.,05 [0e64 O0.67 0,09 0,04 |0.08 0,04 0s40 0031 |0.41 0.33 0.37
2C J1U0 JieV a0 00 0eb63 Je25 |Ue52 VeiB 0s47 0062 [0.60 Vo664 013 0613 2,08 016 O0e4l 0033 |0.40 0035 0.38
20 [10C le0 10 CeOl JUe63 0625 [Ue52 7628 | 0647 00062 [0e60 0até | 0el3 92413 [7.09 0.16 J 0.41 0.33 0.4C 0.25 | 0,38
2 100 lew le0 Ueld  Juend Vel 0652 Dec® | 0047 002 [0eb) 0466 | 0013 0e12 [0009 213 | 0.41 0.33 [0.40 0.35 | 0.37
2C J100 Jled dev 1ouy  Juet? Ua25 fUet2 JecH J§ 0047 0662 |0e3) Va4 | Co09 2414 ]0.03 0.06 | 0,40 0.30 Jo.60 1.32 | 0,36




Rel{ia-| Standard Deviationg SLP Effectiveness SAT Effectiveness SST Effectiveness Effectiveness Avg.
bility| of Sys. Data Errorg— e Atlantic Pacific Atlantic Pacific Atlantic Pacific Atlantic Total
(2) osLp  9SAT °§§T Hivar Lovar| Hivar Lovar Hivar Lovar | Hivar Lovar | HivVar LoVar) Hivar Lovar| H{ivar LoVar | HiYar Lovar Effgct. ;
S — e —————
80 0.0 0.0 0.0 0655 0625 | 0048 0635 Oeb44 0064 | Oebl 00606 Oell 0006 |0.07 0611 0637 0632 |0e38 0,637 0. 36
60 |00 Ue0 U,01 0635 0025 | Ve48 U635 Oe 44 0ob4 | 0s61 0066 Oell 0.06 [0.07 0611 037 0032 |0639 0637 0. 36
80 |0.0 0.0 0,10 0655 0625 | 0e48 0635 Ocbé 0064 | 0e61 0e66 0e1) 0.06 |0.07 0610 0637 0032 | 0639 0037 0036
80 |0s0 060 1e00 Ue55 0e25 | Ue48 0635 Oebé 0064 | 0s61 0066 0.06 0.03 |0.05 0,05 0635 0031 |0.38 0635 0635
80 |0s0 0.1 0.0 Ue55 0e25 | 0648 0635 0e44 0063 | 0:60 0666 Oell 0006 |0+07 0011 0e37 0632 | 039 0,37 06 36
80 |00 0.1 0,01 0655 0025 | 0s48 0,35 044 0,63 | 0.60 0666 Oell 0006 |0.07 0,11 0637 0632 039 0637 0.36
80 |0.0 0.1 O.l0 0e55 0025 | 0e48 0435 044 0663 | 060 0e66 0e10 0,06 |0.07 Oe10 0e37 0631 [0.39 0,37 0036
80 |0.0 0.1 1,00 0e55 0025 | 0e48 0635 0eb44 0063 | 0060 0666 0,06 0003 |0.0% 0,05 0035 0631 |0.38 0635 0.35
80 0.0 0e5 0.0 0655 0625 | 048 0,35 0e43 0661 | 0s58 0664 Oell 0006 |0,07 0o11 0037 0631 |0.38 0,37 0.36
80 0.0 0.5 0,01 0s55 0025 | Oc4® 0635 0e43 0.61 [0.58 0.664 Oell 0.06 |0,07 O0o1l1 0037 0e31 |0e38 0,37 0e 36
80 |00 Ce5 0.10 0655 0625 | 048 3635 0e43 0661 | 058 O0.04 0s10 0,06 |0.,07 0010 0e36 0.31 |0.3f 0,37 0,360
80 |00 0.5 1.00 0655 0025 | 0.48 0035 0e43 0661 | 058 Oo.04 0s06 0,03 |0.05 0.08% 0035 0030 |0.37 0635 0. 3¢
80 |00 1.0 0.0 0e55 0025 | 040 0635 Oe43 0659 [0.56 0663 Oell 0006 |0.07 06011 0636 0630 |0e37 0,36 0035
80 |0.0 1.0 0,01 0655 0625 | 0480 0635 0e43 0659 | 056 0063 0.1l 0006 J0.07 0011 0636 0630 037 0036 0635
80 0.0 1.0 0,10 0e55 0025 | 0048 0035 | 0043 0059 | 0656 063 0e10 0606 |0.,07 0610 0e36 0030 |0.37 0.36 0633
80 |0e0 1.0 1,00 0655 0625 | 0,48 0.35 0eé43 0059 |0.56 0063 006 0603 005 0005 06335 0029 [0e36 0034 0034
80 |O0.1 0.0 0.0 0055 0025 | 0,48 0,34 Océ4 0064 | 0061 0ell 0006 0,07 0,11 0037 0632 [0.39 0,37 0636
80 |0el 0.0 0.01 0055 0025 | 0e48 0,30 044 0e64 | 0,61 Oell 0.06 |0.07 0,11 0037 0632 |0.39 0637 0.36
80 0.1 0.0 010 0055 0025 | 048 0636 0c44 0064 | 0.61 0.10 0,08 [0.07 0.10 0637 0032 |0.,39 0637 0e 36
80 0.1 0.0 1,00 0055 0025 | 0648 0o3¢ O0eéé 0064 | 0,81 0,06 0,03 0,05 0,09 0033 0031 |0.38 0,39 0635
80 |0e1l 0Cel 0.0 0055 0025 | 048 0034 0c44 0063 | 0.60 0e.11 0006 |0.,07 O0.11 0037 0631 |0.39 0037 0036
00 (0.1 0.1 0,01 0055 0025 | 048 O0o3¢ 044 0663 | 0,60 0ell 0006 |0.07 0,11 0037 0031 |0.39 0,37 0.36
80 JOs1 0.1 O.10 0055 0625 | 048 0,34 Oc44 0063 | 0,60 0s10 0006 |0.07 O0e10 0037 0031 |0.39 0,37 0+36
80 0.1 0.1 1,00 0055 0025 | 048 0034 0e84 0,63 |0.,60 0.06 0003 0,05 0,09 0033 0430 |0.30 0,35 0.3
80 |0el 0e5 0.0 0055 0025 |0.48 0034 0e43 0061 |0.50 Oell 0006 |0.07 Oell 0¢37 0031 |0.38 0,37 0. 36
80 |0s1l Gs5 0001 06335 0e25 |0e48 0034 0e43 0061 |0.58 Oell 0006 |0.07 0,11 0037 0031 |0e30 0,37 0. 36
80 |0.1 05 0.10 0655 0025 |0.48 0,34 0e43 0061 |0.58 0e10 0006 |0.07 0010 0e36 0,31 0,30 0.3 0035
