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ABSTRACT

This paper describes an all-weather ice infor-
mation system developed by the NASA Lewis Research
Center as part of the twelve federal agency Great
Lakes Winte: Navigation Program for which the U.S.
Army Corps of Engineers is lead agency. This system
utilizes an X-band Side~Looking-Airborne-Radar
{SLAR) for detertining type, location, and aerial
distribution of the ice cover in the Great Lakes
and an airborne, S-band, ahort pulse radar for ob-
taining ice thickness. The SLAR system ia currently
mounted aboerd a U.S5. Coast Guard C-1308 aircraft.
Digitized SLAR data are relayed in real-time v.>»
the NOAA-GOES-1 satellite in geosynchronous o:
to the U.5. Coast Guard Ice Center in Clevel.

Ohia. SLAR images along with hand-drawn ir @
tative ice charts for various winter ship-. . REE
in the Great Lakes are broadcast to facsimi..: re-
corders aboard Great Lakes vessels via the HMARAD
marine VHF«FM radio network to asaist such vessels
in navigating both through and around the ice %he
operational aspects of this Ice Ianformation System
are being demonstrated by NASA, U.5. Coast Guard,
and NOAA%National Weather Service. Results from
the 1974-75 winter season demonstrated the ability
of this system to provide all-weather ice informa-
tion to shippers in a timely manner.

1. INTRODUCTION

The Great Lakes-St. Lawrence Seaway System 18 . network of navigable waters
composed of the St. Lawrence River, the five Great Lakes, and their connecting
channels. The highly industrialized citles around the Great Lakes rely heavily on
this inland waterway for economic commercial transportation. The Great Lakes ports
account for over 17 percent of the United States' domestic and foreign waterborne
commerce and over 31 percent of such traffic for Canzda, totaling more than
100 billion ton-miles of waterborne freight per year. Considering only domestic
commerce movement, these same ports account for 19 percent of the United States’
trafflic and 46 percent of Cansdian traffic (ref. 1).

In 1972 this system carried 214 million tons of cargo, including significant
percentages of the United States' waterborme traffic in iron ore (70 percent), coal
(22 percent), limestone (78 percent), and gypsum (98 percent).

The CGreat Lakes-St. Lawrence Seaway system has traditionally been closed to
navigation during the winter ice season from mid-December until early April because
of the adverse effects of weather and ice. A preliminary investigation of the
technical and economic feasibility of extending the navipation season into _the win-
ter months on this System was completed in 1969 by the U.5. Army Corps of Engineers
(ref. 1), Results of this study concluded that present technology was sufficiently
advanced to make extended season ope itions physically possible. This study fur-
ther recommended a comprehensive demonstration program be undertaken to demonstiate
the practicability of extending the navigation season into the winter months and




provide information on the cos: effectiveness, and environmental impact of meansures

to alleviate problems associated with winter navipation. Since 1970, twelve federal |
agenciee led by the U,5. Army Corps of Engineers and the U.5. Coast Guard have par- ¢
ticipated in a” federally sponsored program to demonstrate the practicability of ex- 4
tending the navigation season on the Great Lakes-St. Lawrence Seaway System and to /
identify the necessary rescurces for permanent extenslon. If an extended season 1s g
rufficlently cost-beneficial it is expected to be implemented on a permanent basis. :

2. ICE INFORMATION REQUIRFMENIS

The geographic locatlon and extent of the Great Lakes region is such that it
is subjected to a varisty of wind and weather patterns and to rapid temperature
changee. In this cliwatlc zone the period o+ freezing temperature is generally not
long encugh to caus: a lake-wide, solid stable ice sheet to form. Consequently,
vargous stages of 1ce formation and decay often occur simultaneously at different
locations within the ureat Lakes and can even cccur at different locations in the
same lake. Storms, winds, current, and other hydro-meteorological factors produce
rapid changes in the location and extent of the ice cover on the lakes.

The collection, analysis, and timely Jdissemination of accurate information
concerning the location, areal extent, type, and thickness of the ice within the
Great Lakes has been recognized as an essertlal element in the successful extension
of shipping activities into the winter seasson. Such ice information is necessary
to facilitate the safe and efficient vessel transit of ice covered waters (minimize
delays caused by ice) as well as to provide a valuable input for the determination
of vesael ruuting and movement schedules. In addition, such ice information will
serve as a necessary input into the various sclentific studies and analytical models
used to predict ice bulld-up or decay throughout the season.

To meet the operacional needs of the lake vessels and o”her inte-ests during
the extended winter navigation season, ice information must not only ve frequently
undated over the entire system but must also be transmitted in a tirely manner to
tEe wheelhouse of vessels operating in the Great Lakes. During periods of rapidly

fluctuating ice “tions such as might occur as the results of the passage of a
weather front thr the Great Lakes region, ice information must be updated daily.
Due to the dynami ure of the Great Lakes ice cover, information more than 12 to
24 hours old is ¢t mes of limited value for aiding vessel navigation.

Side~Looking Airborne Radar (SLAR) with its ability tv penetrate all but the
most severe weather and to map broad lateral distances from aircraft altitudes sat-
igfies the major requirements for an Ice Information System. Winter cloud cover
and a limited fleld of view in relation to the tremendous areal extent of the Great
Lakes lce cover generelly preclude the use of optical systems operating in the vis-
ible and the infrared region of the electromagnetic spectrum.

