REPORT DOCUMENTATION PAGE
AFRL-SR-BL-TR-98-

Public reporting burden for this collection of information is estimated to average 1 hour per response, includil , gathering
and maintaining the data needed, and completing and reviewing the collection of information. Send com ollection of
information, including suggestions for reducing this burden, to Washington Headquarters Services, Directora way, Suite
1204, Arlington, VA 22202-4302, and to the Office of management and Budget, Paperwork Reduction Project Orm

1. AGENCY USE ONLY (Leave Blank) ». REPORT DATE . 3. REF
December, 1993 Final

4. TITLE AND SUBTITLE - 5. FUNDING NUMBERS
USAF Summer Research Program - 1993 Graduate Student Research Program

Final Reports, Volume 8, Phillips Laboratory

6. AUTHORS
Gary Moore

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Research and Development Labs, Culver City, CA REPORT NUMBER

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AFOSR/NI AGENCY REPORT NUMBER

4040 Fairfax Dr, Suite 500
Arlington, VA 22203-1613

11. SUPPLEMENTARY NOTES
Contract Number: F4962-90-C-0076

12a. DISTRIBUTION AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Approved for Public Release

13. ABSTRACT (Maximum 200 words)
The United States Air Force Graduate Student Research Program (USAF- GSRP) is designed to introduce

university, college, and technical institute graduate students to Air Force research. This is accomplished by the
graduate students being selected on a nationally advertised competitive basis during the summer intersession
period to perform research at Air Force Research Laboratory Technical Directorates and Air Force Air Logistics
Centers. Each participant provided a report of their research, and these reports are consolidated into this annual

report.

14. SUBJECT TERMS 15. NUMBER OF PAGES
AIR FORCE RESEARCH, AIR FORCE, ENGINEERING, LABORATORIES, REPORTS, SUMMER,
UNIVERSITIES

16. PRICE CODE

17. SECURITY CLASSIFICATION |18. SECURITY CLASSIFICATION |19. SECURITY CLASSIFICATION |20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

Unclassified Unclassified Unclassified UL

Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std. 239.18
Designed using WordPerfect 6.1, AFOSR/XPP, Oct 96




Gary Moore

Scott Licoscos

AIR FORC”

DTIC QUALITY INSPECTED 4

Program Director, RDL

Program Manager, RDL

UNITED STATES AIR FORCE
SUMMER RESEARCH PROGRAM -- 1993

SUMMER RESEARCH PROGRAM FINAL REPORTS

VOLUME 8

PHILLIPS LABORATORY

RESEARCH & DEVELOPMENT LABORATORIES

5800 Uplander Way

Culver City, CA 90230-6608

Program Manager, AFOSR
Col. Hal Rhoades

Program Administrator, RDL
Gwendolyn Smith

Program Administrator
Johnetta Thompson

Submitted to:

FFICE OF SCIENTIFIC RESEARCH
'Bblling Air Force Base
Washington, D.C.
December 1993

6¢0 7021860




Master Index For Graduate Students

Ahmad, Imad
BS
Electrical Engineering

Portland State University
Portland, OR 97207-0000

Anselmo, Andrew

MS

Mechanical Engineering
Columbia University

New York, NY 10027-0000

Bapty, Theodore

M3
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Vanderbilt University

Nashville, TN 37235-0000

Barber, Brian

BS

Electrical Engineering
Washington University

St. Louis, MO 63130-0000

Bard, David

MS

Mechanical Engineering
Columbia University
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BS
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University of Missouri
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Brocklehurst, William

BS

Aerospace Engineering
University of Cincinnati
Cincinnati, OB 45221-0000

Burns, Paul

BS

Electrical Engineering
Auburn University
Auburn, AL 368439-0000

Carlen, Edwin

BS

Electrical Engineering
Oakland University
Rochester, MI 48309-4401

Carter, Charity

MS

Electrical Engineering
Stevens Institute of Tech.
Hoboken, NJ 7030-0000

Caslin, Barry

BS

Computer Science/Engineer
Wright State University
Dayton, ORH 45435-0000

Charley, David

BS

Electrical Engineering
University of Cincinnati
Cincinnati, OH 45221-0030
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Curtis, Joseph

MS

Zoology

University of California
Davis, CA 95616-0000

Darnell, Julie

BS

Mechanical Engineering
University of Tennessee
Tullahoma, TN 37388-0000

Davis,
BS
Mechanical Engineering
Washington State University

Wyatt

Pullman, WA 99164-2920
DeVilbiss, Alan

BS

Physics

University of Colorado
Colorado Springs, CO 80901-71

Detwiler, Duane

BS

Aeronautical Engineering
Ohio State University

Columbus, OH 43235-0000
DiPietro, Jr., Anthony
BS

Aerospace Engineering
Virginia Polytechnic Institute
Blacksburg, VA 24060-0000

Dobransky, Mary

Ms

Systems Science
Binghamton University
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Doss, Ellen
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DuBois, Travis
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Mechanical Engineering
0ld Dominion University
Norfolk, VA 23529-0247

Farquhar, John

MsS

Instructional Technology
University of Georgia
Athens, GA 30602-0000

Fischer, Verlyn

BS

Materials Science & Engr.
University of Florida
Gaineaville, FL 32611-0000

Foster, Robert

BS

Mechanical Engineering
University of Iowa

Iowa City, IA 52240-0000

Frank, Jonathan

MS

Mechanical Engineering
Yale University

New Haven, CT 6520-0000

Fuller, Joan

BS

Chemistry

University of Alabama
Tuscaloosa, AL - 0

Gavora, Mark

MS

Instructional Systems
Florida State University
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Mechanical Engineering
University of Tennessee
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Mechanical Engineering
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Gluck, Kevin

BS

Paychology

Trinity University

San Antonio, TX 78212-0000

Gottlob, Lawrence

MS

Paychology

Arizona State University
Tempe, AZ 85287-0000

Griffin, Steven

BS

Engineering

University of Texas

San Antonio, TX 78249-0665

Grosskopf, EKevin

BS

FAC 101

University of Florida

Gainesville, FL 32611-0000
Harn, Patricia
BS

Technical Communication
University of Washington
Seattle, WA 98195-0000

Hickman, Mary

BS

Physics and Astronomy
University of Wyoming

Laramie, WY 82071-0000
Hovey III, Leland
BS

Computer Science
SUNY Institute of Technology
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Northeastern Ohio University
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Jefferson, Ellen

BS

Biology

Trinity University

San Antonio, TX 78212-0000

Jenny, Jason

BS

Materials Science
Carnegie-Mellon University
Pittsburgh, PA 15213-0000

Jolly, Mohanjit

BS
Aeronautics/Astronautics
MIT

Cambridge, MA 2139-0000

Jones, Claud

BS

Electrical & Computer Eng

University of SW Louisiana
Lafayette, LA 70504-3890

Kelly, John

BS

Electrical Engineering
University of Florida
Gainesville, FL 32601-0000

Kimball, Lucia

MS

Mathematics

Worcester Polytechnic Inst.
Worcester, MA 16095-0000

Kundich, Robert

MS

899 Madison Ave., Ste 801
Univ. Tennessee-Memphis
Memphis, TN 38163-0000

Kvasnak, William

Ms

Mechanical Engineering
Clarkson University
Potsdam, NY 13699-5725

GSRP Participant Data

Field:
Laboratory:

