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Fore�ord 

Th i s  document i s  one o f  a ser i e s  i s sued by the Po lar 
Research Board tha t ident i f ie s  need s and deve lops 
s tr a teg ies  for po l ar research . Th ese s tud ies are 
e xpec ted t o  be  su f f ic ien t l y  s ea rch ing t o  gu ide po lar 
researc h  over the next  two dec ade s .  Th e  s e t t ing o f  
pr ior i t i e s  i s  part icu lar l y  importan t i n  t ime s o f  
f inanc i a l  s tre s s ,  and i t  i s  hoped tha t these s tudies  
wi l l  a s s i s t  the  dec is ion makers  who wi l l  be doing s o  in 
governmen t and nongovernment organizat ions c onc erned 
with po lar regi on s . 

Four s tudies in the ser i e s  have now been c ompleted :  
An  Eva l ua t i on o f  An tarc t ic Ma r ine Eco sys tem Re search ; 
S tudy o f  the Upper Atmo sph ere and Ne ar-Earth Space in  
Po l a r  Regions : Sc ient i f ic Status  and Rec ommenda t ions 
for Fu ture Dire c t ions ; Po lar B i omed ic a l  Re search: An 
As ses smen t ,  w i t h  an append �x , Polar Med �c �n e--A 
L i tera ture Rev iew; and t h i s  one . Work c on t inue s on a 
number o f  o the r s tud i e s  in the serie s .  

Pre para t ion o f  th i s  report was made pos s ib l e  b y  the 
cont inu ing support  prov ided to  the Boa rd by the Nat iona l 
Sc ienc e Founda t ion , the O f fice  o f  Nava l Re search , the 
Na t iona l Oc ean ic and Atmo spheric Admin is tra t ion , and the 
De partment o f  Energy . 

The Po l ar Re search Board apprec i a tes  the t ime and 
e f f or t  o f  Char les  R .  Bent ley and Mark F. Me ier , pas t and 
pre sent  cha irmen of the Comm i t tee on G l ac iology , and o f  
the members  o f  the Commi t t ee i n  the c onduc t o f  the s tud y 
and pre para t ion o f  th i s  re port on the ir find ings and 
rec ommendat ions . 

A .  L i nc o ln Wa shburn 
Cha irman , Po lar Research 
Board , 1 9 7 8- 1 9 81 
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1 
Executive Summary 

G l ac iology , the s t udy o f  i c e  in a l l  i t s  na tura l ly 
occurr ing forms , i s  a b road subjec t w i th a var iety o f  
d irec t and ind irec t impl i c a t ions for soc iety . Th i s  
report  i s  c onc erne d only wi th ice  o n  o r  above the 
surface o f  the earth ; i c e  in the ground , or perma fro s t ,  
i s  the subjec t o f  a separate  repor t in the Polar 
Re searc h  Board ' s  serie s ,  "Po l ar Re search--A S tr a t egy" 
( Commi t tee on Perma fros t ,  in pres s ) . Ic e in b io log ica l 
sys tems and extra terre s tr i a l  ic e are no t inc luded . 
Geo graph ic a l ly the s c ope o f  the repor t ex tend s beyond 
the polar reg ions to inc lude any part of the earth where 
snow and ice occur . The Board and i t s  Commit tee on 
Gl ac iology b e l ieve that a rev iew of snow and ic e 
re s e a rch c anno t exc lude nonpo lar  a spec t s , part icu larly  
a s  the  mos t  d irec t impac ts  on  soc ie ty resul t from 
seasona l snow and ice  cover in nonpo lar  area s .  A 
s ta t ement  on the general  sc ope and prob l ems o f  
g lac io logy appears  in Po lar  Research--A Survey 
(Commi t tee on Po lar  Re s earch 1 9 7 0 , pp . 7 3-7 4); much o f  
the d iscuss ion there is  s t i l l  val id today . 

PROGRE S S  SINCE 1970  

E i gh t major prob lems in g lac io l ogy were ident i f ied i n  
the 1 9 7 0  Survey and grouped as  fo l lows : 

Group A ( l is ted in order o f  pr ior i ty ) : Mos t  t ime l y  
a nd urgent  i n  advanc ing under s t and ing o f  the env ironment 
and app l ic a t ion of th is  knowledge to  e f f ic ient  use  and 
management of re sourc e s .  

1 .  Sea-ice energy ba lanc e and dynamic s 
2 .  Snow-c over research an d c ontro l 
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3 .  Surge s o f g l ac iers and s l iding o f  a g lac ier o n  
i t s  bed 

Gr oup B ( order no t imply ing pri or i ty) : Add i t iona l 
important prob l ems . ---

Energy-b a l anc e s tud ies  o f  g l ac iers 
Flow and d i f fus ion through snow and froze n 
ground 
Ic e  forma t ion in runn ing wa ter 
Phys i c a l  propert ie s of ice 
Qua ternary g l ac iology 

We b r ie fly  rev iew pro gre s s  in research on the s e  prob lem s  
a s  b ackground for a new c ons idera t i on o f  prior i t ies  for 
researc h .  

Sea- Ic e  Energy Bal anc e and Dynamic s 

The pr inc ipa l reas on for a ss i gn ing top priority  to  th i s  
f ie ld in the 1 9 7 0  Survey was the ro l e  o f  sea  ice  in th e 
interac t ion be tween oceanic and atmo s pheric  c ircu l a t ion , 
thus i t s  e f fec t on c l ima t e  at  h igh l a t i tudes . Th e 
Arc t ic Ic e  Dynam ic s  Jo in t Experimen t  (A IDJEX)  and the 
analys is  o f  s a t e l l i te  d a t a  brough t  maj or advanc e s , 
inc lud i ng the formu lat i on o f  a framework for a c omplet e 
mod e l  o f  sea- ic e  dynamic s ,  wh ich prov ides a focus  for 
c oherent examinat ion of phys ic a l  proc e s s e s  in sea ic e .  
Al though s a te l l i te data  bec ame ava i lable  in l arg e 
quant i t ie s  in the mid- 196 0s , on ly  in the 197 0s  d i d  
s y s t ema t ic s tud ies  o f  s e a  i c e  begin.  Remote  sens ing 
performed from 19 7 0- 1 9 7 6  dur ing AIDJEX demons trated tha t 
pass ive microwave sensors c ou l d  d i s t ingu ish f ir s t-year 
ice from mu l t iyear ice . LANDSAT data  were useful  for 
measuring ice de forma t i on , doc ument ing the qu ite  
d i f feren t charac ter o f  the summer and winter  ice  pack s , 
and , to  a l imited degre e ,  de t erm in ing the re l a t ive 
abundanc e of ic e of d i fferen t thickne s s e s . Dat a  
c o l lec ted by  t h e  synthe t ic apert ure radar ( SAR )  on 
SEASAT conf irmed the fea s ib i l i ty of us ing SAR to reso lve 
f ine s truc ture in the f ie l d  of ice ve loc i ty .  Dur ing 
AIDJEX , data  buoys were tracked and interroga ted by 
s a te l l i te , and an array of buoys was e s t ab l i shed in 1 9 7 9  
t o  mon i tor the mot ion o f  the ent ire Arc t ic i c e  pack . 
Other progr ams on a ir/ s e a- ice/oc ean interac t ions h ave 
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b een undert aken . Progre s s  in research on An tarc t ic sea 
ice , however , has been re lat ive ly s low . The Commi t tee 
on Gl ac io l ogy b e l ieves that  c on t inued s tudy of  the 
energy b a l ance and dynamic s of sea ice is needed , but , 
bec ause o f  the advanc es  ach ieved by s tud ies  in the 
Arc t ic , it shou l d  no longer rece ive h i ghes t pr ior i ty . 

Snow-Cover Re search  and Contro l 

Many o f  the recommenda t ions made in  19 70  have been 
implemented , and recent research has aimed increas ing ly 
toward a more fundamental  unders t and i ng of snow a s  a 
mater i a l . The pos s ib i l i ty o f  us ing e lec tromagne t ic 
sensors  to  det ermine the water equivalent  o f  the snow 
pack s t imu l a ted int ere s t  in i t s  e lec tr i c a l  pro pert ie s ,  
and the importanc e o f  snow in the earth ' s  energy budge t 
mot ivated work on i t s  opt ic a l  propert ies . The movement 
of l iquid wa ter through snow has rece ived much 
theore t ic a l  and f ie ld s tudy . Th e mapp ing of  snow c over s 
by s a t e l l i te  has progre s s ed , and operat iona l snow-c over 
chart s o f  the Northern He misphere are now re leased 
week ly . However , the extent , area l dens i ty , and 
relat ive re f lec t iv i ty of the snow are no t shown with 
s u f f ic ient accuracy . Increas ing demand for water 
res ourc es  and the growing prob l em of  ac id prec ipitat ion 
make an improved unders tand ing of snow accumulat ion and 
mel twa ter runo f f  es sent ia l .  

Surg ing o f  Glac iers and Sl id ing o f  a Glac ier 
on I t s  Bed 

Ex tens ive s tud ies  on Variegated Glac ier fu l f i l l  many o f  
th e measurements  rec ommended in 1970 . Bo th Variegated 
and Black Rapids  g l ac iers were found to be  tempera te , 
and the s tudy o f  the ir mo t ion ind ic ates  tha t  wa ter in 
and be low a g lac ier mus t  p l ay a key ro l e  in tr iggering 
s urges . Cyc l ic f l ow reg imes have been s imu la ted in 
genera l  acc ord wi th the observed charac ter i s t ic s  o f  
several surg ing glac iers b y  us ing a s impl e  mode l w i th a 
s ing le  ad jus tab l e  "lubricat ion fac tor" to  paramet erize 
the wa ter produc ed by fric t ion a t  the base  o f  the 
g l ac ier . However , the phys ic a l  va l id i ty of th i s  mode l 
has not been es tab l ished . The ro le o f  wa ter from the 
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g l ac ier surfac e  a s  a pos s ib l e  tr igger o f  surges rema in s 
unc lear , and there is  no t yet a s ing l e  agre ed-on 
theore t ic a l  mode l for the s l id ing o f  a glacier on i t s  
bed . The pos s ib i l ity  o f  surges  w i th in the very l arg e 
ic e  shee t s  rema in s ; work on th is  que s t ion is  a top 
pr i or i t y .  

Energ y-Ba l ance S tud ies o f  Glac iers 

Two spec i f ic recommendat ions in the 1970  Survey c a l l ed 
for c ont inuous mea surement s  o f  energy ba l anc e a t  
s e l ec ted s it e s  and extens ion o f  the resu l t s  ob ta ined a t  
those s i tes  to  energ y ba lanc e s  over l arge are as us ing 
new deve lopmen t s  in remo te sens ing . A pro gram o f  the 
In ternat ional Hydr o l og ic al Dec ade ( IHD) enc ouraged 
interna t iona l e ffort s  addre s s ed to  the s e  ob j ec t ive s .  
Al though many prob lems rema i n ,  the phy s ic a l  proc e s s e s  
tha t  c ou p l e  glac iers to the ir c l imat ic environment a r e  
b e t ter unders tood now than they were i n  1 9 7 0 .  In 
Antarc t ic a, c are fu l s tud ies  of the energy ba lanc e and o f  
a s s oc iated fea ture s o f  the boundary s truc ture and f l ow 
have been c arried ou t at  a number o f  re presentat ive 
s it e s ; the task now is to synth e s ize the se  in a 
des cript ion o f  the large-s c a l e  energy balanc e  o f  the ic e 
shee t .  In regard to mass  b a l anc e ,  s ign i f icant reg iona l 
fea ture s e s t ab l ished s ince 1970  inc lude pos i t ive 
b a l ance s  in inland Ea s t  An tarc t ic a  coupled with negat ive 
ba l ance s  near the coast,  sugges t ing a rising and 
s teepen ing o f  the ice-sheet  surfac e .  The d i scovery tha t 
pas s ive m i crowave rad iat ion, which can be ob served from 
s a te l l ites , i s  a ffec ted by snow propert ie s such a s  
tempera tu re, dens i t y, and gra in s ize c ould  lead t o  
further advanc e s .  Remote sens ing may prov ide a way t o  
extend mas s-b a l ance re sul t s  from d irec t observa t ion 
s i tes  to  c over large areas, even c omplete  ic e s hee t s .  

Flow and Di f fus ion Through Snow and Frozen Ground 

Al though the movement o f  l iqu i d  wa ter through snow has  
rece ive d much theore t ic a l  and  f i e l d  s tudy, research on  
s now and soil  as  a c oupled sys tem w i th a c ompl icated 
in terac t ion has  j us t begun ; more research is  needed ( s e e  
Commi t tee o n  Perma fr o s t, i n  pre ss ) . 
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Ice Forma t ion in Runn ing Wa t er 

Progre s s  toward under s t andi ng the dynamic s o f  r iver ic e 
has been uneven .  Emphas is has been placed more on ad 
hoc eng ineering problems than on fundament a l  phy s ic s .  
Qua l i ta t ive descript ions o f  the evo lut ion o f  a 
deve loping ice c over are ava i l ab l e , bu t the under ly ing 
thermodynamic proc e s s e s  and dynamic  forc e s  are large l y  
unknown. A mechanism f o r  the mu l t ipl icat ion o f  ice  
nuc le i i  through "co l l is i on breed ing" has been iden t i f ied  
in s treams .  Rec ent f ind ings sugges t  tha t  the ne t 
surface hea t los s in  turbu lent water i s  underes t imated 
by mo s t  mode l s .  Th eore t ic a l  and appl ied re search has 
addres s ed the prob l ems of ma int a in ing open-water area s, 
the hydr au l ic re s i s tanc e of r iver ice , and the 
forma t ion , grow th ,  and breakup of ice  j ams . Advance s  
have occurre d in the appl icat ion o f  remote- s ens ing 
techniques to the observat ion and a s s e s smen t o f  
propert ies and charac ter i s t ic s  o f  r iver ice  and in 
unders tand ing the produc t ion and tran sport of fraz i l  
ice . I t  i s  becoming apparent  that fraz i l  ice p l ays a 
key ro l e  in the deve lopmen t  o f  ice  c overs in Arc t ic and 
An tarc t ic wa ter s .  

Phy s ic a l  Propert ies  o f  Ice  

TWo need s empha s ized in the 197 0  Survey were s tud ie s o f  
the d ie lec tr i c  and rad iat ive propert ies o f  snow and ice  
and the rheol ogy o f  large ice mas se s .  Mea surement s o f  
t h e  e lec tromagne t ic pro per t ie s  o f  snow have been made a t  
a few microwave frequenc ie s ,  but more ex tens ive coverage 
and c orre l a t ion w i th ground- truth mea surement s  are 
needed . Theore t ic a l work on scat ter and emis s ion i s  
i nc omple t e  and based on over s imp l i fied mode l s .  
Theore t ic a l  s tud ies  have led  t o  bet ter unders t and ing o f  
s c a t ter and emis s ion from sea ice  than in 1 9 70 , but  few 
s tudies  o f  bas ic e l ec troma gne t i c  prope rt i e s  o f  
fre shwater f loat ing ice have been repor t ed . For 
g l ac ier s , lower , more pene trat ive freq uenc ies  are 
part icularly  needed . F i e l d  and labora tory s tud ie s  
sugge s t  tha t the wide range i n  d e  c onduc t iv ity be twee n 
various g l ac iers resu l t s  from the me tamorph ic h i s tory o f  
the ic e ,  but  thes e  s tud ies  have not led t o  a 
quan t i ta t ive theory . 
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Re cent experimen ts  on the de forma t ion o f  ice  seem t o  
support the sugge s t ion tha t  the minimum s train rate  i n  a 
c ons tant-s tre s s  t e s t  shou ld c orre spond to  the max imum 
s tres s  in a c on s t an t-s tra in-rate tes t .  I f  th i s  
c orrespondenc e c an be demon s tra ted, a g iven tes t may 
provide informa t ion o f  va lue to bo th glac io log i s t s  and 
eng ineers .  Th ere has been progr e s s  in eva luat ing the 
temperature dependence of the creep of ice near i t s  
me l t ing point as  we l l  a s  a t  the lower end o f  the po l ar 
temperature range , and in assess ing the e f fec t o f  
impur i t ies , but the e f fect of  grain s ize i s  no t ye t 
c lear . Resea rch on texture , fabric , and o ther 
s truc tural parameters i s  s t i l l  needed . Rec ent  s tud ies  
on s tres s  and s tra in rate s in borehole s ,  made in 
c onjunction w i th s truc tura l s tud ies  on c ore sampl e s, 
have  suggested substant ial  d iscrepanc ies be tween 
l aboratory and f ie ld measurement s, re f lec t ing the 
results of experiment s  and ob servat iona l as  we l l  a s  
theore t ic a l  undert a int ies . 

Quaternary Glac io log y 

Advanc es  in this f i e ld have been drama t ic .  The 
rec ommendat ion s in the  19 70 Survey were, b rie fly, to 
dr i l l  for more ice c ore s in An t arc t ica  and Gree nland and 
on o ther g lac iers and to ana lyze new and 

'
ex i s t ing c ores 

and the dr i l l  holes  thems e lves a s  fu l ly as  pos s ib l e . A 
number o f  shal low, int ermed iate,  and deep ice  c ores have 
b een recovered and ana lyzed for a c on t inua l ly expand ing 
l i s t  o f  iso topic, chemica l, and phys ic a l  propert ie s .  
In terpre t a t ion o f  these and o ther s tr a t igraph ic and 
therma l  record s  in ice  shee t s  and g l ac iers ha s provide d 
d e t a i led informa t ion on the env ironmental  c ond i t ions o f  
the rec en t and preh i s toric pas t and shed l i gh t  o n  pas t 
d imens ions and dynamics o f  the ic e shee t tha t are 
cruc ia l t o the unders t and ing o f  the re sponse  of glac ier s 
to  c l ima t ic change . Measurements  on ice  c ores have a l s o  
y ie lded va lue s o f  parame t ers  ( e . g . , dens i ty , c ry s t a l  
orie n t a t ion , e lec tric a l  c onduc t iv i ty )  nec e s s ary for the 
int erpre tat ion o f  remo t e-s ens ing informat ion, such as 
radar , s e i smic, and e lec tr i c a l  res i s t iv i ty surveys, tha t  
c an be ob t a ined wide ly  o n  l a rge i c e  ma s se s .  
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HIGHEST PRIO RITIES FOR RESEARCH 

Th e chapters that  fo l low pre sent re search needs re lated 
to  phys ica l  proper t i e s  o f  ice , se asona l snow , float ing 
ice , and g l ac iers;  a f inal chapter d iscusses  
ins trumen t a t ion , log i s t ic s ,  interna t iona l coopera t ion , 
and o th er mat ters a f fec t ing the c onduc t o f  res earch . 
Here we se lec t from the rec ommend a t ions in these  
chap ters 24 that  we  b e l ieve should  rec e ive h i gh e s t  
prior i ty . These recommendat ions focus  on two broa d 
themes : 

o The interac t ion o f  snow and ice w i th pas t and 
pre sent  c l imat e  and 

o The d irec t impac t of snow and ice on soc iety . 

C l ima t e  

Th e  int e rplay be tween low-lat i tude hea t  income and 
h igh- l a t i tude heat  loss  inf l uences  the ent ire wor ld  
c l ima t e  sys tem .  This subj ec t i s  a princ ipal  theme o f  a 
s epara te report by another c ommi t tee o f  the Po lar 
Research Board ( Commi t tee on the Role of the Po l a r  
Re gions in  C l ima t ic Change , in pre s s ) . Th e  d i str i bu t ion 
of snow and ice s trong ly  a f fec t s  hea t  l o s s  in th e h i gh 
and midd l e  l a t i tudes . Th e  are a l  extent  o f  snow in the  
Northern Hemi s phere var i e s  more than tha t o f  any o ther 
w ide ly d i s tr i buted mater i a l  on e arth . Bec ause snow 
re f l ec t s  about 80 percent  o f  the sun ' s  rad iat ion , 
whereas  soi l and sea  wa ter absorb 80 perc ent or more , 
the  exten t  o f  snow cover c r i t ic a l ly  a f fec t s  the earth ' s  
rad iat ion b a l anc e , thus the g l oba l c l ima t e  s y s t em .  

I n  the Sou thern Hemi s ph ere , where there i s  much le s s  
h i gh- l a t i t ude l and are a than i n  the Northern Hemisphere , 
the grea t s easona l var i a t ion in the extent  o f  sea ic e 
a ffec t s  g l obal  c l ima t e  in much the same way as  do snow 
va ria t ions in the North . The magn itude o f  the exchang e  
o f  h e a t  energ y be tween t h e  ocean and t h e  atmosph ere in 
the pre senc e of  i c e  i s  a cruc i a l  prob lem .  Curren t 
informa t ion on s e a  ice  c omes larg e l y  from s a t e l l i teborne 
pas s ive m i crowave sys tems and Arc t ic dr i f t i ng s ta t ions 
and buoys . Ob s ervat ions at c oas t a l  s ta t ions in 
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An tarc t ic a  do no t provide good reg ional average s because 
of the inhomogeneity of the ic e and the l a rge 
l a t i tud ina l ice extent in winter .  Re l a t ive ly sma l l  
areas  o f  open water have a ma j or impac t o n  the regiona l 
heat  and mass b a l anc e .  Furthermore , po lynyas and leads 
make l a rge con tribut ions of  "young" ic e to  the regiona l 
ice produc tion . More ex t ens ive monitoring o f  ice 
thickne s s e s  and hea t f luxe s in regions covered by sea  
ice  i s  s til l neede d . 

G l acie r s  are a l s o  part o f  the global c limate  
sys t em .  Al though sma l l  glac iers  reac t passively  t o  
c l ima t e , ice shee t s  int erac t w i th and a f fec t i t .  Some 
mod e l s  sugge s t  tha t  the d e t er iora tion o f  glob a l  c l imat e 
t o  ful l g l acia l  c ond i tions may have fo l l owed the 
deve lopment  of ic e she e t s  in North Americ a and 
Scandinavia. The re lationships be tween g l ac iers and 
c limat e  involve complex int erac tions on var ious spa t ia l  
and t empora l  scales . Two c ompl ementary approaches  to  
s tudy of  them are required :  observat ion o f  changes o f  
the entire c l imat i c  sys t em ,  fo l lowed by formu l a t ion o f  
determinis t ic or emp ir i c a l  ru le s , and c ons truc t ion and 
tes t ing o f  mode l s  tha t inc orpora te the essent ial  phy s ic s  
o f  the problem .  For long time sc a le s ,  ob serva t ions  
s imply  l ead to  d e scr i pt ions o f  ex i s t ing cond i t ions ; 
mode l ing is then the only obj ec tive way t o  te s t  
unde r s t and ing o f  bo th pas t and fu ture re l a t ionsh ips 
be tween ice and c l ima te . 

Snow and Cl ima t e  

Sma l l changes  i n  a tmospheric  temperature o r  
precip i t a t ion c a n  trigger a l a rge change in the g l oba l 
energy budge t through ever-changing areal  snow 
coverage . Because  o f  snow-atmo s phere feedback s , the 
interac t ion be tween the sea sona l snow cover and the 
globa l en ergy ba lanc e is a s t udy of h i ghe s t  prior i ty . 
An unre s o lved prob l em is the response o f  seasonal  snow 
cover s to i ncrea sing surface a ir t emperature brou ght  
about  by increas ing amount s  o f  C� in the  a tmosphere . 
Acc ording t o  a tmo s pheric genera l -c irc u l a t ion mode l s ,  the 
extent o f  s now , especia l ly a t  h igh l a t i tude s ,  shou ld  
shr ink . Key ques t ions are the  fo l lowing : I s  such a 
proc e s s  rea l ly t ak ing p l ace , or are o ther feedback 
proc e s s e s  leading to increased prec ipi tat io n? Can snow 
be mon i tored as  a c l ima t ic e l ement?  Can  the  COz 
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impac t on snow be  d i scriminated  from unre la t e d  
pert urbat ions?  

Ground measurement s  a lone probably wi l l  no t prov ide 
suffic ient dat a on the extent of the changi ng snow 
c over ; s a te l l i t e  remote sens ing is c lear ly  needed . 
That , in t urn , requ ire s an  unders t and ing o f  the 
e lec tromagne t ic propert ie s  of snow.  Th e princ ipal focus  
o f  inve s t iga t ion a t  opt ic a l  and  i n frared frequenc i e s  
should  be snow propert ies a t  t h e  surfac e, where t h e  hea t 
balanc e  i s  o f ten c on tro l led by the amount of  solar 
rad iat ion absorbed . Al though the  surface re f lec t iv i ty 
o f  snow a t  opt ic a l  or  i n frared frequenc ies  mus t  be known 
t o  re late  snow to c l ima te, s a t e l l i te  sensors c anno t 
prov ide these  data  in a tru ly  synop t ic manner , becaus e 
o f  c louds . Deve lopment  o f  a synopt ic snow--observing 
sys tem opera t ing a t  lower frequenc ies  may bring 
import ant advantage s ,  but there is  an even gre at er l ack 
of bas ic unders t and i ng o f  how to interpre t the s ignal s  
from s a te l l i te s ens ors a t  these frequenc ie s .  

Knowledge o f  emis sion charac teri s t ic s  i s  needed no t 
only for seasona l bu t a l s o  for perenn ial  snow because , 
wi th add i t iona l s tudy, i t  may be pos s ib l e  to  det ermine 
the surf ace mas s  balanc e  of po l ar ice shee t s  from the 
emi s s ion charac teris t ic s  and bec ause  the variab l e  exten t 
o f  snow-c overe d surfac e s  in the north po lar reg ions 
probab l y  p l ays a s ign i f ic an t  ro l e  in the earth ' s  energ y  
budge t and c l ima t e .  

Recommendat ion  

Improved unders tand ing o f  snow as  an e lemen t  
o f  the gl oba l c limat e  sys t em shou ld  be sought  
through : 

1 .  Deve l opment  o f  remote-s ens ing me thods 
for the l a rge-s c a l e, a l l-wea ther de t ermina t ion 
o f  the  wa ter equ ivalent  o f  snow, field  
measurement s t o  c onf irm remo t e ly sensed 
re su l t s ,  and determina t ion of the e l ec tro­
magne t ic transm i s s ion and sc at tering propert ie s 
o f  snow; 

2 .  De f in i t ion o f  tempora l and spa t ial  
variat ion s  of  regiona l and hemi spheric snow 
exten t  and a lbedo and the ir re l a t ionsh ip to 
wea ther ; and 
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3 .  The u s e  o f  global  snow data  in the 
d evelopment and va l idat ion o f  atmospheric  
c irculat ion mode l s  and in pred ic t i ng th e 
e f fects o f  a CO,-induc ed increase in a ir 
tempera ture . 

( Se e  Ch apter 4 , section on "Gl oba l/Hemispheric  
Sc a l e : Snow and  Wor l d  C l ima t e" )  

I n  re gard to part 1 o f  th i s  recommendat ion and a s  
empha s ized i n  Chapter 3 o n  phy s ic a l  propertie s, improve d 
understand ing o f  d ie lectr ic pro pert ie s and vo lume­
sc attering proc e s s e s  in dry and we t snowpacks i s  
e s s ent ial . Meas urement s  o f  sc attering and emi s s ion from 
a wide var ie t y  of s now s urfac e s, c lose l y  coord inated 
w ith ground- truth measurements, should  be undert aken and 
coord inated with improvement s in theory. 