80 |0e)l 005 1,00 0655 0625 | 048 0636 0e43 06,61 |0.58 0.06 0.03 |0.05 0,08 0035 0630 |0s37 0,38 0636
80 |0el 1.0 0.0 0055 0025 |0e48 0,364 0e43 0059 |0.56 Oell 0006 j0.07 0011 0636 0030 |0.37 O0o36 038
.80 0. 1 1.0 0,01 0055 0025 | 0648 0036 0e43 0039 |0.56 Oell 0006 0,07 Os11 0e36 0030 |0.37 0,36 0635
%0 ]o.1 1.0 0.10 0e355 "0.25 [0.48 0,34 Te83 0,99 | 0.9 - Sel0 0,06 0,07 Gu10 0ed6 - 0530 {0,233 020 0033
80 JOoel 1.0 1,00 0e55 0025 |0e48 0034 0e43 0,39 | 0,56 0006 0003 |0.05 0,03 00335 0029 |0.36 0034 0. 34
60 |05 0e0 0.0 0055 0023 | 0648 0630 Oebs 0.64 |0.61 Oell 0006 0,07 O0ell 0037 0031 |0.39 0036 0036
80 0.5 0.0 0,01 055 0023 |0.48 0,30 0e44 0664 [0.61 Oell 0006 |0.07 0.1l 0637 0031 |0.39 0,36 06 36
80 0.5 00 0.010 0055, 0023 | 048 0030 O0e44 0,64 0,61 0el0 0006 |0.07 O0.10 0037 0e31 [0.39 0.3 0. 36
8 |S 0.0 1,00 0055 0023 |0.48 0.30 044 0064 0,61 0,06 0003 0,05 0.0% 035 0030 |0.38 0,34 00 34
® |65 0.1 0.0 06535 0023 |O0e48 0.30 0e44 063 |0.60 Oell 0006 0,07 0okl 0¢37 0631 |0.39 0.3 0. 36
90 0.5 0.1 0.01 0655 0623 |0.48 0,30 0e44 0,63 | 0,60 Oell 0006 0,07 Osll 0.37 On3l |0.39 0.3 036
80 |05 0.1 O.l0 0655 0s23 (048 0630 0e44 0063 |0.60 0,10 0006 [0.07 0,10 0037 0031 [0.39 0035 0,33
80 |0.5 0ol 1,00 0055 0023 | 0,48 0.30 0e44 0063 |0.60 0,06 0003 |0.05 0.03 0035 0630 030 0.4 .34
80 |0e5 Ce5 000 0055 0623 |0.48 0,30 0e43 0,61 |0.58 Gell Q06 |0.07 0.11 0e37 0030 |0.30 0,33 0035
80 |05 CeS5 0,01 0055 0023 |0o48 0.30 0.43 0.6l |O0.58 Oell 0006 |0.07 0.11 0037 0,30 |0.380 0,33 00133
80 |0e5 Co5 0010 0055 0623 | 0,48 0030 Ge43 0,61 |O0.58 Gol0 0006 0,07 O0ol0 | 0.36 0030 §0.30 0.33 0.3%
80 .05 0e5 1,00 Ce55 0023 |0.48 0,30 0.43 0,61 0.9 0e06 0003 |0,05 0.0% 0033 0029 (0,37 0,33 0634
80 |05 1.0 0.0 0e55 0023 |0.48 0630 043 0099 |0.56 0e11 0.06 0.91 Oell 0e¢36 0030 |0.37 0,35 0.38
80 |05 100 0601 0055 0023 |0.48 0030 0e43 0,39 |0.56 Oell .06 |0.07 0.1l 0636 0030 037 0,33 0033
80 |05 1.0 O0.l0 0e55 062 |0.40 0,30 0043 0,59 [0.56 0.10 0006 |0.07 O0.l0 0036 0029 |0.37 0.33 0¢ 34
60 0.5 1.0 1,00 0e55 0023 |0.48 0030 0043 0,59 |0.56 0.06 0,03 j0.05 0,09 0033 0629 (0,36 0.3 0.33
80 (1.0 0.0 0.0 0e55 0022 |0.48 0.25 0e44 0064 |O0o61 0ell 0006 |0.07 0.1l 0037 0031 0,39 0.3 0.3%0
80 |le0 0.0 0,01 0e55 0022 048 0,25 0o 44 064 0,61 Oell 0606 |0.07? 0011 0e37 0631 0639 ‘0034 0035
80 |1le0 0.0 0o.10 0055 0022 |0.48 0025 0.44 0004 |O0.61 0.10 0.06 0,07 0.10 0037 0631 [0.39 0.34 0635
80 |10 0.0 1000 0655 0022 |0e48 0,25 0ed44 0,64 |0.61 0,06 0,03 |0,05 0,05 0035 0030 |0.38 0,32 00340
80 |1.0 Ceol 0.0 0e55 0022 |0s480 0025 044 0,63 |0.60 0.1l 0.06 |0.07 O0.11 0637 0631 [0.39 0634 0035
80 |10 O0el 0,01 0e55 0022 |0e48 0,25 0e44 0663 |0.60 Oell 0,06 |0s07 O0sll | 0437 0.31 |0.39 0034 0035
80 [le0 0.1 O0.1l0 0055 0022 |[0e48 0025 044 0063 |0.60 0010 0006 [0.07 0010 0037 0030 |0.39 0,34 0035
80 1.0 Cel 1.00 0e55 0022 |0.48 0.25 044 0063 |0,60 0,06 0003 |0.0%5 0,09 0e35 0630 |0.30 0,32 06 34
80 |le0 CeS5 060 0655 0022 |0o48 0625 0e43 06061 |0.58 0ell 0,06 0,07 0011 0037 0630 [0.38 0,34 0.3
80 |10 0.5 0,01 0655 0022 |0.48 0.25 0e43 0061 [0.59 O0ell 0,06 [0.07 O0l.11 0637 0030 |0.38 0034 0,350
80 1.0 0.5 V.10 0055 Ue22 0048 J.25 0.43 0es61 |0.58 0.10 0,06 0,07 0.10 0e36 0030 |0.38 0,33 0.34
80 |1.0 0.5 1.00 0655 0e22 |08 0025 0e43 0661 |0.58 0.06 0,03 j0,05 0,05 0633 0629 |0.37 0,32 0.33
80 |1.0 10 060 055 00,220]0.48 0,25 Ce43 0059 |0.56 0.11 2,06 |0.07 0,11 0036 0029 |0e37 0,33 0034
80 |l.0 1.0 0,01 0655 0022 [0e48 o5 042 0059 |0.50 Oell Je06 J0,07 06011 0e36 0029 037 0033 0034
80 |1.0 1.0 J.1l0 Ue55 0edl |0e%B8 0625 Oe43 0059 |0.55 0e10 606 |0.07 9,10 0e36_ 0629 |0.37 0.33 0. 3¢
80 |10 1,0 1.00 Ue55 0622 J0e4d Je25 0e43 0059 |0.5%6 0606 Jo03 0,05 0,08 0035 06028 J0.36 0031 0033