Vol-Page No:

Field:
Laboratory:

Vol-Page No:

Field:
Laboratory:

Vol-Page No:

Field:
Laboratory:

Vol-Page No:

Field:
Laboratory:

Vol-Page No:

Field:
Laboratory:

Vol-Page No

Field:
Laboratory:

Vol-Page No

Field:
Laboratory:

Biology
AL/OE

Materials Science
WL/ML

10-16

Aeronautics/Astronautics
PL/RK

8-11

Petroleum Engineering
RL/C3

9-1
Electrical Engineering

PL/LI

8- 8

Applied Mathematics
PL/GP

: 8- 1

Biomedical Engineering
AL/CF

: 7- 9

Mechanical Engineering
AEDC/

Vol-Page No: 11- 5




Lair, John

BS

Civil Engineering
University of New Orleans
New Orleans, LA 70148-0000

Lee, Daniel

BS

Electrical Engineering
Southern Illinois University
Carbondale, IL 625901-0000

Leiweke, Robert

BS

Aeronautical Engineering
Chio State University
Columbus, OH 43210-0000

Litvin, EKerry

MsS

Electrical Engineering
Cornell University
Ithaca, NY 14853-0000

Luker, Stephen

MS

Biological Science
University of Alabama
Tuscalcosa, AL 35487-0344

Masterson, Gina

BS

Industrial Engineering
Auburn University
Auburn, AL - 0

McMurtry, J.

Ms

Mechanical Engineering
Louisiana Tech University
Ruston, LA 71272-0046

Menendez-Barreto, Melani
MS

Physics

University of Puerto Rico
Mayaguez, PR 681-0000
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Messerschmitt, Jane

MS

Electrical Engineering
Polytechnic University
Farmingdale, NY 11735-0000

Mills, Jeffrey

MS

Cheistry

Indiana University
Bloomington, IN 47405-0000

Monka, Gary

BS

Chemistry

University of Scranton
Scranton, PA 18510-0000

Moore, Michael

MS

Electrical Engineering
Vanderbilt University
Nashville, TN 37235-0000

Moriarty, Daniel

Ms

Nuclear Engineering

MIT

Cambridge, MA 2139-0000

Nagaraja, Chandra

BS

Mechanical Engineering
University of Dayton
Dayton, OH 45469-0000

Naghaki, David

MS

Electrical Engineering
University of Cincinnati
Cincinnati, OH 45221-0000

Neaffer, Ronald

BS

Polymer Science
University of Akron
Akron, OH 44325-35%09
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Field: Electrical Engineering
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Field: Physics
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Newell, Tim

MS

Physics

University of North Texas
Denton, TX 76203-0000

Nguyen, Sonny

BS

Electrical Engineering
Wright University
Dayton, OH 45401-0000

Nuteson, Todd

BS

Electrical Engineering

Wright State University
Dayton, OH 45435-0000

Olson, Michael

BS

Electrical Engineering
Florida State University
Tallahassee, FL 32316-0000

Panek, Heather

MS

Biology

University of Scranton
Scranton, PA 18510-0000

Petroziello, Joseph

BS

Biology

University of Scranton

Scranton, PA 18510-0000

Pobst, Jeffrey

BS

Aerospace Engineering
University of Southern Calif.
Los Angeles, CA 50089-1191

Povich, Clinton

BS

Aerospace Engineering
University of Kansas
Lawrence, KS 66045-0000
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Electrical Engineering
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Electrical Engineering
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10-23

Biochemistry
AL/AO

7- 3
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AL/AO

Aerospace Engineering
PL/RK

8-13

Aerospace Engineering
FJSRL/

11-14



Radomsky, Leon

MS

Chemical Engineering
Columbia Univeristy

New York, NY 10027-0000

Reed, Jason

BS

Electrical Engineering
Cornell University
Ithaca, NY 14853-0000

Reichmeyer, Francis

MS

Electlrical Engineering
Syracuse University
Syracuse, NY 13244-1240

Reiley, Daniel

MS

Physics

University of Alabama
Huntsville, AL 35899-0000

Reister, Craig
BS
Electrical Engineering

North Dakota State University

Fargo, ND 58105-0000

Reuster, Daniel

MS

Electrical Engineering
University of Dayton
Dayton, OH 45469-0000

Riesinger, Joyce

BS

Ecology/Evolutionary Biol

University of West Florida
Pensacola, FL 32514-0000

Ryan, Arthur

BS

Psychology

Wright State University
Dayton, CH 45435-0001
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Electrical Engineering
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Electrical Engineering
AL/AO

7- 5

Electrical Engineering
WL/AA

10- 3

Marine Biology
AL/EQ

7-14

Psychology
AL/CF
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Samad, Mohammed

BS

Mechanical Engineering
University of New Orleans
New Orleans, LA 70148-0000

Schroeder, Mark
BS
Electrical Engineering

North Dakota State University

Fargo, ND 58105-0000

Schwing, Ronald

BS

Mechanical Engineering
Oniversity of Iowa

Iowa City, IA 52242-0000

Seifert, Jason

BS

Psychology

University of Dayton
Dayton, OH 45410-0000

Seydel III, Robert

BS

Aerospace Engineering
University of Missouri
Rolla, MO 65401-0000

Shahidi, Ancosh

MS

Intelligent Systems Studi
University of Pittaburgh
Pittsburgh, PA 15260-0000

Shahrokhi, Kimball

BS

Mechanical Engineering
Vanderbilt University
Nashville, TN 37232-0000

Slater III, Robert

MS

Mechanical Engineering
University of Cincinnati
Cincinnati, OB 45221-0000
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Mechanical Engineering
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Psychology
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Aerospace Engineering
WL/FI

10-11
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AL/HR

7-23
Mechanical Engineering
AEDC/

11- 7

Engineering
WL/FI

10-12
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Socci, Ed

MS

Materials Science & Engr
University of Virginia
Charlottesville, VA 229503-2442

Sodoy, Maureen

BS

Biology

Trinity University

San Antonie, TX 78212-0000

Sorensen, Bryant

MS

Electrical Engineering
University of Tennessee
Tullahoma, TN 37388-0000

Spencer, Robert

BS

Electrical Engineering
Cornell University
Ithaca, NY 14853-0000

Stadler, Bethanie

BS

Materials Science
Massachusetts Inst. of Tech.
Cambridge, MA 2139-0000

Stansbery, Donald

BS

Aerospace Engineering

University of Missouri
Rolla, MO 65401-0000

Starchville, Jr., Thomas

MS

Aerospace Engineering
Pennsylvania State University
University Park, PA 16802-0000

Starks, Michael

BS

Electrical Engineering
Boston University
Boston, MA 2215-0000

Field:
Laboratory: WL/ML

Vol-Page No: 10-19

Field: Biology
Laboratory: AL/OCE

Vol-Page No: 7-29

Field: Mathematics
Laboratory: AEDC/

Vol-Page No: 11- 8

Field: Electrical Engineering
Laboratory: RL/OC

Vol-Page No: 8-13

Field: Materials Science
Laboratory: RL/ER

Vol-Page No: 9- 6

Field: Aerospace
Laboratory: WL/MN

Vol-Page No: 10-25

Field: Aerospace Engineering
Laboratory: WL/FI

Vol-Page No: 10-13

Field: Electrical Engineering
Laboratory: PL/GP

Vol-Page No: 8- 5




Stauffer, Joseph

MS

Management

University of Iowa

Iowa City, IA 52242-1323

Stenger, Vincent

BS

Electrical Engineering
University of Cincinnati
Cincinnati, OH 45221-0030

Stohs, Jonathan

BS

Physics

University of New Mexico
Albuquerque, NM 87131-0000

Stroman, Ronald

BS

Pharmacy

University of South Carolina
Columbia, SC 29208-0000

Sullins, Tashia

BS

Chemistry

University of Georgia
Athens, GA 30605-0000

Sutcliffe, Ronald

BS

Chemistry

Southwest Texas State

San Marcos, TX 78666-0000

Sweeney, Walter

MS

Electrical Engineering
University of Maine
Orono, ME 4469-0000

Swindal, J.