Interac t ion  o f  Sea Ice W i th Oc eans and Atmosphere 

Var iations in se a-ic e ex tent no t on ly  a l ter the earth ' s  
a lbedo but a l s o  a f fec t the mo i s ture and heat exch ange 
between the oceans and the atmo sphere and thus inf luenc e 
the nouri shment and exten t o f  o ther forms o f  ice, from 
seasona l snow cover to l arge ice  shee t s . Va riat ions i n  
the exten t o f  An tarc t ic s ea ice  a l so a f fec t the amount 
o f  C02 in the a tmosphere and oc eans, and, th rough the 
formation o f  Ant a rctic bo t t om wat er, the temperature o f  
the wor ld  oceans . Th us there are long-term as  we l l  as  
short-t erm e f fects of  s e a  i c e  on c l ima te . 

Estimates o f  the he a t  energy f l uxes over the pack 
ic e  are re l ative l y  few and unre l iab le, pa rt icularly i n  
the An tarc t ic .  Dynamic and thermodynamic proc e s s e s  a t  
the ic e edge are crit ic a l  i n  unders tand ing Arc t ic and 
An t arc t ic heat and ma s s  budge t s  as we l l  as  interac t ions 
be tween the a tmosphere, the ic e, and the oceans on shor t 
(weather-re la ted)  and long ( c l ima t e-re l ated )  t ime s c a le s .  

Rec ommenda t ion 

Re search  on  sea  ice  should  be  d irec ted to  
measurement s  o f  ice  grow th , dri ft , and decay 
and to  in terac t ions of ice  with the thermoha l ine 
s truc ture in the ma rgina l ice  zone . These 
s tud ies shou ld  inc lude a winter l ead exper imen t 
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on freez ing proc e s se s , c onvec t ion , and 
hal ine-dr iven c irc ulat ions and atmospher ic  
f luxe s and a summer f 1e l d  expe rimen t t o  measure 
ice me l t ing ra t e ,  rad iat ion ba lances , and the 
s truc ture of the pycnoc l ine . 

( Se e  Chap ter 5 ,  sec t ion on "Other Re search 
Ob j ec t ive s : Ic e Format ion , Grow th , and Deca y )  

Further under s t and ing o f  the g l obal  c l ima te sys tem 
requ ire s be t ter knowledge about the vert i c a l  f l uxe s 
be tween a ir ,  ic e ,  and wa ter ; horizontal  hea t , mas s ,  and 
momentum trans fer , inc lud ing advec t ion of ice  in 
re l a t ion to a ir and wa t er c irc u l a t ion ;  proc esses  of ice 
growth and decay , e spec ia l ly in the marg ina l ice zone ; 
ways to  improve the use  o f  remote sens ing for rou t ine 
moni toring variat ions o f  ice  in t ime and spac e ;  and ways 
in  wh ich numer i c a l  mode l s  can be used to tes t the 
c oupled hy drodynamic , thermodynamic , and cons t i t u t ive 
approxima t i ons to  the bas ic phy s ics  of the a ir ,  wa ter , 
and ice sys tems . 

Rec ommendat ions 

Th e fu l l  po tent ial  of  remo te-sens ing techn ique s 
for det ermining large-sc a l e  sea-ic e c ond it ion s 
( extent , c oncentr a t ion ,  th icknes s )  shoul d  be 
implemented to  achieve maximum re solut ion and 
min imum turnaround t ime for data  proc e s s ing and 
d i s tribut ion to  u s ers . 

( Se e  Chap ter 5 ,  sec t ion on "Re s earch Ne eds--Se a 
Ic e , "  subsec t ion "Floa t ing Ic e and Cl imat e" ; and 
Chapter 7 , sec t ion on " In s trument s  and 
Techn ique s , "  subsec t ion "Other Remote Sens i ng" ) 

An array o f  data  buoys should  be ma inta ined in 
the Arc t ic for a min imum of f ive years . They 
shou l d  measure not only pos i t ion, tempera ture , 
and pres sure but  a l s o  o ther oc eanograph ic an d 
a tmospheric parame ters wherever po s s i b l e . An 
array o f  a ir-droppab l e  buoys shou ld a l so be 
depl oyed in the seasonal  ice of the Sou thern 
Oc ean to moni tor pre s sure , temperature , and i c e  
movement . Such data  are needed to  conf irm and 
quan t i fy the d ivergen t  nature o f  the An tarc t ic 
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pack ice and t o  es t ima te  regiona l rat e s  o f  ic e 
produc t ion , s a l t reje c t ion, and turbu lent  he a t  
exchange w i th the a tmo sphere . Da ta  from such  
s tud ies c ould be appl ied to the deve l opmen t ,  
mod i f ic a t ion , and ver i f ic a t ion o f  numeric a l  
a ir/ s ea- ice/oc ean mode l s .  

( Se e  Chap ter 5 ,  sec t ion o n  " Research Need s- - Se a 
Ic e , "  s ubsec t ion " Se a- Ic e Proc e s s e s " ; and 
Chap ter 7 ,  s ec t ion on " Ins trument s and 
Te chn ique s , "  subsec t ion "Other Remo te  Se ns ing" 

Coupled  se a-ic e/ocean/atmo sphere mode l s  tha t 
i nc orpora te the e s sen t ia l  phy s ic s  o f  i c e  and 
ocean proce s se s , sma l l -sc ale  hea t  and mas s 
transfer from leads , and low-l eve l c louds 
shou l d  be deve loped . Espec ia l ly needed i s  a 
s impl e  sea-ice model  tha t  inc orpora tes  
s u f f ic ien t phys i c s  t o  represen t the e s sent ia l 
interac t ive a spec t s  o f  long- t erm c l ima te 
s imu lat ions . 

( Se e  Chap ter 5 ,  sec t ion on "Re search Needs--Sea 
Ic e , "  subsec t ion " F loa t ing Ice and Cl imat e" ) 

Re presentat ive G l ac ier Bas ins 

Mount a i n  g l ac ier s and sma l l ic e c aps have c lbna t i c  
re spons e t ime s o n  the ord er o f  decades t o  c enturies . 
Fluc tuat ions have been ob served over decades on some 
g l ac ier s ,  and for some o f  them the c l ima te o f  the 
surround ings  is a l so adequa t e l y  de f ined for at leas t 
part o f  that h i s tory .  For a few g l ac iers , a l l  the bas ic 
measurement s needed t o  det ermine the ir re sponse  t o  
c l ima t ic vari a t ions have been made ; the se "c l as s ic a l" 
g l ac ier s are the mos t  s u i ta b l e  for c omb ined 
observa t iona l s tud ies  and model ing exper iment s .  

Rec ommendat ion 

Long- t erm measuremen t s  o f  the re levan t aspec t s  
o f  the me teoro logi c a l  env ironmen t ,  toge ther 
with basic glac ial  proc e s s e s ,  should  b e  
c ont inued o n  a few represen t a t ive glac ier s .  
Th e  bas ic d a t a  se t s  shou ld  be put  in a form 
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that  i s  unders tandab le  o thers and c ommun icated 
to  the Wor ld Dat a  Cent er-A for Glac iology and 
the Permanent Serv ice  on the F l uc tuat ions o f  
Glac i ers . 

( Se e  Chapter 6 ,  sec t ion on "Re la t ionsh i ps 
Be tween Glac iers  and Cl imat e , "  subsec t ion 
"Prob l ems of Mount a in-G l ac ier Sc ale" ;  and 
Chap ter 7 ,  sec t ion on "Management  o f  
Gl ac io l og ica l Da ta , "  s ubsec t ion "Da ta  
Management  Need s" ) 

The gre a t  mount a in system border ing the North 
Pac i f ic Ocean spanning Alaska , Yukon Terr i t ory ,  and 
Br i t ish Co lumb ia c onta ins the fourth larg e s t  ice mas s  in 
the wor ld . S t orms moving out of the Gu l f  of Alaska 
produce h igh ra tes  of snow accumu l a t ion in the 
mounta ins , among the h i ghe s t  ra t e s  of mas s  f lux cyc l ing 
through the a tmosphere- ice-oc ean sys tem in the world . 
The winter c l ima te  o f  much o f  North America  i s  a f fec te d 
by proc e s s e s  occurring a t  th i s  ic e-c overe d bord er ; the 
cop ious me l twa ter runo f f  a f fec t s  the produc t ive 
near-s hore wa ters of the Gu l f  of Al aska . Ye t l i t t l e  is 
known abou t i t s  mas s  and energy exchange proc e s s e s  and 
rates . 

Rec ommend a t ion 

The regional glac ial  me t eorology and mas s  
exchange o f  the h igh mount a ins border ing 
the Gu l f  o f  Al aska shoul d  be determ ined . 

( See  Chapt er 6 ,  s ec t ion on "Re l a t ions h i ps 
Be tween Gl ac iers and Cl ima te , "  subsec t ion 
"Prob lems o f  Moun t a in-Range Sc a l e" ) 

Wes t An tarc t ic Ic e Shee t 

The respons e o f  the Wes t An tarc t ic ice shee t t o  c l ima t ic 
change i s  a h i gh-priority  que s t ion for research bec ause 
of the pos s ib i l i ty tha t a co2 - i nduc ed a tmospher i c  and 
ocean i c  warming c ou l d  tr igger i t s  rap id sh rink ing . A 
phy s ic a l  theory tha t  c an tre a t  th i s  prob l em i s  needed 
bu t  c anno t be deve l oped unt i l  ba s a l  and in trag l ac ia l 
proc e s s e s  are be t t er unders tood . Un t i l  then , empiric a l  
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mode l s  cont inue t o  be us e fu l .  We fu l l y suppor t 
rec ommenda t ions tha t  have been pre sented by the 
Sc ient i f i c  Commit tee  on An tarc t ic Research ( SCAR ) ( Group 
o f  Spec ia l i s t s  on An tarc t ic C l ima te Re s earch 1981 ) and 
Ben t l ey ( 1982 ) . The s e  two s tudies  po int  ou t tha t , 
a l though surfac e e leva t ions o f  mos t  o f  We s t  An tarc t ic a  
have been mapped t o  a n  accura cy o f  abou t + 5 0  m , an 
ord er-o f-magn i tude gre a ter accuracy is needed to  detec t 
and mon i t or pos s ib l e  c l imat e-induc ed change s .  The se  
stud ies  a l so emph a s ize  the  lack o f  knowl edge about 
surfac e mas s  balanc e and i t s  re lat ionsh ip  to  atmo s pher i c  
and oc ean ic c irc u l a t ion and the extent o f  s e a  ice . Th ey 
s tres s  the need t o  exp l ore the use  of  sate l l i t e  
techn ique s , e spec ial ly  pas s ive microwave rad iome try t o  
d e t e rmine the area l d is tribu t ion o f  surface  mas s  
bal anc e , and radar and laser a l t imetry t o  de term ine , and 
measure change s i n ,  ic e surface e leva t ion s . ( Sate l l i t e  
measuremen t s  s o  f a r  have been l imited t o  l a t itudes  l e s s  
th an 72° and have inc l uded onl y  radar a l t ime try . )  In 
add it ion , be t t er knowledge o f  the rate  o f  ice  me l t ing 
and freez ing on the unders ide of the ice she lves 
rec e ive s emphas i s , for tha t i s  a cr i t ic a l  and poor l y  
mea sure d  factor i n  the a s s e s sment o f  the mas s  b a l ance o f  
the ic e sheet . 

Rec onmendat ions 

Every e f for t  shou ld  be made to  bring abou t ,  a s  
soon a s  poss ib l e ,  the emplacement  into a po l a r  
orb it o f  a sate l l i te c arrying radar and laser 
a l t imeters tha t are designed for e f fec t ive use 
over ice  shee t s . 

( Se e  Ch ap ter 6 ,  sec t ion on "Energy Ba l ance , "  
subsec t ion  " Th icknes s  Change and Stab i l i ty o f  
Ic e Shee ts" ; and Chapter 7 ,  sec t ion on 
" Ins trumen t s  and Techn ique s , "  subs ec t ion s 
" Remote Sens ing From Sa t e l l ites"  and "Other 
Remot e  Sens i ng" ) 

Ground-b ased measurement o f  the surf ace mas s  
ba lance and relevan t me teorologic a l  var iab les  
for one or  more compl e te dra inage basins shou l d  
b e  c ompl e ted , and the re su l t s  shou l d  be extended 
by s a te l l i t e  rad iome try to  the who le o f  the We s t  
An ta rc t ic ic e  shee t and inc orpora ted int o  
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atmo spheric  c ircu l a t ion mode l s .  ( Spec i f ic task s 
are expla ined in more de t a i l  in Bent ley [ 1982 ]  
and Group o f  Spec i a l ists on Antarc t ic Cl imat e  
Re search [19 81 ] . )  

( Se e  Chapter 6 ,  s ection on " Re l ationsh i ps 
Be tween G l ac iers and Cl imate , "  subs ec t ion 
"Prob l ems o f  Ic e-Sheet Scal e" ) 

De term ining and understand ing oceanic 
c ircu l ation beneath the Antarc t ic ic e she lve s 
and the mas s  and heat exchange be tween the 
wa ter  and ice shou l d  be major goa l s  o f  re search . 

( Se e  Chapter 6 ,  sec t ion on "Energy Ba l anc e , "  
subsec t ion "Bas a l  Ma s s  Bal ance on Ice She lve s "  

De term ina t ion o f  Pa s t  Env ironmental Cond i t ions 

Ic e shee t s  and ice c aps  c ont a in much information on pas t 
c l ima tes  and env ironmen t a l  c ond i t ions . These  c an be 
inferred from the isotopic  and chemic a l  c ompo s i t ion o f  
the ice , the inc orpora ted t erre s tr i a l  and 
ex trat erre s tria l mat erial,  th e inc lus ions of a ir ,  and 
the t empera ture-d epth pro f i l e  o f  the ice  shee t . Th e  
s trat i graphic  pro f i l e s  o f  the Antarc t ic and Greenland  
ice shee t s  are  obt a ined from ice  c ore s tha t  c onta in the 
prec i p i t a t i on accumulated  over interva l s  as  grea t a s  
hundred s  o f  thousands o f  years . Th e  upper sec t ions o f  
some core s  are h i gh l y  re s olvab le , frequent l y  permitting 
one season ' s snowfa l l  t o  be d i s t inguished from the 
next . These h i gh-re s o l u t ion data are ava i l ab l e  nowhere 
e l se and prov ide informa t ion tha t  c ompl ements  data , o f  
l e s ser re s o l u t i on but  l a rger t ime spa n ,  ob tained from 
the s t udy o f marine lacus tr i ne sed iment s  and from 
g l ac ia l  geo logy . More type s o f  ana lyses  undoub t edl y 
w i l l  bec ome rout ine over the nex t decade , and new 
env ironment a l  parame ters  wi l l  be in troduc ed . 

Deep ice c ore s so  far ob t a ined from Greenl and and 
An t a rc t ic a  contain  ice proba b l y  no o lder than abou t 
12 0, 000 years--b ack t o  the mo s t  recent previous 
int erg l ac i a l  epoch . Deep , c on t inuous , h i gh-qua l i t y  ic e 
c ores w i th basal  ages o f  several hundred thousand years 
or more wi l l  he l p  to  answer que s t ions about the c auses  
of  g l ac ia l  ages , the  re la t ive sever i ty o f  the  maj or 
g l ac ia l  s t age s , and the pa s t  and future re sponse o f  ic e 
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shee t s  t o  c l ima t ic change . Ic e c ore s to mee t  the s e  
demand s c an bes t be  ob ta ined from Cen tra l  Green land and 
Ea s t An t arc t ica . 

Rec onunenda t ion 

A l ong- t erm progr am o f  shal low- ,  interme d i a t e- , 
and e spec ia l ly deep-core dr i l l ing in Cen tra l 
Greenl and and in An t arc t ica shou ld  be  imple­
mented , inc lud ing the deve lopment of techn ique s 
tha t  w i l l  produc e c ont inuous , h igh-qua l i ty i c e  
c ores  su i t ab le f o r  s c ien t i f ic ana lys i s . 

( Se e  Chap t er 6 , sec t ion on "Qu aternary 
Glac iology , " subsec t ion " Long-Term Env ironmen ta l 
and C l ima t ic Re c ord s" ;  and Chap ter 7 , sec t ion o n  
" Ins trumen t s  a n d  Te chn ique s , " subsec t ion s 
"Dri l l ing and Cor i ng , "  "Core Ana lys i s , "  and 
"Boreho le  Equ ipme n t" ) 

About  12 0 , 000 years ago the We s t  An tarc t ic ic e  shee t 
may have l arge l y  d i s appeared , f l ood ing coas t a l  areas  now 
occupied by a l arge frac t ion o f  the wor ld ' s popu l a t ion . 
Var iab l e s  re f l ec t ing former ice  shee t e levat ions , exte n t  
o f  s e a  ic e , and paleoc l imate  c an be mea sured o n  a c ore 
to th e bedrock o f  the We s t  Antarc t ic ice shee t and on 
intermediate-dep th c ore s c o l lec ted on and be tween the 
ic e s treams tha t  dra in We s t  Antarc t ic ice . 

Rec ommendat ion 

A c ont inuous i c e  c ore to the bedrock shoul d  be 
ob ta ined from a s i te  tha t  w i l l  permi t 
determ ina t ion o f  the pre senc e  or ab senc e o f  the 
We s t  Ant a rc t ic ice  she e t  during pas t 
intergl ac i a l s  a n d  w i l l  prov ide pa leoc l ima t ic 
da t a .  The s e  d a t a  c a n  be  supplemen ted  by data  
from o ther c ore s and  geophys ic a l  surveys wi thin 
the Ros s  Emb ayment . 

( Se e  Ch ap ter 6 , sec t ion on "Qu aternary 
Glac io l ogy , "  subsec t ion "Hi s t ory o f  Wes t 
An t are t ica" ;  and Ch ap ter 7 ,  sec t ion on 
" Ins trument s  and Te chn ique s , " subsec t ion s 
"Dri l l ing and Cor ing , "  "Core Ana lys i s , "  
and " Boreho l e  Eq u ipmen t , " and sec t ion on 
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"Log istic s , "  sub s ec t ion " Support for Antarcti c 
Ground Programs" ) 

An ic e-core s igna l re f l ects the c omb ine d 
c ontr i but ions o f  g loba l , hemi spher ic , reg iona l ,  and 
loc a l  c ond ition s .  To ad dre s s  the prob lem o f  sort ing out 
these c ontr ibut ions , s igna l s  in polar ice c ore s mus t be 
c ompared �ith s igna l s  in c ore s from subpo lar reg ions , 
w ith h i s tor i c a l  weather rec ord s ,  and with o ther proxy 
c l ima te dat a .  Ul t imate ly ,  a l l  the c ore rec ord s  for a 
dr a inage bas in mus t  be reconc i led with a modeled h i story 
o f  the ic e and the c l imate . 

Rec ommend a t ion 

Th e c l imat ic and env ironmental  information 
conta ined in ice c ores shou l d  be c ompared wi th 
l oc a l  or regiona l me teoro logica l  informat ion, 
h i s toric a l  rec ord s of c l imat ic and env ironmenta l 
change s, inc lud ing past s o l ar activi ty and 
vo lcan i sm, and l ong-term data from tree r i ng s ,  
l ake and ocean sed iment c ores ,  and glac ial  
depos i t s .  To a i d  in th i s  c omparison,  
intermed iate-depth ice  c ores should be obta ined 
from a number of polar  and nonpolar  lat itude 
band s and from diverse me teorologic al and 
glac iological  env ironments . 

( See Chapter 6 ,  section on "Quat ernary 
Glac io l ogy , "  subsec t ion " Iden t i f icat ion o f  
C l ima t ic In forma t i on from I c e  Core s" ; and 
Chapter 7 , sec t ion on " Instrumentation and 
Te chniques , "  s ubsect ions "Dri l l ing and Cor ing , "  
"Core Analys i s , "  and "Borehole Equipment" ) 

Dynamic s o f  Rap id Gl ac ier Changes  

It  is  no t suffic ient to  unders t and how c l imati c  
variat ions a f fect the boundary c ond i t ions o n  glac ier s ;  
i t  i s  a l s o  nec es sary t o  understand how the s e  c ompl icate d 
dynamic s ystems re spond to  those variations . Gl ac ia l  
motion occur s by a c omb ination o f  interna l de forma t io n  
and basal  s l id ing , bu t the ra tes  o f  ne ither proc ess  c an 
b e  pred ic te d w i th conf idenc e . The int erna l de format ion 
is a f fec ted by variat ions of structure and temperature 
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w i th de pth ; f i e l d  ob s ervat ions and laboratory 
e xper imentat ion do not yet  su f f ice  to  e s t ab l ish  a 
de f in i te quant itat ive f low law .  To under s t and the 
s l id ing proc e s s , it w i l l  be nec essary t o  make many 
de t a i le d  observat ions o f  the s truc ture o f  the bas a l  z one 
and the phy s ic a l  proc esses  ac t ing there . U l t ima tely , 
any pred ic t ion o f  future change s in g l ac iers mus t  
invo lve numer i c a l  mode l ing . 

In regard to rheo logic a l  propert ies  o f  ic e ,  further 
f ie l d  and labora tory s tud ies  of the re sponse of ice to a 

s tre s s  are needed . Th is work shou ld  be focused on 
providing a bas i s  for pred ic t ing the re spons e . 
Mea surement s are needed not only  on po lycry s ta l l ine i c e  
bu t a l s o  o n  s ing l e  c rys t a l s , so  tha t  ex i s t ing theories 
c an be tes ted . 

Recommendat ion 

Labora tory measurements on the de forma t ion o f  
po lycrys t a l l ine and monocrys ta l l ine ice sample s 
o f  wide ly vary ing phys ical  and chemic a l  
charac t er i s t ic s  s hou ld  b e  conducted  over a broad 
range of s tre s ses and s tra ins . 

( See Chapter 3 ,  sec t ion on '�echan ica l 
Propert ies , "  subsec t ion " Ic e" )  

In regard to  proc e s s e s  a t  the g lac ial  bed , there i s  
s t i l l  no gener a l  agreement abou t the pr inc ipa l 
con tro l l ing fac tors in the s l id ing proces s ;  eve n 
qua l i ta t ive phy s ic a l  under s tand ing is  lack ing . Sever a l  
me thods  o f  s tudy a r e  ava i lable  and shou ld  be c omb ined . 
Mo s t  important  are measurements in boreho les  to  
de termine ba sa l wa ter pre s sure , int erfac e morpho logy , 
and s l ip rate . Borehole measurements shou ld be c oupl ed 
w i th measurement s  o f  surfac e movement , bo th horizont a l  
and vert ic a l ,  o n  short t ime s c a le s .  Remo te s ens ing 
cou l d  prov ide an e f fec t ive way to measure s l id ing 
change s ,  and ob servat ions o f  the charac teri s t ic s  o f  
d i s charged wa ter c ou ld y ie l d  add i t iona l informat ion 
about the bas a l  hydr au l ic sys tem .  Surge- type g lac ier s 
in part icular shou l d  be s tud ied because they d i splay a 

ful l range o f  s l id ing speeds on a fixed-b ed geome try 
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over the c ourse o f  a surg e cyc le .  Some out le t  g l ac iers 
in Greenland and Anta rc t ic a f l ow cont inuou s l y  at surge 
s peeds , and these need to be s tud ied to determ ine how 
such speed s c an b e  ma intained . S tud ies  of bo th type s o f  
fas t-s l id ing glac iers should  add fundament a l  ins ight  
into  the prob l em o f  g lac ier s l id ing . 

Rec ommendat ions 

Th e s everal types o f  measurement re lated to  
processes  a t  the  gl ac ier bed shou l d  be mad e on 
both norma l and surge- type glac ier s ,  and they 
shou ld  be  c onduc t ed s imu l taneous ly on any 
part icu lar glac ier . A s im i l ar mea surement 
program shou l d  b e  ins t i tuted on a cont inuou s ly 
fas t-s l iding glac ier, such as  the Jakobshavn 
Glac ier . 

( Se e  Chap ter 6 , sec t ion on "Gl ac ier Surg ing and 
Sl id ing , "  subsec t ion "Processe s at the Glac ier 
Bed" ) 

Th e ongoing field  s tud ies and remo te sens ing 
o f  surging gl ac ier s  shou l d  b e  c ont inued through 
and beyond the surges now occurring and expec ted 
in the 198 0s . Support shou ld  a l so be prov ided 
for interpr e t a t ion of the data .  

( See Chapter 6 , sec t ion on  "Glac ier Surg ing and 
S l id ing , " s ubsec t ion "Processes  a t  the G l ac ier 
Bed" ) 

Direc t Impac t o f  Snow and Ic e on Soc iety 

Important as  the interac t ion between snow and ice and 
c l ima te is , part icularly on the longer t ime scale , many 
o ther in terac t ions have a more immediate  and d irec t 
e ffec t on soc iety . Such d ivers e  prob lems as the 
deve lopment  o f  o i l  and gas resourc e s  in Arc t ic reg ions , 
the f lood ing o f  rivers due to  ice j am forma t ion,  
ava lanche s ,  and snowme l t  f orec a s t ing a l l requ ire 
intens i f ied researc h in to the phy s ic s  of ice and snow. 
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Interac t ion o f  Float ing Ic e Cover s With  Na tura l 
Barrier s  and Man-Ma de S truc ture s 

Proc e s s e s  in  float ing ice  tha t  deserve more a t tent ion  
inc lude the  forma t ion and  dynamics  o f  broken ice  c over s ,  
pre s sure r idge s , rub b l e  p i l e s , and ic e j ams and the 
r ide-up and p i le-up of i c e  on s truc ture s .  

The interac t ion o f  s e a  i c e  wi th ma n-made s truc ture s 
i nc ludes both c on s o l idated bod ies , such as  shee t ice , 
l a rge floes , mu l t iyear pres sure r idge s ,  and " f loeb ergs , "  
and unc onso l idated aggrega tes  or fragment s  o f  ice  o f  
var ious s iz e s , such a s  f irs t-year pres s ure r idge s , 
rubble  f ie lds , and fragmented ice  c over s .  Th e he igh t s ,  
s ize s , and extent s  o f  the s e  ic e forms have been s tud ied 
u s ing laser and s onar pro f i lome try . Be t ter 
charac terizat ions are requ ired of the ice  env ironment , 
th e  mech anic a l  propert ies  o f  the ice  c over , and th e 
fa i lure mode s  o f  ice  aga ins t d i f ferent types o f  
s truc ture s to  fac i l i ta t e  explora t ion , produc t ion , and 
transportat ion o f  o i l  and gas  on the c ont inenta l  she lve s 
o f  the Arc t ic .  Informat ion on the d i s tr i bu t ion o f  
th i cknes f  and mo t ion o f  s e a  ic e i s  e s s ent ia l a l s o  for 
ice nav igat ion of larg e  oce an-go ing ve s s e l s  and for 
plac emen t  of underwa ter p i pe l ine s and cab l e s . Much o f  
our under s t and ing o f  the larg e- s c a le mechanic a l  
propert ies  o f  the i c e  c over and o f  ic e-s truc ture 
interac t ion w i l l  be derived from mod e l  tes ts  in ice  
bas ins . ( The ac t ion o f  i c e  on  a var iety o f  d i f ferent 
s truc ture s ,  inc lud ing grave l is lands and c ones ,  is 
d iscussed  in greater  deta i l  in  a report by the Pane l on 
Se a Ic e Mech anic s of the Marine Board [ 19 8 1 ] ) .  

Rec ommendat i ons  

Th e mech an i sms and forc e s  a s s oc iated w i th 
the  format ion o f  pres sure ridge s and rubb l e  
pi l e s  and w i th ice  r ide-up and pi l e-up shou ld  
be  s tud ied . The degree of c onso l idat ion of 
ridges and rubb l e  pi le s  w i th t ime shou ld b e  
inve s t iga ted . 

