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Sbort-Polse Radar Investigations of 
Fresbwater Ice Sbeets and Brasb Ice 

S.A. ARCONE, A .J, DELANEY AND R.E. PERHAM 

INTRODUCTION 

Short·pulse or ground-probina radar has bten 
commerciaUy available since about 1972. Illener
aUy operates in a frequency band centered around 
100 MHz where a lood tradeoff exists between 
propagation absorption losses attributable to free 
water and vertical resolution. It has betn mosl 
successful in arctic surveying where froun soil 
and waler conditions often allow maximum si,oal 
penetration. Bec:ause data arc most easily inter
preted in temu of plane wave (i ,c. , raypath propa
lalion) theory, radar is best applied to situations 
where even, extensive layering exists. Conse
quently. radar surveyin, of both freshwater and 
saline ice sheets has attracted much attention (see 
tbe review by Arcane [19851 for a list of refer
mces). 

The most Important obstacle 10 interpreting 
radar ice data is rc:solvinl a surface reflection 
from a bottom renection . Until about 1981, com
mercially available antennas produced pulses of 
such long duration that only ice sheet thlck-ne$scs 
of more than about 0.7 m could be rntalured . By 
1981, however, the 05S1 company of Hudson, 
New Hampshire, introduced several Dew antennas 
operating at much hiahn frequencies, and then> 
fore providina much shorter pulses. AJ will be 
shown later . the minimum detectable thickness of 
ice was reduced to about 0.2 m. In this report we 
discuss the use of these antennas for surveyinS 
freshwater ice sheelS and brash ice. 

The objective 0( these studies was to determine 
the feasibility of usinl short-pulse radar as a sbeet 
ice thickness sensor, a brash ice detector and. pos
sibly, tbicknes.s sensor, and an ice properly (main
ly wiler content) sensor. Several surveys were con. 
ducted over two lakes, in one of which we made a 
tone of brub ice. Both analog and dilital record
in&s were made, the latter using temporal wave-
form stackina . We also attempted spatial averq-

ina· 

MATERIALS AND Mt.THODS 

The radar equipment consisted of two different 
conlrol uniu and IWO diffennl antennu. The use 
of a second control unit for some experiments was 
necessitated by obligations of the first unit, which 
had digital capability, to a second project. The 
rlfSt unit was a Xadar Elcctromaanetic Profiling 
System (Xadar Corp., Sprinlfield, Virginia) 
mated with a GSS) Model JOIC (900 MHz) anten
na. The second unit was a Gssr Model 400 control 
unit mated with a GSSI Model 3102 (700 MHz) 
anttnQa, which radiated much more power. The 
basic operation of subsurface radar has b«n de
scribed by Morey (1974) and Annan and Davis 
(1976) among others and will only be briefly re
viewed . 

In subsurface radar, pulses (idealized in rig. 1) 
are emitted at a repetition rate of 50 MHz. The re
ceived echoes are compiled into scans or periods 
during which aU reflections received are recorded 
and displayed . A scan may last from 50 to 2000 ns, 
which is the range of the Xedar unit. The GSS) 
unit may readily display scans between 50 and 360 
ns, or lon,er, with special modincation . 

The pulse waveform JCanJ are often compiJcd 
into a &nphic display as shown in FiJure I . Such a 
display or usually thousands or horizontally 
stacked scans ca1.ibrates sianal intensity a.p.inst 
darkness so that thin white lines represent uro 
amplitude. Since these white lines are also wave
fronts of constant ampUtude and sometimes 
phase, they aUow the wavefront or a single pulse 
to be traced throulhout a record. 