MS

Applied Physice

Yale University

New Haven, CT 6520-0000
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Electrical Engineering
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10- 6
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PL/VT

8-17
Pharmacy
AL/AO

7- 7

Chemistry
AL/EQ

7-15
Chemistry
AL/OE
7-30
Electrical Engineering
RL/IR
9- 9
Applied Physics
WL/PO

10-32




Tascillo, Mark

M3

Electrical Engineering
Binghamton University
Binghamton, NY 13902-0000

Thomas, Stuart

BS

Chemical Engineering
North Carolina State Univ.
Raleigh, NC 27695-0000

-

Tipton, Kevin

MS

Nutrition and Food Scienc
Auburn University

Auburn, AL 36849-5605

Tornow, Carina

BS

Quantitive Psychology
Chio State University
Columbus, OH 43210-0000

Trick, Kimberly

MS

Chemical Engineering
University of Dayton
Dayton, OH 45401-0240

Weaver, Michael

MS

Aerospace Engineering

Georgia Institute of Technolog
Atlanta, GA 30332-0150

Weitzman, Peter

M3

Thayer School of Engineer
Dartmouth College

Hanover, NH 3755-0000

whitmore, Christine

BS

Mechanical Engineering
Washington University

St. Louis, MO - 0

GSRP Participant Data
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Electrical Engineering
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Chemical Engineering
AL/EQ

Paychology
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Chemical Engineering
WL/ML

10-20

Aerospace Engineering
AEDC/

11- 9

Electrical Engineering
FJSRL/

11-15

Mechanical Engineering
AL/CF

7-13




Widener, Charles

MS

Electrical Engineering
Syracuse University
Syracuse, NY 13244-0000

Wierman, Mark

MA

Systems Science

Binghamton University
Binghamton, NY 13902-6000

Willemsen, Balam

MS

Physics

Northeastern University
Boston, MA 2115-0000

Wolfe, Randall

MS

Biopsychology
University of Georgia
Athens, GA 30612-0000

Worthy, Mark

BS

Environmental Engineering
University of Alabama
Huntsville, AL 35899-1750

GSRP Participant Data
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Field: Electrical Engineering
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CALCULATION OF ATMOSPHERIC COOLING RATES USING MODTRAN2

Lucia M. Kimball
Graduate Student
Mathematics Department
Worcester Polytechnic Institute

Abstract
A technique for calculating atmospheric cooling rates has been
developed based on infrared radiance calculations using MODTRAN2.
Comparisons with benchmark line-by-1line calculations show very good
agreement. The technique provides significant computational time

savings associated with band models vs. line-by-line calculations.




CALCULATION OF ATMOSPHERIC COOLING RATES USING MODTRAN2

Lucia M. Kimball

Introduction

Accurate calculations of the transfer of radiation through the
atmosphere are necessary for many climate programs. Line-by-line
models such as FASCODE perform detailed computations and are
considered "exact'" within the limitations of the current knowledge
of molecular properties such as lineshape, line mixing and
interaction with foreign gases. However, the amount of time
required for most calculations is prohibitive. MODTRAN2, the most
current version of MODTRAN, the Moderate Resolution Atmospheric
Radiance and Transmittance Model, is a band model based code which
has been extensively validated against FASCODE. For a 500 cm’
spectral interval with comparable vertical layering the time
improvement is more than a factor of 100.

In this paper, we consider the use of MODTRAN2 to calculate
clear sky, infrared cooling rates for several model atmospheres.
The cooling rate results are compared to similar calculations
performed with FASCODE as developed by Clough, et al., (1992). The
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current method follows that of Clough as closely as possible so
that differences in the results can be attributed primarily to the

differences between the line-by-line and band models.

Radiance Calculation

The radiant energy emitted at wavenumber v along a path with

optical depth 7, and transmittance T, is given by

1,-[*B,(8(T)) dry,
T,

1,=["B,(B(c})) e "t .
0

where B, is the Planck function at temperature 6,

Bv(6)=——£21%§L—

c? e ¥

Here h is Planck’s constant, ¢ is the speed of light and k is
Boltzmann’s constant. In the present application, MODTRAN2, a
moderate resolution transmittance code, has been used to first
calculate the path transmittances and secondarily, the radiances.
The version of MODTRAN used to perform the necessary
computations utilizes a one term Padé approximate for the

effective Planck function of the form

B, (t,) =[B,+(at,) B, (0,)] (1+at,) *
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where 8, is the temperature at the nearest boundary of the layer

(the upper boundary for downwelling radiance and the lower boundary
for upwelling radiance), B,=B(8) where 8 is the mean temperature

for the layer ¢. The value chosen for a is 0.2 after Clough, et

al., (1992). For a band model, 7, is an effective optical depth

v

derived from the log ratios of the full path transmittances between

adjacent layers

The radiance for a single layer is then given by

L . (Tv,l—Tv,hl) Bv (Tv) ’

v

The full path radiance for a path encompassing multiple layers
is found recursively where the value at each layer depends on the
contribution from the previous layer, see Clough, et al., (1981).
Treating the ground as a black body, the boundary condition is

given by

Comparison of Radiance Calculations FASCODE vs. MODTRAN2

The most accurate technique for <calculating atmospheric
transmittance and radiances employs a line-by-line code such as
FASCODE. Calculations are performed at small enough wavenumber
intervals to adequately represent the location, strength and shape
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of each spectral line within a layer, thus justifying Beer’s law
for calculating the optical depth. A more detailed description is
available in Ellingson, et al., (1991). Due to the large number of
spectral lines this 1is a slow and cumbersome process which is
therefore impractical for most uses.

MODTRAN2 employs a two parameter band model to offer more
efficient computations of the line contributions. Treatment of
line tails and continua is similar for both models. The two
parameters are an absorption coefficient (S/d) and a line density

parameter (1/d) given by
1
(s/d) —<7§_) S,
where Av = 1 cm! and
= (L "y 2 ,
(1/d) =(5=) (B/57)2/5s,.

S; is the integrated line strength of line i, and the sum is over
N lines whose centers are contained in a bin of width Av. The

transmittance, T, for the spectral bin Av is given by
T_(__fAv/z —Sub(v)d\,)

Here b(v) 1is the Voigt line shape function, u is the absorber

amount, S and n are defined by the band model parameters as

follows:




n=(1/d) Av.