( Se e  Chap ter 5 ,  sec t ion on "Re se arch Nee ds- -Se a 
Ic e , " sub sec t ion "Sea- Ic e  Proce s se s" ) 
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Sys tema t ic sma l l-sca l e  labora tory tes t s  shou l d  
be performed to de term ine the mech anic a l  
propertie s  o f  s e a  ic e  and t o  deve l op suitab l e  
c ons t i tu t ive laws . Emph a s i s  shou ld  b e  pl ac ed on 
unders tand ing the phys ic a l  proc e s s e s  con tro l l ing 
the mechanic a l  propert ies  o f  ic e .  A l imi ted 
number of l a rge-sc a l e  ic e-s trength tes t s  are 
a ls o  needed to  de term ine appropr i ate scal ing 
fac tors for the sma l l-sca l e  s trength da t a .  

( Se e Chap ter 5 ,  sec t ion o n  "Re search  Need s--Se a 
Ic e, " sub s ec t ion  " Ic e  Load s on S truc ture s" ) 

Bec ause  much o f  our under s tand ing o f  the large­
scale  mechan ic al  propert i e s  o f  the ic e c over 
and ice-s truc ture interac t ion w i l l  be derived 
from mode l tes t s  in ic e bas ins , ef fort s t o  
deve lop a proper ly sca led mod e l  of the ice  
c over shou l d  be cont inued . 

( Se e  Chap t er 5 ,  sec t ion on "Re search Ne ed s--Se a 
Ic e , "  subsec t ion " Ic e  Load s on S truc ture s" ) 

In regard to  fre shwa t er ice , the forma t ion , growth , 
and breakup o f  ice j ams i s  the sub j ec t  o f  pr imary 
i ntere s t .  F i e l d  measurement s  o f  the c ontro l l ing para­
me ters  are v irtua l ly nonex i s ten t , and ana lys i s  has 
c onc entr ated on theore t ic a l  and laboratory mode l ing of 
ice  j ams . There is  ev idenc e tha t  the breakup of river 
ice may be l inked s trong ly to hydraul ic trans ien t s  such 
as the ra t e  of r i s e  and the tota l rise  of r iver s t age 
as we l l  as  the th icknes s  and s treng th of the ice . 

Recommendat ion 

F i e l d  s tudies  and observa t iona l programs 
shou ld  be c onduc ted  to documen t  the loc a t ion s , 
s tab i l i ty,  and mech an ic s o f  ice  jams and the 
res ul t ing change s in r iver s t age . Inves t iga­
t ions o f  bo th fraz i l-ice jams , c ommonly formed 
dur ing freez e-up , and o f  large-s c a l e  ic e jams , 
formed during breakup, should  be undert aken . 
Quant i tat ive th eore t ic a l  mode l s  shou ld be 
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( Se e  Ch apter 5 ,  sec t ion on "Re s earch Ne eds-­
River and Lake Ic e" ) 

Fra z i l Ic e 

Fr az i l  ice  c ons i s t s  o f  ind iv idua l d iscs  tha t  are formed 
in open-water reache s o f  rivers and in leads and pol ynya s 
in sea- i ce c over s .  I t  i s  a produc t o f  the nuc leat ion o f  
ice c rys t a l s  in turbulent  wa t er , and the bulk phy s i c a l  
propert ie s  o f  aggregated fraz i l  ice  d i f fer apprec iab ly 
from thos e  of ic e forme d  in a quiescent  body of water . 
Larg e produc t ions o f  fraz i l  ice  can ha l t  nav iga t ion on 
rivers and even b lock the ir f l ow, plug freshwa ter  or 
s eawa ter intake s ,  and c ause the forma t ion o f  anoma l ou s l y  
th ick river  ice . Research o n  the forma t io n ,  grow th ,  and 
b ehav ior of fraz i l  ice  is e s sent ial  to improved under­
s t and ing o f  the growth and charac teris t ic s  o f  f l oa t ing 
ice c over s in genera l and of An tarc t ic sea ice in 
part icula r .  Virtua l ly no data are ava i lab l e  on th e 
mechanic a l  propert ies o f  fraz i l  ice  dur ing i t s  morpho­
log ic a l change s .  Furthermore , the role  o f  fraz i l  ice  i n  
th e  red i s tr i bu t i on o f  f ine sed iment i n  bo th seawa ter and 
fresh wa ter shou l d  be s tudied . 

Re c oliiDe ndat ion 

A major emph a s i s  in re search o n  f l oa t ing ice  
shou ld  be the format ion , grow th , and behav ior 
of fraz i l  ic e ,  e spec ia l ly under f ie ld 
c ond i t ions , inc lud ing :  

1 .  Th e nuc lea t ion mech an isms o f  fraz i l- i c e  
format ion; 

2 .  Th e  growth rates  o f  ind iv idual fraz i l­
ice  crys ta l s  i n  superc oo led wa ter;  

3 .  The mechanical  propert ies of  fraz i l  i c e  
during the dif ferent  s tage s o f  i t s  grow th and 
forma t ion; and 
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4 .  Crys t a l l ogr aph ic s tud ies  o f  fraz i l- i c e  
c ore s to  d iscern sed iment en trapment , expu l s io n, 
and transport proc es s e s . 

( See  Chap ter 3 ,  s ec t ion on ·�echan ica l 
Propert ies , "  subsec t ion "Fr az i l  Ic e" ) 

Fundamenta l que s t ions about mas s  and heat transport 
a t  the interface be tween turbul ent  fre sh water and a ir 
are ano ther h i gh-prior i ty area for research . Al though 
mos t ana lyses  o f  the therma l reg ime o f  r ivers make use 
of  s tandard procedure s for a s s e s s ing the surfac e heat 
exch ange , rec ent  f ind ings  s ugge s t  tha t  the ne t surface 
los s i n  turbu lent  wa ter i s  undere s t imated by mos t  mode l s ,  
probab ly  bec ause o f  the e f fec t s  o f  fraz i l  ic e cry s t a l s .  

Rec ommendat ion 

Re search on fre shwa ter ice shou ld  focus  on 
hea t  and mas s  exchange me chani sms a t  the 
t urbu lent wa ter surfac e ,  secondary nuc leat ion 
during freez e-up , and me l t ing rates and 
rad iat ion b a l anc es  dur ing breakup. These  
s tud ies  shou ld  inc lude the therma l regime o f  
the wa ter duri ng freeze-up and breakup and the 
charac t e r is t ic s  of the fraz i l  ic e ,  e spec i a l l y  
adhes ion, duri ng i t s  forma t ion, evo lu t ion, and 
f loccula t ion . Fie ld  inves t igat ions shou ld b e  
emphas ized . 

( Se e  Ch apter 5 ,  s ec t ion on "Oth er Res earch 
Obj e c t ive s : Ic e Forma t ion , Grow th , and Dec ay)  

Mech an i c a l  Propert ies  o f  Snow 

Because o f  the wide variety  o f  type s o f  snow and th e 
rapid  trans forma t ions tha t  occur be tween them ,  much work 
on the basic  me chan ical  parame ters  is s t i l l  needed . 
Bec ause the mech an ical  and thermodynamic propert ies o f  
a n  ic e c rys t a l  i n  a s nowpack are s o  sens i t ive to wa ter  
c ontent and the  e f fec t of  wa ter on mechanical  propert ies  
i s  large ly unknown , s tudy o f  the re l a t ionship  o f  wa ter 
and temperature t o  snow propert ies should  be  a 
part icular goa l o f  re search . 
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Rec ommenda t ion 

Th e dependence o f  the s trength and creep o f  
snow o n  propert ies  such  as grain s ize , shape ,  
b ond d i ame ter,  dens i ty ,  and , in part icu l ar, 
liqu id-water c ontent  should be  measured . 

( Se e  Ch apter 3 ,  sec t ion on "Me chan ic a l  
Pr o  pert i e  s , " sub s ec t ion "Snow'' ) 

Forecas t ing the Re g i ona l Depos i t ion and Me l t ing of  Snow 

Snow occurs  in many d i f feren t forms tha t change rapid l y  
i n  re sponse t o  changes  i n  l oc a l  c l ima t ic c ond i t ions . 
Al though each c l ima t i c  prov inc e w i l l  have a w ide va r i e t y 
o f  snow type s ,  and each o f  these  wi l l  change during the 
season , the predominant  snow type w i l l  d i f fer s i gn i f i­
c an t ly from one prov inc e to  another . Th e  d i s t inc t ion 
be tween the snow type s in d i f ferent  prov inc e s  i s  
import an t  to hydro log i c a l  mod e l ing o r  forec a s t ing 
because the charac teris t ic s  o f  snowme l t  runo ff  depend o n  
the propert ie s o f  the snowpack . Orogr aph ic  pre c i p i ta­
t ion mode l s  now ava i l ab l e  for severa l areas o f  the 
we s tern mounta ins o f fer promise  for the me soscale  pre­
d ic t ion of varia t ions of snow c ove r .  

A k ey fac tor in runo f f  i s  tha t  snow and s o i l  behave 
as  a c oupled  two-layered sys t em w i th a c ompl icated  
interac t ion .  Another fac tor about  wh ich l i t t le is known 
i s  the  area l energy exchange be tween a snow surface and 
an advec ted warm a ir mas s . 

Ac id prec i p i t a t ion ,  wh ich has caused widespread 
pub l ic c onc er n ,  is  magn i f ied in  the snow cover , for 
s o lub le impuri t ies  are le ached  pr inc i pa l ly by the f ir s t  
frac t ion o f  me l twa ter . Th e proc e s ses  re spons ib le  for 
th i s  sudden release  of ac id runo f f  mus t  be inve s t igated 
bec ause o f  th e prob lems caused by the sudden lowering o f  
pH i n  s tr e ams and lake s .  

Rec ommendat ion 

The phys ic a l  bases  for fore c a s t ing snowme l t  
runo f f , s o i l -wa t er res erve , and bas in s torage  
shou l d  be deve loped . Research may requ ire 
d i f ferent approa che s  and emphas e s  in each s now 
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Ic eb ergs  

prov inc e  and shou ld  inc lud e :  

1 .  Me t eoro l ogic a l  and topograph ic a l  
con tro l s  o n  the depos i t ion of  snow a t  the 
mesosc a l e ,  w i th a t t ent ion to  the a l t itude 
d is tribut ion of snow in the mountains and snow 
a lbedo a t  l e s s  than globa l scale ;  

2 . Liqu id and vapor trans fer a cros s 
the snow- s oil interfac e ;  and 

3 .  Impur i t ies in the snowpack , the ir 
d isch arge into runo f f ,  and management  o f  
the prob l em .  Ac id  �pur i t ie s  should  rece ive 
spec i a l  a t tent ion . 

( Se e  Chap t er 4 ,  sec t ion on "Reg iona l and 
Dr a inage Ba s in Sc a l e :  Snow as a Wa ter 
Resourc e" ) 

Ic ebergs are derived from g l ac iers by c a lv ing . Th ey 
float  in the ocean s , may be a s s oc iated w i th sea  ice , and 
may pre s ent  f loat ing hazard s to ves se l s  and s truc ture s .  
Two q u i t e  d i f feren t type s o f  iceb ergs exis t :  huge 
tabu lar ic ebergs derived from ice she lves in th e 
Ant a rc t ic and from northern E l lesmere I s l and , and b l o cky 
icebergs o f  a few me ters to about a k i lome ter in s ize 
tha t  are der ived from out le t glac iers in Green land , 
Al aska , and many oth er are a s .  Th e  b l ocky i cebergs from 
Greenland out l e t  g l ac iers tend to move c ount erc lockw i s e  
around Ba f f in Bay , then to dr i ft sou th i n  t h e  Labrador 
Curren t , where they may ap proach o f fshore o i l  and gas 
ins ta l l a t ions or dri f t  further south and eas t into the 
North Atlant ic s teamer lane s .  Iceb ergs in o ther 
northern wa ter s ,  such a s  the Va ldez Arm , Al aska , may 
a l so present  haza rd s .  

Prob lems for re s earc h  inc lude :  ( a )  detec t ion and 
measurement , e spec i a l ly o f  underwater shap e ;  ( b )  pre­
d ic t ion o f  dri f t  trajec tori e s , wh ich depend on wind , 
wa ter curren t s , Cor io l i s forc e , and the ever-changi ng 
s hape o f  the iceberg due to  me l t ing , ro tat ion ,  or 
breaku p ;  ( c ) towing charac t e r is t ic s ;  and ( d ) me chan ica l 
propert ies , wh ich are import an t  in the pred ic t ion o f  
b reakup and o f  the c onsequenc e s  o f  impac t o n  s truc ture s ,  
s uch as  dr i l l ing p l a t forms or p i pe l ine s on the seabe d . 
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Rec ommendat ion 

Re search should  be  c ont inued on the remote  
de tec t ion o f  iceb ergs and the mapping o f  the ir  
shapes us ing acous t ic , radar, or o ther types o f  
ins trumen t s  a s  we l l  a s  o n  the use o f  the s e  dat a  
for the mode l ing o f  na tura l iceberg dr i ft and 
for the ir dr i f t under towing force s .  Research 
is needed on ab l a t ion rates of ic ebergs and on 
ways tha t  ab l a t ion a f fec t s  the hydrodynam ic and 
mech an i c a l  s tab i l i ty o f  ic ebergs . 

( Se e  Chap ter 5 ,  s ec t ion on " Rese arch on 
Ic eberg s " ) 
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2 
Scope and Organization 

G l ac io l ogy , the s t udy o f  ice  in a l l  i t s  na tura l ly 
occurring forms , i s  a broad sub j ec t  w i th a variety o f  
d irec t and ind ire c t  impl icat ions for soc ie t y .  Th i s  
re port  i s  c onc erned only w i th ice  on o r  above the 
s urface of the earth ; ice  in the ground , inc lud ing 
perma fros t ,  i s  the s ubj ec t o f  a s eparate report in the 
Po lar Research Board ' s  ser i e s , "Po lar Re search--A 
S trategy" ( Commi t tee  on Perma fros t ,  in pres s ) . Ice i n  
b io l og ic a l  sys tems and extr a t erre s tr i a l  ice  are no t 
inc luded , a l thou gh s ome o f  the research top ics  ment ioned 
here , e spec ial ly those in  Chapter 3 on phy s ic a l  pro per­
t ie s , are re l evant to  an under s t and ing o f  the se  o ther 
occurrenc es of ice . The h igh-pre s sure forms of ic e 
( those o ther than Ic e Ih ) are a l so exc luded from 
d iscuss ion. 

Ge ograph ical ly the sc ope of the report extends 
beyond the po lar reg ions t o  inc lude any part o f  the 
e arth where snow and ic e occur .  Th e  Board and i t s  
Commit tee o n  Glac i ology bel ieve that  a rev iew o f  snow 
and ice re search  c anno t exc lude nonpolar aspec t s ,  
part icular l y  a s  the mos t  d irec t impac t s  o n  s oc iet y 
re sul t from s ea sona l snow and ice  c over in nonpo lar 
area s . A s ta t emen t  on the genera l scope and prob lems o f  
g lac iology appears in Po lar Re search - A Survey 
( Comm i t tee on Po lar Research 197 0 ,  pp . 7 3-74 ) ;  much o f  
the d is c u s s ion there i s  s t i l l  va l id today . 

Eng ineer ing and resourc e s  deve lopment  prob lems and 
o pport un i t ie s  invo lv ing snow and ice are no t emph a s ized 
h er e ;  these  are trea ted  in o ther report s ,  such as 
Under s t and in the Arc t ic Sea f l oor for En ineer in 
Purposes  Commit tee on Arc t 1c Sea f l oor Eng ineer ing , 
Marine Board 1982 ) and Eng ineer i ng at  the Ends o f  the 
Ea rth ( Pane l on Polar  Oc ean Eng ineering , Mar ine Board 
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19 7 9 ) .  However , many o f  the important sc ien t i fi c  
que s t ions d iscussed  here are re levan t t o  eng ineer ing and 
resourc e s  deve lopmen t  prob l ems , and such re l evanc e wa s 
c ons idered in the as s ignment o f  priori t ies . 

The rema inder o f  th is  report beg ins w i th a cha p t er 
on the phy s i c a l  pro pert ies  o f  ice , wh ich addre s s e s  bas i c  
que s t ions that  a p p l y  t o  sever a l  subd isc i p l ine s o f  
g lac i o logy ( Chap ter 3 ) .  Seasonal  snow is  the sub j ec t o f  
the next chapter ( Chapter 4 ) , fo l lowed b y  one on 
f loat ing ice , wh ich inc lude s sea ice  and fre shwa ter i c e  
( Chapter 5 ) . A chap ter on g lac iers inc lude s ic e c aps 
and ice  she e t s  under the broad de f in i t ion of g l ac ier 
( Chapter  6 ) . Ic e  shelve s , wh ich  f loat , are a l s o  
d iscus sed i n  th i s  chapter , bu t ic ebergs , wh ich break o f f  
from g l ac iers  o r  ice  she lve s ,  are c ons idered in Chapter  
5 on  f l oa t ing ic e .  In e ach o f  the se chapters , th e 
s t a tus o f  the f ie ld and progre s s  s inc e Po lar Re search -
A Survey ( Commit tee  on Po lar Re search 1970) are tre ated  
f irs t , f o l l owed by a d i scuss ion o f  the  s a l ient re search 
need s , viewed from a 1983 perspec t ive . The f ina l chapter  
dea l s  w i th needs  re l a t e d  to suppor t o f  bas ic sc ienc e , 
s uch a s  ins trumen tat ion , l o g i s t ic s , in terna t iona l 
c ooperat ion , data  manageme n t , and o rgan izat iona l 
arrangements  ( Ch ap t er 7 ) . 

The Comm i t tee on Gl ac i o l ogy wanted  to c a l l 
part icular a t ten t ion t o  those research  needs tha t  were 
c learly  o f  grea t e s t  importanc e . I t a l so dec ided that  
i t s  rec ommendat ions had  to  be  foc used and  spec i f ic , 
ra ther than broad and genera l ,  s o  tha t  pr i or i ty for 
a t ten t ion could  be a s s e s sed . As a resu l t , th i s  report s 
conta ins a l a rge number o f  q u i t e  spec i f ic rec ommend a­
t i ons for re s earc h  a t t ent ion.  

Th e  Comm i t tee a t t empted  to eva lua t e  the re l a t iv e  
pr i ori ty  o f  each o f  t h e  res earc h  que s t ions and needs . 
Th i s  pr ior i ty a s s e s smen t was based ma inly  on in trins i c  
s c ien t i f ic va lue ( t o wha t ex tent  woul d  progre s s  i n  the 
f i e l d  be  a dvanc e d  and how wide ly  wou ld  the re su l t s  be 
appl icab le) . In add i t ion ,  the Commi t tee c ons idered the 
l ik e l ihood of  a ch iev ing s i gn i f icant  resu l t s  in the nex t 
decade w i th the support l ike ly  to  be ava i lab l e .  
Re l evanc e o f  the re s ea rch  t o  eng ineering , resource s 
managemen t ,  and env ironmental  and soc ie t a l  i s sue s were 
a l s o  c'ons idered but g iven s l i gh t l y  l e s s  wei ght . As a 
re su l t ,  the rec ommend a t ions were a s s igned ra t ings o f  
Prior i ty , High Prior i t y , o r  Highes t  Prior it y .  On ly 
Hi gh e s t- Pr i ori ty or H i gh-Pr i or i ty rec ommendat ions appear 
in the Exec ut ive Summa ry . 
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The Comm i t tee on Glac iology and the Polar Research 
Board recogn ize tha t  th i s  arrangement of pr i or i t ies is 
sub j ec t ive , based on the judgment  o f  a re lat ively 
l imited number of ind iv idua l s  (members of  the Commi t tee 
and the Board as we l l  as  workshop pa rt ic ipant s ,  out s ide  
expert s ,  and rev iewers ) .  I t  furth er re flec t s  a j udgment 
a t  one po in t in the c ont inuous evo lut ion o f  sc ienc e .  
Th ere was c ons ensus on the few Highes t-Pr i or i ty recommen­
dat ions , but  the separat ion b e tween Hi ghes t  Prior i ty an d  
Hi gh Pr i ori ty and be tween Hi gh Pri or i ty and Pr i or i ty wa s 
in some ins tance s  d i f f icu l t  to  de f ine . 
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3 
Research on Physical Properties of Ice 

Knowledge o f  the bas ic  phy s i c a l  propert ies  o f  ice i s  
fundament a l  t o  the solut ion o f  many prob lems involv ing 
snow , ice  on l ake s , r iver s , and ocean s , and grounded ic e 
i n  g l ac iers and ice shee ts . In a t tempt ing to  resolve 
s ome o f  the se prob lems , measurement s  o f  the pert inen t 
phy s i ca l  propert ies  shou l d  be made in both field  and 
l aborat ory and at s c a l e s  rang ing from the mo l ec ular t o  
the macr o s c op ic . Ind ividua l  chapters o f  th is  re por t 
tre a t  in grea ter de t a i l  the importanc e o f  phy s ic a l  
propert ies i n  the various  subd isc ipl ines o f  g l ac iology . 
Here we emphas ize  tha t  the phys ic a l  propert ies  are a 
c ommon fac t or l ink ing those  var i ous subd isc ipl ine s .  

Research o n  the phys i c a l  propert ies  o f  ic e was one 
of the f ive " import ant  problem are as" noted in the 19 7 0  
Survey ( Comm i t tee  o n  Po l ar Re search 197 0 ) . The recomme n­
d a t ions were broad : '� ie l ec tr i c  and rad ia t ive propert ies  
o f  snow , ice  and frozen ground need  further s tudy" and 
" the  rheology o f  l arg e ice mas s e s  needs further s tudy . "  

To g l ac iologis t s , phys ic a l  property measurements  
inc lude a var i e ty o f  s tud ies  to  improve under s t and ing o f  
ways  in wh i ch snow and ice  behave i n  d i f feren t natural  
s e t t ings . W ith recent increased intere s t  in th e 
eng ineer ing a spec t s  o f  g lac iology ,  the need for more 
c omprehens ive knowl edge of the bas ic phy s ic a l  propert ie s 
o f  ice  and snow has bec ome more urgent  than was ant ic i­
pa ted a decade ago . Th is need mus t  be me t be fore 
adequat e  des ign cr i t er ia can  be e s t ab l i shed or pred ic t iv e 
mode l s  deve loped . 

Th e d iscuss ion tha t fol l ows de a l s  w i th four 
c a t egor ies  o f  phy s i c a l  propert ies : e l ec tromagnet ic , 
mech anic a l , therma l ,  and those re la ted to  d i f fus ion . 
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ELEC TROMAGNETIC PROPERTI ES 

Be cause o f  the d i f ferent  na ture of the prob lems invo lved 
in det ermining e l ec tromagnet ic prope rt ie s of snow , sea 
ice , fre shwa ter ice , and g l ac ier s ,  we d i scus s  each o f  
the se  separa t e ly . Th e  princ ipal conc erns are thre e :  

( 1 )  Th e  c ompl ex d ie lec tr i c  c ons tant , a fundamental  
quant i ty g iv ing the speed o f  wave propagat ion and the 
energy absorp t ion c oe f f ic ien t ;  

( 2 )  Th e  emis s iv i ty ,  wh ich determines the rad iat iona l 
energy ( ' 'b r i gh t ne s s  temperature" ) a t  a g iven phy s ical  
temperatur e ;  and 

( 3 ) Th e ( b ack ) scat tering c oe f f ic ient , wh ich 
de termine s  the energy re turned on i l l umina t ion by an  
ac t ive sourc e .  

Th e c ommon fac tor tha t  under l ie s  a l l  e lec tromagne t ic 
propert ie s is the interpre tat ion o f  remote ly  sensed 
d a t a ;  there fore , the 1 9 7 0  Survey emphas ized the fre quency 
range from 1 to  100 GHz (wave leng ths o f  0 . 3-30 em) ,  
inc luded measurement s o f  bulk a s  we l l  as  o f  surfac e 
propert ie s , and po inted out the need to  ob t a in corre l a­
t ive ground- tru th d a t a .  

Remote  sens ing o f  snow-c overed terra in and i c e  
sheets  h a s  increa sed gre a t l y  over the las t decade , bu t 
in  many c a se s  d a t a  are s t i l l  be ing acquired a t  a rate  
far  exceed ing tha t o f  the  phys ic a l  property mea suremen t s  
( ground- truth data)  needed to  interpre t the imagery . 
Th is  s i tuat ion occur s even though the 1970  Survey s tated  
tha t  the  l arge mas s  o f  remote ly sensed d a ta then in  
exis tenc e c ould  no t be  used e f fec t ively  because o f  the 
lack o f  ground- tru th d a t a .  Th e glac iolog ic a l  c ommun i t y  
should be awa re o f  th is  need a n d  shou l d  take a more 
a ggre s s ive appr oach to  ob taining c oord inat�d ground­
tru th and remo t e l y  sensed ob serva t ions on snow and ic e 
bodies  o f  a l l  k ind s .  

Snow 

Al though some measurement s o f  the e l ec tromagne t i c  
propert ie s o f  snow have been made a t  a few microwave 
frequenc ies be fore and s inc e the 19 70  Survey ,  knowl edge 
o f  these  pro pert ies  over the c omplete  useful  range of 
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frequenc ie s ,  tempera ture s ,  and s truc ture s rema ins  s c an t . 
Sc a t t e r ing coe f f ic ien t s  o f  seasona l s now were measured 
a t  vari ous fre quenc ies be twee n 1 . 2 GHz and 9 5  GHz dur i ng 
the 19 7 0s , but  many of the se  inc luded ins u f f ic ien t 
ground- tru th mea suremen t s  t o  a l low corre l a t ion he tween 
the s c a t ter ing c oe f f ic ient  and o ther propert ies  of th e 
snow . Ex tens ive se t s  o f  e l ec tr i c a l  measurement s 
comb ined w i th surface data , made be tween 1 and 1 8  GHz 
and at 35 GHz , showed c orre l a t ion w i th fre e-wa ter 
c ontent . 

Numerous measurement s  o f  emis s ivity  have been mad e  
a t  spo t frequenc ies  b e tween 5 GHz and 9 5  GHz . Con tro l le d  
measurements  w i th ground tru th show corre l a t ions s im i l a r  
t o  tho se  for the s c a t t er ing c oe f f i c ient . Corre l a t ions 
b e tween s a te l l i t e  ob serva t ions and sha l l ow s now dep th s 
in pla ins areas  have been reported . 

Rec en t ly , numerous theore t ic a l  papers on microwave 
s c a t ter and emi s s ion from snow have appeared , but  the 
theor i e s  are inc omp l e t e  and are based on s impl i f ied 
mod e l s  for the s truc ture of the snow mas s  and i t s  
surface . Fu rthermore , there is  a lack o f  h igh-qua l i ty 
exper iment a l  measuremen t s  under  vary ing cond it ions 
aga in s t  wh ich the theore t ic a l  concepts  c an be t e s ted . 

The e f fec t o f  wa ter content  and th i ckne s s  o f  the 
s nowpack on i t s  d ie lec tr i c  propert ies has prac t ic a l  
s ign i f icanc e , for the u s e  o f  e l ec troma gne t ic sensor s t o  
d e t erm ine these  charac ter i s t ic s  could  re sul t in a ma j or 
improvement  in runo f f  forec as t s ,  and c onsequen t l y  in the 
managemen t o f  water re s ourc e s .  Knowledge o f  emi s s ion 
charac teris t ic s  i s  important no t on ly  for seasona l snow 
but  a l so for  po lar snow ;  i t  shou l d  be poss i b l e , w i th 
add it iona l s tudy , to  det ermine surfac e mass b alanc e on  
the  po l ar i c e  she e t s  from the emi s s ion charac ter i s t i c s  
( see  a l s o  Chapter  6 ) . In add i t ion , bec ause  snow s ur face s 
re flec t a maj or frac t ion o f  inc oming so lar rad iat ion ,  
quan t i t a t ive knowledge o f  the fac tors a f fec t ing re fle c­
t iv i ty , ab s orp t ion,  and s c a t t er i ng wou l d  c ontr i bu t e  to 
improved under s tand ing o f  the earth ' s  energy budge t .  