Buoys |Re11a-| Standard Deviationg SLP Effectiveness SAT Effectiveness SST Effectiveness Effectiveness Avg.
per |P111ty|of Sys. Data Error Pacific Atlantic Pacific Atlantic Pacific Atlantic Pacific Atlantic Total
Area | (8) [o5ip 9sa7 955t | Hivar Lovar | Hivar Lovar | Hivar LoVar | HiVar LoVar | FiVar _LoVar| HiVar LoVar | HiVar Lovar | Hivar Lovar | Effect.
20 50 JUe 0 V. VGO0 Oc4n 0e20 |Ve37 0e27 0e29 0etl |0e34 005 -] 0607 Ve04 |0e06 0,03 0031 0028 |0e32 e 3C Ne 31
20 50 |0e0 0.0 0N.01 Oevd 0,20 |De37 0627 0¢3S 0e61 |0e534 0659 0. 07 0e04 |0.06 0009 0e31 028 0.3 .32 Oe 21
20 50 |00 Ced ColO 0e48 Ue20 |Ue 37 627 Ve3S 0e61 |0e54 0659 0,07 V.04 0,06 0.08 0e3l 0e28 |0e3Z2 .32 Ce3l
20 50 |00 V.0 1.00 Ve48 0020 0637 V627 0039 DJe61 [0e54¢ 0653 0.0% 0002 |0.04 0,04 0e30 0628 [0e32 1463C 0. 30
20| 50 [e0 Ge1l 0.0 Oe48 0e20 0037 3027 | 0639 0460 0654 0659 | 0.07 7006 [0.06 0,09 | 0e31 0.28 [0e32 9¢3: | 0.31
20 50 e0 0Oel 0001 Ue 48 0.2U |0e37 Je27 0039, 0e60 |0e5¢ 0e59 0.07 Vo064 0,06 0,09 0e31l 0.28 0632 0632 0.31
20 | 50 060 Osl 0e10 [0e48 0.20 |0e37 Ue27 | 0039 0.60 |0e54 0059 | 0,07 0,04 [0.06 0.08 | 0031 o0.28 [0.32 0.32 | 0.31
20 | 50 [Ce0 Col 1400 |0e48 0020 [0437 0627 | 0e39 0s60 |0654 0.59 | 006 0002 [0.06 0.06 | 0030 0.28 [0.32 .30 | 0.30
20| 50 |.0 o5 0.0 0e48 0020 |Us37 0427 | 0438 0458 [0e53 0.59 | 0,07 .04 10606 009 | 0.31 0.28 [0.32 0.3: | 0.31
20 50 |0.0 C.5 0.01 Oc48 0020 0037 O0.27 0628 0055 (0053 0659 |-0.07 0004 [0.06 0,09 0e3l 0628 0632 962 D631
20 | SO 0e0 Ce5 0010 |uUe4B 020 [0037 QJe2?7 | 0038 0.56 [0s53 0659 | 0Ve07 0006 [0.06 0,08 | 0.31 0.28 [0.32 0.3z | 0.31
20 | 50 0.0 05 1.00 |0.48 0.20 |0e37 027 | 0038 0e53 |0.53 0,59 | 0.0¢ 0.02.[0.06 0.06 | 0.30 0.27 |0.31 23.2¢ | 0.30
20| 50 [c.0 1.0 0.0 0048 0020 [0e37 0427 | 0037 0e55 |0e52 0659 | 0607 2404 0606 0.09 | 0.31 0.27 [0.32 0.32 | 0.30
20 | 50 |0e0 1.0 0.0l J0e48 0020 10037 0e27 | 0637 0¢55 [0e32 0659 | 0,07 0.06 [0.06 2,09 | 0.31 0.27 [0.32 9.32 | 0.30
20| 50 |00 160 0,10 |0.48 0020 [0637 0027 | 0037 0.56 [0e52 0659 | 0,07 0004 [0.06 0.08 | 0.31 0.27 0032 92.32 | 0.30
20 | 50 |00 1.0 1,00 [0e48 0e20 [0037 627 | 0037 056 [0e52 0059 | 0006 0,02 [0.0¢ 0.06 | 0.30 0.26 [0.31 3.30 | 0.29
20| 50 |oe1 Ce0 0.0 0048 0420 |0637 0¢26 | 0035 0s61 |00564 0659 | 0407 0004 [0.06 0009 | 0031 0.28 [0.32 0.32 | 0.31
20| SO [Ow1 0.0 0c01 0,48 0020 [0e37 0626 | 0039 061 [0656 0059 | 0,07 0.04 [0.06 0.09 | 0.31 0.28 [0.32. 7.32 | 0.31
20 | 50 |Cal 0.0 0.10 |0.48 0020 |0e37 0026 | 0039 0.61 (056 0.59 | 0,07 0.06 [0.06 0.08 | 0.31 0.28 [0.32 0.31 | 0.31
20 | 50 0ol 0.0 1,00 |0.48 0420 [0e37 0e26 | 0439 0.6l [0e54 0059 | 0.06 0.02 j0.06¢ 0.0¢ | 0.30 0.28 [0.32 0.30 | 0.30
20 | 50 |oel Cel 0.0 0048 0020 [0037 0026 | 0039 0060 (0056 0659 | 0607 0,06 [0.06 0.09 | 0.31 0.28 [0.32 0J.32 | 0.31
20 | SO Col 0Oel 0s01 |0s48 0020 |0637 0s26 | 0439 0,60 [0e54 0e59 | 0,07 0.06 [0.06 0,09 | 0.31 0.28 [0.32 0.32 | 0.31
20 | SO 0ol 0cl 0010 |0e48 0020 [0037 0e26 | 0639 0060 [0e54 0059 | 0,07 0.0¢ [0.06 0.08 | 0.31 o0.20 [0.32 0.31 | 0.31
20 | SO Co1 Oel 1,00 |0.48 0020 0037 0e26 | 0s39 0e60 [0e56¢ 0659 | 0606 0.02 [0.06 0,06 | 0.30 0.28 [0.32 0.30 | 0.30
20 | 50 |cel 0.5 0.0 0:48 0020 |0e37 0026 | 0438 0058 0053 0059 | 0.07 0s06 [0.06 0.09 | 0431 0028 [0.32 0.3z | 0031
20 | 50 0ol Cé5 0.0l 0.48 0.20 |0e37 0.i6 | 0038 0.58 [0.53 0.59 | 0,07 0.06 |0.06 0009 | 031 0.28 [0.32 0.32 | 0.31
20 | SO Cel 0eS 0.10 |0s48 0020 037 0e26 | 0438 0458 |0e53 0459 | 0407 0.06 [0.06 0.08 | 0.31 0.27 [0.32 0.31 | 0.31
20 | 5O Col CoS5 1000 [0.48 0020 |0037 0e26 | 0638 0.58 [0e53 0659 | 0.06 2,02 [0.06¢ 0.06 | 030 0.27 [0.31 0.3c | 0.30.
20 | s0 fc.1 1.0 0.0 0048 0020 [0637 0.26 | 0037 056 0052 0059 | 0s07 0406 [0.06 0,09 | 0.31 0.27 [0.32 92.32 | 0.30
20 | SO |Gl 160 0001 [U.48 0s20 0437 0e26 | 0e37 0e56 [0652 0659 | 0607 0.06 [0.06 209 | 0.31 0.27 f0.32 0.32 | 0.30.