2.1 Previous Investigations

A number of previous investigations have examined the feasibility of using

SLAR to monitor freshwater ice conditions (refs. 2 to 4). Results of these inves-

tigations demonstrated the ability of microwave radiation to portray varioue ice ;
gurface features which in turn provide clues to ice type dissrimination. Such in- »
vestigations, however, were hampered by general lack of "ground-truth" information -
regarﬁing various types of lce, surface features, internal structure and cracking !
patterns associated with freshwater ice. In addition, these previous SLAR investi- )
gations were limited because of their particular equipment design to rather narrow
swath width coverages precluding the evaluatiou of one of the most salient features '
of the SLAR aystem; 1.e., its ability to provide broad area coverage. ﬁ

LPuring the winter of 1971-72, the NASA Lewls Research Center initiated an at- i
tempt to corralate SLAR imagery with various ice types, features, and surface pat- [
terns as part of the Winter Navigation Program. Through a cooperative effort with
helicopter teams of the 9th Distriet U.S5. Corst Guard, valuable on-the-ice observa- i
tions and ice thickness measurements were obtained. The SLAR used in this study ]
was the Motorola AN/APS-94C system developed for the U.8. Armv and flowm &board a -
Grumman Mohawk OV-1B aircraft. Preliminary resuits demonstcated the broad-area ice i
survey capability of the SLAR (ref. 5). The SLAR imagezy provided information from :
which some ice types could be inferred. With this system no direct correlation
could be established between the microwave backscattered radiation and the thick-
ness of an ice sheet. During this same time period & prototype airborne, high




resulution. nonimaging short pulse radar for meusuring ice thickness was developed.
This short pulse rudar provided accurate “uickness measurements eon smocth sheets of
ice divectly below the airuraft (ref. o).

During the 1Y73-74 Winter Navigasion Program, three V-1 Mohuwk aircraft
equipped with SLAR (AN/APS-94) wure vegulurly £lown by the U.S. Army and NASA to
obtain eriteria for an operational system and demonstrate the usefulness of the in-
formation. Mierowave signal returns were recorded on photegraphic £ilm during the
flights to be processed upon landing. SLAR prints accompanied by haud drawn inters
pretative ice charts woera facsimile transnitted via the Great Lakes Marine VHF Hete
work twe vesgels operating in the Great Lakes.

Du;ing the 1973-74 winter navigation season. uineteen vessels representing

four ghipping companies participated in this radio-facsimile dr nstration. A rotal
of 137 separate SLAR Image/lecw Chart Products were generuted a,  velaved to the veu-
sels. During this extended winter navigation seusun (Pec. 14-Mar. 31% 10.63 millicon
tons of commerce were shipped. Short pulse ice thickness radar Fliphts usiug the
HASA C-47 alrcraft (ref. 7) were initiuted during the spring navigutionsl seasun
opening, commencing around the first of April. Seven such flights were conducted
covering primarily the ice covered areas of Lake Superior.

The 1973-74 Ice Information Program demonstrated that: (a) SLAR in conjunce
tion with the ice thickness radar was a practical means of cbtaining accurate, all-
weather and timely ice information. (b) Up-tu-dute ice information wus very bene-
tficial to the shippers in vessel route planning and in reducing vessel dslays.
However, results indicated that using the OV-1 airecrvaft and subsequently processing
the SLAR imupery upon the completion of the flight was not an efficient wuy to pro-
wide fee information on an operational bawls. First, because of V-1 range ldmita-
tions, two processing facilities (ope at Saulte Ste Marie, Michigan, and one uat
Cleveland, Ohio) were required. Secund, having to wait uneil the aircraft had
landed to process the SLAR imzpery did wot always provide the ice information to
the shippers in a timely manner. To survey adequately the winter shipping usreas,
flights were trequired which caused the information to be 12 or more hours old bv the
time it reached the wheelhouse of the Great Lakes vessels. Dynamic weather condi-
tions in the Great Lakes can affect major chanpes in ice rcover in a matter of hours.
For maximum utility the time between the collection und dissemination of this infor-
mation must be a matter of a few hours at mus..

The results from the 1973-74 Ice Information Program were used to plan Proj-
ect Icewarn for the 1974-75 and 1975-76 winter navigation seasons.

2.2 Project Icewarn

Project leewarn iv @ cooperative program between the U S Coust Guard, [UAA»
Hat.onal Weather Service, and NASA to develop and demunstrate un operational all-
weather, ngar real-time ice information system for Great Lakes winter navipation.
The ice information svetem was designed by NASA and jointlv demonstrated in an oper-
ational mode by WASA, U.5. Coast Guard and NOAA/NWS during the 1974-75 winter navi-
%atian ?easun. Various elements associated with Project Icewarn are depicted in

igure 1.

A four-engine, U.5. Coast Guard G-130B aircraft equipped with a SLAK system
routinely surveyed selected regions of the Great Lakes. The SLAR data were trans-
mitted to the U.S. Coast Guard Ice Navigation Center in Cleveland., Ohio, via two
separate communications networks: (1) A continuous real time UHF uplink transmis-
gion from the SLAR aircraft to the NOAA-GUES Satellite in geosynchronous corbit and
a subsequent S-Band microwave down link to the Wallops Island, Virgiaila, ground sta-
tion and on te the Cleveland Ice Center by special dedicated telephone lines.

(2) Tape playback data transmission from the SLAR aircraft ro selected ground sta-
tions by an 5-Band microwave downlink and on to the Cleveland Ice Center by special
dedicated telephone lines. The satellite link constituted the primary communica-
tions network while the S-Band downlink to selected ground stations provide backup
capability.

At the Cleveland Ice Center, the SLAR datd were ased to generwte a high quan-
tity SLAR image. These images along with hand dravn interprefative ice charts for
the various winter shipping areas in the Great Lakes were transmitted by a facsimile
scanner to vessels operating in the lakes.




A uonimaging, short pulse radar, routinely used to messure ectual ice thick-
nesses, 18 not represented in figure 1. During the 1974-75 season, this radar
system was flown in a NASA C-47 aireraft and was capable of measuring ice thick-
nessesd remotely. The use of this short pulse ice tﬁicknass radar on a routire
operational basis constituted one of the essential elements of the Great Laked Ice
Information System. A more detalled discussion of each of the various elem.nts as-
soclated with the Ice Information System will be presented in the followlng sections
of this raport.