Su rfac e-b ased and he l icopter-b ased ac t ive s c a t ter ing 
and pas s ive emis s ion mea s uremen t s , wi th ground- tru th 
d e terminat ions o f  s uch quan t i t ies  as tempera ture , 
dens i t y , mo is ture c onten t , gra in s iz e , transm is s iv i ty , 
and re flec t iv i ty o f  the surface layers , are needed over 
as wide a range of env ironmen t a l  parame ters  as pos s ib l e , 
part icularly  a t  fre quenc ies  on ,  or p l anned for , space­
cra f t  and a ircr a f t  ins trumen t s .  For seasona l snow , 
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measurements  on f l a t  area s are importan t for det ermining 
fundamental  re l a t ions , bu t measurements on s l ope s and in 
tre e-c overed areas are al so  needed . Fine-re s o lu t ion 
prob ing measurements  of snowpacks shoul d  be made no t 
on l y  to unders t and the scat ter ing and emiss ion mea sure­
men t s  but  a l s o  to  a s c er t a in the ab i l i ty o f  a radar­
sound ing ins trument  to determine snow dep th and , 
pos s ib l y , bot tom or internal c ond i t ions re lat ing to 
forec a s t ing of ava lanche s  and runo f f . On the po lar ic e 
shee t s ,  there is  part icu l ar need for ground- tru th 
mea suremen t s  a s  an a id t o  interpre t ing the pas s ive 
m icrowave data  that already ex is t . Development of the 
theory o f  m icrowave sc a t t er ing and emiss ion shou l d  
c ont inue in c lose  c oord ina t ion w i th f ie ld measuremen t s .  
More-e f fec t ive f ie l d  me asurement me thod s and ins trument s  
shou ld  a l s o  be deve l oped . 

Rec ommenda t i on s 

H IGHEST PRIORI TY . Mea surement s should  be  made 
o f  scat ter ing and emis s ion from a wide variety 
o f  snow surfac es  and should  be c lose ly 
coord inated w i th ground- truth measuremen t s  and 
improvements  in  theory . 

PRIORI TY . The use  o f  a radar sys t em to  measure 
the total  th ickne s s  and interna l c ond i t ions of 
snow cover shou l d  b e expl ored . 

Sea I c e  

Measuremen t s  o f  the e lec tromagnet ic propert ies  o f  se a 
ice  have genera l ly been made over re lat ive ly l imited 
range o f  frequenc ie s .  Scat ter ing c oe f f ic ients  have been 
measure d at sever a l  sea sons of the year over the 
frequenc y range of 8- 18  GHz and more recen t l y  dur ing 
fal l ,  spr i ng , and early s ummer seasons be tween 4 and 8 
GHz . In ad d i t ion , measurements  have been made a t  1 . 5 
GHz during the late  winter and early spr i ng in the 
Beau fort Sea .  Numerous mea surements  were mad e a t  1 3 . 3  
GHz in the Canad ian Arc t ic w i th a n  a irborne s c a t t ero­
me ter , but the opera t ing range o f  the groun d- truth 
part ies wa s l imited . 
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Ma ny me asurements  o f  emi s s iv i ty have been made from 
a ircr a f t  and spac e cra f t  at a varie ty of frequenc ies  s inc e  
the 19 70 Survey , but almos t none with concomi tan t  ground­
tru th me asurement s .  Severa l exped i t ions have f l own 
rad iome ter s over surfac e part ie s ,  but even then , because 
of the re s tr ic ted movemen t of the sur fac e part ie s ,  mos t  
o f  the data  were c o l lec ted withou t  ground tru th . The 
use  o f  the Nimbu s -spac e cr a f t  ESMR ( e l ec tron ic a l l y  
sc ann ing microwave rad iome ter)  has  demonstra ted c l ear ly 
tha t  th e  exten t of  the po lar sea  ic e c an be mapped at  
19  GHz wi th imaging rad iome ters , bu t the interpre tat ions 
made of the d i f ferenc e s  in emi s s iv i ty of the d i fferent 
c lasses  o f  ice  aga in lack adequa te conf irma t ion from 
surfac e measuremen t s . 

Bec ause o f  the d i f ficul ty o f  measuremen t ,  a lmos t no 
informa t ion on e l ec tromagne t i c  propert ie s  is  ava ilable  
on the  microwave- l eng th scale  needed for  insert ion in to  
theories  of  vo l ume sc a t t er ing tha t have been deve loped 
in  recent years . However , the current s t atus o f  the 
theor ies  is  such tha t  a much bet ter under s tand ing o f  
sea- ice  scat ter and emi s s ion i s  pos s ible  today than in 
19 7 0 .  

Be t ter use  o f  remo te-s ens ing sys tems t o  determ ine 
sal ini ty , b r ine c ontent , temperature , age , and th i ckne ss  
of  f l oa t ing ice  requ ire s further s tudy o f  the  e f fec t of  
these  charac teris t ic s  on e l ec tromagne t ic propert ie s .  
Under s t and ing the e le c tromagne t ic e f fec ts  o f  gra in 
boundarie s as  we l l  as  bulk e lec tr ic a l  prope rties  i s  
e s sent ial  for such det erm inat ions . Seasona l and geo­
gra ph ic d i f ferenc es  should  rece ive spec i a l  a t tent ion . 
Th e variab i l ity  in the s c a t t er ing s igna ture o f  part icu lar 
c la s s e s  of ice requ ire s  further s tudy in loc al ized areas 
as we l l  a s  in maj or reg ions . Fu rther s tudy of the 
c orre l a t ion of the s c a t ter ing c oe f f ic ient wi th ic e 
th ickne s s  i s  part icularly  import ant .  More observa t ions 
are needed at frequenc ies be tween 1 and 10 GHz , as 
s everal sugges ted spac eborne ic e radars wou ld  opera te in 
th i s  region . 

Bec ause , to d a t e , nearly  a l l  measuremen t s  w i th 
microwave rad iome ter s  over sea ice have been made from 
a irc r a f t  and spacecr a f t , w i th a t tendan t d i f f icul t ies in 
corre lat ing the resu l t s  w i th surfac e measurement s ,  a top 
pr i or i ty shou ld be surface- or he l icopter-b ased measure­
ment s ,  wi th conc om i t an t  ground-truth obs ervat ion s .  
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Knowledge o f  s c a t ter ing and o f  emis s ion 
ch arac ter i s t ic s  i s  needed no t on ly to interpre t data  
ob ta ined from remo te sens ing but also  to  e s tab l ish the 
bas ic c a pab i l i t ies  and l imitat ions of remote-s ens ing 
techniques and to asc ertain  the opt ima l sys tem 
parame ter s  to be u s ed in rad iome ter and radar systems . 

Rec ommendat ions 

HIGH PRIORI TY . Th e  s c a t tering c oe f f ic ient o f  
s e a  i c e  shou ld  be  determined under a wide 
variety o f  c ond i t ions,  w i th c are fu l a t t ent ion 
to ground-tru th mea suremen t s . Ana lyses should  
be undert aken to  explore the pos s ib i l i ty that a 
mu l t iparame ter radar migh t  a l low int erpre tat ions  
not po s s i b l e  w i th any s ingle-parame ter radar . 

HIGH PRIORITY . Sur fac e-based and he l icopter­
b ased emiss ion measurements  shou ld  be undert aken 
1n c lo s e  c oord ina t ion wi th ground- tru th s tud ie s .  
Th e  e f fec t o f  snow c over on the ic e shou ld  
rece ive part icular a t tent ion ,  a s  s tud ies  have 
shown i t s  import anc e in de termin ing the 
s c a t t ering s igna ture . 

PRIORI TY.  Ac t ive and pa s s ive microwave 
s ignature s o f  sea i c e  shou l d  be mon itore d 
c ont inuous ly to  de termine seasona l  and d a i ly 
change s .  

PRIORI TY . Ac t ive and pas s ive microwave 
mea sureme n t s  shou ld  be mad e  on sea  ice  grown i n  
the l aboratory under known cond it ions so  that  
the ind iv idua l  e f fec t s  o f  the  many parame ter s  
invo lved can be de term ined . 

PRIORITY . Theor ies  shoul d  be  mod i f ied to  take  
into  acc ount the  sma l l- s c a le variab i l i ty o f  the 
d ie lec tr ic cons tant  w i th in the ice at d i f feren t 
depth s and t imes in the growth cyc le .  At the 
s ame t ime , improved te chn ique s for the measure­
ment of that sma l l- s c a l e  var iab i l i ty shou l d  be 
deve loped . 
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Freshwa ter Floa t ing Ic e 

Fre shwa ter ice is  much s imp ler  than sea ice in terms o f  
e l ec tromagne t ic propert i e s . I t  contains  a ir bubb l e s  bu t 
does not  have the c omp l ex s truc ture re lated to brine 
inc lus ions  tha t  chara c t e r i z e s  sea  ic e and makes  i t  s o  
d i f f icul t to mode l e l ec tromagne t ical ly . Th e a t tenuat ion  
in fre shwa ter ice  is  re la t ive l y  low s o  tha t  e lec tr o­
magnet ic waves pene tr a t e  i t  re ad i ly .  

Perhaps bec aus e  o f  th i s  greater  s impl ic ity , mi crowave 
s tud ies  o f  freshwa ter ice have been fewer than those o f  
s now and sea  ice , and few d a t a  on bas ic e lec troma gne t i c  
proper t ie s  have been re port ed  i n  recent years . Some 
measurements  have been made  o f  the radar backsc a t tering 
c oe f fic ient  o f  sha l low Arc t ic lakes a t  fre quenc ies o f  
1 . 5  GHz and 8- 18 GHz . Th e  sc a t ter ing was qu i t e  low and 
s trong ly  inf luenc ed by the snow cover . Microwave rad io­
me ters have not been use d to  any exten t over freshwa ter  
ice , pre sumab ly bec aus e o f  the ir poor are a l  re solut ion , 
and l i t t l e  i nforma t ion abou t the pa ss ive mi crowave 
response of such ice  is avai l ab l e .  Some imaging radar 
fl i gh t s  and some s c a t terome ter f l i ght s at 1 3 . 3  GHz have 
been made over the S t . Lawrence River , and a few 
backsc a t ter measurement s  w i th a h e l ic opterborne radar 
spec trome ter have been re port ed recen t l y .  

Al though remo te s ens ing o f  l ake and r iver i c e  can  
probab ly  be done  re asonab le  we l l  w i th pre sent  s y s t ems , 
add i t iona l re search wo u l d  be use fu l .  

Re commendat ion 

PRIORI TY .  A s e t  of imaging-radar and 
s c a t t erome ter meas urement s  shou l d  be  c o l lec ted 
in w inter in an area w i th ground- tru th 
informa t ion and under var ious cond i t ions o f  ic e 
growth and tempera ture . Th e re solut ion 
requ ired t o  mon i tor l ake and river i c e  shoul d 
be  d e t erm ined exper imen ta l ly .  

Glac iers  

S tud ies  s inc e 19 70 have c on f irmed tha t acr o s s  a broad 
frequency range ( a bout 1 MHz to 104 GHz ) the real part 
o f  the d ie lec tr ic c ons tan t  is near l y  cons tan t and is 
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iso trop ic wi thin a t  leas t 0 . 5  perc ent . However , 
d i f ferences o f  1 or 2 perc ent be tween me tamorph ic ic e 
and ice  frozen from a me l t  have b een reported , and f ie l d  
measurements  o f  e lec tromagne t ic po larizat ion phenomena 
sugges t aniso tropy of a few tenths  of a percent . A 
number o f  measurement s  o f  the ab sorp t ion coe f f ic ient 
have y ie l ded w ide d i f ferenc es  tha t are no t unders tood . 
F i e l d  and l abora tory s tudies  have incre a s ing ly sugge s ted 
tha t  the we l l -known w ide  range i n  de c onduc t ivity  betwee n  
var i ous g l ac iers is  the resu l t  o f  the me tamorph ic h i s tory 
o f  the ice , bu t the se  s tud ies have no t led  to a quant i t a­
t ive theory . Th a t  minute  quant i t ies o f  impur i t ies a l so 
have s igni f ic ant  e f fec t s  on the c onduc t iv i ty has been 
we l l  demons tr ated , but mea surement s  have no t ye t 
c l ar i f ied  those  e ffec t s .  

Th e  pr i nc i pa l  need-- for b e t ter knowledge o f  
e lec tromagnet ic prope rt ies  o f  g l ac iers a t  frequenc ie s 
above 1 GHz--i s a s s oc iated w i th the expec tat ion o f  
det ermin ing snow accumu la t ion rates from mi crowave 
measuremen t s .  Al though the e lec tr i c a l  propert ies of ice 
at frequenc ies  b e l ow 1 GHz were not ment ioned in the 
19 70 Survey , they are import ant in c onnec t ion w i th two 
type s o f  geo phys ic a l  appl i c a t ions : radar sound ings o f  
i c e  th ickne s s  and in terna l propert ies and re s i s t iv i ty 
s tud ie s .  For the f irs t ,  a knowledge o f  the die lec tri c 
perm i t t iv i ty b e tween 1 and 1 , 000 MHz is  needed ; for th e 
second , knowl edge o f  the e l ec tric a l  c onduc t iv i ty and i t s  
variat ion w i th tempera ture and impuri ty c ontent a t  or 
near de is  requ ired . 

The va lue o f  the d ie lec tr i c  perm i t t iv i t y  of  so l id 
i c e  i s  fa ir ly we l l  de termined by bo th l aboratory and 
f ield  mea surement s ,  espec ia l ly at frequenc ies above 
10 MHz . Prec ise  measurements  in the 1 - 10 MHz range a re 
nee ded to c a l ibra te low- frequency (monopu l se )  radar 
sys tems . Fie l d  measurements  us ing the radar wid e-angl e 
t echn ique requ ire a t tent ion to pos s ib l e  interna l 
ins trumen t a l  error s re su l t ing .  Care fu l ly con tro l le d  
e xper iments  to  ensure  good agr e emen t be tween f ie l d  and 
l abora tory resu l t s  are needed . 

F i e l d  measuremen ts sugge s t  a s ign i f ic ant an isotropy 
in the d ie lec tr ic c ons tant  o f  a s ing l e  c rys t a l  o f  ice , 
s o  far too s l ight  to be measured in the l aboratory . 
Because the de termina t ion o f  bulk an iso tropy in g l ac ier s 
i s  import ant  for g l ac ier dynamic s ,  a be t ter knowl edge o f  
the s ing l e-c rys t a l  aniso tropy i n  the d ie lec tr ic cons tan t 
s hou ld  lead to a va luab le  geophy s ic a l  explorat ion too l .  

-3 7-

Copyright © Nat ional Academy of Sciences. Al l  r ights reserved.

Snow and Ice Research:  An Assessment
http: / /www.nap.edu/catalog.php?record_id=19449

http://www.nap.edu/catalog.php?record_id=19449


F i e ld measuremen t s  on f irn y ie ld res u l t s  that  are 
c ons i s t en t  w i th theore t ic a l  mixing re l a t ions , but  the re 
a re few l abora tory measuremen t s .  In regard t o  d ie l ec tr i c  
propert i e s  o f  we t ice , there a r e  few labor a t ory or f i e l d  
measurement s , a l though radar migh t prov ide a way t o  
mea s ure the wa ter  content . The mix ing re lat ions used  
for i c e-a ir c omb ina t ions migh t  be appl icab l e  to mixture s 
invo lving inc lus ions o f  wa t e r  in ic e ;  they should  be  
tes ted aga ins t d irec t measuremen t s  on t empera t e  g l ac iers  
and  we t snow f ie ld s . 

Rec ommendat ions 

PRIORI TY . F i e l d  measurements of the d ie lec tr i c  
c on s t ant  1 n  the frequency range from 1 to 1 ,000 
MHz shou ld  be  c arried ou t us ing sever a l  
d i f feren t te chn ique s and with  equ ipmen t tha t  i s  
c are ful ly c a l ibra ted . Whenever poss ib l e ,  
measuremen t s  shou l d  be c onduc ted i n  borehol e s .  

PRIORI TY .  A d e f in i t ive de term ina t ion o f  the 
aniso tropy in the d ie lec tric cons tant o f  the 
i c e  crys tal should be made . To do  so may 
requ ire tha t  labor a t ory and/or f ie l d  
measurement t echn iques be re f ined . 

PRIORI TY . Laborat ory measurement s shou l d  b e  
c onduc ted o n  the perm i t t iv i ty o f  snow, f irn, 
and ic e-wa t er mixtures . 

Al though the l arg e d i f ferenc e s  be tween the 
c onduc t iv i t ies  and ac t ivat ion energ i e s  of polar  g l ac ier s ,  
tempera t e  g l ac ier s ,  and l abora tory ic e and the vari­
ab i l i t y  w i th in each type of ic e are we l l  known , the c ause 
is  unc er t a in :  Ar e the d i f ferenc es a t t r ibutab l e  to 
impu r i t ies  in the i c e , the g lac ia l me tamorph ic proc es s ,  
or some o ther fac tor? Furthermore , there are few 
mea s urement s  on snow and f irn . De t ermi na t ion o f  
c onduc t iv i t ies  and ac t ivat ion energ ies on f irn and i c e  
a re nec e s s ary for e f fec t ive in t erpre t a t ion o f  res i s t i­
v i ty sound ings on g l ac iers and ice  shee t s .  
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Rec ommenda t ion 

PRIORI TY . F i e l d  and l abora tory measurements o f  
the d e  c onduc t iv i ty o f  snow, f irn,  and ic e a s  a 
func t ion o f  impuri ty c ontent , me tamorph ic 
h is t ory , and tempera ture shou ld be c onduc t ed . 

MECHANICAL PROPERT IES 

Ice 

Rheo logic a l  propert ies  involve the rate o f  de forma t ion  
in response to  an appl ied s tre s s .  I t  i s  gener a l l y  
acc epted  tha t o n  appl ic a t ion o f  a c ons tan t  s tres s , so l i d  
i c e  wil l de form , a t  f ir s t  rap id ly and then a t  a dec e l er­
a t ing rate , unt i l  a min imum creep rate  is reached . 
Th ere a f ter , recry s ta l l izat ion l eads to an incre ase in 
c reep rate . It seems l ike ly tha t eventua l ly a cons t an t  
s tr a in rate w i l l  b e  a t ta ined , a l though the exper imen tal  
techniques needed to tes t th is  hypo the s is have not been 
d eveloped . Conver s e ly , on appl icat ion o f  a c ons tant 
s train ra te , the s tre s s  r i s e s  to  a max imum va lue and 
then decre ases , pos s ib l y  to an even tua l c ons tan t va lue 
a t  very large s tra ins . 

I t  has been sugges ted tha t the rat io o f  s tre s s  to  
min imum s tra in rate  ( from a c ons tant s tre s s  exper imen t )  
shou ld  c orre spond t o  the ra t io o f  max imum s tre s s  to  
s tra in rate  ( cons tant s train rate  experimen t ) ; a s imi l ar 
c orre spondenc e be tween o ther s tre s s/ s tr a in rat ios may be 
e s tab l ished . Such informa t ion could  be o f  use to  
g lac iolog is ts , whose  ma in c oncern i s  w i th s tr a in rate  a t  
c ons tan t  s tre s s , and engineers , who are more c onc erned 
w ith the maximum s tre s s  ( or peak s treng th )  for a g iven 
s tra in ra te . A recent  rev i ew o f  the s ta t e  o f  the ar t o f  
ice  rheo logy has been pub l ished ( Hooke e t  a l .  1980) . 

Some progres s  has been mad e  in eva l uat ing the 
t empera ture dependence o f  the creep of ice near i t s  
me l t ing po in t and i n  a ss e s s ing the e f fec t o f  impur i t ie s .  
However , conf l ic t ing resu l t s  have been ob t a ined on the 
e f fec t of gra in s iz e  on creep of ice , and a be t ter 
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under stand i ng o f  the r o l e  o f  tex ture , fabric , and o ther  
s truc tural  parame ters of  creep i s  needed . Th i s  need  is  
e spec ia l l y  grea t in regard to  s truc tural change s tha t 
occur during the primary , sec ondary , and tert iary s t age s  
o f  cree p o f  ice . A s imi lar s i tua t ion exi s t s  with  re spec t 
t o  in  s i tu measurements  o f  s tress  and s tr a in rate  in 
boreho l e s , made  in  c onjunc t ion wi th s truc tura l s tud ie s 
on c ore samples . In part icular , rec ent s tud ies have 
sugge s t e d  subs tant i a l  d i s crepanc ies  be tween labora tory 
and f ie l d  measurement s  due perhaps to  s c a l e  e f fec t s ,  
inc orrec t e s t ima tes  o f  in s i tu s tres s e s  in the f i e l d , or 
inadequacy o f  c ons t i tu t ive equa t i ons based on a von 
Mise s (or  Tre sc a )  y ie l d  c r i t e r ion . 

Th e  ba s ic s tud ies  need to  be extended to de term ine 
how propert ies  vary w i th i c e  s truc ture and impurity  
c ontent . Da ta  are needed on the var i a t i on in  the values 
of min imum s tra in ra te  and max imum s tres s  wi th fab r ic , 
tex ture , impur i ty and brine c ontent , c onf ining pre s sure , 
and temperature ( part icular ly  c l ose to the me l t ing 
point) . O f  part icular  import anc e are s tudies  to  
e s tab l ish the  po int  of  min imum s train  a t  l ow s tre sse s ,  
sys temat ic t e s t s  that go t o  l arg e s tra ins and g ive data  
on  cons tan t s tra in rate  and  c on s t an t  s tres s , and  hi gh­
qua l i ty s treng th t e s t s  a t  h i gh rates , us ing apparatus 
tha t is c apab l e  of tracking c omp l e te s tres s -s tra in 
c urves .  Al so  of  s pec i a l  c onc ern i s  the c r i t ic a l  
c ompa rison o f  labora t ory and f i e l d  measurement s .  In 
add i t ion to  the c ommon types of t e s t s  us ing c ompress ion 
and tens ion , s tud ies  of ic e de forma t ion in bend ing and 
shear shou l d  be c onduc ted . Te s t  c ond i t ions extend ing to  
very low t empera ture s and /or very h i gh pre s sures wi l l  be  
e spec ia l ly use fu l  to  the  s tudy o f  the icy p l ane t s  and 
s a te l l i t e s  o f  the solar  sys tem .  

Measurements are needed no t only o n  po lycry s t a l l ine 
i c e  bu t a ls o  on s ingl e  c rys t a l s , so tha t theories  o f  
d is loc a t ion mu l t ipl icat ion c an b e  tes ted u s i ng c ry s t a l s  
o f  known d i s locat ion d e ns i ty .  Inve s t igat ions o f  nonbasa l 
s l i p s y s t ems , inc lud ing measuremen ts o f  the ac t iva t ion 
energy , would prov ide  an ind i cat ion of the de format ion 
mechan isms invo lved in c re e p .  

Rec ommendat ion 

HIGHEST PRIORI TY . Labora tory measurements  on 
the de format ion o f  po l yc rys ta l l ine and 
monoc rys ta l l ine ice  s ampl e s  o f  wide ly vary ing 
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phys ical  and chemic a l  charac ter i s t ic s  should  be 
conduc ted over a broad range of s tre s s e s  and 
s tr a ins . 

Fraz i l  I c e  

The importanc e o f  fraz i l  ice , wh ich cons i s t s  o f  
ind iv idua l ice d i sc s or a ggrega ted f loes and pans , is  
d i scussed  in  Chap ter 5 . Fraz i l  ( fraz i l  ic e )  i s  the 
produc t o f  nuc lea t ion o f  ice  cry s ta l s  in a turbu lent 
wa ter c olumn , and the bulk phys ical  propert ies  o f  
a ggre gated fraz i l  are known t o  d i f fer appre c iab ly from 
thos e  o f  ic e forme d  in qu iescent  water . La rge pro­
duc t ions o f  fraz i l  c an ha l t  nav igat ion on r iver s , even 
b l ock the ir  f l ow ,  plug freshwa ter or seawa t er intake s , 
and c ause the forma t ion o f  anoma l ou s l y  th ick r iver ic e .  

Th e  fraz i l  ice content  o f  sea  ice a f fec t s  hea t 
e xchange through the ice  c over . Rec ent s tud ies show 
tha t  Wedde l l  Sea pack ic e i n  An tarc t ic a , for example , i s  
c omposed o f  u p  t o  5 0  perc ent fraz i l  ice  and tha t Arc t ic 
mu l t iyear ic e  c onta ins much more fraz i l  ice  than 
prev iou s l y  expec ted . Rec en t l y , the  role  o f  fraz i l  ice  
in the  red i s tribu t ion o f  f ine sed iment  in bo th the 
s eawa ter and fre shwa ter has  been recogn ized . Thus 
unders tand ing of the forma t ion ,  growth ,  and behav ior o f  
fraz i l  ice  i s  e s sen t ial  t o  under s tand ing the growth and 
charac t eris t ic s  of float ing ice c over s . But such under­
s tand ing i s  no t far advanced . Th e  pre c ise  mech an isms by 
wh ich fraz i l  ice  i s  formed are no t known ; ba s ic que s t ion s 
about the growth rate  o f  ind iv idua l fraz i l  c rys t a l s  in 
supercoo led wa t er , e spec ia l l y  the e f fec t s  of var iat ion s 
i n  turbu l enc e and s a l in i t y , have yet to  be answered .  
Virtua l l y  no d a t a  are ava i lab le  on the me chan ic a l  
propert ies o f  fraz i l  i c e  dur ing i t s  morpholog i c a l  
change s .  These propert ies  evo lve during the d i fferen t 
s tages in the growth and forma t ion o f  fraz i l  ice  from 
fra z i l-laden flow ,  when a v iscou s  or Newton ian mode l 
m igh t be  appropr i a t e , to  fraz i l- ic e  pans or f l oes , in 
wh ich a v iscoe la s t ic mode l may be more su itable , to 
bonded fraz i l- i c e  la t t ic e  s truc ture s , for wh ich a 
v i scoplas t i c  mode l may be requ ired , and , f ina l ly , t o  
warmed or decay ing fraz i l- ic e  c over s .  Th i s  informat ion 
i s  c r i t ic a l for s tud i e s  of ice j ams , conveyanc e 
c apac i t ies  o f  r iver s , nav i ga t i on in Arc t ic  wa ter s , 
hydroe lec tr ic  deve lopment , and other prob lems . Bo th 
e xper imen tal  s tudies  and theore t ic a l  mod e l ing are needed . 
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Rec ommenda t ion 

HIGHEST PRIORI TY .  A major emphas is  in re s earch 
on float ing ice  shou l d  be the forma t io n ,  
growth, and behav ior o f  fraz i l  ic e ,  e spec ial ly 
under f ie l d  cond i t ions ,  inc lud ing: 

1 .  The nuc lea t ion mechan i sms o f  fraz i l- i c e  
forma t ion;  

2 . The growth rates  of ind iv idual fraz i l­
ic e crys t a l s  i n  supercoo led wa t er ; 

3 .  Th e  mechan ic a l  propert ies  of  fraz i l  ice  
during the d i f ferent  s t ages  of  its  growth and 
forma t i on; and 

4 . Cr�s ta l logr arh i c  ana lys i s  o f  fraz i l- ic e  
c ore s t o  d 1 sc ern s e d 1ment  en trapmen t , expu l s io n , 
and transport proc e s se s . 