For a more detailed description see A. Berk, et al., (1987).

In one specific comparison, see L. Abreu, et al., (1993),
MODTRAN2 was shown to be 100 times faster than a non-optimized
version of FASCODE for a 500 cm! spectral interval with comparable
vertical layering. With proper vectorization and parallel
processing, FASCODE’s speed can be greatly enhanced. However,
MODTRAN’s structure is equally vectorizable, so the ratio of

improvement should ultimately be maintained.
Flux Calculation

The upwelling and downwelling fluxes of radiant energy at a

given atmospheric level are calculated by integrating the

radiance, I,(H) , at wavenumber v over the appropriate hemisphere,

Fv*=f02”f011v (b) pdpdd

7= 1, (w) ndudd

where u is the zenith direction cosine and ¢ is the azimuthal
angle. In our case, it is assumed the radiances are

azimuthally independent; therefore the integrals become

Ff=12nf:1Iv(p)pdp .
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The required integration for determining the upwelling and
downwelling fluxes was computed using a standard two point, first
moment Gaussian quadrature. Comparison of two point vs. three
point quadrature did not show sufficient improvement to justify the
additional time involved in the computation. When simultaneously
plotted, the 2 angle and 3 angle cooling rate curves were nearly
coincident. The direction cosine values, associated angles and

quadrature weights are given in the following table:

Direction Cosine Angle Weight
0.3550510257 69.2034283 0.1819586183
0.8449489743 32.3335307 0.3180413817

Table 1: Gaussilan quadrature angles and welights

MODTRANZ2 was used to calculate the radiance along a path to space
corresponding to each of the given angles at each defined
atmospheric level. The downwelling flux was then found by the first
moment quadrature. The upwelling flux resulted from integrating
the radiances along paths corresponding to the complement of each
given angle.

The net flux at any level was then calculated as the difference

between the upwelling and downwelling fluxes.




Cooling Rate Calculation

The divergence of the net flux at atmospheric level £ represents
the rate of energy loss per unit volume of atmosphere, or the

cooling rate

0,=AF,.

v
The monochromatic cooling rate for the atmospheric layer bounded by
levels £ and £-1 is computed in terms of change in temperature, 6,
with respect to time, t, by the finite difference formula

g FV;l_Fv;!-l)

08 (
C, (P-P_;)

52 lv;ﬂ,ﬂ-l:

where g is gravitational acceleration, C(, 1is the specific heat of

air at constant pressure, and P is pressure. A value of 8.422
. . g . ,
(mbar K d’) per (W m?) is used for the ratio . as 1in Ridgway et
p

al., (1991), independent of altitude.
Comparison of Cooling Rate Results

All MODTRAN2 calculations were based on 60 atmospheric layers as
defined by Clough, et al., (1992). Layers were spaced at
increments of approximately 20 mb pressure from 0 mb to 1013 mb.
Cooling rates were found to be sensitive to the chosen layering at
both the top and bottom of the defined atmosphere.
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Data for layer temperatures and water vapor densities were
interpolated from the published ICRCCM data in Ellingson, et al.,
(1991).

The cooling rate results as compared to the published FASCODE

results were very good. Agreement was within the 2% documented
FASCODE - MODTRAN agreement in most regions. Relative errors in

the net fluxes, mid-latitude summer atmosphere, were all less than
1% with the exception of the net flux in the ground layer which had
the maximum relative error of 3.7%.

A comparison of cooling rate results for mid-latitude summer,
tropical, and sub-arctic winter atmospheres is given in figures 1-
3. Plots represent spectrally integrated cooling rates.

A representation of spectrally dependent cooling rates
corresponding to published FASCODE results (Clough, et. al.,

(1992)) is given in fiqure 4.
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Figure 3:
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Abstract

A methodology for deriving satellite based input parameters to satisfy the target contrast background
model (TCM2) was developed using digital image processing and geographic information systems (GIS). Visible
and thermal bands of Landsat TM data and digital terrain elevation data (DTED) were used to characterize
growing condition and, to some extent. ininal surface soil moisture for a 1-dimensional foliage model using an
energy balance solution for solving the temperature of the composite background (foliage and ground). The
raster-based GIS, Geographic Resources Analysis Support System (GRASS), served as a platform for the
3-dimensional analysis of thermal and visible bands of Landsat TM draped over a terrain model generated from

DTED data. The resulting imagery will provide useful input for the infrared electro-optical tactical decision aid

(IR EOTDA) models.
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Introduction
An Electro-Optical Tactical Decision Aid (EOTDA) is a software model that predicts the performance of
air-to-ground weapon systems and direct view optics based on environmental and tactical information (Frenti et al.,
1978). Performance is expressed primarily in terms of maximum detection or lock-on range and results are

displayed in alphanumeric and graphic formats. The EOTDA supports systems in three regions of the spectrum:
infrared (8 - 12) ; visible (0.4 - 0.9 lum) ; and laser (1.06 ym).

Imaging IR sensors actually respond to the difference in radiance between target and background across
the wavelength band. However, it is customary to specify sensor performances in terms of a temperature
difference. This practice is made possible by converting the physical (actual) temperature of target and

background to an equivalent blackbody temperature (EBBT). This conversion involves the IR inband emissivity
of the body, which is taken to be constant across the 8-12 plm range (Touart et al., 1993).

The thermal model used to compute target temperatures, TCM2 (Target Contrast Model #2), treats the
target as a distinctive 3-dimensional network of nodes that exchange heat with one another and with their
environment. There are many physical interactions that produce the thermal scene containing the target and its
background. The following are the principal phenomena incorporated by the TCM2. Solar load is distributed by
its components: direct, diffuse, and reflected. This allows the proper directionality, shadowing, and optical
properties to be taken into account. Two spectral bands are treated. The total band represents the radiative
contribution to heating. The sensor band treats reflected components in radiometric target and background
temperatures. Mass and heat transfer effects of evaporation, condensation, sublimation, and precipitation are
directly accommodated. Convective coupling to ambient air is based on the vector sum of wind speed and
direction and the vehicle speed and bearing. All emissions and multiple reflections interact correctly in both the
total band and the sensor band. The thermal analyzer provides conduction paths as well as internal heat sources.
Fluid flow heating and cooling effects are incorporated in a mass-flow nodal/conductor network. Provisions are
made for conductances, capacitances, and heating rates that depend on time or temperature.

The performance of electro-optical sensors are highly dependent on weather conditions and other
environmental factors. For passive IR imaging sensors this sensitivity is derived from two sources. The inherent

(zero-range) strength of target signature is strongly influenced by environmental parameters, and the degradation
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of this signature as it propagates from target to sensor is determined by weather conditions. The TCM2
incorporates a model that attempts to characterize the affects of the existing background conditions on the IR
signatures. The latest version of the TCM2 consists of six first principles background: vegetation, soil, snow,
water, concrete, and asphalt. This study primarily focussed on the use of digital satellite imagery, digital

elevation data, and GIS to provide necessary TCM2 input information describing these various backgrounds.

kgroun

The background can be modeled with first principle techniques in three dimensions just as the targets are
modeled. Two types of one dimensional background models are available in TCM2: empirical and first principle.
When the background is based on one of these choices, a single background temperature representing the average
background surface temperature is obtained. This temperature is obtained prior to solving the target temperature
distribution so that is can influence the target temperatures. TCM2 will model several (up to 20) background
textures simultaneously thus providing background temperatures and target-background contrasts for multiple
comparisons. The remainder of this paper 15 only concerned with the first principles approach. Currently there
are six background models within EOTDA. They include: vegetation, soils, water, snow, concrete, asphalt, and
concrete. This paper is mainly concerned with the utilities of digital satellite imagery and GIS as a method for
providing useful input parameters to these models. Consequently, the first principles relating to model
development will not be addressed at depth.