Operational experlience from the 1973-74 Ice Information Program indicated that
it generally would not be necessary to obtain SLAR imagery for all Standard Areas
during each operational flight due to the absence of significant ice cover in some
areas. As mentioned previously, the period of freezin% tamperatures in the Great
Lakes region genarally precludes the formation of a solid, lake-wide, stable ice
sheet. Consaequently various stages of ice formation, growth, movement, and decay
often occur simultanecusly at digferent locations throughout the lakes. Day by day
SLAR operational planning must remain flexible so as to most efficlently respond to
these dynamic ice conditiona. During the spring of 1974, for example, flights were
tailored to provide SLAR 1ma%ery of all of Lake Superior in order to portray the
extensive ice cover on this lake. Special Summary Ice Charts of Lake Superior were
issued outlining the existing lce types and locations. At this same time Lake Erie
was completely lce free. During the 1974-75 season, lce conditions in Lake Superior
were such that generally only Whitefish Bay in the eaBtern end of the lake required
routine surveillance. Operational expeilence gained during the 1973-74 season in-
dicated that SLAR imagery would have to be updated as frequently as once a day dur-
ing periods of extensive and rapidly fluctuating ice conditions and on the order of
three times a week during periods of relatively stable ice and weather conditions.

2.3 Standard SLAR Image/Ice Chart Product Areas

For the 1974-75 Winter Navigation Progrsm, five standard areas were designated
for which SLAR imagery and ice thickness measurementa would be available. The lo-
cation of these areas was determined by both the navigaticnal track lines of the
major winter shipging routes and the general pattern of the winter ice cover on the
lakes. For example, since the Welland Canal and the St. Lawrence Seaway are not
vet open into the Great Lakes for winter navigation, the area for Lake Erie in-
cludes only the western and central basins to just east of Conneaut. Conneaut is
generally the most eastern harbor in Lake Erle used by the major shipping iron ore
companies. These standard areas are depicted in figure 2 by the solid outlined
areas. The dashed outlines indicate areas where additlonal coverage was provided
on a limited (as needed) basis. The actual width of thege standard areas is dic-
tated by the 100 km swath width coverage of the SLAR system (50 km on each side of
the aircraft).

3. AIRCRAFT DATA ACQUISIUION
3.1 Side-Looking-Airborne Redar

The SLAR used in <his program was the Motorola AN/APS-94C system developed for
the U.5. Army. Operauing in the X-band at a frequency of 9.245 GHz (3.245 cm wave-
length) using a real aperture antenna, this radar transmits and receives horizon-
tally polarized radiation. For the 1974-75 winter season, this radar system was
mounted aboard a U.S. Coast Guard C-130B aircraft. For SLAR missions thie aircraft
was flown at an altitude of 3.35 kilometers (11,000 £t) and at an average ground
speed of 2B0 knots. Figure 3 is a phatoﬁraph of the C~130B flying a mission over
the Straits of Mackinac which connect "ake Michigan and Lake Huron. Note the
6.1 meter (20 ft) SLAR antenna mountes ~3% the tall section of the airceraft parailel
to the longitudinal axis of the alrciraft. A ground cle vance of only 0.58 meter
{23 in.) precluded mounting the antenna under the forward sections of the fuselage.

A schematic of this SLAR system is presented in figure 4. Narrow 0.5 degree
wide beams of pulsed microwave radiation were alternately radiated from the left
and right sides of the antenna at 2 rate that permits simultaneous mapping of the
ice cover on both sides of the airecraft. The range resolution of the system was
80 meters while the azimuth resolution was proportional to range varying from ap-
proximately 45 meters at & range of 5 km to 450 meter at 50 km. Backscattered ra-
diation was received by the antenna and routed to the receiver where the return
signals were amplified and converted to vidzo signals. These analog signals were
used to modulate the intensity of traces of a cathode ray tube (CRT) on the air-




craft; they were also simulténecusly sent to a dipitizer and sipnal encoder. The
image on the CRT vxposed a moving film whose spevu was synchronized to the forward
mution of the aircraft to provide a continuous imape on the £ilm. The SLAE image
iy this figure portrays the ice cover in Lake Erie on February 11, 1975. A radur
“altitude hole" exists down the center of the track directly beneath the aivceraft.

The SLAR has a pulse repetition rate of 750 pulses/second. The returns frow
these transmitted pulses were divided into 400 equal right antenna and 400 equal
1uft anteuna time segments or range bin intervals. During euch rauge bin interval,
the SLAR video signal was sampled and digiltized into a six-bit data word. A Jdigi-
tizing unit accumulates the digitized SLAR videu datu in a memory, ranye bin by
vunge bin, and continaously performed exponential averaging in the alony-track di»
rection.

Auxiliary data including airveraft drift, ground specd, altitude and heading
weye multiplexed vath the averaged video data and the appropriate svnchronization
words to form a reil time Mi-g-L digital output at a rate of 6032 bits/second.
These data were subsequently recorded, on magnetic tape. These SLAR data were
either simultencously transmitted in real-time to the NOAA-GOES astellite or trans-
mitted at a later time by tape playback as described in Sectiom 4.0.

3.2 Short Pulse Ice Thickness Radar

A key element of the 1974-75 {ce information system was the ruutine vperationul
use of an S-Band (2.8 GHz) short pulse radar to measure actual ive thickunesses.
Profiling the ice immediately beneuath the aireraft, this microwave system is capable
uf measuring ice thickness with an accuracy of 5 centimeters (¢2.5 em) from alti-
tudes up to 2 kilometers (6500 ft).

Below 16 GHe electromagnetlic waves generally exhibit low attenuation with a
resultant high penetration in both ice and snow. Fur example, at 3 GHu meusurementy
on fresh water ice give 4 signal attenuatlon of 0.44 decibels per meter for ice with
a dielectric constant of 3.2 while results for snow range from 0.067 decibels per
meter to 0.3 decibels per meter, depending upon the density of the snow (ref. €).
{hese values assume no logses From scattering prucesses. Such minimal losses indi-
cate that . plane parailel layer of ice and snow should give rise tu multiple re-
turng fr = the various interfaces when illuminuated by a microwave pulse. For ex-
gnple, consider a horizontal layer of snow, ice, and water. The reflection coef-
iicients to be expected at 3 GHz at the various interfaces are uas follows (vef. 6.

Alrfsnow interface 0.10
Snow/ice interface 0.19
Alr/ice interface 0.24
Ice/water interface 0.67

The presence of either surface roughness or a surface wuter film would of cuurse
modify these values.