Data interpretation is simplest when the ground 
consists or vertically stacked layers of homolen
cous, nondlspersive dielectric materials. In such 
an ideal case. Ihe round trip time t of propaJ&tion 
throulh each layer is related to the lhickneu d of 
each layer by the simple formula 

2dP 
1 - -

< (I) 



. ___ -, ______________ r-__ ~D~'.~"~"~'.~_, 
Dr -
ID)~ ------- -------------

_20 • 
I -
j: 30 

--- -

-
" 

" 
'D'L--L------L-----

Figure 1. Idealized pulse returns and equivalent 
graphic display should these returns remain con· 
stant with distance. 
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Figure 1. Schematic of the IDIC (0). Q resistivity loaded. broadbond bowlie. UHF dipole, Qnd the aJlilude 
ond azimuth patterns (b) measured in air above 0 melal shut. The pulM wa,!}(/orm is well maintained at 7J 0 in 
both planes. The 3101 antenna is 0/ similar design Qnd must there/on have simi/Of patrerns. 

where N is the dielectric constant (square of the in
dex of refraction) and c is 30 em/ ns, the speed of 
light in a vacuum. If the propagation medium is 
absorbing (either conductively or dielectricaUy) 
then it is also dispersive and will distort the pulse 
waveform.. In some cases (e.g ., wet silts and clays) 
penetration is limited to less than 1m. For ice, x 
"" 3.2 and for water at about SOC, x :: 8S. Below 
about SOO MHz water is not highly absorbing un· 
less it is extremely conductive. In this case a meas· 
ure of the depth of penetration is given by 6 such 
that 

; " O.S.J07j 

2 

where Q is the resistivity in ohm metres andfis fre· 
quency in megahertz. Over this depth 8.68 dB of 
signal strength is lost, or about 17.4 dB per round 
trip. 

Both radar systems have about the same perfor· 
mance figure of 100-110 dB. Losses will occur be· 
cause of absorption (Le ., li), geometric spreadina 
of energy (proportional to the inverse square of 
the distance propagated). and scattering or renec· 
tion. The antennas used are by neeessity of very 
low gain and thus have a large beamwidth. 

The 10lC antenna (Fig. 2) has a ). .. dB beam· 
width of about 70" in free space. When the energy 
enters a dielectric medium. refraction will give 

, 
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some collimation. For r:xample. when entmnllce 
the 10· beam will narrow to 38·. The pubc Ih.pe 
emlucd by the IOIC 15 shown in Figure 3. The 
beamwidth and pu~ shape of the 3102 are sim.i1ar 
(by elee1fom.gnetlc similarity), but eould not be 
easily recorded with lhe GSS r analog control unil . 
These beamwidlbs are formed within 25 em of the 
ante.nnas when in air. 

SITES AND SITE PREPARATION 

Two shes .... ere selccIed for this study. We con· 
ducted a prdiminary study of waveform returns 
over bare fce al tbe first site. We used tbe second 
site for a more r:xtensive study of both brash and 
sheet ice. 

The first site was Lake Morey in Fairlee, Ver
mont, surveyed on 6 March 1985. The arca chosen 
had a 4(k:m ice cover that was covered with apo 
proximatdy 20 em of fresh sno ...... The water be
neath was over 6 m deep with an average 0 - 90 
O·m. The snow was cleared over a 6-m radius for 
some studies of just the ice eover, wh.ich was fro
un solid. 

The second site was Post Pond in lyme, New 
Hampshire, surveyed on 14 and 20 March 1985. 
The nearshore area chosen had a 38· to 41-cm icc 
cover on t4 March, including some vcr)' porous 
snow Ice 'or the top.s to 8 em. Below this was:5 em 
of soUd $now ice, underlain by 18 an of clear Ice 
in a candled state, I.e. , long crysIais witb inlertrys
talline Uquid water. The depth of the unfroun 
water beneath varied from about 0.:5- 1.0 m, with 
an average" = 330 O_m. A hole of about ['6 m 
diameter WI.$ cut out, lined with a ' now fence to 
about 1.2-m depth and filled with chunks of ice to 
simulate a brash ice cover. 

The first tests on Posl Pond were conducted on 
14 March 198$. The depth of the brash icc column 
varied from n to fIT em and total waler depth was 
approximatd)' 1.5 m. Most of the brash ice mass 
was in blocks thai varied in size from 15 by U by 
37 em to U by 30 by 37 em (approximatel),), but 
the mass included many fractional ,ius alJo. The 
second ttilt were conducted on 20 March on this 
same, but rejuvenated, ice column. On 19 Much 
the column had com,pacted and solidified to a 
depth of only 43 to 46 em. Therefore, more Ice 
was adc1ed on 20 Marth, which increased the brash 
wne depth to between 94 and 102 em. In addition, 
the water levd of the pond had Iliahtly dropped, 
leaving a mulmum icc plU5 water depth of about 
1.3 m. On 20 March we used tbe 3102 antenna 
with the OSSJ conlrol unit. 