The vegetation and soil models are both energy balance solutions derived from the Deardorff Model
(Deardorff, 1989). The vegetation model 1s an efficient heat and mass transfer solution in which the foliage is
parameterized by a single layer and the ground soil is divided into multiple (13) layers. The physical processes
include convection with the air, foliage. and ground; radiation between foliage/sky, foliage/ground, and
ground/sky; conduction through the soil layers; solar loading of foliage and ground; evapotranspiration within the
foliage; evaporation within the ground; and precipitation to the foliage and ground. The soil model, also an
efficient heat and mass transfer solution, solves for surface temperature for 7 different varieties of soil type under

moisture conditions ranging from completely dry to saturated. The processes include convection between the air
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and ground; radiation between the ground and sky; conduction through the soil layers; solar loading;
evaporation/condensation; and precipitation.

The water model is an energy balance solution for solving the surface temperature as well as the
temperature of internal layers for a lake/reservoir. The model is derived from the Kirk and Crain models (Kirk,
1988). It has an efficient one dimensional heat and mass transfer solution consisting of multiple layers with
varying properties dependent on solar artenuation and atmospheric turbidity. The processes include convection
between the air and surface; radiation between the surface and sky; conduction and convection through the water
layers; solar loading; evaporation/condensanon; and precipitation. The heat exchange between the surface layer
and atmosphere includes radiant solar energy absorption; long-wave radiation onto the surface from the
atmosphere: blackbody radiatton emission: evaporative heat loss; sensible heat loss; eddy and molecular
diffusivity; and precipitation. The heat exchange between internal layers inciudes radiant solar energy absorption;

eddy diffusivity; and molecular diffusivity.

Methodolog
A Landsat thematic mapper (TM) scene dated September 16, 1987 was obtained for Hanscom Air Force

Base located in eastern Massachusetts. The GIS Geographic Resources Analysis Support System (GRASS) was

used to create a composite of visible TM bands 1 (0.45-0.52)m), 2 (0.52-0.60lm ), and 3 (0.63-0.69pum) as well
as an image of the thermal channel, band 6 (10.4-12.5{tm). In addition, digital elevation data were extracted for

the Hanscom area from digital terrain elevation data (DTED) available on CD-ROM. Linear contrast stretches
were performed on both the visible composite image and the thermal image. Gray-scale images were then
produced representing land cover contrasts in the visible and apparent heat contrasts in the thermal image. The
DTED data were projected onto a Universal Transverse Mercator (UTM) coordinate system using the Clarke 1866
spheroid. Both the visible composite and thermal images were then “draped” over the DTED data and displayedin
three dimensions using a 3-D visual analysis routine in GRASS.

In addition, the DTED data were used to generate slope and aspect models for the Hanscom site. These
were accomplished in GRASS using a routine that calculates the slope or steepness of the terrain in degrees or

percent and the aspect or azimuth direction the slope is facing.
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Results

Figure 1 illustrates the gray-scaled visible composite image representing TM bands 1, 2, and 3. The
spatial resolution of these data are 30 meters. Although no formal classification was performed in this project, the
darkest areas are water bodies. the brightest areas are urban (concrete, roads, parking lots, buildings), and the gray
areas represent vegetation in the form of trees, shrubs, and grasses. The thermal image, with a spatial resolution
of 100 meters (Figure 2), depicts apparent temperatures of the land surface. In this scene white represents "hot".
Since this scene was taken during the daytime, urban areas are expected to be much warmer than the surrounding
vegetation and water. Digital elevation for eastern Massachuseits is illustrated in Figure 3. Although this area is
relatively flat, the white regions represent locations of higher altitude. Due to the homogeneous terrain of eastern
Massachusetts, the aspect map did not prove to be visually suited for output. Therefore an aspect map for
Boulder, Colorado, was created instead (Figure 4). The aspect map was generated only to demonstrate the utilities
of a GIS for creating aspect and slope maps.

A 3-D image of the terrain (Figure 5) was then constructed, and the visible composite image (Figure 6)
and thermal image (Figure 7) were then draped over the 3-D terrain. The flatness of the area prevents seeing any

large topographic changes, however, the results are roughly true to scale and would probably represent a similar

view coming from the thermal sensor's video monitor inside the pilot's cockpit.

D ion nclusion
Digital satellite data 1s often used for characterizing land use/land cover (Campbell, 1987; Jensen, 1986).
Of the 3 vanables within the vegetation model (growing state, coverage, and soil moisture), satellite data can be
used, directly or indirectly, to determine each parameter. As described by the model, growing state can vary from
dormant to fully growing. Temporal satellite data covering the same region can be used to determine the growth
in biomass over time (Samson, 1993). The coverage factor can be directly estimated from the image using various
measuring techniques (e.g. planimetry) common to most GIS systems or it can be obtained via leaf area indices

(LED. An LEI is the measure of total one-sided leaf area of the foliage relative to the ground area of the same
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region. Lookup tables exist depicting LEIs for different species of vegetation. Soil moisture inputs are explained
in the following under the soil model.

The soil model requires soil type. surface moisture, and depth moisture as inputs. While soil type and
surface moisture can be obtained, it is extremely difficult to obtain valid measures of soil moisture at depth
because of the "masking" affect caused by the upper soil layers and any vegetation present. There are basically
two methods of obtaining soil type with satellite data. First, the direct sensing of the soil properties is the most
accurate measure of soil type, however, this can only be performed when bare soils are present. There can not be
any vegetation obstructing the sensors measurements of the soil properties. As this condition is not often the case,
the second method involves the use of proxies or substitutes such as topography, vegetation, and drainage patterns
that serve as clues for the interpretation of soils. Surface soil moisture can be directly measured with longer
wavelengths that penetrate through the vegetation and into the surface soils.

Spectral qualities of water bodies are determined by the interaction of several factors, including the
radiation incident to the water surface. optical properties of the water, roughness of the surface, angles of
observation and illumination. and in some instances. reflection of light from the bottom. The water model
requires a depth as well as a clarity (clear or turbid) input parameter. Digital satellite data can be used to
determine water depths of clear and in some cases turbid water bodies (Campbell, 1987). Multispectral
bathymetry is based on the fact that the depth of penetration of solar energy is wavelength-dependent. If several
spectral channels are available. then differences in brightness within the channels can be used to estiméte water
depth. Clarity can easily be determined visually as suspended particles reflect nearly all of the incident radiation.
Determining depths in turbid water can prove difficult (although it has been done successfully in some regions).
Fortunately, the water model only requires water depth when clear water exists. If attenuation coefficients can be
estimated and certain assumptions regarding bottom retlectance can be made, it is feasible to make more refined

estimates of water depth.