Figure 5 is a schematic illustration of this short pulse radar aystem. A
nanosecond pulse of microwave energy is penerated and directed toward the ice ir
mediatuly beneath the alreraft. The return signnl is composed of a pulse return: :
from the toﬁ of the ice (air-ice interface) and another, delayed in time, from the
bottom of the ice (ice water interface). The delay time between these two pulses
gives the ice thickness when caleulated for the slower microwave propagation time
through the ice.

The velocity of propagation of an electromagnetic wave is a function of the
dielectric constant of the transmitting medium. Dielectric measurements on 4 hiim-
ber of fresh water ice sampies (ref. 8) show a range of values between approximately
3.0 and 3.2 for the real part of the dielectric comstant at & frequency of 2.8 GHs.
Using a value of 3.1 for the dielectric constant of ice, the velocity of propapa-
tion in ice is 17 centimeters per nancsecond.

A typical pulse radar return is illustrated in figure 5. The delay time of
4 nanoseconds corresponds to a double transit of an ice layer 68 centimeters thick
petails concerning the electronic system design and operation can be found in ref-
erence 7.




Test results indicated that ice thickaesses as thin as 10 em could be accur-
ately measured in the case of a single unbroken ice sheet. For ice thinner than
10 cm the time separation between the return pulses from the air-ice and ice-water
interfaces was not resolvable. The accuraecy of these measurements wai approximately
5 em (2.5 em). Typical flight altitudes of 1.22 km (4000 ft) were usud. Very
rough or broken ice areas such as brash rafted uvr ridged areas cannot be profiled
accurately because multiple off-axis surface reflections interfere and obscure the
ice-water interface reflections. Measurements are not affected by snow storms, fog
or snow covered ice; however, water on the ice surface from melting or rain pre-
cludes measurements at these locations because the microwave pulse is unable to
penetrate the surface water.

Thickness resulta from typlcal Short Pulse Radar flights in Lake Superior from
the 1973-74 winter shipping scason are shown in figure 5. The dashed lines in this
fig.re indicate the flight lines. On March 28, the western end of the lake wawm
sampled by a pattern of across-the-lake flight lines. A complete west to eaat tra-
verse of the lake was carried out on March 29 along with selected traverses in
Whitefish Bay. Flight lines for such flights were prepared in asdvance from an ex-
amination of the most current SLAR imagery. Use of the SLAR iragery helps to insure
that all major ice areas will be sampled  Thickness informatien from such short
pulse radar flights was facsimile trausmitted to the ships in a form similar to the
Lake Superior chart depicted in figure 5. The data were also tncorporated intu the
hand drawn interpretative ice charts described in Section 5.3.

4. DATA RELAY FROM ALRCRAFT TO ICE CLNTER

During the 1574-75 Winter Navigation Program, che SLAR equipped aircraft was
flown out of the NASA Lewls Research Center in Cleveland, Ohio. This aircraft could
conduct the SLAR survey and return to base at the completion of each day's flight.
As previously mentioned SLAR data were relayed to the USCC Ice Navigation Center in
Cleveland viz the two communication networks des~ribed in Sections 4.1 and «.2.

4.1 NOAA-GUES Satellite Link

The digital SLAR data was transmitted to the NOAA-GOES satellite via a UHF up-
link. The UHF transmitter consisted of a #+70 derree phase modulator followed by a
RF amplifier. The transmitter center frequency waa at 402 mHz and the i output
level was 150 watts. The transmitting antenna was mounted on the top of the air-
craft fuselage just forward of the wing. The portion of this antenna that was used
coneisted of crossed dipoles ied by & 90 degree phase shift coupler. The GOES Sut-
ellite was utilizad as a trarsponder for the uplinked data. The cGata were relaved
via S-Band Dowmlink at 1.6 GHz to the NOAA/NESS Command and Data Acquisition Station
at Wallops Island, Virginia. The phase modulated information was down converted to
4 5 miz I.F. output by the station and synchronously phase demodulatsd. The digital
data were then synchronized, buffered and sent via telephone lines to the U.5. Ceast
Guard Ice Information Center in Cleveland, Ohio.

4,2 S5-Band Data Link

Alrcraft SLAR data after being tape recorded were played bark and transmitted
via an S-band link at a frequency of 2,2605 GHz and a bandpass of &5 mHz. The pri-
mary ground receiver site was located at Saulte Ste Marie, Michigan, with enother
site at the Ice Center in Cleveland, Ohic. Data were transmitted to the receiving
site at a 48,256 bit per second rate at the completion of a2 flight ovir one or two
Standard Areas. For instance, SLAR data from beth the Straits of Mackinac 3nd
Whitefish Bay were relayed to the Saulte Ste Marie station in approximately 7 min-
utes. On the ground the Bi-4~L data were synchronized and recorded on magnetic
tape. At the completion of the date dump, the data were relayed to the Cleveland
Ice Center of the Coast Guard through dedicated telephone lines at a 6400 bit per
second data rate.

5. DATA PROCESSING AND SHIPPER PRONUCE PREPARATION
5.1 SLAR Ice Information
The broad mapping covérage of the SLAR is illustrated in figure 6 which shows
the ice cover on Lake Erie on February 22, 1973. 1In this figure the ice covered

areas of the lake can be distinguished from the surrounding land areas by refecring
to the schematic boundary outline of Lake Erie accompanying this figure. Basically



the radar "sees’ a world of edges and interfaces rather than the bulk forms scen in
the visibie. The various shades of gray in the SLAR image correspond to the rola-
tive amounts of backscattered microwave radiation from the area within the antenna's
fiuld of view. Light tuned .white) areas indicate areas of relative large amounts
of backscattered radiation .2 might be axpected from features exhibiting surface
roughness such as cracks, @afted and ridged pleces of 1ce as well us broken pirced
of ice (brash) pﬂdicSBing multiple cdges. Dark tonel arveas on the other hand, re{-
resent arcas of minimal backscattered radiation such as open water areas vr smooth
surfuce ice areas. From such areas the incident microwave pulse 1s specularly re-
fleccred away from the recaiving antenna.