3 

RESULTS AND DISCUSSION 

Antenna. polarization was perpendicular to the 
profile traverse direction for all studies. In the 
10lC proflle, the antenna was attached to a !Ii .8·m 
long "2 x4-in." beam and hand carried alona the 
traverse. In the 3102 surveys, the anlenna was 
pulled along the surface or elevated by a Jpecially 
rigged suspension cable. 

Lake Morty 
The resul15 are summarized in the digitall)' reo 

corded proftles of Fi,w-e 3. Analog promes wac 
abo recorded bUI are not shown because they are 
as une\'entfut as the xraphic idea1i18tion of Figure 
2, and simllar to sections of proHles shown lafer. 
AU of the waveform echo displays were stacked to 
reduce random noise, and have an exponential 
gain appUtd for the fust II ns. 

Figure 3a shows the radar events when the tOI C 
antenna was dented approximatel), 10 em above 
the bare Ice surface. The rmt evau 1$ the direct 
COUpUnl bc1\1ireen the transmjl and receive anlco. 
oas. The second cYent identified is the ioe surface 
renection, which is also the transmJued pulse 
waveform. It has an approximale center rrequency 
of 870 MHz and a pulse width or about 4 ns . The 
third event is the Ice bollom reflection whose cen· 
tral oscillation corresponds to about 830 MHz. 
The ice depth may be calculated by measuring the 
time delay between any two similar POints on the 
second and third events because these waveleu art 
so slmllar. Since the depth (40 em) or the ice is 
known, the time calibration can be used to weu· 
laIc", of the Ice. This lime delay i.J about 4.8 ns 
living Jt "'" 3.2, which is correct for freshwater Ice. 
It is apparent that these last twO waveleu could be 
2 os closer before serious interference would take 
place. Therefore, salvin, eq I for d. the minimum 
thickness ot bare ice measurable with tb.is anttnna 
would be about 23 em. 

Alure 3b showl the radar mum events wben 
the 10lC antenna was rcsting on the iee. In this 
case the cUred cou pUna has combined with the 
lurface reflection and 10 this reference- has become 
sliShtJ)' distoncd and is inexact . The ammna has 
also become electrically "Ioaded" by the ioe and 
the pulse has slightly broadened, with a center fre. 
quency of about 740 MHz. Consequently, the time 
delay between two sImliar polnts in the waveforms 
now varies from 4.6 to 5.0 os, Jivin. tess accul'1!cy 
than was obtained with the elevated anlc:ona. The 
main advantage of surface cmptaoement Is that 
more power is transmitted into the ice. 

The 3..dB beamwidth measured in Fisure 2 can 
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be lIsed to determine the approximate area of il· 
lumination of the ice beneath the raised antenna 
by employing Snell' s Law. At a 1O-c.m height and 
a 70 0 bt'amwidth (BW). the diameter of the illumi
nated ice surface is about 100 em plus the width of 
the antenna, or about liS em. In general. it is sim
ply approximated by 2htan(BWI 2) where h is the 
height of the antenna when greater than I m. The 
diameter DiJlum of the illuminated portion of the 
bottom of the ice can be found from the formula 

BW I. IS;n(BWI2~1 DiII~tII =: 2htan -2- + 2dtan stn-' Jit"1 

+ antenna width. (2) 

In our case ofh = 70cm.d "" 4Ocm, 11 = 3.2aod 
BW = 70"; DWum = 140 em or about I.S m' of 
area. 