The images generated in this paper help to visualize in three dimensions natural terrain and land
characterizations. It is thought that these 1mages will enable EOTDA model programmers and analysts to better

understand the actual views pilots may see through their video monitors inside the cockpit. With this additional
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information at use, programmers can begin to modify existing models to increase the accuracy and precision of
the TCMs and the overall EOTDA.

It is obvious that digital satellite data along with GIS can be utilized to provide necessary data inputs into
the TCM2 of the EOTDA. In many, if not most, cases the availability of some of these required inputs can only
be obtained remotely. Theretore, thematic information derived either directly or indirectly from satellites are
essential to the success of the EOTDA. The TCM2 is extremely dependent on environmental factors which vary

spatially as well as temporally. However, the use of satellite-based data can begin to capture and quantify

changes in vegetative conditions, soil properties, land uses, and water qualities.
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Abstract

A High Temperature Flowing Afterglow was utilized in the study of ion-molecule
reactions. Reaction rate coefficients were measured for the following reactions in the
temperature range 300-1300 K: O~ + Hp, Dy, and CHy. 05" + CHy,

The system performance was evaluated in terms of changes needed to effect a
more durable and reliable instrument. The effects of the high temperatures and cycling
to room temperature dictate further design modifications that will be the subject of
another paper (in preparation) L
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ION-MOLECULE REACTIONS AT HIGH TEMPERATURES
Jeffrey F. Friedman, and Melani Menendez-Barreto

INTRODUCTION

Information on ion-molecule reactions is desirable for both scientific and
practical reasons.? At high temperatures rotational and vibrational states are excited in
both the ions and target molecule, making it possible for new reaction channels to open
up. The controversial topic of "entropy-driven" reactions could more readily be

investigated at high temperatures, as emphasized by Meot-Ner.3

Because of the need to understand and influence plasmas which occur naturally
(e.g., auroras and the ionosphere) or man-made (e.g., around transonic aircraft, re-entry
vehicles, or engine exhausts), the U.S. Air Force sponsors a great deal of research on

low-energy interactions of electrons, ions, atoms, and molecules.

Laboratory studies of ion-molecule reactions are generally carried out within 200-
300 Celsius degrees of room temperature. This represents a difficulty to the Air Force
given many of the plasmas of their interest are at much higher temperatures (say, 1000-
2000 K). Modelers are forced to make educated guesses as to the high temperature

behavior of reaction rates and products.

Drift tube experiments have revealed the rtranslational energy dependence of the
reaction rate coefficients for some reactions, up to energies corresponding to thousands
of degrees. However translational energy data are not directly applicable to high
temperature plasmas because the target molecules are not at equivalently high
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temperatures, and the projectile ions may or may not be excited by successive collisions
with a buffer gas.

Only a few reaction rate coefficients had been measured as a function of
temperature to prior our work on this high temperature flowing afterglow apparatus.4
Those measurements typically extend into the 500-600 K range, limited by the materials
and heaters used in the apparatus. There had only been one experiment that went beyond
this conventional temperature limit before our last summer's experiments on the HTFA.
In 1974, a group at NOAA modified the heaters in a flowing afterglow apparatus and
measured reaction rate coefficients for several positive-ion reactions involving
atmospheric species, up to 900 K5 Our experiments last year led to reaction rate
coefficient measurements for a variety of both positive and negative reactions in the 300-
1200 K range.

We have new measurements for some other ion-molecule systems of known
importance in the ionospheric composition and have made a modest temperature advance

to 1300K. We have studied O~ on Hy, Dy, and CHy, as well as 071 on CHy.

EXPERIMENTAL METHQOD

We used a newly constructed and now extensively modified flowing afterglow
apparatus at Hanscom AFB that was specially designed for high temperatures. The
flowing afterglow technique was developed in the 1960s for the study of ion-molecule
reactions by a group at NOAA laboratories (then part of the National Bureau of
Standards). The flowing afterglow method is now a well-established technique used in-
20-30 laboratories around the world.

The experimental method involves interacting a swarm of ions with a known
number density (n) of reactant molecules for a specific time (t). Exponential attenuation
of the primary ion signal (I, which is proportional to the primary ion density) will occur
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if reactions take place which generate other species:
=] exp(-knt),
where the signal at t=0 is lj. The ion-molecule reaction rate coefficient (k) is given by:
k=-n"1t-1 In (1)

The experiment was carried out in a flowing buffer gas to effectively transform
the time measurement into one of distance.

The measurement procedure involved recording the primary ion count as the
neutral reactant concentration was stepped from zero to an amount that affected no less
than a factor of two attenuation in the primary ion signal. The (negative) logarithmic
slope of the primary ion count rate versus reactant concentration is equal to -kt. The
reaction time was readily determined from a measurement of the ion velocity and the
known reaction distance.

The ionic products of the reaction under study were identified by the mass
spectra. The lack of ionic products indicates electron attachment. Neutral products are
now observable because of the addition of a residual gas analyzer (an ionizer in the lens

region). We hope to make extensive use of this new feature in the future.

APPARATUS and PROCEDURES

The ion swarm is created in the upstream end of the flow tube by electron impact
on a suitable source gas (N7O for O~ and Oy or CO, for 02+) , and in the case of 02+
from CO, a rapid secondary reaction that must be essentially complete before the
neutral reactant gases are added approximately 40 cm. downstream. The ions and
neutrals can interact in a 63 cm. reaction region before sampling through a pinhole
aperture to a mass spectrometer and detector. The time in the reaction region is
determined by the gas flow. The ion velocity can be determined directly by applying an
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electrical pulse to the internal thermocouples (each in turn) and timing the arrival of the
ion attenuation minimum at the detector with a multichannel analyzer. The ion velocity
is just the distance between the thermocouples divided by the arrival time difference.
Velocities were generally in the range of 7000 to 35000 cm/s. Comparing this velocity
with the neutral gas velocity determined by the temperature, pressure, and flow rate
yields an almost constant ratio of Vion / Vpeytrals in the range of 1.6 to 1.9. The ratio
has some dependence on the temperature and the pressure. The flows of the reactant and
source gases can generally be ignored for this calculation compared to the He buffer, but
this is not always the case as for slow rates when the reactant concentration could be a
few percent. Occasionally high flows of source gas and Ar (to remove He metastables
created in the electron beam) were also used. The total correction could run as high as
10% in some cases.

The concentration of neutral reactant in the flow tube was determined by
comparing the flow rates of the He buffer gas and the reactant. Typical concentrations
were .001 times the He buffer (except as noted above). The total gas pressure ranged
from .3 to 1.2 torr.

The temperature of the flow tube is determined by averaging the readings from
two thermocouples spaced about 30 cm. apart and roughly centered in the reaction
region. Above ambient temperatures were achieved by 7 high temperature commercial
heating tapes in four heating zones covering the flow tube from ion source to sampling
port. For more information on special modifications made to the flow tube to allow
operation at high temperatures see Menendez-Barreto, Friedman, and Miller 6 (and 1).