20 | 50 [0a) 1.0 0.10 [0.48 0.20 |0e37 0s26 | 037 0.56 [0e52 0e59 | 0,07 0.06 [0.06 0.08 | 0.31 0.27 [0.32 0,31 | 0.30
20 | 50 |Gl 1.0 1,00 [0.48 0020 [0637 0e26 | 0037 0.56 [0652 0059 | 0,06 3.92 [0.06 0,06 | 0.30 0,26 [0.31 9230 | 0.29
20 | 50 |o.5 0.0 0.0 0e47 0019 [0.36 0024 | 0039 0,61 0e56 0e%9 | 0:07 0426 0.06 0009 | 031 0.28 [0.32 9.31 | 0.31
20 | 50 JC.5 0.0 0,01 [0o67 0019 [0036 0s26 | 0039 0e61 [0054 0659 | 0,07 .26 [0.08 009 | 0.31 0.28 |0.32 0.31 | 0.31
20 | 50 165 050 0010 0,47 0019 [0e36 0.26 | 0.39 0.81 [0e5¢ 0e59 | 0,07 0.06 [0.06 0,08 | 031 0.28 [0.32 0.31 | 0.31
20 | so S 0s0 1,00 0,67 0c19 10436 0026 | 0039 0.61 [0e5¢ 0059 | 0,06 0.02 [0.06 0,06 | 0.30 0.27 [0.32 9.29 | 0.30
20 | so S Ol 0.0 0047 0019 [0636 0s26 | 0439 0060 056 0659 | 0007 0.06 [0s06 0s09 | 0.31 0.28 [0.32 0.31 ] 0.31
20 | so S Gl 0001 J0.67 0a19 |0436 0026 | 3639 0s60 [0.56 0459 | 0,07 0.06¢ [0.06 0.09 | 0.31 Q.28 [0.32 0.31 | 0.31
20 | so Io.s Ocl 0010 0047 0019 2636 0026 | 0039 0060 [0eS+ 0e59 | 0407 0,06 [0.06 0,08 | 0.31 o0.28 [0.32 0.31 | 0.31
20 | 50 109 0wl 1.00 [0s67 0019 |0e36 Ue26 | 0439 0060 [0.56 0459 | 0404 V.02 [0.06 0w06 | 0.30 0.27 [0.32 0.29 | 0.30
20 | so S Ce5 0.0 047 0019 [0036 0026 §0.38 0.58 053 0e59 | 0,07 9.06¢ 0,06 0.09 ] 0.31 0.27 l0.32 o0.31 | 0.30
20 | 50 0.5 CeS5 0401 J0o47 0e19 0036 0o24 || 0638 0.58 [0.53 0¢59 | 0,07 0006 [0,06 0.09 | 0.31 0.27 j0.32 0.31 | 0.30
20 | 30 &S CoS 0010 047 0019 0636 0026 | 0038 0.56 |0e53 0059 | 007 0,06 |0.06 0,08 | 0.31 0.27 |0.32 0.31 | 0.30.
20 | 50 6.5 0.5 1,00 [0.67 0.19 |0.36 0.26 | 0.38 0.58 [0e53 0.59 | 0.06 3.02 [p.0¢ 0.06 | 0.30 0.27 [0.31 0.29 | 0.29
20 | s0o la.s 1.0 0.0 0047 0019 [0036 0e26 J 037 0056 0652 0059 | 0007 .06 0,06 0.09 | 0.31 0.26 f0.32 3.31 | 0.30.
20 | 5o S 1.0 0,01 0,67 0019 [0.36 Ue24 J0e37 0.56 [0052 0.59 | 0.07 0.0¢ Jo.06 0.09 ] 0.31 o0.26 [0.32 0.31 | 0.30
20 | %0 5 160 0010 J0o47 0019 |0.36 0,26 J0e37 0.56 0452 0659 | 0.07 0.06 Jo.06 0,08 ] 0.30 0.26 [0.32 3.31 | o0.30
20 | SO [0S 1.0 1,00 [Oo67 Uel? [Ue36 D026 JUeIT 0.56 [0.52 0.59 | 0.0¢ 0.02 [0.06 0s06 | 0.30 0.26 [0.31 0.29 | 0.29
20 | 0 |le0. 0.0 0.0 0047 0418 [0e36 0622 | 0039 0061 036 0059 | 007 0.06 j0.06 0.09 | 0.31 0.28 [0.32 0.30 | 0.30
20 | SO Jl.0 0.0 CoOl JO.67 0.18 [0036 0.22 | 0639 0061 [0.56 0.59 | 0607 0.06 J0.06 0.09 § 0.31 0.28 [0.32 2.3¢ | 0.30
20 | 53 Jle0 0.0 0010 0e&7 UelB 0636 Ue22 | 0439 0o51 [0.56 0459 | 0.07 0.06 [0.06 0,98 § 0.31 0.28 [0.32 o0.30 | 0.30
20 | SO 1.0 0.0 1.00 0,67 .18 [0.3¢ 0022 | 0439 0.61 [0.56 0459 | 0606 0.02 [0.06¢ 0.06 | 0.30 0.27 [0.31 o0.2¢ | 0.29
20 | 0 [l.0 c.1 0.0 0o 47 0018 10036 0,22 | 0.3° 0.60 0656 0059 | 007 004 [0e06 0,09 | 0.31 .28 [0.32 3.30 | 0.30
20 | 50 Jle0 Gol 0¢01 [Co®7 0e18 JUe3b6 0022 | 0039 0060 [0.5¢ 0459 | 0,07 0.06 10,06 0,09 f0.31 0.28 [0.32 0.3¢c | 0.30
20 | 50 [le0 0s1 0010 [0e47 UelB [0e36 0622 | 0s39 0,60 [0.56 0459 | 0,07 0.06 0.08 | 0.31 0.28 0,32 7.30. ) 0.30
20 | 50 [1.0 0el 1600 Jues7 0018 [0036 2622 | 0639 0460 [Ue56 .59 | 006 0.02 0.06 | 0430 0027 [0.31 .28 | 0029
20 | S0 [1.0 Te5 0.0 Ve47 0018 |0e36 0ozl | e384 0058 [0.53 0459 | 037 2.06 0,09 | 0.31 0627 J0o32 .30 | 0.30
20 | %0 [leu Ceb5 0001 J0o47 0e18 J0e36 Vei2 | 0o2H 0.58 [0.53 0059 | 0.07' 2,06 0009 | 0e31 0627 J0o32 0.3 | 0030
20 | S0 [1e0 Ce5 0elu JUesT V.18 J0e36 622 | Ue3B 0,58 [0e53 0059 | 0.07 o0.06 0.08 | 0.31 0.27 0,32 9.20 | 0.30
20 | 50 [1.0 0e5 1,00 Jues7 0.18 [0036 0,22 | 0.38 0058 [0.53 0.59 | 0.06 0.02 0.06 | 0.30 0,26 [0.31 o0.20 | 0.29
20 | su 1.0 1.0 0.0 Jo4T 0el18 Ue36 0e2¢ | 0e27 0656 [0.32 0659 | 0.07 2.04 0,09 | 0.30 0.26 [0.31 0.30 | 0.30
20 | 50 [1.0 160 0.0l Joe47 0e18 [Ue3e 0e22 J0.27 0.56 [Ue52 2459 | 0.07 .06 0,09 | 0,39 0.26 [7.31 9.30 | 0.30
20 S0 [le0 1.0 0.19 Je4T UelB |Uess )e2¢ Ye3T 0656 [)e52 0659 0.07 J.04 0. 09 0¢30 0026 0631 Je2t 0. 30
20 $J Jlev 1.0 1.0) vedl LelY luesbu  Je22 Je2T7 0e5, JUe32 Je53 0,06 0602 79 06 0e29 0025 03! 0,2F _0_,29