Filgure 6 provides an example of many of the ice features ifdentifluble from the
SLAR imagery. The dark toned area slong the north shore of the lake, east of Pelec
Point, is open water. Directly south of Pelee Point, belts and patches of broken
ice (brash) in areus of vpen water can be recognized hy their very beipght radar
tone and thelr associated teardrop shaped patterns. The multiple edges of such
brash features provide for excellent radar reflection. To the west of Pelee Puint,
along the northera edge of the lake, the generally dark toned regiuon luced with a
network of brigh* lines 18 asscociaced with thin fce (less than 15 cm) which has de-
veloped extensive cracks as a result of wind stress. The very bright tuned area
along the southern shore between the islands in the lake and Toledo is a region of
medium jce between 15 and 30 em thick. The fce patternia north and eust of Cleveland
vortray a large arua of duark toned, smooth surfuce flues of medium thickness sur-
.ounded by bright teaed edges composed of broken plecus of ice.

Often the ice along the open water boundary of the lce pack consilsts of brash
pieces bhroken by wind and wave action. Such pieces, possessing multiple edges, pro-
vide a very bright radar return allowing the edge of the ieve cover to be delincated
from the open water areas. For example, the bright toned area southeast of Long
Puint in the vcastern nd of the lake illustrates the ice edge delinecation. The dark
toned area aroond Buffalo is a relatively smooth surface fast ice sheet of medium
thickness. Such dark toned areas are distinguished from similar dark toned open
water areas by the bright tone lines lacing the area which represent a =eries of
ridges. Much data and imagery were collected in astublishing the correlation be-
tween the varlous ice types and surface features with the tones, textures, and pat-
terna found in SLAR Imagery. These correlations will be reported in a subsequent
paper by the auth-rs.

The value of sequencisl SLAR imagery ir following the larpe scule movement of
ice in the Great Lakes is 1llustrated in figure 7. SLAR images from the Straits of
Mackinac for the 27th, 29th, and 3lst of March 1975 are presented along with an ac-
companying geographic sketch of the surrounding land areas

On the 27th of March the area of the Straits between Beaver Island and Boi-
Blane Island remained primarily jce eovered with thickness buetween 15 and 50 ¢
The dark toned area alonyg the northern shore between 5t. Ignace and Port Inland
was 70 percent covered with thin ice between approximately 10 to 15 em thick. The
area east of Bols Blanc was largely ice free. Between Beaver Tsland and Green Bay
bright tone patches of brash ice can be seen in primarily cvpen water areas. The
southern part of Green Bay below Washington Island remained ice covered with only a
few cracks discernible. Winds from the east later shifting around to the southwest
succeeded in driving the ice out of inner area of the Straits around Mackinaw City,
breaking it into pieces of brash in the process. The imagery on the 29th reveals
the belts of brash which £ill the Straits. Bright toned brash pleces were concen-
trated along the northern boundary of thc Straits in response to the southwest
winds. On thls same day a large area of ice in Green Bay had broken off and moved
in a northeasterly direction. Fast shore ice areas remained essentially unaffected
by these current wind shifts. On the 30th the winds shifted around to rhe west,
northwest. SLAR imagery taken on the 3lst dramaticallg illustrates its effeect on
the ice cover. B.oken pleces of ice completely clog the inner areas of the Straits,
resulting in rafted, ridged, and windrowed areas of ice that make vessel navigation
extremely difficult.

At the present time ice interpretation is still based on a qualitative correla-
tion between the various ice types, surface features and patterns, and the assoei-
ated tones, texturea and patterns portrayed in the SLAR imagery. Preliminary re-
search hes been conducted to establisk a quantitative correlation between the amoutit
of backscattered microwave radiation and the various ice types and features. As
part of this program a high resolution, multiplexed synthetic aperatu.e SLAR uyvstem,



developed and operated by the Environmental Research Inatitute of Michigan (ref. 9)
was used. This system simultanecusly imaged the "terrain' with X-band (3.2 cm) and
L~band (23.0 em) radar wavelangths recording both parallel and cross polariration
backscatterad raturns., Preliminary results defined the dynamle range of backscat-
tered microwave signals from the various ica tyEel and features found in the Great
Lakes to be within 20 dB of the minimum detectable signal. Additlonal details from
this study will also be published in a subsequent paper by the authore.

5.2 Portable Ground Truth Ice Thickness Radar

On-the-ice “ground truth'" dats have been collected in support of the develop-
ment of the airborne ice thickness radar as well as in an attempt to correlate ice
types thicknesses and surface features with the relative amount of backscattered
microwave radiation. 1In the past on-the-fce thickness measurements were obtailned by
drilling holes in the ice with an ice auger and measuring the thickness with a tape
measure. During the 1974-75 r2ason, a low powered, short pulse ice thickness radar
similar to the airborne ice thickness radar was developed and tested in an all-
terrain vehicle (ref. 10). This system allowed "ground truth" teams to rapidly col-
lect ice thickness measurements over a large area as well as examine the returned
microwave pulees for the effects of snow cover, moisture content, surface water and
the physical condition of the ice.

5.3 Shippex's Prodict Preparation

At the Cleveland Ice Center, the digital SLAR data transmitted from the air-
craft were recorded on magnetic tape, decoded and converted to an analog signal for
a CRT-Fiber Optiecs Recorder that employed dry, heat developed, photusensitive paper
*0o generate a high quality SLAR image at a scale of 1:1,000,000. Appropriate re-
vorder controls were providad to match the CRT beam intensity to the dry silver pa-
per which wae capable of 9-12 gray levels and 200 lines/inch resolution. Contrast
adjustments aliowed various ice feature to be selectlvely enhanced to meet the
needs of the interpreter.

The vigual interpretations of the SLAR images were presented in the form of
hand-drawn ice charts. The ize charts also contained ice thickness measurements ob-
tained from the Short Pulse lc¢e Thickness Radar when available as well as additional
relevant ice informetion avaliable to the ice center. The combination of a SLAR
image and its corresponding interpretative ice chart was referred to as a SLAR
Image/Ice Chart Product or SLAR Product.