As a result of the heating-cooling cycle cracks developed at the downstream end
of the flow tube where it is welded to the thin end flange. At first the resultant leaks
could be sealed with conventional leak sealants, and generally disappeared at high
temperature because of thermal expansion of the flow tube. This solution was deemed
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expedient because a more permanent solution would require the removal of the flow
tube, and the crystallized insulation on the heating tapes rendered this impracticable
without the risk of destroying the tapes. However this proved only temporary as the
cracks worsened. The use of the large vacuum box that surrounds the entire flow tube
solved the problem, but is generally inconvenient, and we have undertaken a redesign of
the end of the flow tube. 1

In practice the lifetimes of the channel multipliers are very short at these elevated
temperatures. It is not known if this is a purely temperature effect, which seems unlikely
because of the low pressure in the detector region, or the result of highly reactive
contaminants.

All of these issues will addressed more fully in a paper in preparation for "Review

of Scientific Instruments". |

RESULTS AND DISCUSSION

In order to avoid thermal dissociation problems it was decided that only stable,
but atmospherically important reactions would be studied. Figures 1-4 show reaction
coefficient, k, versus temperature for the reactions 02+ on CHy, O” on CHy, O~ on Hy
and O~ on D7 respectively. It is clearly obvious that the methane data are very different
in nature than the hydrogen data. Presumably this reflects the opening of vibrational
channels in methane at high temperature that are not yet available to the hydrogen and
not seen in drift tube data at equivalent kinetic temperatures. The internal excitation of
methane is the subject of a paper by Viggiano et al.” that will include these data and is
currently in preparation. The minimum in the O™ curve is at the limit of the HTFA
data, but is still consistent with them. You will notice a large amount of scatter in the
molecular oxygen ion on methane plot, and this reflects the great difficulty in doing this
experiment. However the trend of the data is clearly evident and represents results from
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wideiy varying flow conditions in pressure and velocity as well as source and reactant
concentrations and the presence or lack of Argon in the buffer. The data are also
consistent with the VT-SIFT data with which they overlap (fig. 1). We are presently
analyzing the ion-neutral chemistry in the flow tube and the possibility of new channels
at elevated temperatures. There seems to be some, as yet unknown, mechanism for
regenerating the molecular oxygen ion downstream, at least in the 600-800K range. The
ratio of the ionic products is not constant in the data set as a function of temperature but
it is not yet clear if this is a temperature effect, or the result of incomplete chemistry
upstream of the reaction region because of different plasma velocities and/or changing
reaction rates. The data are in fairly good agreement with the VT-SIFT data of Viggiano
etal.” over the temperature range common to both. This is also true of the hydrogen
data8 and consistent with our 1992 data.0 Comparison of the O- + CHy at high
temperature with equivalent kinetic temperature SIFT drift tube data shows that they are
not equivalent. Further collaboration is indicated to sort out the ion/neutral chemistry as

a function of temperature, and the openning of new reaction channels.
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Abstract

A summary of the various phenomena leading up to ionospheric particle precipication is
presented. Lightning discharges emit VLF electro magnetic waves that propagate in all
directions. The VLF waves are reflected at the ionosphere where a small fraction penetrate
into the plasma beyond and are converted into whistler waves. The magnetized ionosphere
guides the whistler waves into the radiation belts where they interact with high energy
particles created by the solar wind. These particles are pitch angle scattered into the loss
cone created by the Earth’s dipole magnetic field and precipitate toward the Earch along
the magnetic field lines that guided the VLF waves. Upon reaching the lower ionosphere -
or upper atmosphere - they collide with neutral particles and create intense plasma patches.

Experiments performed at Arecibo regarding particle precipitation will then be pre-
sented. Analysis of data recovered from the Fall 1992 campaign will be discussed. Prelim-
inary results indicate that modification of the ionosphere by HF heaters may enhance the
particle precipitation events.
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Chapter 1

Introduction

Ionospheric Plasma Physics is by no means a new topic. Beginning the early part of this
century radio scientists have been aware of the existence of the ionosphere and has used it
to their advantage. By acting as the upper conductive boundary of the Earth-Ionosphere
waveguide it allows radio operators to communicate around the globe without the otherwise
necessary beacon satellites.

As communications technology grew so did ouf dependance on the information gathered
courtesy of the ionosphere. However, due to the turbulent nature of the atmosphere below
radio scientists quickly became aware of disturbances created by lightning generated elec-
tromagnetic noise. The existence of naturally occurring sources of noise and the subsequent
error introduced into radar and other position sensing equipment has driven physicists to
study the origins of such phenomena.

The particular phenomena discussed below begins with a lightning strike and ends with
the occurrance of sporatic plasma patches. The continuing studies of such phenomena began
decades ago and continues today. Because of this there exists a great number of publications
that necessarily must be reviewed to understand the fundamentals of the various processes

involved and to prevent the duplication of any of the fine experiments performed so far.
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1.1 Overview

The present work reviews many fine articles discussing experiments and theories attempting
to explain the causes of ionospheric particle precipitation events. The first half of this
work reviews some relevant theory, whereas the second half describes a set of experiments

performed at Arecibo, Puerto Rico in the Fall of 1992.

1.2 Outline

In Chapter 2 is discussed three main stages leading up to precipitation events: atmospheric
disturbances or 'spherics’ serving as natural sources of VLF EM noise; the conversion of the
lightning emitted EM waves into whistler waves and the guidance of these whistler waves
out to the radiation belts; and the wave particle interaction which scatters trapped particles
down to the lower ionosphere and upper atmosphere.

Chapter 3 will introduce some ionospheric heating experiments performed in Arecibo to

explore the causes of trimpi events.
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Chapter 2

Review of Phenomena and Theory

This chapter is comprises of three main sections. The first section describes lightning as a
source of VLF emission and some field experiments that have gathered data near intense
storms. The next section concentrates on the penetration and guidance of VLF waves into
and through the ionosphere. The last section reviews the wave-particle interaction which

scatters particles down toward Earth.

2.1 Spherics as sources of VLF power

It is well known that lightning serves as an excellent source of VLF emission. In fact,
lightning is common enough and powerful enough that it has become quite a nuisance to
many types of communication and radar position sensing. Although the frequencies emitted
by lightning are far too low to be directly picked up as noise by most radio systems. (This is
not the case for most Naval transmitters as will be discussed later.) The secondary effects,
e.g. plasma turbulence and patches created by lightning emission do, however, directly
affect communications. A cartoon sketch of lightning generated whistler waves is shown in
Figure 2-1.

A set of experiments performed recently [Kelley et. al. 1985] successfully made measure-
ments of lightning emitted EM energy via two balloons named Thunder Hi and Thunder

Lo. It was found that lightning typically has a rise time of 0.2 msec or so and lasts for
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Figure 2-1: Lightning as a source of VLF. From Liao 1989.

approximately 10-20 msec. Hence the corresponding emission lies in the 1-10 kHz range.
This range of frequencies corresponds to the whistler range of frequencies in the upper iono-
sphere. Frequency time plots clearly indicate a broadband spike occurring shortly after the
lightning stroke followed by several and sometimes many downward sweeping tone bursts
labelled as whistlers. See Figure 2-2. The mechanism creating multiple whistlers is well
known. A packet of VLF waves is emitted by the lightning stroke. Some fraction penetrates
the ionosphere and is guided along the Earth’s dipole magnetic field toward the opposite
pole. As the waves travel the dispersive nature of the plasma causes the higher frequencies
to travel faster than the lower frequencies. After the packet reaches the other pole it is
reflected at the ionosphere-atmosphere boundary and returns. The reflection from pole to
pole may occur several times before the waves disperse or decay away.