Buoys |Rel{a-| Standard Deviationg SLP Effectiveness SAT Effectiveness SST Effectiveness Effectiveness Avg.
per [b11ity|of Sys. Data Errorg— rr Atlantic Pacific Atlantic Pacific Atlantic Pacific Atlantic Total
Area | (3) |ogp 9spr gy Hivar Lovar | HiVar tovar | Hivar Lovar|Hivar LoVar | HiVar LoVar[HiVar LoVar] Hivar Lovar | Hivar Lovar|Effect.

2 L] 22 — e
30 [TO0 J0eU OeU 0e0 Ce72 0s6l [0a63 Ue52 | 0665 0e73 [0e74 0073 | 0023 0el? |0e12 720 | 0653 0e44 [0650 9es8 | 0.9
3C J100 [0eV Oeu 06Vl 072 Veél 0663 0452 0s65 0673 [0e74 0073 0.22 J¢17 0612 1620 053 Q.44 [0.50 do &€ 0,49
3C 1100 060 060 0610 J0e72 0e4l [0063 0.52 | 0065 0e73 |0e764 0673 | 0622 92013 [0612 0019 | 0453 0e44 [050 3448 | Co49
30 1100 1060 000 1600 J0e72 0e64l [0063 0652 | 0.65 0.73 |0e74 0.73 | 0elé 0610 0610 2% 07 | 0650 0.41 [0.49 Jese | 0.46
3¢ F10u Jo./0r Coid ' 0a0 0e72 044l [0663 0052 | 0064 0672 [0673 0672 | 0623 0¢19 [0e12 0620 | 0653 0.66 [0e49 0e4p | 0.49
3C 1100 [060 0Oel 0001 ]0e72 O0e4l [0063 0.52 | 0a64 072 |0473 0472 | 0623 0619 [0612 0620 | 0.53 0.64 [0.49 0.4¢ | 0.49
30 1100 060 Qel 0410 |0e72 Oe4l |0e63 0052 | 0e64 0e72 (0673 0672 | 0022 0e18 0612 0el9 | 0053 O0e4é [0e49 0.45 | 0.49
3C 1100 000 0el 1400 1072 0.41 |0063 0052 | 0e64 0.72 [0a73 0072 | 0alé 0.10 [0¢10 0.07 | 0450 0.41 [0.49 0.46 | 0.46
30 | 100 [0.® C.5 0.0 0672 0e4l [0e43 0652 | Oe6l 0669 [0669 0669 | 0623 0419 [0612 0,20 | 0.52 0.3 |0.48 0.47 | 0.48
30 | L0V [0eU 05 0601 0472 Vo4l [0e63 0652 | Ue6l 0669 |0669 0469 | 0623 0019 (0612 0020 | 0.52 0.43 [0.48 0.47 | 0.48
3C | 100 [060 065 0410 |0e72 O0e64l |Ue63 0e52 | 0e61 0069 (0669 0069 | 0622 0.18 |0012 0019 | 0e52 0.43 [0.48 0.67 | 0.48
30 |100 1060 Ce5 1600 [0e72 0e4l 0663 0e52 | 0e61 0669 [0669 0469 | 0014 0.10 0610 GeO7¢| 0049 0440 [0.47 0043 | 0045
30 |[100 l0s0 1.0 0.0 0672 0e4l [0663 0052 | 0658 0065 |0e64 0e66 | 0623 0019 [0o12 0020 | 051 0.42 [0.46 0.46 | 0.46
30 100 060 140 0s01 |0e72 0e4l |0e63 0652 | 0658 0.65 |0e64 0e66 | 0623 0619 |0el2 0,20 | 0.51 0042 0.46 0.46 | 0.46
30 [100 [0e0 1.0 0410 J0e72 0e4l [0e63 0652 | 0658 0665 [Ue64 066 | 0022 0418 |0e12 0019 | 0051 0.4l [0.46 0e46 | 0.46
30 |100 [0s0 160 1600 |0e72 0e4l [0e63 0052 | 0658 0065 [0e64 0.66 | 0elé¢ 0010 [0.10 0.07 | 0.48 0.39 [0.46 0.42 | 0.44
30 {100 el 0.0 000 0072 0640 |0.63 0651 0e&S5 0673 |0e74 0673 0s23 0.19 el2 220 0e¢53 O0Oeé% J0e50 0648 0¢ 49
30 100 0ol 0Ge0 001 J0e72 0.40 0063 0651 | 0065 0673 [0e?4 0e73 | 0023 0¢19 0012 020 | 053 0.46 [0.50 0.48 | 0049
30 1100 0ol 0.0 0010 0s72 0040 [0463 0.51 | 0665 0s73 [0e76 0e73 | 0,22 018 Pel2 0.19 | 0.53 0.46 [0.50 0.48 | 0.49
30 100 0ol 000 1400 J0e72 0040 0063 0e51 | 0e€5 0.73 0674 0s73 | 0elé 010 0010 0a07 | 0650 0o%1 J0.49 0.6 | 0.46
30 (100 Jo.1 0s1 0.0 0672 0440 [0063 0e51 | 0e64 072 [0e73 0672 | 0623 0e19 Pel2 0620 | 0+53¢ 0s44 |0.49 0.48 | 0.49
30 [100 J0el 0sl 0601 JUe72 0040 [0663 0e51 | 0e64 0o72 [0673 0472 | 0023 0e19 Poal2 0620 | 0e53 0.66 |0.49 0.48 | 0.3
30 |100 [0el Cel 0¢10 [0e72 0040 |0663 0651 | 0064 0e72 (0673 0472 | 0022 0618 Pel2 0,19 | 0053 0.44 [0.49 0.47 | 0.48
30 [100 0ol Oel 1400 [0e72 0440 0063 0e51 | 0e64 0e72 (0673 0472 | 0elé 2.10 Pel0 0607 | 0.50 0.41 P.49 0.43 | 0.46
30 (100 0.1 0.5 0.0 0072 0040 [0e63 0e51 | 0e61 0069 (0669 0669 | 0023 0017 Pel2 0620 | 0.52 0o43 J0.48 0.47 | 0.48
30 100 J0e1 CeS5S 0001 0e72 0e40 |0063 0651 | 0061 0669 [0669 0e69 | 0623 0019 Pel2 0020 | 0052 0.43 j0.48 0.47 | 0.48
30 [100 B.x 0e5 0610 J0e72 0040 [0e63 0e51 | 0e61l 0069 [0669 0669 | 0622 0.18 Pel2 0019 J 0652 0o83 Jo.68 0.46 | 0.47
30 |100 Pel Ce5 1¢00 [0.72 0640 [0663 0651 | 0661 0069 0669 0¢69 | 0el4 0c10 J0e10 0607 | 0.49 0.40 [0.47 0.42 | 0.45
3C |100 pPel1 1.0 0.0 0UeT72 0440 0063 0e51 | 0e58 0065 [0e64 0066 | 0623 2419 Pel2 0620 | 0e51 0042 J0o46 0.46 | 0.66
30 100 el 1.0 0601 J0.72 0e40 0063 0o51 | 0658 0665 [0666 0e66 | 0623 0619 Pel2 0020 |0.51 0.62 [0.46 0.46 | O0e46