_ Examples of these SLAR Products for the five primary Standard Product areas
(fig. 2) are shown in figures 8 to 12. The interpretative ice charts attempt to
categorize the various areas of ice as to thickness, relative concentration of ice
and percentage of various sized pleces of ice using standard Great Lakes ice nometi-
clature and plotting aymbols. As an example of this nomenclature refer to ice

chart in figure 8 where the designation g A B is shown. The "A" is an indica-

tor for the age of the ice while "THIN" designates its thickness ig between 5 and
15 em. The "B8" indicates that the total concentration of ice in this area is

BO percent. The "224" cdesignation in the denominator is an indicator of ice flos
size: 20 percent of the area is covered by brash or small pleces of ice less than
10 m in diameter; 20 pearcent is smell to medium ice floes, 10 to 500 m in diameter;
40 percent is comprised of big floes greater than 500 meters in diameter,

The Product for the St. Clair/Lower Lake Huron areas (fig. 9) i{llustrates the
ability of the SLAR imagery to display the establighed ship tracks through the ice
as very bright linear features. A similar ship track feature can be noted in the
Products of the Straits (fiy 10) and can be followe~. westward until it has been
obliterated by the shifting ice. The very bright line running approximately north-
south in the vicinity of Mackinaw City is the Mackinaw Bridge. This brldge was
geen earlier in the phntograph of the C-130 (fig. 3). Note the incorporation of
t2§ pulse radar ice thickness date in the interpretative ice chart (indicated by
T#).

The Product for the eastern end of Lake Superior (Area 1) (fig. ll) encompasses
only the Whitefish Bay area due to lack of significant ice cover outside of this
bay. Tce movement in response to shifting winds combined with rather limited vessel
maneuverability render Whitefish Bay along with the Straits as the most treacherous
areas for veasel transit during the winter season.




The Product (fig. 12) for the western end of Lake Superfor (Area 23, near Du-
luth ip from Fabrunrz 6, 1974. Extensive ice cover such as exemplified here were
not encountered in this ared of the lake during 1974-75 season due to rather mod-
erate winter weather conditions.

The ice near Duluth is solidly packeéd and over 30 em thick. Ite relatively
smooth surface provides minimal radav return and appears dark on the image. The
area of open water deplcted in the wmiddle of thie image would permit the shippers
to select an lce free track in transiting this .rea of the lake.

6. DATA TRANSMISSION TO GWREAT LAKES VESSELS
6.1 CGreat Lakes Marine VHF-FM Network

The SLAR Products were facsaimile broadiast to vessels operating in the Great
Lakes over the Great Lakes Marine VHF-FM Radio Natwork. This network was estab-
lished by the Maritime Administration (MARAD). Location of the various transmitting
sltes and the apgrcximate range of each is depicted in figure 13. These indicated
ranges do not take into account possible topographic obstructions which would sha-
duw the radio broadcast. For example, Isle Rovale in Lake Superior will shadow the
Thunder Bay Area. This network consists of statione operated by the Lorain Elec-
tronics Corpuration of Lorain, Chio, and Centyal Radio of Rogers City, Michigan.
Lorain Electronics transmitted these producty from their stationa at Duluth, Minne-
sotn; Copper Harbox, Michigan; Port Washington, Wisconsin; and Lorain, Ohjo. New
stations at Grand Marals, Michigan. and Sturgeon's Bay, Wisconain, are expected to
become operational for the 1975-76 winter navigation season. Stations at Rogars
City, Charlevoix, and Tawas, Michigan, were vperated by Central Radio.

In addition to the SLAR Products, Wind and Temperature Forecast Charts and Ice
Thicknesa Charts were also broadcast over the marine radioc facsimlle network. An
example of one of these Forecast Charts 1s shown in figure 14. The forecast caarts
were issued dally and were prepared by the National Weather Forecast Office in De-
trolt. They indicated the winds and temperatures expected at 7 a.m. the next morn-
ing and at 7 p.m. the next avening. These charts also showed the expected loeation
of weather fronts at the valid times of the ehart. Separate ice thickness charts
showing the results of the NASA Short Pulse Iee Thickness Radar were issued when
they became available at the completion of suchi fliphts.

6.2 Facsimile Recelver

The shipboard facsimile equipment used during the 1974-75 winter shipping sca-
son was the Alden Facsimile Recorder. An essential feature of this equipment was
its ability to provide an image of at least eight gray levels. An additional fea-
ture included its cesentially unattended operation by firat employing an automatic
start/phasing/stop capability requiring only that the facsimile recorder be switched
into the proper marine VHF radio channel at the time of the broadcast and second,
the use of a continuous roll of recorder paper eliminating the need to reload paper
for each product tranamisasion. Faesimile products were received aboard ship at a
scale of 1:762,000. Similarly scaled traneparent overlays of the Great Lakes Navi-
gation Charts were provided to each vessel equipped with a facsimile recorder. Used
1n conjunction with the SLAR Image and Iece Chart, these overlays allowed the ice
cover to be seen in vrelationship te variocus land feacures and standerd Great Lakes
vessel track lines.

6.3 Broadcast Schedule

SLAR imagery was continuously generated at the Cleveland Ice Center during data
transmlssion via the satellite communications relay from the SLAR alrcraft surveying
the ice covered regions of the Great Lakes. Interpretative charts can be made
available within 1 hour after the completion of each flight segment. Using a laser
facsimile transmltter developed by the Harris Corporation, the SLAR Product was fac-
simile transmitted as soon as it was completed to the marine radio communications
center of the Lorain Electronics Corporation in Lorain, Ohio, over dedicated tele-
phone lines. At Lorain the information was recorded on magnetiec tape while simul-
taneously bLeing broadcast to Great Lakes vessels via a telephone line/VHF-FM net-
work. This ice information was also rebroadcast at other prearranged times
throughout the day. A volce announcement on Marine VHF Channel 16 preceded these
facsimile transmissions alerting the vessel as to which particular Products would be
fortheoming. A detailed scliedule of the Product facsimile transmissions from the




1974+ 75 season 18 prusented in table 1. This tablc indleates which Products weru
broadcast from each station as well as the bruadcast times and thu Feedust order of
bruadcast . Each Product required on the average about 6 minutes te bu trausnltted.
buring the 1973-74 and 197475 these regularly scheduled facsimile broadessts wore
provided as a public service by Lurain Electronics Corporation and fewtzal Radiv.