Snow 

The bas ic mechan ic a l  behav ior o f  snow ha s de f ie d  
sys tema t ic ana lys i s  because o f  the wide var i e ty o f  type s  
o f  s now and the rap id trans forma t ions o f  snow from one 
type to  ano ther . Ac c ord ing ly , much work on the bas ic 
me chan ic a l  parame ters  ( e . g . , s treng th , dev i a t oric  
propert ie s , and  c ompre s s ib i l ity)  i s  s t i l l  needed , w i th 
empha s i s  on such re search  prob l ems a s  the propagat ion o f  
shock wave s and the re l a t ionships be tween observed 
behav ior and gra i n  s ize . The e f fec t of wa ter c ontent  i s  
part icul arly impor tant because o f  the a lmos t  c ompl e t e  
abs enc e o f  a n y  informa t ion on the s treng th o f  we t snow. 
Inve s t iga t ions o f  the creep  o f  snow are a l s o  needed to  
improve under s t and ing of  ava lanche re lease  and snow 
pre s sure bui ldup on s truc ture s .  Advanc e s  in the s o l u t ion 
o f  the s e  prob l ems w i l l  requ ire both labora tory and 
theore t i c a l  work. 

Pa s t  research has genera l ly u t i l ized c ont inuum 
theor i e s  to charac terize  the mechan ic a l  propert ies  o f  
snow. Co nc e p t s  o f  v i sc oe l a s t ic i t y  or v i scoplas t ic i ty 
were u s ed to  determine emp irica l ly the de forma t iona l 
propert ies o f  snow w i thout regard to the micros truc tura l 
propert ies  ( gra in  s ize , bond d iame t er , bond dens i ty ,  
e tc . ) .  As a resul t ,  mos t  o f  th i s  work has not been 
suc c e s s fu l  in charac t e r i z ing mechanic a l  propert ies  as a 
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func t ion o f  dens i t y  or type o f  snow . New re search shou l d  
be  d irec ted t oward formu lat ing c on t inuum theories  tha t 
incorporate  the micros truc ture . In  th is  way , more 
accura te de terminat ions of the mechanic a l  propert ies of  
snow c an be  c omb ined wi th cons t i tut ive equa t ions tha t  
may b e  u s ed in eng ineering prob lems . 

Rec ommenda t ions 

H IGHEST PRIORI TY . The dependenc e o f  the 
s trength and creep o f  snow on propert ies  such 
as gra in s ize , shape , bond d iame ter , dens i ty,  
and , in pa rt icular , l iqu i d-wa ter c ontent  shoul d 
be measured in the f ie ld and in the l abora tory ,  
and the re su l t s  used  t o  deve l op and tes t 
c ont inuum and micro s truc tural  cre ep mod e l s . 

PRIO RI TY .  Con t inuum mechanic a l  theories  o f  the 

propert ie s o f  s now tha t incorpora t e  gra in 
s truc ture theories  shou l d  be  formula ted . 

Other Prob lems 

Ic ing o f  such d ivers e  s truc ture s a s  spac e shut t le s ,  
prope l ler b l ade s ,  wire s ,  power l ines ,  and p i les i s  a 
c ont inu ing pro b l em t�a t sub s t ant ia l ly i ncreases  
c ons truc t ion and  ma int enance c os t s .  Adhe s ion o f  ice  to 
surfac e s  may invo lve bo th phy s i c a l  ( s urface roughne s s )  
e f fec ts  and mo lecular e f fec t s .  Be t ter unders t and ing o f  
th i s  proc e s s  may a id i n  devis ing solut ion s . 

Re commenda t ion 

PRIORI TY . The phy s ic s  o f  ice  adhe $ ion shou ld  
be  further deve loped , and techn ique s for 
reduc ing or prevent ing ic ing on a var i e ty o f  
s truc ture s shou l d  b e  sys tema t ica l ly tes ted . 

Fra c t ure toughness  i s  a phy s ica l  parame ter tha t  
de t ermines the c ond i t ion f o r  c a tas troph ic crack 
propaga t ion in  a so l id .  Av a i lab le  exper iment a l  
mea s uremen t s  o f  t h e  va lue o f  the frac ture tou ghne s s  o f  
i c e  vary over an ord er o f  magn i tude .  Furthermore , 
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d i f ferent exper imen t s  have shown oppos i t e  s igns for the 
variat ion of the frac ture toughnes s w i th t empera ture . 

Rec ommend a t i on 

PRIORI TY .  De t a i led s tud ies  o f  the proc e s s e s  
tha t  oc cur  o n  gra in boundaries , inc lud ing the 
e f fec t o f  tempera ture on the th ickne s s  of the 
boundary l ayer o f  a gra i n ,  shou l d  b e  c onduc ted . 

Son ic ve loc i ty mea surement s  in boreho les and on ice  
core s  prov ide a rap id  mea s ure o f  quan t i t ies  tha t are  
func t ions o f  the  mechanic a l  propert ies  o f  the  ice . The 
c rys t a l l ine fab r ic i s  pa rt icular ly importan t ,  but  
tex tura l var i a t ions and bubb le  c ontent  may a l so p l ay a 
s ign i fi c an t pa r t  tha t  i s  no t ye t unders tood . Bec ause 
the internal  phy s ic a l  charac ter i s t ic s  of g l ac iers a f fec t 
the ir  dynamic  behav ior ( se e  Chapter 6 ) , a bet ter ba s i s  
for the interpre ta t ion o f  s on i c  ve loc i t ie s  i s  needed . 

Recommenda t ion 

PRIORI TY .  Son ic ve loc i ty measurements  should be 
made  on po lyc rys t a l l ine ice s ampl e s  o f  known 
fabric and tex ture . To avo id boundary e f fec t s ,  
s ampl e s  shou l d  have diame ter s  a t  leas t 10 t ime s 
the mean gra in d iame ter.  

THERMAL PROPERTI ES  

Th e therma l pro pert ie s o f  i s o thermal ice , inc lud ing the 
conduc t iv i ty , hea t  c apac i ty ,  and c oe f f ic ient o f  expans ion 
a re reasonab l y  we l l  known . However , there is  a tempera­
ture grad ien t in  natura l f loat ing ice tha t a f fec t s  the 
bulk therma l expan s i on ,  thus the forc e s  exerted  on 
s truc t ure s .  Therma l  con trac t ion , lead ing to cracks i n  
f loat ing i c e , i s  a l so a l tered b y  a tempera ture grad ient . 
A be t t er under s tand i ng o f  the s e  proc e s s e s  and o ther 
phenomena re l a ted to  thermal  propert ies  wou ld  have many 
prac t ic a l  app l ic a t ions . 
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Rec onunenda t ion 

PRIORI TY . S tud ies  should  be made o f  the e ffec t · 
o f  a temperature gra d ien t on the s tresses  
exer t ed on  s truc tures due to therma l expans ion 
and on the forma t ion o f  cracks in ice dur ing 
thermal c ontr ac t ion . The e f fec t o f  tempera ture 
and dens i ty on th erma l d i f fus iv i ty shou l d  a l s o  
be measured . 

DIFFUSION AND FORMATION OF CLATHRATE HYDRATES 

Two a s pec t s  o f  d i f fu s ion in ice  deserve at tent ion . One 
i s  the e f fec t o f  pre s s ure on se l f-d i f fus ion , as  th is  
e f fec t wi l l  e s tabl ish  the ac t ivat ion vo lume for ic e ,  
which c an be c ompared w i th experimental data  sugge s t ing 
tha t  the hydro s t a t ic pre s s ure has a negl igib le  e f fec t on 
creep . The second is the d i f fu s ion o f  gases  into ice , 
particularly  a s  a l l  a ir bubb l e s  in ice  shee ts  d i sappear 
b e l ow a c ert a in ,  var iable depth ( Byrd S ta� ion , 
Antarc t ic a :  1 , 100 m ;  Vos tok , Antarc t ic a :  1 , 300 m;  Dye 
3 ,  Greenland : 1 , 6 00  m ) . I t  has been sugges ted tha t  a 
g a s  hydrate or c l a thra te  i s  formed , and recent s tudy o f  
the Dye 3 i c e  c ore s appears t o  c onf irm th i s  sugge s t ion . 
O f part icular pa leoc l ima t ic s ign i f icanc e  are the 
d i f fus ion of C02 in ice  and the e f fec t on the 
re lat ionship  be tween the C02 c onc entrat ions in the 
anc ient a tmo s phere s and i n  the bubb l e s  in the ice . 

In snow, a b e t ter unders tand ing o f  the d i f fus ion o f  
wa ter vapor and the forma t ion o f  depth hoar i s  needed . 
Th i s pro c e s s  l eads  to  z ones o f  s truc tura l weakne s s  
resul t ing in  h i gh pre s sure s o n  s tructures on snow-covere d 
s lopes and , i f  fa i lure occurs , in ava lanch ing . 

Rec onunendat  ions 

H IGH PRIORI TY . S tud ies  should  be c onduc ted on 
the  d i f fus ion of gas e s  in ic e ,  with part icular  
emph a s is  on the  d i f fus ion rates  for  d i f ferent 
ga s e s  a n d  o n  d e t ermin ing whe ther thes e  gas e s  
enter the ice  l a t t ic e  a s  c la thrate hydr a tes . 
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PRIORITY . Measurements  o f  the e f fec t o f  
pre ssure on s e l f-d i f fus ion shou ld  be made to 
prov ide a good de termination o f  the ac t ivation 
volume for ic e .  

PRIORI TY . To under s t and the forma t ion o f  depth 
hoar , measureme n t s  o f  the d i f fus ion o f  wa ter in  
snow and  o f  the  phys ic s  o f  crys t a l  growth from 
the vapor phase shou l d  be und ertake n . 

PRIORI TY . Ac cura te  de scr ipt ions of snowpack 
proc e s s e s  shou l d  be deve lope d ,  inc lud ing :  

1 .  Cry s ta l  grow th ,  s inter i ng ,  and 
me tamorph i sm in we t and dry snow l ayer s ; 

2 .  Deve lopment o f  improved techn ique s for 
measuring the l iqu id  water c onten t o f  snow; and 

3 .  Inc orpora t ion of micros truc ture into 
theore t ic a l  mode l ing o f  snow mechan ic s .  
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4 
Research on Seasonal Snow 

Al though research on perenn ial  snow and s easona l snow 
have much in c ommon , such as s tud ie s o f  the wind 
transport of s now, proc esses  of snow me tamorph i sm ,  and 
e lec tromagne t ic charac teri s t ic s  import an t for remote  
s ens ing , perenn ial  snow c an bes t be c ons idered toge ther 
w i th the g l ac ier s , of wh ich it forms an essential  and 
in tegr a l  part ( s ee Ch apter 6 ) . 

Seasona l snow i s  s ign i f icant  on both loc a l  and 
g l obal  s c a l e s . I t  a f fec t s  l oc a l  winter transpor t a t ion , 
imped ing tra f f i c  and v i s ib i l i t y  or fos t er i ng the use  o f  
a l terna t ives to mode s  o f  transpor t a t ion empl oyed in 
warmer season s . It al s o  a f fec t s  s truc ture s , damag i ng 
b u i l d ings by pre s s ure or decrea s ing win ter heat los s 
( through fort u i tous  or planned eng ineering ) . In 
add i t ion ,  it a f fec ts  l oc a l  hydr o l ogy through the 
d e s truc t ion c au s e d  by snowme l t  f lood ing . Furthermore , 
knowledge o f  s nowpack ma s s  i s  used  to  opt imize the 
operat ion of wat er res ervo irs for hydroe lec tric  power or 
irriga t ion. Bec ause the germ ina t i on of food c rops 
depend s on the ear l y ava i l ab i l i ty of so i l  mo is ture , 
s eas ona l s now has  an impac t on agr i cu l ture . As a threat  
t o  l i fe and property through ava l anche s or as  a med ium 
for trave l by s k i  or s nowmob i l e , it a f fec ts recreat ion . 
Fina l ly , i t  c ons t i tu te s  a seasona l int erface be tween sea  
i c e  and  the  a tmosphere . 

The g l oba l impor t anc e o f  sea sona l snow may be l e s s  
obv ious than the loca l e f fec t s  but  i s  equa l ly great . 
I t s  h i gh re flec t iv i ty , toge ther w i th i t s  rap id changes 
over l a rge areas , make it  v i t a l  t o  the earth ' s  s urfac e­
rad ia t ion b a l anc e , and thu s to g loba l c l ima t e .  

The hazard s  snow pos e s  are among i t s  princ i pa l 
impac t s  on s oc ie ty . Th e mo s t  obv ious o f  these  hazard s 
are ava lanche s .  As winter ac t ivi ty in the "back c ountry" 
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i n  the Un i t e d  S t a t e s  increase s ,  the po ten t ia l  for inj ury 
and dea th from ava l anch e s  a l so increa ses . In the 19 50s , 
the average number o f  dea th s  wa s 4 per wint er ; by the 
mid- 1 9 7 0s the number was 18 . Such s ta t i s t ic s  demons tr a t e  
the nee d  for d a t a  c o l l ec t ion a s  a bas i s  for a n  expanded  
ava l anche- foreca s t  ne twork and  the  need to  educ a t e  the 
pub l i c  abou t the haz ard s of ava lanche s .  

Le s s  obv ious hazard s re l a ted t o  snow inc lude i t s  
e f fec t  on h i ghways a n d  a irport runways , roo f deteri o­
rat ion and c o l laps e , and snowme l t  f l ood s .  Improved 
know ledge o f  snow charac t er i s t ic s  is nece s sary to 
d iminish the se  hazard s .  For example , fore c a s t ing o f  
snowme l t  f lood s cou l d  be  mad e more e f f ic ient , t ime ly , 
and pre c ise  i f  the re l a t ions h i p  be tween proce s s es o f  
energy b a l anc e a t  the snow surface and l a rger-s c a l e  
a tmosph er i c  c ond i t ions were we l l  e s tab l i shed . Th i s  need 
c anno t  b e  me t unt i l  the c omplex  proc e s s e s  of energy 
exchange at the s now surfac e are bet ter under s tood . 

Snowme l t  flood s  usua l ly peak s lowl y , prov id ing t ime 
f or bo th a c t iva t ing f l ood- c ontr o l  mea sure s and warning 
thos e  i n  jeopardy . Such i s  not  the c a s e  in the 
d i sas trous snowme l t  f l ood s and mud f l ows tha t vo l c anoe s 
c an trigger ; for example , those  resul t i ng from Mt . S t . 
He lens erupt ions and tho se  from Ruapehu Vo lcano in New 
Zea l and , in wh ich 150 peo p l e  were k i l l ed in 195 3 .  The 
impac t s  o f  s now on s oc i e t y  depend on s c a l e , as do the 
prob l ems and goa l s  of snow re search . The smal les t sca l e  
invo lve s l aboratory inve s t igat ions o f  the phy s i c a l  and 
chemic a l  proc e s s e s  at the leve l of ind ividua l gra in s .  
Thes e  phenomena are impor t ant  because snow i s  a f ine ly 
d ivided ma teria l at  or c l ose  t o  its  me l t ing po in t ;  there­
fore , a l l  i t s  pro pert i e s  change rapid ly  w i th minor 
cha nge s i n  wea ther . On a sc a l e  of 1 - 1 00 m, the de ta i l s 
o f  snow trans port , s tr a t igraphy , and d is tr i but ion s hould 
be  inve s t igated in  s i tu ,  a s  thes e  charac teri s t i c s  a ffec t 
wa ter- f l ow pat terns , e s t ima tes  o f  the accumu l a t ion or 
me l t  o f  snow on the ground , and ava l anche potent ia l .  On 
l arg er s c a le s ,  the are a l  c overage and c ond i t ions o f  the 
surfac e of the snow c over need to be known promp t l y  so 
tha t  the re l a t ionsh ip of  snow to  wea ther and c l ima te can 
be d e t ermine d ;  there fore , remo te  sens ing i s  requ ired , 
w i th support from add it iona l f ie l d  and laboratory 
inve s t iga t i ons . 

The 1 9 7 0  Survey iden t i f ied needed re search  on snow , 
and many o f  i t s  rec omme nd a t ions were imp lemen ted . The 
re port men t ioned a ' ' f l avor o f  emp ir i c ism' ' charac ter i z ing 
snow re se arch  at  tha t  t ime ; in 19 7 6 , the Working Group 
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on Snow and Ic e Hydro l ogy o f  the U . S .  Na t iona l Comm i t t e e  
for the In terna t iona l Hy dro l ogic a l  Dec ade ( 19 7 6 )  a l so 
emphas ized the l ac k  o f  fundament a l  unders tand ing . 
Re c ent  research has  been d irec t ed toward ach iev ing a 
more fundamen t a l  knowledge o f  snow as  a mat eria l .  The 
pos s ib i l i ty of us ing e l ec tromagne t ic s ensors to 
det ermine its  wa ter equ iva len t has  sparked intere s t  i n  
e le c tr i c a l  propert ies , and the import anc e o f  snow in the 
e a r th ' s  energy budge t has prov ided mot ivat ion for work 
on i ts opt ic a l  propert ies . Th e movement of l iquid wa ter 
through snow has rece ived much theore t ic a l  and f ie ld 
s tudy . 

Dur ing rec en t  decades , sate l l i t e  mapping o f  snow 
c over has progre s s ed . Opera t iona l snow-cover charts  o f  
the Northern Hemisphere are re leased onc e a week b y  the 
Nat iona l Oceanic and Atmo s pheric  Adminis tra t ion ( NOAA)  
and  by the  Air  Forc e Gl oba l Wea ther Centra l .  Al though 
the charts  have improved in the l a s t  few year s , they 
s t i l l  have f l aws . The extent , are a l  dens i ty ,  and 
re lat ive re f l ec t iv i t y  o f  snow are shown wi th l i t t l e  
spa t ial  o r  tempora l a c c uracy . Sub s tant ial  improvemen t 
i s  needed . 

In s p i te o f  progre s s  in s ome are as o f  snow research 
s inc e 19 7 0 ,  much work rema ins , part ly because  o f  growing 
recogn i t ion o f  the import ance of snow c over . For 
example , increas ing d emand for water resourc e s  requ ire s 
bet ter under s tand ing o f  snow accumu lat ion and me l twa ter 
runo ff . The cruc ia l ro l e  o f  area l snow c over in the 
e arth ' s  a lbedo is another maj or c onc ern. 

In the sec t ions tha t  fo l low , o rganized acc ord ing t o  
the  s c a l e  o f  the prob l ems , we ou t l ine ma j or research 
n ee d s  re lated  to  s now . 

GLOBAL/HEMI SPHERI C SCALE : SNOW AND WORLD CLIMATE 

The in t erplay be tween l ow- la t i tude heat  inc ome and 
h igh- l a t i tude heat  l o s s  drives the wor l d  c l ima te 
systems . Hea t  l o s s  in h igh and midd l e  l a t i tudes i s  
s trong l y  inf l uenc ed by the d i s tr i but ion o f  snow ( s ee 
C ommi ttee on the Ro l e  of the Po lar Reg ions in Cl ima t i c  
Change , in pre s s ;  C l ima te Re search Commi t tee , C l ima te 
an d  Atmo s pheric  Sc ienc e s  Boa rd , in pres s ) . The area l 
e xtent o f  snow var i e s  more rap i d l y  than tha t o f  any 
o ther wide l y  d i s tributed ma t er i a l  on earth . In the 
Nor thern Hemisphere , the mon th ly  mean are a covered by 
s now on l and ranges  from 1 1  to 60 x 106 k� , or from 
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7 to  4 0  percent  o f  the l and area . Snow re f lec t s  abou t 
80  perc ent o f  the sun ' s rad iat ion , whereas  so i l  and sea  
wa ter  abs orb 80 percent  or  more , so  the  amount o f  land 
( and s ea i c e) c overe d by snow i s  cri t ica l ly importan t  to  
the  earth ' s  rad iat ion ba l anc e , thus  to  the g loba l  c l imat e  
sys tem . In the Sou thern Hemi sphere , there i s  l e s s  l and 
area and a great  s ea s ona l variat ion in the exte n t  of s e a  
ice , thus sea  ice  has  a s im i l ar e f fec t on g l ob a l  c l ima t e .  
Al though s e a  ice  h a s  b e e n  emphas ized i n  ana lyses  �f the 
e f fec t of snow and ic e on g l obal  c l ima te , the equa l ly 
importan t e f fec t o f  seasona l snow c over on l and i s  onl y 
now be ing rec ogn ized , and knowl edge o f  i t  i s  l e s s  
advanced . 

Sma l l changes  in  a tmospher i c  temperature or 
prec ipi ta t ion can trigger a l a rge change i n  the g l oba l 
energy budge t through the c on t inua l ly chang ing are a l  
snow c ove r .  Bec aus e o f  the snow-a tmo s phere feedback s ,  
the interac t ion be tween the seasona l snow cover and the 
g l ob a l  energy ba l anc e shou l d  rece ive h i ghe s t  prior i t y  in 
re s e arch . One of the key parame ter s  is the s urfac e 
rad iat ion balanc e . Change s i n  rad iat ion balanc e are 
extreme when the s now c over i s  f ir s t  e s tab l ished and 
when i t  d is appear s . The balanc e varies w i th l a t i tud e  
and w i th the th ickne s s  and per s i s t enc e o f  snow c over . 
For e xampl e ,  in l a t i tudes above 6 5° ,  the rapid verna l 
increas e  in  solar  rad ia t ion c oinc ides w i t h  the rap id 
me l t ing of shal l ow snowpacks t o  produc e extreme changes 
in  the surfac e  radiat ion b a l ance over period s of about 
10 d ays . 

The d i re c t e f fec t o f  s now on the earth ' s  rad iat ion 
b a lanc e is s ome t imes mod i f ied  by  fog or low c louds forme d  
over t h e  c o l d  snow surfac e .  Th i s se l f-regu l a t ing proc ess  
nee d s  t o  b e  b e t ter under s tood so  tha t  i t  c an be inc orpo­
ra ted in  c l ima t i c  mode l s .  

Snow c oo l s  and dr i e s  the a tmosphere above i t . H i gh­
pre s sure c e l l s  form in the snowbe l t s , lead i ng to b lock i ng 
ridges and to ant icyc lonic outbreaks export ing the c o ld 
dry a ir t o  midd l e  lat itude s . Al though no t ye t su f f i­
c ient l y  s tud ied , the ro l e  o f  snow in winter c l ima te 
dynamic s appears  to  be c r i t ic a l . 

Th e  re sponse o f  s ea s ona l snow c over s to  increas ing 
a tmosph er i c  C02 i s  a c urrent  urgent c onc ern. 
Atmo spher ic  genera l -c irc u l a t ion mode l s  sugge s t  tha t the 
ex tent o f  snow ,  espec ia l ly a t  h igh l a t i tude s ,  shou l d  
shr ink becau s e  o f  increas ing surfac e a ir temperature 
resu l t ing from incr e a sed a tmospher i c  C02 • I f  such a 
proc e s s  i s  oc curring , we need t o  know abou t i t , to 
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dev i s e  means o f  mon i t oring it , and to det ermine whe th er 
the impac t of COz on snow can be d i scr imina ted from 
unre la ted perturbat ions a ffec t ing the atmo sphere at high 
l a t u tudes . 

To a s s e s s  the e f fec t o f  seasona l snow on c l ima te , 
and there by t o  improve med ium- and long-range wea ther 
forecas ts , we nee d accura t e  data on the extent , dens i t y , 
th i ckne s s , and opt i c a l  propert ie s o f  snow c over . 
A l though such data  are easy  t o  ga ther a t  some loc a t ions , 
d a t a  c o l l ec t ion  i s  ins u f fic ient . On ly c ertain me teoro­
l og ic a l  s ta t ions re port the pre sence and th ickne s s  o f  
s now o n  the ground o n  a da i ly bas i s ; fewer g ive the wa t er 
equ iva lent , and none g ives data  on the surface charac ter­
i s t ic s  and text ure o f  snow . Informat ion on snow cover i s  
n o t  inc luded i n  weather maps , nor , with few except ions , 
in the interna t iona l exchange sys tem o f  the Wor l d  
Me teoro logical Organ izat ion (WMO ) . Th e  number o f  
s ta t ions report ing snow th ickne s s  o n  a da i ly ba s i s  
shou l d  be expanded ; d a t a  o n  o ther snow parame ters shou ld 
a l s o  be reporte d ;  and an e f f ic ient wor ldw ide d i s tribut ion 
o f  d ata  on snow c over shou l d  be ma intained . 

Some a tmo s pheric  genera l-c irc u l a t ion mode l s  req u i re 
d a ta on s now ( or re f lec t iv i ty ) ; o ther mode l s  c a lculate  
th e extent o f  the chang ing snow cover and  requ ire d a t a  
on snow for c a l ibra t ion or val idat ion . Ground measure­
ment s  a lone are unl ike ly  to prov ide s u f f ic ient data  for 
mode l deve l o pmen t  or va l idat ion .  Sa t e l l i t e  remo te 
sens ing i s  c lear l y  needed , wh ich , in turn , requ ires an  
under s t and ing of  the e l ec tromagne t ic propert ies  of  snow. 

Sinc e  19 7 0 , a bet ter unders tand ing of the opt ica l 
pro pert ie s o f  snow, inc lud ing re f lec tanc e , has been 
ach ieved , but there are two maj or needs : high-q ual it y  
e xperimental  measurements  agains t wh ich to  t e s t  theore t i­
c a l  conc ep t s  and s u f f ic ien t spec tra l re f l ec tanc e data 
c omb ined w i th s imul taneous measurement  o f  the phy s ic a l  
propert ie s  o f  snow . For examp l e , l iqui d-water conten t 
has a s ign i f icant e f fec t on the gra in c onf igura t ion in 
we t snow , s o  the opt ica l propert ies shou l d  be a f fec ted ,  
but  few inves t iga t ions o f  the opt ic a l  propert ies a s  a 
func t ion o f  l iquid  c ontent have been made . 

Th e  mos t  import ant ques t ion r e l a t ed to  op t ic a l  
propert ie s i s  the ir va l ues  a t  the snow surfac e , where 
the heat  ba lanc e is o f ten c on tro l led by the amount o f  
so l ar radiat ion abs orbed . The re flec tanc e o f  snow i s  
l arge l y  a surf ace  phenomenon , and the surface i s  l ike ly  
to  have a d i f ferent gra in conf igura t ion from the bulk o f  
the snow cover because o f  the s trong rad ia t ion 
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env ironmen t on the s urfac e .  The large gra in c lu s t er s  
obs erved i n  we t snow ,  for examp l e , are l ike ly t o  me l t  
a l ong gra in boundar i e s  and break into sma l l er un i t s ;  
there fore , the gra in s ize , gra in shape , and arrangement  
of  the l iq u id a t  the surfac e requ ire care fu l inve s t iga­
t ion . 

Al though the surface re f l ec t anc e o f  snow a t  opt ical  
or infrared frequenc ies  mu s t  be known to re l a te snow to 
c l ima te , s a t e l l it e  sensors c an never prov ide these data 
in  a tru ly synop t i c  way : both  k inds of  rad iat ion are 
s topped by c l ouds , and op t ic a l  re f lec tance c anno t be 
observed at  n i ght . A synop t ic s now-ob s erv ing sys tem 
mus t opera te a t  l ower fre quenc ies . Sate l l i tes now in 
orb i t  c arry a variety  of microwave sensors of potent ia l 
value for synop t ic mea sureme n t s  o f  snow c over , ye t the 
ab i l i t y  to mon i t or snow exten t rap idly  over large area s 
i s  l ack ing . Nor i s  i s  pos s ib le to  moni tor snow t h i ck­
nes s , dens i t y , or l iq u i d-wa ter c onten t , wh ich are even 
more import ant , becau se bas ic  under s tand ing is 
ins u f f i c ien t to int erpre t the s igna l s  from a dvanc ed 
s ens or s .  