30 |100 1 1e0 0010 0672 0040 [0063 051 | 058 0065 [0:64 0666 | 0022 0018 Pel2 0e19 | 0651 0o41 [Posé 0.45 | 0.46
30 |160 P.1 1.0 1,00 [0.72 0.40 [0.63 0051 | 0.58 0065 [0.86 0486 | 0ulé 010 Pel0 0,07 | 048 0639 Potb--0.61 [0.43
30 [100 .5 0.0 0.0 0e7l 0637 0662 0645 J0.65 0e73 [0e76 0673 | 0023 0.19 Pel2 0020¢ | 0653 0s43 [0.69 0.46 |0.48
30 100 o5 000 0601 JO0o71 0637 |0e62 0e45 | 0665 0673 [0e74 0e73 | 0.23 0419 Pel2 2020 | 0653 0.43 [0.49 0.46 | 0.48
30 {100 ¢S5 0e0 010 J0e71 0037 0662 0045 | 0665 0633 [0e764 0e73 | 0022 0018 [Pel2 0019 [0.53 0.43 [Pe49 0.46 | 0.48
30 {100 [0e5 00 1400 J0e71 “ 0037 [0062 0045 | 0¢65 0073 [0e76 0.73 | 0elé 0010 P10 0607 | 0.50 0.40 [0.49 0.42 | 0.45
30 {100 [p.5 0¢1 0.0 0e71 0037 0662 0045 064 0072 J0o73 0672 | 0423 0.19 Pel2 0020 | 0.53 0¢63 [0.49 0.46 | 0.8
30 |100 Pe5 0ol 0¢01 JOe71 037 [0062 0045 | 0064 0072 [0673 0472 | 0623 0019 Pel2 0620 J0.53 0.43 [Pod9 0.46 | 0.48
30 {100 o5 0el 0010 J0e71 0¢37 [0662 .65 ]0e64 0072 0673 0472 | 0622 3¢l18 Pel2 0619 §0.53 0o63 [Pe49 0.45 | 0048
3C |100 Pe5 0el 100 0.71 0637 [0662 0045 ] 064 0072 0673 0e72 | 0c14 3¢10 Pel10 207 | 0.50 0.40 Jo.48 0.42 | o0.45
30 [100 Pe5 CoS5 0.0 0e7l 0637 [0662 Ve45 | 0e61 0069 0069 0669 | 0623 2619 Pel2 0020 | 0.52 0042 [oo2 0045 |o0.47
30 |100 Pe5 0e5 0001 f0e71 0e37 [0662 0045 | 0ctl 0069 [0669 0069 | 0623 0019 Pel2 0620 J0.52 0,42 P48 0.45 | 0.47
30 |100 Pe5 Ce5 0010 [0e71 0e37 [0062 0045 | 0661 0669 0669 069 | 0622 0018 Pel2 0019 0652 0.62 P48 0.66 J0.47
3C [100 065 Ce5 1400 [0e71 0e37 0662 0045 J0e61 0669 0069 069 | 00l 0e10 PelO0 0,07 §0.49 0.39 Po.47 0.4l |o0.46
30 |100 pe5 1.0 0.0 0e 71 0637 [0.62 0045 | 0.58 0e65 [0s64 0666 | 0023 0019 Pel2 0020 J0.51 0061 Pose 0.46 |0.65
30 |100 Pe5 140 0.0l a7l 0037 0662 0045 | 0058 0065 0064 0.66 | 0023 0019 Poal2 0020 | 0e51 0eél [Ped6 0o46 | 0.45
30 [100 PeS5 1¢0 0e10 o7l 0037 [0.62 045 |0.58 0465 0064 0066 | 0022 Je18 Pal2 0019 J0.51 0.40 P46 0.43 | 0.45
30 [100 Pe5 160 100 [0e7l 0037 0062 J¢45 | 0.58 0665 [0.64 0e66 | 0el® 0.10 PolO 0007 J0.48 0¢38 [Ped5 0039 | 0,43
30 [100 fR.0. 0.0 0.0 0e71  0e34 [0e61 0438 | 0e65 0e73 [0e74 0e73 | 0623 0e19 Pel2 0020 J0e53 0.62 .49 0.44 |o0.47
30 |100 PeO0 0e0 0s01 J0e71 0e34 [0e61l 0638 J0e65 0073 0,74 0e73 | 0023 0019 Pel2 0020 J0.53 0042 .49 0.44 |O0.47
30 [100 PeO 0.0 0010 [0e71 036 006l 0638 J0e65 0073 [0e764 0e73 | 0022 0418 Pal2 0019 053 0.62 P49 0.43 |0.47
30 |100 PeO 0e0 1400 [ue7l 0e34 [0e61 ¢339 J0e65 0.73 J0o76 0e73 | 0elé 3010 Pel0 0007¢ | 050 0039 j0o48 0039 | 0,46
30 /100 pe0 0.1 0.0 0.71 0436 [0061 3439 J0e64 0e72 [0e73 0072 | 0423 0619 Pel2 2.20 J0e53 0.42 .49 0066 | 0e47
3C [100 o0 Cel 0e0F [0o71 0e36 [0061 0.38 J0.64 072 0673 0072 | 0023 0019 Pol2 0020 | 053 0062 .49 0.43 [ 0.47
30 {100 PeO0 Oel Ueld [Cell 0634 [0,61 038 J0e64 0072 [0.73 0,72 | 0022 0.18 B.xz 0.19 053 0062 [0o49 0.43 [o0.47
30 100 [le0 0el 1e00 [0e7l 0034 [0661 0039 J0.64 0e72 0673 0072 | 0el% 0410 Pel0 0,07 |0e50 0e39 [De48 0.39 | O0.46
30 100 f.0 CoS5 060 Do 71 0e340¢ [Ue61 0433 J0e61 0.69 J0e67 0069 | 0623 0619 Pel2 2620 |0.52 0.641 P.47 0.43 |o0.46
30 (100 ﬂ.o Ce5 Veul Ko7l 0036 (0061 0633 J0e61 0009 [0069 0669 | 0623 2e19 Pal2 220 |0e52 0.41 j0o47 0.43 |O0.46
30 |l1o00 e0 Ce5 0610 e 71 0e3% |Uebl 0628 Oetl 0669 [0e69 0.69 0022 Jel8 pPel2 019 0052 0040 g.n 0e42 0o b
30 [10U PeO 0e5 14ud  PeTl 0636 [0e61 0023 J0e61 0669 [0669 0069 | 0elé 0010 Pel0 0.07¢ ] 0049 0438 Pos7 0.38 | 0.43
3C {100 fl.0 1.0 ueO Po71 0434 [0661 .38 J0.58 0665 [0e66 0e66 | 0623 219 Pal2 0620 ] 0e51 0039 [0.46 0.61 | 0.46
3C (100 Ble0 1.0 Va0l  pe7l 0¢34 [0661 038 J0.58 0s65 10064 0666 | 0623 0419 Pel2 2020 | 0.51 0039 J0.6t 0.41 | 0.46
30 jlovu eV leV V.1V Pe 71 Ve 36 |Ue 61 Je23 0e58 0655 eb& 0656 0.22 %18 bhel2 919 0650 0639 [No46 0.6l 0, &6
30 |luo el leU levd Pe 71 0e 34 Ueol ). 34 0e58 0065 e 0e56 Oelée el p.lo )e O7 0ee3 Ne36 _b.bs 0637 0662