7. RESULTS OF THE GREAT LAKES ICE INFCRMATION DEMOLSTRATION

During the 1974-75 winter navigation season, 25 vesscls vepresenting five ship-
piug companies and two U.S. Coast Guard vessels participated in this vadiv-facsimils
demoustration. A total of 158 separate SLAR Froducta were gencrated from 56 flighta
betweon January 16 and April 6, 1975. These flights were conducted on an avevage of
once every - days with daily coverage during timés of rapidly changing weather cuti-
ditions. During this same time period, nine ahort pulse ice thicknes: tadar rlights
were conducted surveying ice cuvered areas primarily in the Straits ot Mackinoe and
Whitefish Bayv. Thesa pulse radar Flights ware conducted with a fruguency of appron-
imately onee a werk fur most areas.

~ During the 1974=75 extended wintor navigation season (Dec. 16-Mar. 31), owver
15 million tuns of commerce were shigpad within the Great Lakes. For the first time
in the history of the Great Lakes, shipping continued yoar-vound.

The gual of this Erngram to provide all-weather ice informativn to shippers in
a timely manner was achlieved Jduring the 1974-75 season. Results demonstrated the
operational capability of the Side Looking Airborne Radar and Short Pulse Ice Thick-
ness Redar Systems in conjunction with the satellite data relay and marine facsimile
networks to provide comprehensive near real-time ull weather {ce information to vea-
sels srerating on the Great Lakes. The easentlally automatic operation featurus of
the shipboard facsimlle receiver were highlighted by the shippers as enhancing the
utilicy of the information although the overall quality of the fucsimile copy re-
ceived abvard the ships was only fair. Imwiuvements in the quulity of the telephone
eireuits serving the more remote marine rad{- transmittur locations should fwmprov
the quality of the facaimile transmisslons. The coverase provided by the wvarious
transmitting stations in the warine VHF-FM radiv network was penerally adequute with
the exception of the Whitefish Bay erca of Lake Superier and the 5t. Mary's River
which received only marginal radie coverage. Neow stations at Grand Marais, Michi-
gan, and Sturgeon's Bay, Wisconsin, expected to be available for the 1975-76 season,
will further extend the coverage of the marine radio network. A trunsmitting stu-
tion 4 the vicinity of Saulte Ste Murie, Michigan, would essentially complete the
network for winter navipstion.

{fme of the primary gouls of the Ice Program was to supply adequate nedr real
time ice information to allow vessels elther to avoid arcaes of ice altogether or to
follow the path of least resistance when it becomes necessary to transit the ice
fields. The ice charts provide an excellent overull view of the existing ice cendi-
tions, but the exact locations of the variocus regions and floes of ice within the
ice field are only portrayed in the SLAR image. Therefore, the SLAR imuges aru
necessary for charting a vessel’s course through and around the ige.

An example of the use of SLAR imagery by the U.5_ Steel vessel Roger Blough in
transiting the Whitefish Bay area of eastern Lake Superior during April of 1974 is
presented in figure 15. The SLAR imagery during the period was transmitted from the
aircraft directly to the Roger Blough. During the early part of April, ice was
piled up in the eastern end of Lake Superior along the Canadian shore. Bg April 7,
shifting winds had compacted this fce cover along the southern shore of the lake,
west of Whitefish Point as showm in figure 15. The inner regiong of Whitefish Bay
remained 100 percent ice covered. The high return from the established ship track
can be distinguished as a bright line running through the dark tone area of the
solid fce pack. The Ruger Blough, upbound into Lake Superior onm April 7, used the
SLAR image to navigate to the uorth avound thie ice pack. The Blough's route is in-
dicated by the white line added to the SLAR image. The white toned area of ice in
the outer regions of the bay is heavily rafted. On this same day, April 7, the U.85.
Coast Guard Icebreaker Southwind attempted to open a new vessel track through the
ice pack in the vicinity of Whitefish Point. After making only limited propress
through this rafted and highly windrowed region of ice, the ice breaker steered a
course toward the open water using the latest SLAR imagery of this area. Three days
later on April 10, & south wind had opened this ice pack so that the best route for
the Blough to navigate was a southerly one through a series of large leads and open
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water along the odge of Whitefish Point. Figure 15 portravs the dowsbound course
of the Blough by means of the dashed line added to the SLAR image.

Figure 15 provides another in:ication of the dynamic movement that can tuke

Elace in the ice pack in the Luke Superior entyance to Whitefish Buy. The shipper's
ave raported a number of instances when recently transmitted SLAR lmagery has
alerted them to both the Jdevelopment as well as the location and extent of newly
formed rveglons of windrowed ice in Whitefish Bay. Similarlv, instances have been
reported in the Straits of Mackinac where the SLAR {magery has been used for navi-
ge+ional purpose either to initially determine a particular coursc or alter an
existing course. For example, in the early pavt of the 19%4-75 season, the SLAR
imagery alerted shippers to thu extent and location of ice bullding up in both the
South Chwnel (near Bols Blanc Island) and Gray's Reef Passage (just east of Boaver
Island) so that alternate lce free passages could be taken

In the wevtern end of the Straits, the uye of recently transmitted S.AR imagery
sllowed shippers to take advantage of leads und water opening brought about by Tu-
cent shifts in the wind. These examples help to point out that even in vegions of
the lahes such ag Whitefish Bay and Straits of Mackinac where vessuls have u rather
limited number uf course alternatives to chovse from, SLAR imagery can be extremely
valuable for charting a vessel's course. In the move expunsive open areds of the
lskes there is no question ubout the utility of SLAR imager for navigational pur-
poses. This 1s esmpecially evident during the months of February and March when rhe
icu cover generally reaches its maximum buildup and on through the carly part of
April when it begins to decay.

Great Lakes vessels can move with safety and relative ease through thin ice.
However, substantial ice fields, especiully as the thicknesses become gruater than
30 cm begin to preclude all vessel passage. Avoiding heavy concentrations of thick
lece in the open lakes 1s very desirabl. since icebreaker assistunce is net readily
available in thesc open reaches of the luke end operati-nal delays are castly. 1In
uddition such ice fields increase the probebility of vessel damage.