The above mentioned experiments also revealed the amplitude of the first bounce whistler
to be greater than the lightning emitted VLF packét. The single pass damping of whistler
waves has been found to be typically 7dB [Helliwell 1965]. The measured peak amplitude
near 4-6 kHz indicated an amplification of nearly 20 dB. This whistler wave amplification

will be discussed in a later section.

Other experiments carried out have discovered events that are difficult to justify. Upward
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“Thunder H!"

Figure 2-2: Frequency time plot indicating whistlers. From Kelley 1985.

streaming energetic electrons in the keV range have been found by both Kelley et. al. as
well as others [Burke et. al. 1992]. Several mechanisms have been presented to account
for these energetic electrons. Burke et. al. propose that the lightning generated radial
electric field accelerates electrons freely along the earths magnetic field until many runaway
to the keV range. Recent experiments by Kelley have measured parallel electric fields that
are far too great to be justified given the shielding effect of the ionosphere [Kelley et. al.
1990]. In addition it was found that the time delay from the lightning strike to the arrival
of EM fields was too short to be explained. Attempts to explain the large parallel electric
fields have incorporated non-linear three and four wave interactions. Parametric decays of
whistler waves in the laboratory context have been described [Porkolab 1974] as well as in
the ionospheric context [Lee and Kuo 1984]. Evidence supporting whistler decay has been
observed [Liao, Freidberg and MC Lee 1989].

Considering the many and varied possibilities explaining the existence of inexplicably
large electric fields the solution is by no means found. Thus is the justification for studying

the wave interactions at the plasma-atmosphere interface.




2.2 Interactions at the atmosphere/ionosphere interface

The following section explores the physics that determine the fraction and direction of inci-
dent power that is transmitted through the plasma boundary. The above section describes
some mechanisms for generating VLF waves. Given that some VLF power is incident on the
ionospheric boundary it is a difficult task to calculate how much of the incoming linearly
polarized power is converted to circularly polarized whistler waves. There are many factors
a.ffécting the final outcome. The density profile, angle of incidence, frequency range, and
magnetic field strength are some. Qualitatively the problem is not so difficult. However,
quantitatively the problem is nearly intractable.

The basic line of reasoning is as follows. Given a source of VLF waves, say a Naval
transmitter, the power incident on the ionospheric boundary a distance r away is simply
1/r? times the transmitted power. Given the various plasma parameters a fraction, T, of
this power gets through. The resulting whistler wave power is then guided along the earth’s
magnetic field.

Using Snell’s law it is straightforward to determine the transmitted group velocity di-

rection. As described in [Kong 1986] Snell’s law can be written as:
lez'n(Ol) = ]VgSZln(OQ) (21)

where N is the refractive index in region x, and . is the incident(transmitted) angle in
region x. Some difficulty is encountered initially since NV, is a function of 6, however, for
the case of interest, Snell’s law is simplified. The index of refraction for whistler waves
is typically quite large - approximately 40-70. Hence for almost all cases, the transmitted
angle will be almost exactly at a right angle with respect to the interface, i.e. vertical.
One must beware since this angle is the direction of phase velocity. For whistler waves the
phase and group velocities are seldom aligned. The direction of group velocity is found to
be normal to the polar plot of phase velocity [Farrel et. al. 1988].

For the case of interest the group velocity is nearly parallel to the magnetic field lines.

This suggests that whatever power is transmitted into the ionosphere is effectively trapped
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Fig. 1. The index of refraction surface for the whislier mode and

the associated E, k, and v, vectors for propagation near the resonancs
cone (8 x 8,,,). For propagation near the resonance cone, k and E are
parallel and nearly perpendicular 10 v, In this limit, E is linearly
polarized and quasi-eiectrostalic.

Figure 2-3: Index of refraction surface for whistler waves indicating group and phase direc-
tion. From Farrell and Gurnett

onto the flux line and is confined to a banana shaped region created by the earth’s dipole
field and bounded at both ends by the boundary of the ionosphere.

The determination of transmitted power is a more difficult task. With a few simplifying
assumptions the task is greatly reduced. The easiest approach is to assume a horizon-
tally stratified plasma with a sharp boundary. From the equations for a plane wave it is

straightforward to show the relationship:

2N,

T=-_"1_
N1+1V2

(2.2)

where T is the fraction of transmitted electric field. For whistler waves with refractive
indexes near 50, this simplified treatment clearly shows a small - 1/2500 - fraction of trans-
mitted power. The transmitted power density is only 1/50 of the incident power density
since by snell’s law the angles of incidence are mapped onto a much smaller - 1/50 - region
of transmitted angles. Nevertheless, the large majority of incident power remains below the
ionosphere. This is not surprising considering this is exactly what radio engineers, particu-
larly Navy radio engineers, have been relying on for decades. For further discussion of this
analysis please refer to [Starks 1993].

This simplified approach breaks down under several realistic conditions. Firstly, the
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assumption of a sharp ionospheric boundary does not consider the existence of the D or E
region. For such low frequencies considered here even a tenuous plasma such as found in
the D region can present significant conductivity. If this is the case then the initial 1/r2
power drop will be much less, a.k.a. more power incident the boundary. Additional power
may penetrate since the refractive indexes in the D region are much lower. Aside from the
existence of the D or E region the gradual density profile of the E region may act as an
impedance transformer. (Recent lab experiments performed by the author have shown that
even an approximate impedance transformer, a horn attached to the end of a waveguide,
can reduce reflections from 40% to less than 8%).

Still another model breakdown is revealed in the derivation of T and Snell’s law. Both
were derived using the linearly polarized plane wave (on both sides of the boundary) ap-
proximation. Qur case meets the approximation only on one side. For applications where
the transmitted wave is of a differing polarization, including electrostatic components, it is
not clear how to approach the problem aside from solving the full wave equations. Will a
Brewster angle come into play at any point?

Another approximation is in regards to the relative sizes of the incident wavelength and
the size of the transmitted plasma region. Surely for the case of a quiescent ionosphere
the short wavelength assumption is justified. For important cases to be described later
the wavelength must be compared to the size of a heated region. Experiments have been
performed using HF heaters to create plasma ducts that extend out into the magnetosphere.
These ducts are believed to be on the order of a few kilometers. For the lower end of the
whistler range of frequencies the wavelengths can be of the order 300 km. For this range of

frequencies it is probably more reasonable to model the incoming wave and a current sheet

at the mouth of a circular waveguide.

2.3 Electron cyclotron resonance and particle precipitation

The list of plasma instabilities are many and varied. Some require no external disturbance

to initiate a relaxation process. Others require a substantial input that must exceed some
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threshold before the instability occurs. The following section describes an instability be-
ginning with the injection of whistler waves into the ionosphere and ending with particle
precipitation.

Above 300 km or so there exists a very teﬁuous plasma made up of fairly energetic - up
to many keV - particles. These particles primarily come from the solar wind. As they near
the Earth these particles become trapped in the geomagnetic field. Because of the dipole
nature of the geomagnetic field, the energetic particles find themselves trapped within a
magnetic mirror aligned North to South. This mirror t