Standard Deviationg

bility| of Sys. Data Error

SLP Effectiveness SAT Effectiveness SST Effectiveness Effectiveness
Pacific Atlantic Pacific Atlantic Pacific Atlantic Pacific Atlantic
Hivar Lovar LoVar Hivar LoVar | HiVar LoVar | HiVar LoVar| HiVar LoVar| Hivar LoVar r LoVar

5T
67
67
o067
1)
56
1)
1)
°6)
63
«6)

0e68
0.68
0.68
Q.08
0e67
0e67
0e67
0.67
0.65
0e03
0e65
0e65
0e63
0.63

Avg.
Total
Effi




Buoys |Re11a-| Standard Deviationg SLP Effectiveness SAT Effectiveness SST Effectiveness Effectiveness Avg.
per b:li)ty S B AN LT Pacific Atlantic Pacific Atlantic Pacific Atlantic Pacific Atlantic Total
3 g 4 o

Area s SLP “SAT °ssT HiVar LoVar | Hivar LoVar Hivar LoVar | Hivar LoVar | Hivar LoVar! Hivar LoVar | H{ivar LoVar | Hivar Lovar | Effect.
30 50 |CeO 0.0 06,0 0e57 0629 [ 0645 V.36 0651 0667 |0.60 0663 0el2 06l2 |0,07 0611 0640 0636 |0e37 06037 0e 38
30 50 |CeO 0a0 0601 0057 0029 | 0645 Ue36 0e51 0667 | 050 0663 0el2 0el2 |0s07 0611 0040 003¢ |0e37 D627 0. 38
30 50 |0e0 060 0010 Ce57 0029 | 0045 0436 0651 0067 | 0,60 0663 Oell J6ll |0.07 0610 0640 0036 [0637 0637 0. 38
30 50 |00 000 1,00 0657 Ue29 | 0s45 0,36 0e51 0667 | 0,60 0663 0607 0e04 |0s04 0,05 0038 0633 |0e36 0035 06 36
30 50 |00 O0el 060 Ue57 0629 |0e45 0Uel6 0e51 0266 |0660 0063 0el2 0612 |0,07 O0.11 0049 0636 |0637 0037 0038
30 50 |CeO 0ol 0601 0657 0029 | 0045 0636 0651 ‘0666 | 0660 0,63 0el2 0012 j0.07 0011 0040 0636 |0.37 0637 0. 300
30 50 |CeO Cel O0e010 0057 0629 | 045 0636 0e51 0066 |0.60 0,63 Oell O0e1l1l |0.07 0610 0040 0636 (0637 0638 0637
30 50 |0e0 0ol 1600 Ce57 Ue29 |0s45 036 0eS51 0666 | 0660 0663 0007 0.04 0,06 0,08 0.38 06033 0036 0,35 0e 36
30 50 |0e0 0e5 060 Ve57 0629 | 045 0,36 0649 0064 [0,58 0062 Oel2 0612 |0,07 O0l011 0639 0635 |0s37 0036 0,37
30 50 |0e0 Ce5 0601 0657 0629 |JVed5 0,36 0049 0064 |0,58 0,62 0el2 0012 |0.07 O0oll 0639 0635 [0s37 0636 0037
30 50 |00 Ce5 0610 CeS5T 0029 |0e45 0636 0049 0664 | 0,586 0062 Oell 0Oell 0,07 O.l0 0639 0635 [0s37 0.3 00 37
30 50 |0s0 Co5 1600 0657 0029 | 0,45 0636 0049 0064 |0.50 0.62 0.07 0,04 |0,06 0,05 0638 0032 |0.36 0634 0035
30 50 |00 1.0 0.0 0e57 0629 |0e45 0,36 0047 0651 | 057 0661 0el2 0612 |0.07 0011 0639 0034 |0s36 0.3 0.0 36
30 50 |0s0 1.0 0,01 0657 0629 [ 045 0036 0647 0061 |0.57 0.61 0el2 0012 |0,07 0,11 0639 06034 |0s36 0036 0e 36
30 50 |00 1,0 0610 0657 0029 |0.45 0636 0047 0061 |057 0661 0ell 0611 |0.07 O0.10 0639 0034 |0.36 0036 0036
30 50 |00 1.0 1,00 0e57 0029 | 0645 0036 | 0,47 06,61 |0.57 0,61 0,07 0,04 |0.06 0,05 0637 0631 |0e35 0036 0035
30 50 |Cel 000 0.0 0057 0029 |0s45 0635 Ue51 0067 | 060 0,63 0el2 0012 |0.07 0.11 0040 0036 |0637 0636 0. 30
30 50 |Cc1 0.0 0.01 0057 0629 | 0645 0035 0e51 0667 | 060 0,63 Oel2 0s12 |0,07 O0o1l1 0640 0636 |0.37 0636 0.38
30 50 [0.1 0.0 0010 0657 06029 |0.45 0635 0651 0667 |0.60 0,63 Oell 0011 (0,07 0610 0040 0036 (0637 0636 06,37
30 50 |0.1 0.0 1.00 0657 0029 | 0045 0635 0651 0067 0,60 0063 0s07 Q¢04 |0.06 0005 0038 0033 |0636 0036 00360
30 50 |C.l Oel 0.0 0057 0029 [ 045 0635 0651 0066 [0.60 0083 0el2 0012 |0.07 9,11 0640 0636 037 0.36 0,37
30 50 |0s1 0ol 0001 0057 0029 | 045 0635 0e51 0066 | 0,60 0,63 0el2 0el2 |0,07 O0o011 0640 0036 |0637 0,36 0637
30 50 |G.1 0.1 0.10 0eST 0629 |0s45 0635 0e51 06066 |0.60 0063 Oell 0011 |0.07 O.l0 040 0035 |0.37 0036 0.370
30 50 161 0.1 1.00 0e57 0629 [0,45 0,35 0051 O0.66 |0.60 0,63 0,07 00,04 |0.04 0,05 0038 0033 |0.36 0,34 0636
30 50 |C.1 0.5 0.0 0057 0029 |0e45 0635 0049 0,64 | 0,58 0,62 0el12 0012 |0,07 0.11 0039 0635 |0.37 0036 0.37
30 50 |Gl 0.5' 0.0l 0057 0029 |0.45 0035 0049 0064 |0.50 0,62 0012 0,12 0,07 0611 0039 0035 |0s37 063 037
30 50 |Cel CeS5 0.10 0057 0029 |0.45 0035 0649 00,64 |0.58 0,62 Oell 0011 |0.07 O.l0 0639 0035 |0s37 0036 06370
30 50 |C.l Co5 1.00 0057 0629 |0.45 0,35 0049 0,64 |0,58 0,62 0,07 0,04 |0.04 0,05 0638 0632 | 0636 0034 035
30 30 |CG.1 1.0 0.0 0e57 0029 | 0,45 0035 0¢47 0.61 |0.57 0.61 0e12 0012 |0.07 0.1l 0039 0ol |0.38 0.3 00360
30 50 [Cel 1.0 0.01 0057 0629 | 0645 0635 0.47 0061 |0.57 0,61 0012 212 0,07 0.1l 0639 0034 |0.36 0.3 0.36