Becaus e m icrowave fre quenc ies  pene tra te the 
th i cknes s o f  typic a l snowpacks and can pene tra t e  c l ou d  
l ayer s , microwave remo te sens ing might  pos s ib l y  be u s ed 
t o  ga ther synopt ic informa t ion abou t the wa ter equ iva lent 
and l iquid-wa ter c ontent of snow c over over larg e  
area s .  Radar sys tems have n o t  been tes ted  s o  far f or 
spaceborne measurements  o f  s now c over , because s u i tab le 
sys tems have no t yet  been f l own in spac e , but pas s ive 
( therma l emi s s ion) microwave s ens ing does re spond to  
snow propert ie s .  However , th i s  re spons e  i s  c ompl icated 
and no t yet  fu l ly under s tood . Be fore such a sys tem c an 
b e  e f fec t iv e l y  emp loyed , the c omplex d ie l ec tric  c ons tan t 
o f  snow mus t  be known for var i ous  snow types and l iqu id­
wa ter conten t s . The c omp l ic a t e d  shape s o f  the l iq u i d  
a n d  i c e  inc lus ions in s now make th i s  a d i f f icu l t  prob lem , 
a s  doe s the hypo the s ized  l iqu i d-l ike surface layer w i th 
a d ie lec tr i c  c on s t ant  be tween tha t o f  ice  and water . In 
add i t ion , the proc e s s  o f  vo lume s c a t t ering o f  rad iat ion 
w i th in a snow mas s  mus t  be unders tood , a s  vo lume 
s c a t tering has  a dom inan t  impac t on the re lease  o f  
m icrowave therma l emi s s ion.  
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Rec ommenda t ion 

H IGHEST PRIORI TY. Improved under s tand ing o f  
s now a s  a n  e l emen t  in the globa l c l imate sys tem 
shoul d  be  sough t through : 

1 .  Deve l opmen t  o f  remot e-sens ing me thod s 
for the l arge- s c a le , a l l-wea ther de term ina t ion 
of the wa ter equiva lent of snow, field measure­
ment s  t o  c onf irm remot e ly sensed resu l t s ,  and 
de terminat ion o f  the e lec tromagne t ic tran s­
m i s s ion and s c a t tering propert ies  of  snow ( see 
Chapter 3 ) ; 

2 .  De f in i t ion o f  the tempora l and spa t ia l  
variat ions o f  regional  and hemi spheric snow 
extent and a lbedo and the ir re lat ionsh ip to 
wea ther ; and 

3 .  The use of globa l snow data  in the 
deve l opmen t  and va l idat ion o f  a tmo spheric 
c irc ulat ion mode l s  and in pred ict ing the 
e ffec ts  of a CO? -induced increase in air 
temperature . 

REGIONAL AND DRAINAGE-BASIN SCALE : SNOW AS A 
WATER RESOURCE 

Co mpet ing uses  fQr snowme l t  runo f f  emphas ize the need 
for be t ter forec as t ing ,  which  in turn requ ires be t t er 
t echniques for l arg e-sc a le inventories  o f  snow. 
Measuring the area l extent , water equ ivalent , and 
l iqu id-wa ter c ontent o f  the snow c over by s a t e l l i te  i s  a 
pos s ib il it y , but  curren t l y  on l y  area l extent under c loud­
l es s  sky c an be measured . There are many prob l ems w i th 
the d i s c r imina t ion o f  c loud c over and snow . To use 
pa s s ive microwave sys tems for mea surements through 
c l ouds and for detec t ing more than just  are a l  ex tent  
requ ire s not  only  improved under s tand ing o f  the 
d ie lec tric and s c a t t ering propert ies of snow ( a s  
descr ibed i n  the previous  sec t ion) but a l s o , for hydro­
log ica l appl ica t ion s , hi gh-re s o lut ion microwave image s , 
wh ich are un l ikely to be p os s ib l e  in the next dec ade . 
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An exc i t ing pos s ib i l i t y  i s  the determ inat ion o f  the 
area l exten t of snow cover w i th h i gh re solut ion on an 
o per a t iona l b a s is  by us ing a s ensor o f  1 . 5 5-� wave leng th 
to  d i s t ingu i s h  s now from c loud . Such a s a t e l l i te sys tem 
wou ld perm i t  rout ine obs erva t ion o f  s now extent a t  
dra inage-bas in s c a l e , as suming tha t the who l e  sc ene wa s 
not c l oud c overed ; the re su l t ing data  wou ld  be o f  
imme d i a t e  u s e  to  forec as t er s  and essent ia l to  ach iev i ng 
a b e t ter under s tand ing o f  c l ima t ic change s .  In pre para­
t ion for s uch  a sys t em ,  a sub s tan t ia l  da ta  base  shou l d  
b e  deve loped o n  t h e  var i ab i l i t y  o f  are a l  extent  and snow 
th i ckne s s . Al though some work has been done on the loca l 
variab i l i ty o f  the snow c over , the e f fec t s  o f  a l t i t ude , 
a spec t , and vege tat ion s hou l d  be s tud ied a s  we l l  a s  the 
e f fec t s  of the se  surfac e e lemen ts  on the remote sens ing 
o f  the snow cove r .  

Snow occurs in many d i f ferent  forms tha t  change 
rap id l y  in  re sponse to change s in loc a l  c l imat ic 
c ond i t ions . Al though each c l ima t ic prov inc e  wi l l  have a 
wide varie t y  o f  snow type s , and each o f  thes e  wi l l  change 
during the season , the pre d ominant snow type wi l l  d i f fer 
s i gn i f ic ant l y  from one prov ince t o  ano ther . The d is t inc­
t ion b e tween snow types o f  prov inc e s  i s  importan t  t o  
hydro l og ic a l  mode l ing o r  forec a s t ing because the chara c­
ter i s t ic s  o f  s nowme l t  runo f f  depend on the propert ies  o f 
the  snowpa ck . The preva i l ing snow type s w i th in each 
prov inc e shou ld  be c harac teri zed in terms of  propert ies  
such a s  gra in  type and s iz e , hardne s s , dens i t y , layering ,  
and depth .  Th e  preva i l ing c ond i t ions tha t de term ine 
tho se propert i e s , such as  s now res idenc e t ime , humid i ty ,  
t empera ture gradien t , b a s a l  and surface t emperature , 
wind c ond i t ion s , and c l ima t ic variab i l ity , should b e  
de term ined to  s how the re lat ionsh i p  o f  preva i l ing 
c ond i t ion s to  snow charac t e r i s t ic s . 

We o f fer a few examp l e s  t o  i l lus tra te the c onc e p t  of 
snow prov inc es : the mar i t ime mount a in s now of the 
S ierras and Ca s c ade Ranges--dense , th ick , we t ,  and 
pers i s t ing ; the inter ior mounta in snow of the Rocky 
Moun t a ins--l igh t  and powdery , c o l d , s trong ly a ffec ted by 
ava lanches  and wind s ;  the cont inen t a l  inter ior snow o f  
the h igh p l a ins--t h i n ,  pa tchy , and c oncentr a ted b y  w ind 
into  gul l ie s  and dri f t s  and around vege ta t ion . Alaska 
c on t a ins two sharp l y  de f ined c l ima t ic boundaries  tha t  
place  three major c l ima t ic zones i n  proximi ty , and each 
zone has  its  own charac teri s t i c  snow cover : tundra snow , 
north o f  the Brooks Range ; ta iga snow , in the c on t inenta l 
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in t e r ior between the Brooks Range and the Coa s t a l  Range s ;  
and mari t ime snow , on the coas t a l  moun t a ins . 

A h igh pr ior i ty for research  i s  a sys tema t ic summa ry 
o f  the phy s ic a l  propert ies o f  snowpack s in the ma j or 
snow prov inc e s . The phys ica l propert ie s o f  the snow,  
and the proc e s s e s  ac t ive in i t , should  be d e f ined in 
terms of such var iab l e s  a s  the t ime span dur ing wh ich  
snow exis t s ,  snow th ickne s s , l a t i tude , t emperature 
grad ien t s , and wind ac t ion . 

Snow has long been rec ogn ized as  a wa ter re sourc e ;  
i t s  importanc e increases  wi th increas ing demand for 
s nowme l t  runo f f .  Improved runo f f  forecas t ing fac es  many 
d i f f icu l t ie s . The prob lem o f  a s s e s s ing the amount o f  
s now o n  the ground has been ment ioned ; but  there are many 
o ther prob lems , because many phenomena a f fec t snowme l t  
runo f f ,  inc lud ing processes  o f  wa ter f l ow, deta i l s  o f  
snow s trat i gra phy , and var iat ions i n  the d is tribu t io n  
and propert ies  o f  s now w i th d i f ferent  e leva t ions . One 
ma j or fac tor is tha t  snow-soi l horizons behave a s  coupled 
two- l ayer sys tems with a c omp l icated interac t ion.  The 
snow is an e f fec t ive insul a tor tha t reduces  fros t 
pene tr a t ion in s o i l ;  the s o i l  c annot accept much wat er 
during the  me l t  season i f  i t  i s  froze n .  S tud ies  o f  snow 
and s o i l  as a c ou p l e d  sys tem have j us t  begun . In 
add i t ion , l i t t l e  is known abou t the area l energy exchange 
wi th an advec ted warm a ir mas s ,  a l though much work has 
been done on the de t a i led  energy exchange a t  the snow 
s urfac e .  

The movement o f  a irborne impuri t ies  over gre a t  
d i s tanc e s  i s  a c a u s e  o f  "ac id prec ipitat ion , "  a n  environ­
mental  pro b l em tha t i s  re su l t ing in interna t ional c onc ern 
and con troversy . The prob l em i s  magn i fied in the snow 
c over because  the solub le impur i t ies  are larg e l y  l eached 
by the f irs t frac t ion of  me l twater . The proc e s s e s  
re spons ib le  for th is  sudden re lease  o f  ac id runo f f  shou ld 
be inve s t iga ted in  l i gh t  o f  prob l ems c aused by the sudden 
lowering of  pH in  s tre ams and l akes . 

Orographic prec ip i ta t ion model s now avai lab l e  for 
s evera l  areas o f  the wes tern moun tains  should  make 
pos s ib l e  mesosca l e  pred ic t i on o f  variat ions o f  snow 
c over . Such mode l s  should  be devel oped for al l we s tern 
moun t a in area s . Acc urat e  pred ic t ion of snow cover in 
mount a inous are as would  have far-reach ing imp l icat ions 
not on l y  for wa ter  y i e l d  but a l s o  for winter safe t y , 
transport a t ion , mining ac t iv i t ies , and w inter sport s .  
Be t ter near-surfac e wind- f l ow mode l s  for mounta inou s 
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areas wou l d  be  use fu l  in de termining loc a l  snow-c over 
c ond it ions . 

The u s e  o f  pre sent hydr o l og ic a l  forec a s t ing mod e l s  
o f fers  many bene f i t s . Th e  seasona l forecas t s  o f  
me l twa ter s upply and da i ly forec a s t s  o f  snowme l t  f l oods 
prov ide needed informa t ion for geo graph ic reg ion s . 
However , current  me thods  o f  fore c a s t ing mus t  be  based  on 
more c omprehens ive phys ic a l  data  be fore fu l l  use o f  the 
incre as ing supply o f  informa t ion on the charac teris t ic s  
and exten t o f  the snow c over wi l l  be pos s ib le . Th e  
deve l opment o f  b e t ter mode l s  shou l d  occur s imul t aneous ly 
w i th the deve lopment  of b e t ter remo t e-sen s ing technique s  
and a s s oc i a ted f i e ld work . 

Rec ommend a t ion 

HIGHEST PRIORI TY . Th e  phys ic a l  bases  for 
forec as t ing snowme l t  runo ff , s o i l-water 
re serve , and bas in s torage shou ld  be  
deve loped . Research  may requ ire d i f feren t 
approaches  and  emph a s e s  in each snow prov inc e 
and shou l d  inc lude : 

1 .  Me teoro l ogic a l  and topogr aph ic a l  
con tro l s  o n  the depos i t ion of snow at the 
mesosca le , w i th a t tent ion to  the a l t i t ude 
d i s tribu t ion of  snow i n  the  moun ta ins and s now 
a lbedo at l e s s  than globa l s c a le; 

2 . Liqu id  and  vapor tran s fer a cros s the 
snow-so i l  interfac e ;  and 

3 .  Impu r i t i e s  i n  the snowpa ck ,  the ir 
d i scharge into  runo f f ,  and management  o f  the  

prob l em .  Ac id impu r i t ie s shou l d  rec e ive 
spec i a l  a t ten t ion . 

LOCAL TO MESOSCALE 

The seasona l snow accumu la t ion t ends to vary among 
provinc e s  annua l ly ,  thus present ing pro b l ems rang ing from 
drough t to roo f fa i lures . Years o f  exc e s s ive snowfa l l  
resu l t  i n  transportat ion d e l ay s , large snowme l t  f l ood s ,  
power- l ine fa i lure , c o l lapse o f  b u i l d ings , and pro perty 
l o s s  from ava l anche s .  Years  of l it t l e snowfa l l  resu l t  
in groundwa ter dep l e t ion , d imin i shed surface-wa ter 
supply , lack of s o i l - fros t pro tec t ion for agr ic u l ture , 
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and mas s ive l os s e s  in the winter recreat iona l indus try . 
Al though l i t t le c an be  done to change the total  amoun t 
o f  prec ipitat ion , much c an be done to  manage the 
s nowfa l l .  

W indb l own Snow 

An ou t s tand i ng examp l e  o f  snow managemen t is  the con tro l 
o f  dr i ft ing snow around h i ghways , a ir s tr ips , bui l d ings , 
and wind tur b ines  by e f fec t ive de s ign o f  fac i l i t ies  an d 
s now fenc ing techn ique s . These  me thods  have bee n 
e f fec t ive in k eep ing snow out o f  s e l ec ted  area s , 
e spec ia l ly h ighways acro s s  Wyoming and Co lorado .  
However , the c omp lex phys ic a l  proce s s e s  invo lved i n  th e 
transport a t ion and depos i t ion o f  snow have no t been 
s u f f i c ien t l y  s tud ied ; for examp l e , phys ic a l  me thod s o f  
pred ic t ing snow depos i t ion pro f i le s  are c omp l e t e l y  inade­
qua t e  in a l l  but the s imp le s t  ground terrain s , such a s  
an inf inite  f l a t  surfac e .  Th eore t ic a l  me thods for 
pred ic t ing snow depos i t ion shou l d  be deve loped . New 
t echn iques w i l l  be needed : mu l t iph�se  theory ( or mixture 
theory )  migh t  be used  to charac terize  the transport o f  
s now through the a tmosphere to  the surface o f  the 
snowpack . New theor ies  o f  part ic le a dhe s ion and 
t urbulent  boundary l ayers might a l so be used to de term ine 
the rate o f  transport to the surfac e , the rate o f  l o s s  
by sub l ima t ion in transport , a n d  t h e  rate  o f  depos i t ion .  
Wh ere the terra in i s  c ompl icated  ( over h i ghways ,  around 
bu i ld ings , and in moun t a inous terra in) , c omputer-b ased 
numeric a l  me thods  may be  needed . 

In add it ion to  deve lop ing theore t ic a l  mode l s  o f  snow 
transport and depos i t ion , more f i e l d  data  on the f l ux o f  
w indborne snow wi l l  b e  required . Advanc es in mon i t oring 
equ ipmen t  have occurred  s inc e 197 0 ,  and pa rt ic le  s iz e  can 
b e  measured now. However , more e f fort shou ld  be d irec ted 
to acqu ir ing the  nec e ssary data  for good theoret ica l  
mode l s  o f  w ind transport . 

Al though b lowing snow on the Arc t ic S l ope o f  Alaska 
a f fe c t s  a l l  opera t ions there for three fourths of the 
year , l i t t le is known about th i s  snow. Some mode l s  and 
measuring t e chn iques  deve l oped in Wyoming have been 
appl ied on the Arc t ic S l o pe ;  for example , use of the 
Wyom ing Fenc e to shie l d  prec i p i t a t ion gauges showed tha t 
U . S .  Weather Serv ice  rec ord s for snowfal l on the Arc t ic 
Slope were erroneous l y  low by a fac tor o f  three . 
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De terminat ions o f  the t o t a l amoun t o f  snow tran sported 
by the  two primary wind d irec t ions have also  improved . 

The Arc t ic Slope o f  Al aska is  a good s i t e  for 
re search , for the pe tro leum indus try needs the da t a  and 
the bas ic re lat ions h i p s  es t b l i shed there c ou l d  be appl ied 
e l sewhere . Furthermore , Arc t ic re search shou l d  be c oor­
d inated  w i th tha t in pro gre s s  in Wyoming and Co lorado 
under the U . S .  Fore s t  Serv ice  and the f ind ings from the 
two reg ions compared . Obv ious next s teps  wou ld be 
c ompari s on wi th s tud ies  of b l owing snow in  Greenland and 
in the Antarc t ic .  

A be tter under s t and ing o f  b l ow ing snow mechan i sms is  
a l s o  needed  i n  connec t ion w i th propo sed eng ineering 
pro jec ts  involv ing larg e  snow dr i ft s  ( on the ord er o f  
10 6 Mg) . Thes e  large dr i f t s  c ou l d  supp l emen t irriga­
t ion re sourc e s , c omplemen t art i fic i a l  s now equipmen t  in  
ski  are a s , and prov ide bu i ld ing ma teria l s  for  roads  and 
a irs trips and pad s for dri l l  r igs . 

Rec ommendat ions 

PRIORI TY .  Improved t echn iques for forec as t ing 
and managing b l owing s now shoul d  be deve loped , 
inc lud ing:  

1 .  Improved ins trumen tat ion for mon i t oring 
prec ipitat ion during s trong wind transpor t and 
in  adver s e  env ironment s  and 

2 .  Improved mode l s  of the f lux , sub l i­
ma t ion, and depos i t ion of b lowing snow in a 
variety o f  topographic a l  and c l ima tologica l  
c onf igura t ions . 

PRIORI TY .  The fol lowing research shou l d  be  
unde rtaken on b l owing snow on the Arc t ic Slope 
o f  Al aska : 

1 .  De term ine the total  prec ipitat ion and 
the amount tha t  f a l l s as s now; 

2 .  De term ine the amoun t of s now remain ing 
on the tundra a f t e r  s ome has b l own away and 
c onc entrated in draft  traps ; 

3 .  De t ermine the flux of windb l own snow 
from each of the primary winds tha t  move s now 
( a  task tha t  inc lude s determin ing wha t frac t ion 
of  th is  f lux is  los t by sub l ima tion dur ing 
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tran spor t and wha t  frac t ion  i s  s tored a s  
dr i fted snow) ; 

4 .  De term ine c orrec t ion fac tors for 
appl ic a t ion to  long-t e rm  rec ord s  o f  winter snow 
and summer ra in. 

Ava lanche s 

As deve lopment and winter s port s incre ase in the we s tern 
Un i ted States  and Canada , so , too , do the hazard s  posed 
by ava lanch e s .  Ava l anches  are a threat  to part ic ipan t s  
in  w inter sport s , to  mount a in tran sportat ion sys tems , 
and to  mountain  home s and indus tr i e s .  Sma l l  ava lanches  
accoun t for mo s t  o f  the acc ident s to  ind iv idual s ;  larger 
and l e s s  fre quent ava lanch e s  do the gre ates t damage to  
propert y and present the  grea t e s t  threat o f  catas troph i c  
l os s .  S lush  f l ows are a s ign i f icant hazard i n  the h igher 
part s of the Brook s Range in northern Alask a .  Wea ther , 
s now c over , and terra in fea ture s are import ant  for the 
pred ic t ion of the sm&l ler and more frequent ava lanche s .  
Long- t erm record s o f  ava lanche s ize and oc currenc e are 
needed to eva lua t e  the potentia l for the les s frequent , 
l arg er ava lanche . 

Current techniques for pred ic t ing the occurrenc e and 
extent  of av alanche s are based  large l y  on emp ir ica l 
r e l a t ionsh i ps . Forecas t ing has been pr imari ly  a 
s ub j ec t ive proc e s s  c arried out  by exper ienced  person s 
for loc a l  are a s .  Rec en t l y , the se techniques have been 
expanded and mod i f ied to  permit ava lanche warn ings on a 
reg iona l bas i s ; however , improved mode l s  are needed to  
integra te  wea ther , snow , t erra in fea ture s , and pas t 
ava l anche  occurrence s  into determinat ions o f  re lat ive 
ava lanche haz ard . Such an eva luat ion proc edure depend s 
h igh ly on accurate  moun t a in wea ther forec a s t s  ( prec ip­
i t a t ion , wind , and snow transpor t ) , curren t data  on 
changes  in s now s treng th , and b e t ter informat ion on snow 
fa i lure .  

Th e  fa i lure c r i ter i a  for snow on s teep s l ope s and 
the dynamic s o f  ava lanche mot ion are ex treme l y  c omple x 
phenomena for wh ich we have on ly emp ir i c a l  approxi­
ma t ions . As both are cri t ic a l  for the accurate 
pre d ic t ion of the occurrenc e and the extent  o f  
ava lanche s , be t t er theore t ic a l  unders t and ing i s  mu ch 
needed . The snow cover on s teep natur a l  terra in i s  
subjec t to the vagarie s o f  the wea ther dur ing and 
fol lowing depos it ion and to the nonun i form s tre sses  
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created by uneven depo s i t ion and irregu lar terrai n  
fea ture s .  Th e s e  c ond i t ions re s u l t  in s tre s s  c onc entr a­
t ion s tha t are though t  t o  be the s i t e s  o f  in i t ia l  
fa i l ure . Some t imes such l oc a l  fai lure s d o  n o t  propa­
ga t e ;  a t  o ther t imes they  propaga te  rapid l y  and invade 
are as of s now too s tab l e  for fa i lure i n i t iat ion . 

Mean s o f  de termining the degree o f  s tab i l it y  o f  s now 
a nd the l oc a t ion of  s tre s s  c onc entrat ion po ints  in 
ava l anche- s t art ing zone s wou l d  be of grea t  prac tic a l 
va lue . Onc e in mo t ion , ava lanche s  c an move as  s l id ing 
b locks wi th l i t t le re la t ive mo t ion , or they can  move in  
h igh l y  turbu lent mo t ion l ike tha t o f  a heavy gas . A 
be t te r theore t ic a l unders tand ing o f  ava lanche dynamic s 
wou l d  l ead to more real i s t ic mode l ing o f  ava l anche mo t ion 
and b e t ter es t ima tes  o f  runou t d is tanc e s  and impa c t  
forc e s .  Bo th are import ant  for accurate ava lanche 
zoning and contro l . 

Rec onunendat ions 

PRIORI TY : A b e t ter under s tand ing o f  ava l anche 
dynamic s i s  needed , inc lud ing the me chanisms o f  
re lease , f l ow, and impac t .  Espec ia l ly needed as  
a bas i s  for  theore t i c a l  and  mode l i ng s tud ie s are 
f i e l d  measuremen ts  o f  ava lanche speed , runou t 
d i s tanc e , mas s  d i s tribut ion , and impac t force s .  

PRIORI TY :  Improved techn iques for ava lanche 
forc a s t ing and c on tro l should be deve l oped , 
e spec ia l ly in regard t o  incorporat ing snowpack 
and me teoro l ogic a l  parame ters in forec as t 
mode l s ,  and innova t ive and more e f f ic ient 
t e chn ique s o f  aval a nche c on tro l are needed . 

SMALL SCALE : BASI C  PROCESSE S  

To unders tand such pro b l ems a s  microwave emis s ion , 
s nowpack me l t ing , and ava lanche re lease  require s 
knowledge o f  snow proc e s s e s  a t  sma l ler  s c a le s , down t o  
bas ic cry s t a l  s truc ture . Proc e s s e s  i n  snow t end to  b e  
more c omplex than tho s e  in mos t  o ther eng ineering o r  
s o l id-e arth ma teri a l s ,  for snow i s  thermodynamica l ly 
ac t ive over compara t ive ly  shor t interva l s  o f  t ime . 
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Bec aus e  natura l snow is  near i t s  me l t ing poin t , i t s  
phases  change c on s tan t l y .  Bo th i t s  c ont inuum propert ies  
(dens i ty ,  t empera ture , s tre s s  d is tribut ions ) and 
micr o s c a l e  propert ies  ( crys ta l morpho logy , crys tal  
bond i ng )  change in re sponse  t o  sma l l  var iat ions in  the 
e nv ironment . 

Ind iv idua l snowf l ake s nuc leate  in the a tmosphere and 
fa l l to ea rth , wh ere they immed iately  beg in a 
t emperature- and pre s sure-d ependent me tamorphos i s .  
Norma l l y , the origina l cry s t a l  morphology canno t b e  
recogn ized a f ter the snow has  s p e n t  a few hours or  days 
on the ground . Crys t al s  begin j o in ing to each o ther 
through s inter ing , a pro c e s s  tha t  invo lves molecular 
tran sport o f  water  t o  c oncav i t ie s  be tween ind iv idua l 
gra ins . Al though th i s  proces s has  been s tudied in 
c ons iderabl e  deta i l  for o ther ma teria l s , it is not wel l  
under s t ood w i th in the snowpack , ye t to  a large exten t  i t  
de t ermine s snowpack s treng th ; henc e , i t  d irec t ly 
inf luenc e s  ava lanche release , trave l over snow ,  snow 
remova l ,  and re l a ted prob l ems . Al s o , l a rger crys tal s 
grow a t  the expense o f  sma l l er c ry s ta l s  as  the ice  
ske leton evo lve s toward min imum surface area ( lowe s t  
s urface- free energy) ; t emperature-� ontro l led vapor­
pre s sure grad ien t s  move mo lec u l e s  through the pore 
spaces from warmer to  c o lder reg ions . Rec ent  f ind ings 
show tha t hea t c onduc t ion through the s o l id ice i t se l f  
i s  a l so import ant . A c omprehens ive explanat ion o f  snow 
c rys ta l me tamorph i sm on the ground has ye t to b e  
deve loped--a remarkab l e  g a p  in knowledge c ons idering the 
abundanc e of snow over much of the globe . 

The s tudy o f  snow proc e s s e s  become s  mos t  c ompl icated 
when  l iquid  water  i s  present . Even today , there i s  no 
s a t i s fac tory me tho d  o f  measur ing the amoun t o f  wa ter in 
a g ive n snow s ample . D i f ferent me thods for determining 
the proport ion of the three phases  ( ic e , wa ter , and a ir )  
unfortuna t e l y  lead to  s i gn i f ic an t ly d if feren t resul t s .  
Acc uracy and re l iab i l i ty o f  the se  measurement s are no t 
we l l  de f ined . Int erpre tat ion o f  l a rger-sc a l e  meas ures 
o f  the snowpack ( e . g . , us ing microwave rad iome try ) wi l l  
even tua l ly requ ire s ome s tandard o f  c a l ibra t ion a t  the 
sma l ler sca l e . 