During the 1974-V5 season, the master of one vessel reported that he oxumined
the SLAR image for ¢videnve of the bright return frem the established ship track,
especially in arcvas such as the Straits, wnitefish Bay, and Lake S5t. Clair. If such
a track line was delineated on the SLAR image, it suggests generally stuble ice con-
ditions. Absence vt this well defined return or o shift in its peneral location
a2lerced him to the fact that wind forces may have shifted the ice pack.

SLAR imugery was also used to provide detailed jce infurmation concerning pos-
dible areas and harbure oi refuge from severe weather and winter storms. Areds such
as Bete G:ise Bay of the Keweepaw Peninsvla and Isle Royale in Lake Superior are
frequently used to provide shelter from severe weather. On thuse occasions when
vessels had to seek refuge from high winds, masters were very auxious to receive the
latest ice information Products to sce where all the prestorm ice fields had been
blown before they got underway again.

Ice information wus used regularly by the shipping companies iu making vessel
dispatch decisions. One shipping company had a facsimile receiver located in theilr
operations office and regularly received all the Products. Acecurate up-to-date in-
formation on changing ice conditions in the lower reglons of the lakes (Lake
St. Clair, Detroit River, Lake Erie) allowed them tu make disputeh deeisions as
their vessels reached the southern end of the St. Mary's River at Detour on the ad-
visability of going tu Lake Michigan ports versus Lake Erie ports. Such decisions
of course take into consideration the availability of ice breaker aswistance at sach
point in time.

In addition to helping to facilitate the safe and efficient transit of vassels
through the ice covered waters of the Great Lakes, comprehensive ice information is
serving as a necessary data input for scientifiec and engineering studies concerned
with winter ice operations and the environmental impact of sueh operations. Some
of these studies include the development of analytical forevast models for freeze-
up, growth rates, maximum lee cover and breakup of ice within the various reglons
of Great Lakes; the effect of fce cover on the heat budget and evaporation in Lakes
Erie and Untario; monitoring the environmental effects of ice on varicus shore
structures as well as on shoreline erosion: the effect of ice cover on the clima-
tology of various Great Lakes metropolitan areas, especially Buffalo, New York, and
the effect of ice cover on water ecology.
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8. CONCLUDING REMARKE

The collection, analysis, and timrely diseemination of compvehensive, informa-
tion concaerning the loeation, type, and extent of the ice cover within the treat
Lakes has been recognized and repeatedly emphasized as an essential glement in the
succeasful extensinn of the Great Lakaes shippin% secivities during the winter
months. An all weather lce infurmation system for the Great Lakes has been devel-
oped by NASA and jointly demonstrated by the NASA, U.5. Coast Guard and NOAA/NWS
during the 1974-75 winter navigation season in conjunction with the federally funded
Winter Navigation Program.

The current system employs a real aperture X-band (3.245 GHu) side looking air-
borne radar mounted on a U.8. Coast Guard C-130B aircraft to routinely survey ice
covered areas of the Great Lakes. Digitized SLAR data were relayed to the U.5.
Coast Guard Claveland Ice Center from the SLAR aircraft via the NOAA-GUES Satellite
and dedicated telephone lines. Remote fce thickness measurements were also avall-
able to the lce Center un a regular baris from an S-band (2.8 GHz) short pulsc Iee
Thickness Radar mounted aboard a NASA C-47 aircraft. At che ice center high quality
SLAR images were generated from the SLAR data. These images along with had drawn
interpretativa ice charts incorporating the remote ice thickness meusurements for
the various ice covered winter shipping areas were faceimile broadeast in real time
to thekwheelhouse of vessels operating within the lakes via the Marine VFH-FM radio
network.

During the 1975-76 winter season, NASA, the U 5. Coast Guard, and NOAA/NWS will
continue to demonstrate the application of both the SLAR and the short pulse ice
thickness radar in providing all weather ice information for the Great Lakes in an
operational mode. NASA plans to improve the airborne ice thickness radar to provide
automatic readout of ice thicknees as well as profile ice ridge heights. Additional
short pulse radar systems will be built for installation aboard the €-130B SLAR air-
craft, the NASA 0V-1 aireraft, and a USCG Sikorsky H-53 helicopter. Varicus tech-
nical improvements are alao planned for the SLAR system aboard the C-130B. In addi-
tion, a UHF communication recelver is being developed for installation abuvard the
USCG Icebreaker Westwind -« fch normally operates in the Straits of Mackinac during
the winter navigation o =32~ puring the 1975-76 winter ice seasaon, it is planned
to transmit resl time . *5 .ata to the icebresker directly from the C-130B SLAR air-
craft. An image reriiger aboard the ice breaker will provide an enlarged
1:250,000% SLAR imnge of the ice cover in the Straits in 4 further demonstratiom of
the appli:ability of SLAR informatior to assist icebresker ope.ations.

For the 197576 winter navigatfon season, this Great Lakes all weather ice in-
formation system will be operated b; the U.5. Coast Guard and NOAA/National Weather
Service witg sume NASA asslstance. By the 1976-77 season the transfur of this Ice
Information System to the U.S. Coast Guard and NOAA/National Weather Service is ex-
pected to be complete.
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Figure 1. - Schematic of the Great Lakes Microwave Ice Information Program
(Project Icewarn).
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Figure 3. - Photograph of the U. S. Coast Guard C-13C B SLAR aircraft used in
the 1974-75 Winter Ice Program. The ice cover around the Mackinac Bridge
is shown in the background.
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Figure 9. - SLAR Image/lce Chart Product for western Lake Erie, Lake St. Clair, and
lower Lake Huron on February 11, 1975.
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Figure 10, - SLAR Image/lce Chart Product for the Straits of Mackinac on February 11, 1975.
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Figure 11. - SLAR Image/Ice Chart Product for Whitefish Bay area of Lake Superior
on February 11, 1975.
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Figure 12. - SLAR Image/ice Chart Product for the Duluth area of Lake Superior on February 16, 1972,
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Figure 13. - Great Lakes Ice Information Network.
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Figure 14. - NOAA/National Weather Service Wind and Temperature Forecast Chart.
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Figure 15. - Use of SLAR imagery for vessel routing under Great Lakes ice conditions.
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