Post Pond 
Warm weather and rain had occurred by the 

time of the Post Pond study, and water was visibly 
draining from removed blocks of ice. The pres
ence of free water is revealed by analysis of Figure 
4, which shows the wavelets returned from the un
disturbed ice sheet . The figure is to be compared 

l 

with Figure 38 for Lake Morey. The wet and bub
bly surface has lowered the center frequency of the 
surface reflection from 870 to about 710 MHz. 
The water within the ice sheet caused further 
dispersion and lowered the center frequency of the 
bottom reflection to 600 MHz. Calculating a vaJue 
of Ii from similar points (marked with an x on the 
time axis) al the start of these wavefonns gives 
4.1, considerably higher than 3.2 for solid ice, To 
first order, this roughly corresponds to a volu
metric water content of about 1'10. 

Figure !i shows one of many varied returns ob
tained when the antenna was over the brash ice 
column. The surface reflection centers around ,00 
MHz and has become distorted with no identifia· 
ble bottom renection present. Earlier work (Ar· 
cone 1981) has shown that even the most disper
sive materials (e.g., water) cause serious distortion 
of these wavelets during transmission, but not 
upon reflection. The many facets of a rough ice 
surface, however, can scatter at many different 
frequencies (mostly UHF to microwave where 
wavelength is comparable to effective obstacle 
size), thus causing distortion , Therefore, distor
tion (or severe loss of higher frequency energy) 
may be a good indicator of brash ice. 

Several attempts were made to improve the sig-
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nal quality by rotatina the antenna while stackina, 
thus averaainllhe siana] over many different po
larizations. This did not brina out a boltom reflec
tion, but did sliahtly improve the surface reflec
tion. 

Fiaure 6 shows a IOIC analog profile over the 
brash ice zone. The first set of dark bands is the 
direct coupling, the second set is the ice surface, 
the third set the ice bottom and the much fainter 
fourth sct a multiple boltom reflection. The brash 
ice column obscures the bottom reflection for a 
distance slighty Jess than 2 m, or about its actual 
diameter. 

Fisure 7 shows profiles taken on 20 March usina 
the 3102 antenna. The profiles were recorded 
while we were moving away from the shoreline 50 

that a water bottom return would be identifiable 
from its sloping reflection profile. Fiaure 7. was 
taken across the brash zone plus another 12 m of 
ice sheet surface with the antenna restina; on the 
ice surface. The surface loaded the antenna and 
lowered ils cenler frequency to about SOO MHz. 

! 
! 

AI marked on the fiaure, the first horizontal 
bands are the direct couplina and the second 
bands are the ice bottom renection . A heavy set of 
diasonal bands indicates that the lake bed and sev
eral subsurface reflections from beneath the lake 
btd can be seen. The bed reflections are partially 
obscured beneath the brash zone. The time scale 
indicates that the lake depth from the icc surface 
WIS about 1.2 m althe brash zone and about I.S m 
alone end of the survey on the riSht of the profile. 

The most interesting features of Fiaure 7. arc 
the returns caused by the brash zone. Between the 
markers indicated as " edge," two of the zero am
plitude (thin white line) parts of the renection 
from the bottom of the solid icc sheet can be fol
lowed almost continuously from edge to edge. 
These lines arc marked by arrows. At the center of 
the zone, these wavefronts dip by an additional 3 
ns. Assuming this reflecdon indicates the SS-cm
dttp interface bc:twttn the older, solidified brash 
iet and the newly added and wetter brash ice, the 
dielectric constant of the material above this re-

1--"'-""", 

a. Antenna rests on (he surfaCt!. 

Figun 7. 1102 profile oller the artificial brash jet column at Post Pond, 20 March /985. 
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b. Antenna is e/e'llQted approximately 3 m above the sur/ace. 

Figure 7 (cont'd). 3102 profile over the artificial brash ice column ot Post Pond. 20 March 1985. 



nection is aboul 3.6. which is reasonable for wet. 
candled icc. In any case this Indicates ~ither a 
change of deplh or a transillon in electrical prop
erties between !.he brash zone and the solid sheet. 

The lana diagonal reflections emanatin, from 
Ihe ed,es of the brash zone: aTe transverse ~Icctric 
wavquide: modes (Arcane 1984) renected back 
from the brash woe and propagating and dispers
ina withln the ice sheet. In the absence of the guid· 
Ina ice shed. they would be: diffraction hyper
bolas. Their existence is evidence enouah of the 
difrerenc~ in electrical propn1ies (both I( and Q) 
between the brash zone and the sheet ice. The 
slope and frequency of these events can be used to 
determine the dielc:ctric constant of a layer and 
earlier work (Arc:one 1984) has shown how to do 
this. 