The bas ic mechan ical  behav ior o f  snow has de f ied 
sys tema t ic ana lys i s  becau s e  of the w ide variety  of snow 
t ypes and the rap id trans forma t ions be tween them . 
Acc ord ingly , much work on the bas ic me chan ic a l  para-
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me t er s  ( e . g . , s treng th , dev iatoric  propert ie s ,  and 
c ompre s s ib i l i ty)  i s  s t i l l  needed , w i th emph a s i s  on 
re l a t ing ob served behavior to grain  s c a l e  parameter s .  
Advanc es  w i l l  requ ire soph i s t ic a ted labora tory and 
theore t ic a l  work . 

Pa s t  research  on the mechan ic a l  propert ies genera l ly 
made u s e  o f  c ont inuum theories  to  charac terize  snow . 
Co ncepts  o f  v i scoe las t ic i t y  or v i scoplas t ic ity  were 
employed to de t ermine emp iric a l l y  the de forma t iona l  
propert ies  o f  snow without regard t o  the micros truc tura l 
propert ie s .  As a resul t ,  much o f  th is  prev ious work wa s 
not suc c e s s fu l  in charac ter iz ing mechanic a l  pro pert ies  
a s  a func t ion of  dens i t y  or type  o f  snow

1 
e spec ia l ly for  

s now of  dens i ty l e s s  than about 4 0 0  kg/m • Th ere i s  
need f o r  c ont inuum theor ie s  tha t  inc orpora t e  the mi cro­
s truc tura l c ompo s i t ion o f  the mater i a l , thus mak ing 
pos s ib l e a more accura te determinat ion o f  the me chanica l 
propert ies o f  snow .  W i th the inc orpora t ion o f  such data  
i n  c ont inuum theory , the  resu l t ing c ons t i tut ive equat ion s 
wou ld  be appl icab l e  to  eng ineering pro b l ems . 

Rec ommenda t ion 

PRIORITY .  Ac c ura te phys i c a l  descript ions and 
numeric a l  mode l s  of snowpack proc esses  shou l d  
b e  deve l oped , inc l ud ing crys t a l  growth , s inter­
ing , and me tamorph i sm in we t and dry snow 
l ayer s .  Te chn ique s for measuring the l iqu id 
wa ter content of s now shou l d  be improved , and 
micros truc ture should  be incorporated into snow 
me chan ic s .  
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5 
Research on Floating Ice 

Th i s  chapter dea l s  w i th the sc ient i f ic inve s t igat ion o f  
prob lems rel a ted to  sea , r iver , and l ake i c e  and ic e­
b erg s ; f loat ing ice she lves and float ing g l ac iers are 
d iscus s ed in Chap ter 6 .  Onl y  recen t l y  has the broad 
range of probl ems a s s oc iated with float ing ice begun to 
rece ive a t t ent ion in nat iona l research plann ing . Sinc e 
pub l ic a t ion o f  the 1 9 7 0  Survey , incre ased fundamental  
and appl ied research  on sea  ice  was s t imu lated , f irst , 
through the Arc t ic Ic e  Dynamic s Joint  Exper iment ( AIDJEX)  
and , s ec ond , through the rea l izat ion tha t  sea  ice  i s  a 
cr i t ic a l  fac tor in g l ob a l  c l ima te var i ab i l ity  and in the 
ex trac t ion and safe  tran sportat i on of o i l  and gas 
resourc es  in  pol ar reg ions . Resourc e expl orat ion and 
deve lopment  have a l s o  led to greater awarene s s  o f  
prob lems o f  r iver and l ake ice . In add i t ion ,  a ser i e s  
o f  c o l d  winters in the northern areas  o f  the Un i ted 
S tates  has drawn at tent ion to  such prob lems . 

Stud i e s  o f  f l oat ing i c e  in relat ion to c l imat i c  
variab i l ity  and o f fshore pe tro l eum produc t ion are 
current l y  h igh among nat iona l po lar research pri or i t ie s ;  
numerous other fundament a l  and app l ied prob l ems requ ire 
a t tent ion . Some exampl e s  o f  the princ ipa l  prob lems for 
re search are : 

Ic e and c l ima te interac t i ons  
Ice  haza rd s  to  s truc tures and tran sport a t io n  
Ic e fore c a s t ing 
Di spers ion and c onta inment o f  po l lutant s p i l l s  
Pos i t ion  o f  the ic e marg in and i t s  re lat ion to  

a tmosphere , ocean,  and mar ine ecosys tems 
Fraz i l-ice  en tra inment  and depos it ion 
Mo t ion and de format ion of sea ice  
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Pred ic t ion o f  ic e j ams and the ir a l leviat ion i n  
r ivers 

Me ch an i c s  of shear and pre s sure-r idge forma t ion 
Detec t ion o f  iceb e rgs  and predic t ion of iceberg 

trajec t or i e s  

Th e d iver s i ty and c omp lexi ty  o f  f loat ing- ice  prob l ems 
requ ire mu l t i fac eted research e f fort s .  

Previous  rev iews ( Pane l  on G l ac iology 1 9 6 7 ; Comm i t t ee 
on Po lar  Research 19 7 0 )  no ted tha t  s e a-ice energy b a l anc e 
and dynamic s were the maj or prob l ems in g lac iology and 
des erved h i ghes t-pr ior i ty a t tent ion . A pr inc ipa l  reaso n 
for a s s ign ing h igh pr i ori ty to  th i s  f ie l d  was the p ivo tal  
r o l e  of  sea  i c e  in the  int erac t ion be tween ocean ic  and 
a tmosph er i c  c irc ulat ion , and thus on c l ima te at h i gh 
lat i tude s . Sea  i c e  i s  s t i l l  viewe d as  a v i t a l  componen t 
o f  the wor l d  c l ima te  sys tem ( Commi t tee on th e Ro le o f  
the Po lar Reg ion s i n  Cl ima t ic Change , i n  pres s ) . 

Al though s ome o f  the recommendat ions on the energ y 
b a l ance and dynamic s o f  sea ice  have a l ready been impl e­
mented , the reasons  for re s earch on sea  ice  have become 
broader  and more urgent . For ins tanc e , ac t ive explor a­
t ion and an t ic ipated deve l o pmen t and transport o f  o i l , 
ga s ,  and o ther resourc e s  from the Arc t ic Oc ean bas in 
pre sent a new range of s e a- ic e  research needs ( Pane l on 
Pol a r  Ocean Eng ineering , Marine Board 197 9 ;  Comm i t t e e  on 
the Arc t ic O i l  and Ga s Reserves 1981 ; Comm i t tee on 
Arc t ic Sea floor Eng ineer ing , Marine Board 198 2 ) . The 
extr aord inary marine b io l o g i c a l  produc t iv i t y  as soc iated 
wi th seasona l sea  ice  in the Sou thern Ocean ( Commit tee 
to Eva l ua t e  An t arc t ic Mar i ne Ec osystem Re search 1981 ) 
and in Arc t ic areas such as the Bering Sea is  a l s o  
a t trac t ing internat iona l a t tent ion and maj or res earch 
e f fort s .  

S inc e pub l ic a t ion o f  the 1 9 70 Survey ( Commi t tee on 
Polar Research  19 7 0) , a numbe r  o f  nat iona l and int er­
nat ional org anizat ions have examined progr ams and needs 
in re search  on sea ice . In part ic u lar , sea ic e /c l imat e 
inter re l a t ions have been d iscussed i n ,  for examp l e , 
Jo i n t  PRB GARP/CAS/OSB Po lar Exper imen t  ( POLEX)  Pane l 
( 1 9 74 ,  1 9 76 ) ;  WHo- In t erna t iona l Counc i l  o f  Sc ien t i fic  
Un ions ( I CSU ) ( 19 7 5 ,  19 7 8 ) ;  WHO ( 19 7 7 , 198 2 ) ;  Un i t ed 
Na t ions  Educ a t iona l ,  Sc ient i f ic , and Cu l tura l Organi­
zat ion ( UNESCO )  ( 19 7 8 ) ;  Arc t i c  Ocean Energy Ba lanc e 
Work ing Grou p ,  Sc ient i f ic Comm i t tee on Oc ean ic Re search 
( 19 7 9 ) ; Ander sen et  a l .  ( 1980 ) ;  Baker e t  a l .  ( 1980 ) ;  
Group o f  S pec i a l i s t s  on An tarc t ic C l imate  Re search , 
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Sc ient i f ic Comm i ttee on Antarc t ic Re search ( 19 8 1 ) ;  and 
u.s. Army Co ld Reg ions Re search and Eng ineer ing 
Laboratory ( 19 8 1 ) . 

No t only have many recommendat ions been made , but 
the curren t s ta t e  of researc h  is  be ing reexamined by 
s everal  groups in the Na t ional  Researc h Counc i l  and 
o ther organ izat ions . For example , a major reg iona l 
s tudy , Air-Sea- Ic e In terac t ion Progr ams for the 1980s , 
i s  be ing de s igned a s  a c on tribut ion t o  the Wor l d  Cl ima t e  
Re search Progr am .  Tw o  sub s t an t ia l  field  progr ams are 
b e i ng planned as par t  of th i s  l a rger e ffor t :  the 
Marg ina l Ic e  Zone Experiment ( MI ZEX)  and the Greenl and 
Se a Experiment .  Thes e  programs wi l l  be mu l t inat iona l .  
Program documents  have been reviewed by the Oc ean 
Sc iences  and Po l ic y  Board o f  the Nat iona l Research 
Counc i l . 

Th e  Commit tee on G l ac io logy and the Po l ar Re search 
Board general ly endorse the rec ommendat ions made in  
these  report s ;  however , we  a l so no te  that  mos t  report s 
emphas ize the ro l e  o f  sea  i c e  in the g loba l  c l imat e  
s ys tem .  Th ere are much broader reasons for research on 
floa t ing ice . 

Th is report emphas izes the sc ient i f ic aspec t s  o f  
float ing ice . Solu t ion o f  the s e  sc ient i f ic prob lems 
w i l l  as s i s t  progress  in eng ineering , re sourc es  deve lop­
ment , and management  of the environment . Al so , re levanc e 
t o  these prac t ic a l  c oncerns has been c ons idered in the 
as s ignmen t of sc ien t i fic  prior i t ie s . The reader  i s  
d irec ted to  a number o f  report s for a ful l er exp l ana t ion 
o f  thes e  eng ineering or deve lopment a l  a spec t s  ( Pane l on 
Sea Ic e Mechan ics , Mar ine Board 1981 ; Commit tee on the 
Arc t ic Oi l and Gss Re serves 198 1 ;  Comm i t t ee on Arc t ic 
Se a f loor Eng ineering , Mar ine Board 1982 ) . 

PROGRESS IN  RESEARCH ON SEA I CE 

Propert ies o f  sea  ice , part icularly the s truc tura l , 
chemic a l , e lec tric a l , me chanic a l , and therma l charac t e r­
i s t ic s ,  have been s tud ied extens ive ly in the las t few 
year s . The proper t i e s  o f  sea  ice  show l arge var iat ion s ,  
w i th changes in br ine vo lume , a ir c on tent o f  the ic e ,  
and th e de gree  o f  c ry s t a l  a l ignment  i n  the horizonta l 
p l ane ( the import anc e o f  the l a t ter has  been rec ogn ized 
on ly  recen t l y) . Few s tud i e s  in  wh ich the se  property­
c on tro l l ing variab les  were independent ly measured have 
been c omple ted . Ma themat ic a l  mode l s  of the viscoe l as t i c  
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and plas t ic propert i e s  o f  sea  ice  have been devise d 
( Pane l on Sea Ic e Mech an ic s ,  Mar i ne Board 198 1 ) , but  the 
e f fec t s  of natura l var iab i l i t y , rate of s train , and 
forma t ion h is tory o f  the ice  are so wide-rang ing tha t 
mode l ver i f ic a t ion i s  l im i t ed . Knowledge o f  the e l ec t r i­
c al propert ies  o f  s e a  ice  i s  a l so inc omp l e t e . A b e t ter 
unders t and ing wou l d  be  u s e f u l  in both deve lop ing bet ter 
s ys tems for remo t e ly sens ing propert ies o f  sea  ice  and 
improv i ng the interpre tat ion o f  f ie l d  da t a .  Of those 
c lasses  of propert ies  d i scus sed here , the thermal 
propert i e s  of sea ice are perhaps be s t  under s t ood . 

Sa t e l l i te  data  became ava i l ab l e  in l arg e quant i t ies  
in the mid-196 0s , bu t only  dur ing the 1970s  d id se a-ic e 
res earch enter the space era w i th sys tema t ic s tud ies . 
Sa te l l i t e s  have now replaced dr i f t ing ice  s ta t ions a s  
the dominant observa t ion p l a t forms . 

Remo t e-sens ing m i s s ions performed a s  part  o f  AIDJEX 
( 1 9 7Q- 19 76 )  demons tr a ted that  pas s ive microwave s ensors 
had the po ten t i a l  for d i s t ingu ishing f irs t-ye ar ice  from 
mu l t iyear ic e .  LANDSAT d a t a  were used to measure ice  
de format ion . In 19 7 8 ,  the  syn the t ic aperture radar 
( SAR ) on SEASAT acq u ired some data on s ea ice that have 
bee n used  succes s fu l l y for measur ing ice d i splac ement s  
w i th a s ign i f icant ly denser s ampl ing i n  space than was 
previous l y  pos s ib l e , thus  conf irming the ant ic ipa t ed 
potent ial  o f  SAR to  reso lve the f ine s truc ture in the 
ic e-ve loc i t y  f i e l d . The u s e fulne s s  o f  s a te l l i t e  mi cro­
wave measurement s  for mon i t oring the extent o f  the 
s e a-ice  packs in b o th hem i s pheres has been demon­
s tr a ted . Sa te l l i te- tracked and - i nterroga ted d a t a  buoys 
now moni tor the mo t ion o f  the ent ire ic e pack and 
a tmospher i c  pre s sure f i e lds  over the Arc t ic Ba s in .  
Sinc e  the AIDJEX-manned c amps were abandoned in 197 6 ,  
there has been virtua l l y  no a t temp t to  d o  re search on 
sea ic e from manned dr i ft i ng s ta t ion s . The rec ent Fram 
I ,  Fr am I I ,  and LOREX s ta t i ons  were e s t ab l i shed for 
purpo s e s  o ther than res e a rch on sea  ice . 

Under s tand ing o f  the es sent ial  phy s ic s  o f  the 
dynamic s and th ermodynamic s of sea  ice has  i ncreased  
s inc e the 1 9 70 Survey . Th e mos t intens ive e f fort has  
been the AIDJEX , wh ich focused  on the deve l opment  o f  
mode l s  for the s imu l a t ion o f  s e a- i c e  dynamic s .  Pe rhaps 
the mos t  importan t  con tribu t ion of th i s  and o ther recent  
re searc h has  been  the  formu l a t ion o f  a framework for  a 
comple t e  mode l o f  se a-ic e dynamic s , one that prov ides  a 
foc us for the examinat ion o f  phy s ic a l  pro c e s s e s  in sea  
ice . 
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Unders tand ing o f  the ro l e  o f  sea ice  in  c l imat e  ha s 
i ncreased . He a t  and mas s  b a l anc e measurement s ,  c arried 
ou t a t  manned dri f t ing s ta t ions in the Arc t ic , have 
prov ided informa t ion on the various rad iat ion c omponent s ,  
turbulent hea t exchange , a lbedos , a ir and water temper a­
t ure s ,  snow c over , ice growth , and ic e sa l in i ty and 
s truc ture . However , the se  data  do no t necessari ly 
repre sent reg ional averages .  In the An tarc t ic ,  such 
s tud ies are fewer , and they are genera l ly re s tric ted t o  
reg ions near coas t a l  s t a t ions where there i s  on ly  shore­
fas t ice . Thus our p ic ture o f  l arge-s c a l e  int erac t ion s 
b e tween · the ice , the oc ean , and the atmosphere , as  
deduc ed  from such data , i s  no t l ike ly  t o  be accurat e 
because o f  the inhomogene i ty o f  the ice  and the s trong 
c oupl ing be tween the dynamic s and thermodynamic s o f  
d i f ferent ice  types . W ind and wa t er s tre sses  g ive r i se 
t o  s trains wi th in the ice  tha t produc e open water and 
de formed ice .  W in ter leads are areas of intense ice  
produc t ion , turbu lent heat  loss , and s a l t i nput t o  the 
ocean ic mixed l ayer ; summer leads have a low albedo and 
admi t l a rge quant i t ies  o f  shortwave rad iat ion to the 
upper ocean , wh ich s trong l y  inf l uenc es the summer decay 
o f  the ice  pac k .  Thus , re l a t ive ly , smal l  areas o f  open 
water can have a maj or impac t on the reg iona l heat and 
mas s  ba lance . Al though exchange rates  de crease  rap idl y 
w i th increas ing ice  th i ckne s s , young ( <  1 m) ice  s t i l l  
loses  hea t much more rap i d l y  than perennia l ic e .  
Ca lculat ions ind icate  tha t  contr ibut i ons made by young 
i c e  t o  the regiona l ice  produc t ion and turbul en t  heat 
exchange are c omparab l e  t o  those made by open lead s .  
Clearly , variat ions in i c e  th ickne s s , n o t  j u s t  the 
average value , are import an t  thermodynamic a l l y .  

Much ac t iv i ty h a s  been devoted t o  mode l ing . Mode l 
s imul a t ion o f  dynamic s and thermodynamic s  o f  sea i c e  on 
spac e scales  of 100 km and t ime scales  o f  one day , such 
a s  those of AIDJEX , mer i t  part icular a t tent ion .  Mechan­
is t ic mode l s  feature vary ing ice rheo logy concept s ,  ic e 
th ickness , and gr id c onf i gura t i ons . The spa t ia l ly 
vary ing hea t-balanc e  s imu l a t ions have inc luded s impl e  
thermodynamic mode l s ,  mode l s  tha t a l s o  inc lude a 
cons t i tut ive law relat ing ic e de forma t ion and th icknes s 
t o  ice  s tre s s e s ,  and g l obal  s imul a t ions tha t c ouple a 
fu l l  a tmo spheric  c ircu l a t ion mode l t o  an oceanic 
c irc ulat ion mode l .  

Fe ature s o f  sea  ice  tha t  oc cur in na ture and might  
in terac t w i th na tura l or art i f ic ia l  s truc tures c an be  
d iv ided into  two broad c a tegor i e s : c onsol idated ic e 
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feature s , for wh ich informa t ion on the va rious 
c ons t i tut ive l aws descr i b ing the de forma t ion of a 
con t inuum is  needed , and unc ons o l ida ted aggrega tes  or 
fragment s  of  ice  o f  vari ous s izes , for wh ich the bulk 
propert ies  o f  the aggrega t e  are requ ired . 

On ly recent ly , as a c onsequenc e  o f  s tud ies  re lated  
t o  o f fshore resourc e  ex p l ora t ion , have quan t i tat ive 
observa t ions begun on the behav ior of the h igh ly de formed 
ice near the coas t of the Beau fort Sea . The l imited  data  
ava i l ab le s ugge s t , not  s urpr i s ing ly , tha t th i s  behav ior 
is c ommonly qui t e  d i f feren t from tha t  of the ice further  
out t o  s e a .  In s ome loc a t ions , there i s  l i t t le mot ion 
during much  of the winter , and the mot ions tha t  occur do 
so as  a ser i e s  of irregu lar "j erky" events . At o ther 
l oc a t ions , the pack moves s t ead i ly pas t the coas t and 
shows l arg e ,  eddy- l ike mot ions . 

Ic e scour , i c e  p i l e-ups , and ic e r id e-ups are maj or 
c oa s t a l  proc esses  c aused  by sea ic e .  Th e kee l  o f  
ground ed pres sure r idges produce s  ice  scour o f  oc ean­
b o t t om sed iment s .  Such ground ings p l ough deep gouges 
tha t c an reach a depth o f  severa l met er s . When ice 
p i l e-ups occ ur , the i c e  a l s o  grounds ,  and s a i l  he igh t s  
may be  pushed u p  t o  a n  impre s s ive 30  m o r  more . Major  
p il e-ups a l s o  oc cur on b each e s ;  a t  t imes ice  c an 
c omple te l y  override low i s l and s . Clear l y , p i l e-u ps can  
pre sent serious  thre a t s  t o  c oas t a l  c ommun i t ie s  and 
s true ture s . 

Rec ent c oa s t a l  ob s erv a t ions have reve a l ed extens ive 
fraz i l  ic e incorpora ted into  the s e a-ice c over in the 
Be au fort , Chukch i ,  and Ber i ng seas  in the Arc t ic ,  and 
e spec ial ly  in the Wedd e l l Sea o f  the Antarc t ic ,  where up 
to 70 perc ent of the sea ice has the s truc ture o f  
fraz i l . Th i s  form o f  ic e , s imilar  t o  tha t  formed i n  
t urbu lent r ivers , i s  charac teri zed b y  a d i f fere n t  
s tr uc ture , and presumab ly  d i f ferent propert ie s ,  from 
"norma l" sea  ic e .  Why it is more c o11111on in the Southern 
Oce an than in the Arc t ic is no t known . In add i t ion , 
s tud ies  have shown tha t l arge amount s  o f  f ine-gra ined 
sed imen t may be en tra ined into  a fraz i l-ice  cove r .  
Th es e  fac t s  have imp l i c a t ions for the h e a t  b a l anc e o f  
the ic e c over , for the thermodynamic s o f  ice  grow th ,  for 
the s tre ng th o f  the c over , for sed iment  transport 
ana lyse s ,  and , becau s e  of l i gh t a t tenuat ion , for the 
b io logic a l  regime in and b e l ow the ic e .  Fr az i l  ice  may 
a l s o  plug seawa t e r  in take s used  for wa ter  f l ood i ng and 
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for the ma intenance  o f  pres sure i n  pe tro leum res ervo ir s , 
s o  the c ond i t ions for i t s  forma t ion and d i sappearanc e 
need t o  be unders tood . 

Large  are as w i th in the seasona l sea- i c e  zone o f  the 
Sou thern Ocean are frequen t l y  free of sea ice during th e 
w inter . Th ese  po l ynyas are o f  two basic  types : the 
more c ommon coas t a l  po lynya s and the open-ocean po lyny a .  
Th e c oa s t a l  polynyas may be pr imari ly latent  heat 
feature s , in  wh ich ice i s  removed by  the wind as rap i d l y  
a s  i t  forms . Th e open-ocean po lynya is  more l ike ly to  
b e  a sens ib l e  hea t  po lynya , ma inta ined by oceanic hea t 
and trans fer mechanisms . 

W i th in the polynyas , the l ack o f  the insul at ing 
e f fec t o f  sea  i c e  a l lows for mas s ive hea t , water , and 
gas exchanges w i th the a tmosph ere . 

RESEARCH NEEDS--SEA ICE 

Sea- Ic e  Proc esses  

Informa t ion about  the  th i ckne s s  and  d i s tribu t ion of  se a 
ice  in b o th hemi sphere s i s  e s sent ial  for ice-c l imate  
s tudie s , ic e nav igat ion of  large oc ean-go ing ve ssel s ,  
des ign o f  o f fshore grave l i s l ands and cones , and p l ace­
men t  o f  underwa ter pipel ine s and cab le s . The role  o f  
ice-r i dge forma t ion,  ab l a t ion , fraz i l- ic e  growth , and 
me chan i c a l  eros ion in the annual  mas s  balanc e is large l y  
unknown. 

Rec ommendat ions 

H IGH PRIORI TY. Th e mechanisms and forc es 
a s s oc iated w i th the format ion o f  pres sure 
ridges and rubb le  p i l e s  and w i th i c e  r ide-up 
and pi l e-ue shou l d  be s tud ied . The degree o f  
c onso l idat �on of r idge s and rubb le  pi l e s  w i th 
t ime shou l d  b e  inve s t iga ted . 

HIGH PRIO RI TY .  An array o f  data  buoys shou ld  be 
ma inta ined in  the Arc t ic for a min imum of f ive 
years .  Th ey shou l d  measure not only po s i t ion, 
temperature , and pre s sure but  a l s o  o ther oc eano­
graph ic and a tmospheric  parame ters wherever 
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pos s ib le . An array o f  a ir-droppab le  buo�s 
shou l d  a l s o  be  d eployed in the seasona l 1 c e  o f  
the Sou thern Oc ean t o  monitor pres sure , 
t empera t ure , and ice  movement . Such data  
are needed to  conf irm and quant i fy the 
d ivergent nature of the An tarc t ic pack ic e and 
to es t ima te  regional  rates  o f  ice  produc t io n ,  
s a l t  rejec t ion, and turbu lent hea t  exchange 
w i th the atmo sphere . Da t a  from s tud ie s � oul d 
be  appl ied t o  the deve l opment , mod i f ic a t ion, 
and ver i f i c a t ion o f  nume r ic a l  a ir/se a-ic e/oc ean 
mode l s .  

PRIORI TY. Th e  data  
and  ver i f i c a t ion in 

marg1nal  1 c e  zone shou l d  be  s ou ght . The s e  data  
shou ld  inc lude measurement s  of  i c e  dri f t ,  
grow th , and dec ay,  i c e  pu lver izat ion b y  wave s 
and transport by wind ,  and var i a t ions i n  a tmos­
pheric  and  ocean i c  f luxe s near  the ic e edge . 

PRIORI TY . Th e  r o l e  o f  fraz i l  ic e in the growth 
o f  sea  ic e and i t s  e f fec t on the exchange o f  
heat  b e tween a tmosphere and ocean shoul d  be  
eva luated , e spec ial ly in  the Sou thern Ocea n . 

PRIORI TY. Th e oc eanic and a tmospheric  proc e s ses  
leading t o  the gener a t i on and ma intenanc e o f  
po lynyas shou l d  be  re s olved , and the ro l e  o f  
po lynya s in r e l a t i on t o  c l ima t ic and ec o l ogic a l  
sys tems shou ld  be s tud ied . 

Ic e Load s  on S truc ture s 

Be t ter under s tand ing o f  i c e  l oads and the interac t ion 
be tween  ic e and man-made s truc ture s is u rgent l y  neede d 
t o  fac i l i t a t e  expl ora t ion , produc t ion , and transport a t ion 
o f  o i l  and gas  on the cont inent a l  she lve s o f  the Arc t ic .  
Be t ter charac ter i z a t ions are required o f  the ice  env iron­
men t , the me chan ic a l  propert i e s  o f  the ice  c over , and the 
f a i lure modes o f  ice  aga ins t d i f ferent types o f  o f fshore 
s truc ture s .  

-70-

Copyright © National Academy of Sciences. All rights reserved.

Snow and Ice Research:  An Assessment
http://www.nap.edu/catalog.php?record_id=19449

http://www.nap.edu/catalog.php?record_id=19449


Recommendat ions  

H IGH PRIORI TY . Sys temat ic sma l l- s c a l e  
laboratory tes t s  shou l d  be  performe d  t o  
determ ine t h e  mechanic a l  propert ies o f  sea ice 
and to deve l op sui tab le  cons t i tut ive l aws . 
Emph a s i s  shou ld  be  pl aced on unders tand ing the 
phys ic a l  proc e s s e s  con tro l l ing the me chanica l 
propert ies  o f  ice . A l imited number o f  large­
sc a l e  ic e-s trength tes t s  are a l s o  needed t o  
determ ine appropr i a t e  s c a l ing fac tors for the 
sma l l-sc a l e  s trength da t a .  

H IGH PRIORI TY .  Because much o f  our 
unders tand ing o f  the l a rge-s c a l e  mechanica l 
propert ies  o f  the  ice  c over and ice-s truc ture 
interac t ion wi l l  be der ived from mode l  te s t s  in 
ice bas ins,  e f fort s t o  deve l op a proper ly scal ed 
mode l of the ice c over shou l d  be  c ont inued . 