.30 } -850 |81 1.0 &.10 0057 0e29 |0.45 Qo35 0eb7 861 |0.57 - Oebi Oell 0Ge11 [0.07 Osl0 0039 0.%¢ |0,%6 —03 % 0,936
30 50 |CG.1 1.0 1.00 0657 0629 | 0,45 0635 0e47 0061 |0.57 0o61 0,07 0.04 |0.06 0.05 0e37 0631 |0e35 0034 0634
30 50 |0e5 0e0 0.0 0eST 0027 | 044 0031 0e51- 0667 | 0,60 0663 0el2 0012 |0,07 0.11 0040 0035 |0e37 0635 0,37
30 50 |G.5 0.0 0601 0e57 0027 | 044 0031 0451 0067 |0s60 063 0el2 0012 0,07 0.1l 0640 0035 0,37 0635 0.37
30 50 |05 0.0 0.10 0e57 . 0s27 | 0o 44 0631 0e51 0667 |0.60 0,63 Oell 011 |0.,07 O0.10 0640 0035 |0.37 0035 0.37
30 50 |05 0.0 1.00 0657 0027 |0eo44 0631 0e51 0067 |0.60 0.630] 0,07 0.04 [0.06 0005 0380 0.3) j0.36 0.3 0035
30 50 |C.S 01 0.0 0eS7 0027 | 0044 0631 0eS1 0066 | 0,60 0063 0,12 0.12 0,07 0.11 0640 0035 |0.37 0,35 0.37
30 50 |Ce5 Oel 0001 0657 0027 |0o44 0031 0651 0066 |0.60 0,63 0el2 0,12 0,07 0.11 0040 0,35 |0.37 0635 0037
30 50 |0.5 0.1 O0.10 0057 0s27 |0eé4 0031 0e51 0066 0660 0,63 Oell 0011 0,07 0610 0e40 0035 J0.37 0035 0.37
30 50 jC.5 Cel 1000 0057 0027 |0o44 0,31 0e51 0066 |0.60 0,63 007 0,04 0,046 0,03 0033 0033 0036 0,33 0035
30 30 |05 0.5 0.0 0057 0027 |0e44 0,31 0049 0064 |0.580 0.62 0el2 0012 |0.07 0,11 0.39 0034 |0.37 0035 036
30 %0 {05 0.5 0001 0057 0027 [0e44 0431 0649 0,64 J0.58 0662 | 0.12 0.12 |0,07 0611 0639 0034 |0.37 0.3% 036
30 80 |0.5 C.5 O.l0 0057 0027 | 0,44 0031 0649 0eb64 |0.58 0.62 Oell O0el1 |0.07 Oel0 0039 0e34 |0s36 0,35 0036
30 50 ,05 0.5 1.00 0057 0027 |De44 0031 0049 0064 |0.58 0.62 0,07 0,04 |0,04 0,05 0638 0032 |0e36 0.33 0.35
30 50 10e5 1e0 060 0057 0627 | 0e44 0,31 0e47 0061 |0.57 O0.61 0el2 0012 |0,07 0l11 0639 0033 036 0.3 0036
30 50 |05 1.0 0,01 0¢57 0027 |0.44 0,31 0e47 0061 |0.57 0061 O0el2 012 0,07, Oell 0039 0033 0036 0034 0036
30 50 |05 1.0 0.10 0e57 0027 | 0.44 0,31 0e47 O0ebl |0.57 0.61 0ell 0.l1 0,07 Oe.10 0039 0633 |0e36 0.3 0. 36
30 50 |Ce5 1.0 1.00 0657 0027 | 064 0,31 0e47 O0sbl |0.57 0,61 0e07 0004 [0.04 0,05 037 0031 |0e35 0032 0034
30 S0 |10 0.0 0.0 0e57 0025 |O0e43 0026 0e51 0667 J0,60 0063 0el2 0012 0,07 0.11 0040 0035 |0.37 0.33 0 36
30 50 |10 0.0 0,01 0057 0023 |0.43 06,26 0e51 0067 J0e60 0063 0012 0012 |0,07 0611 0040 0035 |0.37 0.33 0.36
30 50 |1¢0 0.0 O0.10 0e57 0025 |0e43 0026 0e51 0067 |0.60 0063 0ell Jell |0,07 0,010 040 0034 |0.37 0.3 0e 36
30 50 |1e0 0.0 1.00 0657 0025 |0e.43 0,26 0e51 0667 |0s60 0063 0¢07 0004 [0.06 0005 0038 0032 |0.36 0,31 0. 35
30 50 |10 0ol 0.0 0e57 0025 | 043 0026 0051 0666 [0.60 0,63 0el2 0012 |0.07 0611 0640 0035 |0.37 0.33 0e 36
30 50 |10 0.1 0001 057 0025 |0.43 0,26 0051 0.86 |0.60 0,63 0012 0012 |0,07 0,11 0.40 0635 0.37 0.3 0. 36
30 S0 |10 0.1 0.10 0057 0025 | 043 0.26 0e51 00,66 |0.60 0063 Oell 0O.11 |0.07 0s10 0040 0634 0,37 0033 0.36
30 50 |1.0 0.1 1,00 0657 0025 | 0043 0,26 0051 0066 |0.60 0063 007 0004 |[0.06 0,05 0038 0,32 |0.36 0,31 0. 34
30 S0 |10 Ce5 0.0 0e57 0025 |0e43 0026 0649 0064 |0,58 0662 0012 3612 |0,07 0611 00639 0034 |0e36 0033 0,360
30 50 |1.0 CeS 0001 0e57 0e25 |0e43 0026 0649 0064 |0s58 0062 0el2 0012 |0,07 0,11 0039 0034 |0.36 0033 0. 36
30 S0 |1¢0 0e5 0610 0057 06025 |0e43 0026 0049 0064 |0.58 0,62 0ell 0ell [0,07 0610 0039 0633 |0.36 0033 0. 36
30 SO0 |10 Ce5 1,00 0657 Je25 | 0643 0.c6 0649 0064 |0.58 0662 0,07 0,04 |[0.064 0,05 0038 0031 0035 0,31 0e 360
30| 50 |10 1le0 O0ev 0057 Ue25 |GCe43 0626 | 0647 0461 [0.57 0,61 012 0612 |0s07 0011 | 0e39 0433 |0e36 0.33 | 0,350
30 | SO |10 1.0 001 Oe57 0025 |0e43 0626 | 0e47 O0e6l [0.57 0o61 0e12 %12 |0.07 0ell | 0639 0633 |0.36 0033 | 0635
30 SO |1¢0 160 0ol0 0e57 Uel5 |Ce&3 0626 0047 0661 |0e37 0,51 Oell Jell |0,07 0.10 0039 0032 |0s36 0.3) 0. 35
30 | SO |160 160 1e00 JUe57 0625 JUe43 Joich | 0047 0661 | 0657 0661 | 0007 7¢7¢ [0s06 0605 | 0637 030 |0035 0031 | 0033




— —— AL'—-"-— S

Buoys Renaj Standard Deviationg SLP Effectiveness SAT Effectiveness SST Effectiveness Effectiveness Avg.

per [PI11ty] of Sys. Data Errorq™ 5 7 Atlantic Pacific | Atlantic Pacific Atlantic Pacific Atlantic Total

Area (x) | osLp  “SAT °§ST HiVar LoVar| HiVar LoVar HiVar LoVar | HiVar LoVar | HiVar LoVar| HiVar LoVar| HiVar LoVar | HiVar LoVar | Effect.
50 | 100 [0.0 0.0 0.0 UeBl 0e54 |0e73 D662 | 082 078 |0s82 O0e77 | 0648 027 |0a18 0.28 | 0470 0.53 [0eSe 0.56 | 0.59
50 | 100 0.0 0.0 0e01 | 068l 0Ve56 |Je73 0062 | 0082 0e78 (0682 0.77 | 0e48 0427 (0018 0.28 | 0470 0.53 [0.58 7.56 | 0.59
SC 1100 1060 UeO 0¢l0 ] 0681 0054 |0e73 V662 | 0682 0078 |0.82 0077 | 0e46 0026 [0e17 026 | 070 0.53 [0.58 0.55 | 059
50 | 100 |00 0¢0 1000 | 0edl 0054 |0e73 0.62 | 0082 0e78 |0e682 0e77 | 0e31 0el3 [0el3 0e07 | 0665 0.48 [0e56 0049 | 0.55
5C | 100 |060 Cel 060 008l 0e56 0073 0e¢2 | 008l 0o77 [0e91 0s76 | 0648 0027 (018 0.28 | 0470 0¢53 |0.57 Io55 | 0.59
50 | 100 10.0 Osl 0601 | 0e81 0e54 [0e73 Ua62 | 0681 0e77 |0e81 0.76 | 0.48 0027 [0e18 0¢28 | 0.70 0.53 [0.57 0.55 | 0.59
50 | 100 0.0 Cel 0010 |0e81 0054 |0e673 0062 | 0081 0e77 |0e81 0676 | 0e46 0.26 [0e17 0026 | 069 0.52 [0.57 0.55 | 0.59
SC | 100 0.0 0ol 1000 | 0e81 0e54 (0673 0062 | 0081 0o77 [0s81 0676 | 0631 0.13 [0413 0.07 | 0e64 0.48 |0.56 0.48 | 0o54
SC | 100 [060 0s5 0.0 008l 0054 10673 0662 | 0075 0072 [0677 0e72 | 0.48 0027 [0e18 0.28 | 0.68 0.51 [0.5¢ 0.5¢ | 0.57
SC| 100 |0e0 0e5 0e01 | 0e81 0e54 [0e73 0662 | 0e75 0072 |O0e?7 0072 | 0048 0e27 (0018 0e28 | 0.68 0.51 |0e5¢ 0e5¢ | 0.57
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