Figure 7b Is over the same Iraverse aJ Figure 7a. 
only with Ih~ 3102 antenna elevated about 3 m 
abov~ the ice surface. The lime 5C&le is the same as 
tha' of Filure 'a but bccaUK the ante:nna is elevat· 
ed. ,he frequency is much bi,her (> 600 MHz) 
and the dark bands are narrower. The ice surface 
renection Is DOW separated from the direct coup
lina and bccau.se of the incrca.scd resolution . much 
more detail ls revealed In the bottom Jediments 
(the diaaonal return slopina up to the right is arti· 
ficial). The added elevation. however. now makes 
the brash zone much less visible because of the 
broad bcamwidtb. At a bdahl of 1 m. the 3-dB dj· 
&meier of the illuminated icc: surface is about 4.4 
m or about 2.8 m greater than the actual zone di
ameter. 

CONCLU IONS AND 
RECOMMENDATIONS 

Shon·pulse radar using the GSS13102 and 10Ie 
antennas wu able to measure rreshwater icc sbeet 
thickness. to djstInguisb brash icc at close range 
(depending on roughness &nd lateral cueDI) and 
abo. perhaps. to predict the free water content of 
a freshwater lee sbeet by measuring its dideeuic 
permittivity ( .. ) . Detection of Ihe bouom of a 
brash ice section is not dttmed feasible because of 
waveform distortion and scauerina losses. How
ever. it may be possible to detect brash ice beneatb 
a continuous let sbeet. 

Detection of tbe bouom of the water body may 
be possible in up to 2 m of water (includina the ice) 
with the 3101 antenna. pro~idi", that the waler is 
not 100 conductive. AI Post Pond the waler was 
unusually resistive (330 n ·m) Biving a skin deptb 
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of about 26 em (exact caJ~lalion) 1.1 700 MHz. 
This Jives a large JJ..dBlm absorption loss or 
about 100 dB in 2 m (including _ SO em ice sheet), 
leaving about 10 dB for aeometric spreading. re
ncelion and scatterinalossc5. The totaJ loss wouJd 
be about the limit of detection for an unmodined 
GSSI system. More usually, the resistivity of water 
is much lower (esJ)«ially when polJuted) so that 
river or bottom returns may not be visible in over 
I RI of unfroun waler. 

If a snoW' cover exists on the icc, the radar echo 
(rom the bottom of the ice sheel will be additional· 
Iy delayed. thus iDtroducin& an error in the ice 
thickness determination. GeneraUy. late spring 
concUtions ar~ sucb that the snow has thawed and 
tefroun 10 live additiOnAl thickness to tbe ice. If 
th~ snow is cold and po,,·dery. very liule error will 
resuJt and clear reflections rrom the ice surfa~ 
and bollom wiU be s«n. 

We recommend that • higher power version of 
the 3102 antenna be used in an _nalo, mode for 
remote sem[ng from a helicopter at an altitude of 
about 10 m . At this allitude the 3-dB illumination 
area of the Ice surface will be about ISO ml (7 m 
radius) and the bottom surf.ce iIIuminalion area 
wlU not be much diCferent. A filler and sh.ielding 
design ·should be undertaken to eliminate helicop.
ter clutter and Doise. Power frequency specua 
should be computed after a survey to detect possi
ble brash let: lOnes. Such a running compulation 
may be wilhin our capability.t CRJlEL by 1986. 
Deconvolution of the radar signal does not seem 
necessary with the 3102 as the pulse is short 
enough to measure a minimum of about 25 em of 
Ice. If 1C$S(1' thicknesses are desirable then decon. 
volution will be ntctSSary. 

It is al$O recommended that a controlled Labora· 
lory sludy be undertaken to establish the correia
lion between water content of the iee and dleJectric 
pe:rmiuivily for borizoDlaJ polarization aI DOnna! 
Incidence. Such a study could estabUsh a marlin 
of error (or thickness measurements perrormed 
when the ice Is known to be at OOC. 
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