PRIORI TY .  Th e  fate and e f fec t s  o f  o i l  spi l l s  
and po l lutants  are cruc ia l a spec t s  o f  o f fshore 
pe tro leum deve l opment;  there fore , re search 
shou l d  be undertaken on the movement  of po l l u­
tants in and under the ic e ,  the detec t ion o f  
oi l under ic e ,  the d i spers ion of o i l  in  wa ter s 
w i th f loat ing ic e ,  and the pre d ic tion o f  
trajec tories  of  o i l-spi l l  movement s .  

PRIORI TY. Regiona l ,  l ong-t erm s tat i s t ic s  
shou l d  be  c ompi l ed on the geome try and 
occurrenc e o f  f ir s t-year pre s sure r i dge s and 
rubb l e  f i e l d s , shore ice pi l e-ups and r id e-ups ,  
mul t iyear pre ss ure r i dge s ,  and i c e  i s land 
fragment s .  ( More de t a i led  recommendat ions 
appear in the report o f  the Mar ine Board ' s  
Pane l on Se a Ic e Mechan i c s  ( 19 8 1 ) } . 

Float ing Ic e  and C l imate  

Fur ther und er s t and ing o f  the  g loba l c l ima te  sys tem 
requ ire s be t ter knowledge of the ver t ic a l  f l uxes be tween 
a ir ,  ice , and wa ter ; the horizon t a l  heat and momentum 
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f luxe s , inc l ud ing ic e advec t i on and var ious mechani sms  
of  wa ter c irc u l a t ion;  proc esses  o f  ice  growth and  decay , 
e spec ia l l y  in the ma rg ina l ice  zone ; ways in wh ich 
remote- s ens ing tech n iques c an be bet ter u s ed to  mon i tor 
ice vari a t ions in t ime and spac e ;  and ways in wh ich 
numer i c a l  mode l s  c an be u s ed to  tes t the coupled hydro­
dynamic , thermodynamic , and cons t i tut ive approx imat ions 
to  the bas ic phy s ic s  of the a ir ,  wa ter , and ice  sys tems . 
Thes e  research needs  are a l s o  d i scus sed  in The Po lar 
Regions and C l ima t ic Change ( Commi t tee on the Ro le  o f  
the Po lar  Regions i n  Cl ima t ic Change , i n  pres s )  and in a 
new re port i s sued by the Wor ld  Me teorolog i c a l  
Organizat ion ( 198 2 ) . 

Rec ommend a t ions 

HIGH PRIORI TY .  Th e fu l l  potent ia l  o f  remo te­
s ens ing t e chnique s for de termining l a rge-s c a l e  
sea- ic e  c ond i t i ons  ( extent , c onc entra t i on ,  
th i ckne s s )  shou l d  b e  implemented  t o  a ch ieve 
max imum r esolu t ion and min imum turnaround t ime 
for data  proc e s s ing and d i s tribut ion t o  user s . 

H IGH PRIORI TY .  Coupled  sea- ice/oc ean/ a tmosph ere 
mode l s  tha t  inc o rpora t e  the essent i a l  phys ic s 
o f  i c e  and oc ean proc e s s e s ,  sma l l-s c a l e  heat  
and mas s  trans fer from lead s , and low-leve l 
c louds shou ld  be deve l oped . Espec i a l ly needed 
is a s impl e  se a-ic e mode l that  inc orporates  
s u f f ic ient phy s ic s  t o  repre sent the e s sen t ia l  
int erac t ive a spec t s  o f  long-t erm c l ima te  
s imu l a t ions . 

PRIORI TY : A c omprehens ive oc ean/ a tmosphere/ i c e  
in terac t ive s tudy in the ma rgina l ic e zone and 
re la ted feature s ,  such as  l e a d s  and po lynyas in 
the polar  pa ck ,  shou l d  b e  und ertake n ,  wi th 
spec ial  a t tent ion to  the  proc e s s e s  t h a t  c ontr o l  
the l oc a t ion o f  the s e a-ice  edge and the 
a s soc iated oc ean-a tmosph ere feedback s .  

PRIORITY . The c l ima t ic c onsequenc e s  o f  the 
interac t ion o f  fre shwa ter and seawater on the 
Arc t ic she l f  shou l d  b e  inve s t iga ted . 
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PRIO RITY . The ro le  o f  fraz i l  ic e may be cruc ia l 
t o  the energy ba l anc e o f  An tarc t i c  sea ice , and 
a sys tema t ic ana lys i s  o f  i t s  occurrence , in bo th 
hori zon t a l  and vert ical  d imens ions , i s  needed . 

RE SEARCH ON RI VER AND LAKE ICE 

River Ic e  

Fraz i l  ice , anchor ic e ,  and au fe i s  are typ i c a l  i c e  forms 
a s soc iated w i th moving wa ter in c o l d  c l ima tes . Fr az i l­
ic e crys tal s charac ter i s t ic a l ly are sma l l  d i s c s  measuring 
up t o  11t1 4 mm in d iamet er and 2 5- 100 lJm in th icknes s .  
Anchor ice  a l s o  forms i n  superc oo l ed wa t er ,  probab ly by 
depos i t ion and adhes ion o f  fraz i l- i c e  cry s ta l s  to the 
r iver bot tom and obs t ac l e s  in the r iver flow. Au fe i s  
growth i s  c aused b y  t h e  freez ing o f  a n  overf l ow o f  r iver 
wa t e r  on a cont inuou s ice cover .  

Pro gre s s  t oward the under s t and ing o f  dynamic s o f  
r iver ic e has been uneven s inc e the 19 70  Survey . 

A quant i tat ive under s t and ing o f  the format ion,  
grow th , and dec ay of r iver ice  requ ires careful measure­
me n t s  o f  the thermal reg ime of a r iver . S tud ies o f  the 
t emperature h is tory o f  s treams during fraz i l  even t s  have 
been used to  a s s e s s  the rate  of ice forma t ion and 
sub sequen t concentrat ion o f  fraz i l  ice . Measurements  o f  
s uperc ool ing in  f l owing wa ter have shown tha t  i t  i s  a t  
mos t  a few tenth s  o f  a de gree . Mas s-exchange mechan isms 
at the wa ter surface have been proposed to  expl a in 
nuc leat ion of fraz i l  ice w i th sma l l  supercool ing . 
Qu a l i t a t ive descr i pt ions o f  the evo lut ion o f  fraz i l  ice  
from d i s c s t o  floe s , pans , and  f loe s are ava i l able , bu t 
the  thermodynamic s and dynamic forc e s  under ly ing th i s  
evo lu t ion are l a rge ly  unknown . A me chan i sm for th e 
mul t ipl icat ion o f  i c e  nuc le i through "c o l l i s ion breed ing" 
h a s  been ident i fied  in s treams . 

Al though mos t  ana lyses  o f  the r iver therma l reg ime 
make u s e  o f  s tandard procedure s for asses s i ng the surfac e 
heat exch ange , recent research sugge s t s  tha t the ne t 
s u r fac e heat  l o s s  in turbu lent wa ter  i s  underes t ima te d 
by mos t  mode l s ,  emph a s iz ing a need for research into th e 
bas i c  phys ic s o f  mas s  and heat tran sport a t  the wa ter­
a ir int erfac e .  

Th e year-round ma intenanc e o f  o pen wa ter i s  
es sent i a l  i n  c ert a in river reache s for sh ip  o r  barge 
pas sage or for hydroe lec tr i c  fac i l ity  headwater s .  
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However , a so l id ic e c over i s  nec e s s ary a t  trad it iona l 
Ar c t ic r iver cross ings and ups tre am o f  hydroe lec tr i c  
fac i l i t ie s  to  minimi ze fraz i l -ice  depos i t ion o n  trash 
rack s and f l ow ga t e s .  Th ere fore , there is in tere s t  in 
th e deve lopmen t  of c r i t eria  for the ma intenance of 
open-wa ter or i c e-c overe d are a s . S tudies  of art i f ic i a l  
me thod s for ma in t a ining open wa ter  have examined the 
e f fec t ivene s s  o f  buoyant d i s charg e s , inc lud ing bubb ler  
sys tems and wa rm wa ter d i s charge s . Other more bas ic 
s tudies  de f ine cr i t ic a l  c omb ina t ions of wa ter t empera ture 
and surfac e ve l oc i ty for the ma int enanc e o f  open wa ter  
or  sugge s t  c r i t er i a  for  the  evo lut ion o f  a we l l-m ixed 
fraz i l -ic e-laden f l ow into  a s tra t i fied  two-layer flow.  

Mos t  s tud ies  of  the hydrau l ic re s is tanc e o f  r iver 
ice have invo lved d e t e rmina t ion of the ic e-c over rough­
nes s c oe f f ic ient ( u s ua l ly Mannings , Ch ezy , or rough ne s s  
leng th sca l e) . There i s  some ev idenc e tha t  hydrau l ic 
re s is tanc e i s  s trong ly  r e l a t ed to  fraz i l- ice  c onc en­
tra t ion . De t erminat ion o f  the rou ghne s s  c oe f f ic ient i s  
import ant for the c a l c u l a t ion o f  backwa ter curve s w i th 
an ice  c over and the eva luat ion o f  pos s ib l e  f l ood i ng . 

Fr az i l  ice  i s  produced in l arge quant i t ie s  in rap ids  
or o ther open-wa t e r  areas  and  subs equent ly depos i ted 
downs tre am on the under s ide of an  ice  c over . Th e fraz i l  
i c e  may b e  carried  t o  c ons iderab l e  dep th and depos i ted 
in quan t ity  su f f ic ient to j am the r iver and c ause 
f lood ing . Pred ic t ive mode l s  for the depos it ion o f  fra z i l 
ice  have been dev i s ed , but  f i e l d  measurements  are few. 

Al s o  l ack ing are f i e l d  measuremen t s  of c on tro l l ing 
parame ters  in the forma t ion , growth , and breakup o f  ice 
j ams . Ana lys i s  has  conc e n trated  on theore t ic a l  and 
l abora tory mode l ing o f  ice  j ams . Froude-number c r i teria  
for  the de po s i t ion o f  ic e be l ow an ic e c over and  for  the 
l imit  o f  ups tre am progre s s ion of an ice c over by juxta­
pos it ion have been dev i sed . The la tter c r i t er i on mi gh t  
be  u s e fu l  for the de term ina t ion o f  max imum wa ter depth 
occur r i ng dur i ng an i c e  j am .  In i t iat ion o f  the fu l l­
w id th ice  c over beg ins a t  c r i t ical  sec t i on s  where the 
ice f l oe s  f ir s t a rch  or b r idge the river . The se 
proce s s e s  have been s tud ied recent ly w i th labora tory 
mode l s .  Ana lys i s  o f  s o-c a l led  wide r iver ic e j ams , i n  
wh ich the forc e o f  the i c e  f l oe s  i s  transmit ted through 
th e c over by shov ing , c a l l s  for the determinat ion o f  the 
interna l fri c t ion o f  the j am ,  a parame ter tha t  may no t 
be read i l y modeled  in the l aborat ory . There i s  ev idenc e 
tha t  breakup o f  r iver i c e  may be s trong ly l inked t o  the 
hy drau l ic trans ien t s  in the r iver sys t em ,  inc lud i ng the 
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ra te  o f  rise , t o t a l  r i s e , ice  th i cknes s ,  and ic e 
s tre ng th .  Power c ompan ies  are c onc erned about the 
dynamic s o f  the breakup o f  river ic e bec aus e o f  the 
re l a t ionsh ip  to  peak ing procedure s and ic e-c over s tab i l i­
z a t ion downs tream from power plant s .  

Qu a l i ta t ive descr i p t ions o f  the forma t ion and growth 
o f  a nchor ic e by adhe s ion o f  fraz i l- ic e  part ic les  to  
obs tac les  in the  r iver have been  ava i l ab le for  some t ime , 
bu t  there i s  l i t t le quant i t a t ive informa t ion about anchor 
ice . How it forms is s t i l l  in doub t , and e f fec t s  on the 
thermal and hydrolog ic reg imes of a r iver are unknown . 

Rec ent numer i c a l-mode l ing e f fort s for pre d ic t ion o f  
river- i c e  c ond i t ions have re l ied heav i ly o n  the Froud e­
number cri ter i a  for ice  j ams , emp ir i c a l  re l a t ions for ice  
rou ghnes s , and  surfac e-hea t-los s c a l ibrat ions . Unfort­
una t e ly , severa l  of these mode l s  have been inc luded in 
pro prietary s tud ie s ,  thus ver i f ic a t ion is  impos s ib l e .  

Th e  v i scou s  and adh e s ive propert ies o f  fraz i l- l aden 
f lows are part icu larly  re l evant to the des i gn of c oo l ing­
wa ter intakes , hydroe lec tr i c  pro j ec t  tra sh rack s , and 
o ther r iver s truc ture s .  S i gn i f icant  d i f ferenc e s  have 
been observed in adh e s ive bond ing be tween fre shwa ter and 
s a l twater fraz i l-ice s lurries  grown in the labora t ory .  

Remote sens ing o f fers another me thod for observa t ion 
and a s s e s smen t  of propert ies  and charac t eris t ic s  of river 
i c e . Vi sual and infr ared imagery have been used to  
document fraz i l- and bras h-ic e accumulat ion s ;  phot o­
graph ic surveys and LANDSAT images o f  r ivers dur i ng 
freez e-up have been used to  de termine cr i t ic a l  s ec t ion s 
where ice  j am forma t ion c ommenc e s .  

Lake Ic e 

A recent rev iew on northern l ake mode l ing l i s t s  only two 
lake mode l s  tha t  inc l ude the e f fec t s  of snow and ice , 
and nei ther o f  these mode l s  pre sents  compar isons with 
f i e l d da t a  dur ing ice  c ond i t ions . The dearth o f  
re s earch into dynamic s o f  l ake i c e  contr a s t s  sharp ly  
wi th recent  s i gn i f icant  advanc e s  in unders tand i ng the 
hydrodynamic s and thermodynami c s  o f  lakes and res ervoirs  
in more tempera t e  reg ions . These  advanc e s  are potent ia l­
l y  appl icab l e  to  s tud ies  o f  l ake ice . 

Rec ent  progre s s  in  re search on lake ic e ha s 
c onc entr a ted on remo te-s ens ing me thod s ,  thermodynamic s 
o f  ic e format ion , and the prob l ems o f  ice interac t ion s 
w i th s truc ture s .  Severa l surfac e-hea t-exch ange formu la e 
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f or open-water surfac e s  y i e l d  re a l i s t ic mode l s  o f  surface 
hea t  losse s during c a lm day s . Other s tud ies  re levan t to 
the l ake therma l b a l anc e inc lude me asurements  o f  heat  
f lux from the  bot tom sed iment  and the  deve lopmen t  of  
c onvec t ive boundary currents  due to the  sed iment heat  
flow.  The growth of  s t a t ic ice  c overs  in  lake s i s  
usua l ly de term ined by degr e e- d ay me thods based o n  the 
Ste fan mode l .  Efforts  to  improve the de gre e-day 
formu lat ion have c entered on emp ir i c a l  correc t ions to 
de gre e-day coe ffic ient s .  The c l ima t ic e f fec t s  of a 
l arg e i c e  c over on nearby reg ions are jus t beg inn ing to 
rec e ive  a t tent ion .  

LANDSAT imagery has  been  used to  de term ine the  
extent  of  ice c over and  s now c over and  to s tudy th e 
b reakup o f r iver and l ake ic e .  Ic e qua l i ty can a l so be  
assessed  by v i sua l and i n frared imagery . A new deve l o p­
ment i s  the use  o f  radar techn iques for measur ing ice  
th icknes s e s  in l akes wi th known ba thyme try . 

Th e  c ons truc t ion o f  l arg e re servoirs  a t  hydroelec tric 
fac i l i t y  s i te s  poses  a number  of sc ient i f ic pro b l em s . 
Th e therma l reg ime in th e re s ervo ir i s  c r i t ic a l  for 
downs tream wa ter qua l i t y  and tempera ture , fac tors 
import ant t o  l oc a l  f i sher i e s .  Ic e-c over forma t ion on 
the  reservo ir can  c ause  damage t o  fac i l i ty s truc ture s by 
the  expans ion o f  the ice  shee t or by ice  overr ide during 
s evere wind episode s . Pumped s torage fac i l i t ie s , 
charac teri zed by h i gh wa ter- e xchange rates  to  t emporary 
s t orage basins , are part icu l a r l y  prone t o  s evere ice  
prob lems . A few s i te-s pec i f ic eng ineering techn ique s 
have b een a ppl ied  t o  the s e  ice  prob l ems a t  hy droe lec tric 
s ites , but  fundament a l  que s t ions  regard ing fre shwa ter 
ice s tre ng th and a dhe s ive propert ie s are s t i l l 
unanswered .  

A s er i e s  o f  part icularly  c o l d  w inters i n  the U . S .  
northern t ier s t a t e s  drew a t tent ion t o  the ma intenanc e 
o f  open-wa ter channe l s  for s h i p  and barge  pas sage on 
l a rge l ake s and r iver s . " Re f i l l "  proc e s s e s  in  the wake 
o f  sh ips h ave been sub j ec t s  o f  recent eng ineer ing 
resea rch . 

RESEARCH  NEEDS- -RI VER AND LAKE ICE 

There i s  a cr i t ic a l  need for research re levant t o  
fre shwa ter ice  hazard s .  Prob lems inc lude i c e  j ams , 
f lood ing , eros ion , ic e int erac t ions wi th b r idge s ,  p i er s ,  
and shore front pro pert y ,  the e f fec t s  on impounded and 
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downs tream wa ter temperature and qual i ty from 
c ons truc t ion o f  hy dr o e l ec tr i c  reservo ir s in arc t ic 
reg i on s , and s h i p  and ba rge tra f f ic in ic e-c overed lake s 
and r iver s .  

Rec ommenda t ions 

H IGH PRIORI TY .  F i e l d  s tud ies and ob serva t iona l 
programs should  be undertaken to document  the 
loc a t ions , s tab i l i ty,  and mech an ics  o f  ice j ams 
and the re su l t ing change s in river s tage .  
Inves t iga t ions of both fraz i l-ice  jams , c ommonly 
formed du ring free z e-up , and o f  large-s c a l e  ic e 
jams , formed dur ing bre akup, shou ld  be under­
take n .  Quant ita t ive theore tic a l  mode l s  shou ld  
be  deve l oped of breakup progre s s ion, the 
dynamic s  o f  moving ic e front s ,  proce s s e s  o f  
pre s sure- and sheer-r idge forma t ion, large f loe 
deve lopment , and the hydrodynamic s o f  two-phase 
fraz i l - i c e- l aden f l ow.  

PRIORITY . A mod e l  for  a s s e s sment  of  wat er 
qua l i ty in north ern l akes and reservo ir s shou ld 
be  deve l oped . The mod e l  shou l d  inc lude the 
c oupled e f fec ts  o f  thermodynamic , hydrodynamic , 
and mas s -exchange mechanisms at the water 
surfac e and therma l regime under an i c e  c over . 

PRIORITY . Labora t ory mode l s tud ies  shou l d  b e  
under t aken to  t e s t  theore t ic a l  deve l opmen t s  i n  
the ana lys i s  o f  ic e j ams . The s e  shou ld inc lude 
the e f fec t s  of hydr aul ic trans ients  on the 
s tab i l i ty o f  an ice  c over , la tera l ic e grow th , 
ice transport beneath an i c e  c over , and the 
change s in the me chan ic a l  propert ies  of  ice a t  
the me l t ing po int . 

PRIO RITY . Stud ie s  o f  "re f i l l"  proc e s s e s  i n  
channe l s  made by ice bre akers shou ld  be 
und e rtaken t o  gu ide the deve lopment  o f  s h ipping 
in northern lakes and r ivers . 

PRIO RI TY . Other research as soc iated wi th 
ice-c overed rivers shou ld  deal  w i th sed iment 
transport and scour proc e s s e s  dur ing freez e-up 
and breakup and changes in bed form reg ime and 
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w i th po l lutant  mix ing and transport under  ic e 
c over s .  

PRIORI TY .  To fac i l i ta t e  deve lopment  of  a mode l  
for northern lakes  and reservo ir s ,  f i e l d  inve s­
t iga t ions shou ld  be undert aken of s tr a t i f ic a t ion 
e f fec t s  unde r  an ice  cover , hea t  f lux budge t s  
a t  the bot tom o f  l ake s ,  part icularly in 
perma fros t are a s , and drawdown o f  ice  covers o n  
re servo ir s .  

RESEARCH ON ICEBERGS 

Al though iceb ergs are  d er ived from g l ac iers  by c a lv ing , 
they f loat  in the wor l d ' s  oceans , may be as soc ia ted w i th 
s e a  ice , and may present  f l oa t ing hazard s  to  ve s s e l s  and 
s truc ture s .  Th ere fore , ic ebergs are c overed in th i s  
chapter ; the iceb erg c a lving proc e s s e s  a r e  d iscussed  i n  
Chapter 6 , Sec t ion on "En ergy B a l anc e , "  subsec t ion 
"Ca lv ing Proc e s s e s . "  

Two qu i t e  d i fferent types o f  ic ebergs  ex i s t :  huge 
tabu lar iceb ergs , o f ten mea suring k i lome t e r s  in 
hor i z on t a l  exten t , tha t are derived from ic e she lve s in 
Anta rc t ic a  and north ern E l l e smere Is lan d ;  and b locky 
icebergs , rang ing in s ize  from a few me ters to a 
k i l ome t e r  or  s o  in grea t e s t d imens ion ,  tha t  are  der ive d 
from ou t le t  g l ac iers in Gre enl and , Al aska , and many o th er 
are a s . Tabu l a r  iceb ergs from El l e smere I s l and are known 
a s  ice  i s l ands in the Arc t ic Oc ean .  There i s  c urren t ly 
some int ere s t in the Antarc t ic tabu lar  iceb ergs as  
pos s ib l e  s ourc es o f  fre shwa ter supply  for  coas t a l  d e s er t  
regions . 

Th e  ma in impac t o f  icebergs on soc iety i s  tha t  they 
can b e  f loa t i ng hazards  to  ves s e l  tra f f i c  and t o  f ixed 
ins ta l la t ions s uch as dr i l l ing p l a t forms and p i pe l ines 
on the seabed . Mos t  of the d irec t hazard is due to  
b locky ic ebergs derived from Greenland ou t le t  g l ac ier s .  
The s e  iceb ergs tend to  move c ount e rc lockw i s e  around 
Ba f f in Bay ,  then to dr i f t south in the Labrador Current  
where they  may approach o f fshore o i l  and  gas ins ta l l a­
t ions , or dr i f t further s ou th and eas t into the North 
At l ant ic  s te amer lane s . Iceb ergs may produc e loc a l  
prob lems . in many o ther  north ern wa ter s , such a s  the 
Va lde z Arm , Alaska . 
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Research prob l ems c onnec ted with  iceb ergs inc lud e 
the d i f ficul ty o f  d e t ec t ion and measurement ,  espec ial ly 
of  underwa t er shape ;  pred ic t ion of dri f t  tra j ec torie s ,  
wh ich depend on wind , wa ter c urren t s , Cor i o l i s  forc e ,  
and the eve r-chang ing shape o f  the iceberg due to 
me l t ing , ro t a t ion ,  or bre akup ; t owing charac teri s t ics ; 
and me chan ic a l  propert ie s , inc lud ing ic e s treng th 
pro f i l e s , wh ich may be import ant to pre d i c t ing breakup 
or the c onsequenc e s  of impac t on a man-made s truc ture . 

Rec ommendat ion 

H IGH PRIORI TY .  Re search shou l d  b e  cont inued on 
the remot e  detec t ion o f  iceb ergs and the mapping 
o f  the ir shape s  us ing ac ous t ic ,  radar, or o ther 
type s  o f  ins trument s as  we l l  a s  o n  the u s e  o f  
the s e  data  for the mode l ing o f  natural iceberg 
dr i f t  and for the ir  dr i f t  under towing forc e s . 
Re search is  needed on ab lat ion rates  o f  icebergs 
and on ways tha t ab lat ion a f fe c t s  the hydro­
dynamic and mechanic a l  s tab i l i ty o f  icebergs . 

OTHER RESEARCH O BJECTI VE S :  ICE FORMAT ION ,  GROWTH , 
AND DECAY 

Es t imat e s  o f  the he a t  energy f luxe s over the pack ic e 
are re lat ive ly few and unre l iab le , part icularly in the 
An t a rc t ic ; various mode l s  have suppl ied  data  in the 
abs ence of ac tua l f ield  observa t ions . Dynamic and 
thermodynam ic proc e s s e s  in lead s and at the ice  edge are 
e spec ia l ly import ant for the unders tand ing of Arc t ic and 
Ant a rc t ic hea t and mas s  budge t s .  The se  proc e s s e s  are 
c ompl icated by ice  movement , changes  in sa l in i ty 
s truc ture wi th s ummer me l twater  or w i th winter b r ine  
re j ec t ion , i c e  th ickne s s , waves ,  c urren t s , and 
mechan ica l  eros ion . 

Th ere are a l so fundamental  unanswered ques t ions 
c oncerning mas s  and hea t tran sport at the interfac e  
be tween turbu len t  fre sh wa t er and the a tmosphere . Th e  
e f fec t s  o f  fraz i l-ic e  c ry s t a l s  o n  the turbu lent  intens ity  
and the  mechani sms a s s oc iated w i th flocculat ion and 
adhe s ion of fraz i l  ice  shou l d  be expl ored . 
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Reconunendat ions 

H IGH PRIORI TY. Re search on fre shwa ter ice 
shou l d  focu s  on hea t- and mas s-exchange 
mechanisms at the turbu lent wa ter surfac e ,  
sec ondary nuc leat ion dur ing freez e-up , and 
me l t ing ra tes  and rad i a t ion ba lanc es  dur ing 
breakup . These  s tud i e s  shou ld inc lude the 
therma l regime o f  the wa ter  dur ing freeze-up and 
b reakup and the charac teri s t i c s  o f  the fra z i l  
i c e ,  e spec ia l ly adh e s ion, dur ing i t s  forma t ion, 
evo lu t ion , and f l oc cu l a t ion . Fie ld  inve s t i­
gat ions shou l d  be emphas ized . 

HIGH PRIO RITY . Re se a rc h  on sea  ic e shou ld  b e  
d irec ted to  measuremen t s  o f  i c e  growth , dri ft , 
and dec ay and t o  int erac t ions o f  ice  w i th the 
thermoha line s truc ture in the marg ina l ice  
z one . These  s tud i e s  shou ld  inc lude a winter 
l ead exper imen t on fre ez ing proc e s ses ,  
c onvec t ion , and  ha l ine-driven c ircu l a t ions and 
a tmospheric  fluxe s and  a s ummer f ie l d  exper i­
men t  to measure ice  me l t ing ra te , rad iat ion 
ba lanc e s ,  and the s truc ture of th e pyc noc l ine . 

PRIORITY . Other researc h  on freshwa ter ice  
should  inc lude s tud i e s  o f  growth o f  aufe i s ,  the 
forma t i on o f  anchor ice , and the growth o f  
l a tera l i c e  c over ( e . g . , border i c e  growth ) . 
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6 
Research on Glaciers 

S inc e Po l ar Re searc h - A Survey was pub l i shed in 1970 , 
more spec ia l ized documen t s  on Ant a rc t ic glac iology 
( Pane l on Gl ac i o l ogy 19 74 ) , on g l ac ier and ice- sheet 
s l id ing ( Ad Hoc S t udy Group on G lac ier and Ice Shee t  
S l id ing 1 9 7 6 ) , and on the program p l an for the Gre enl and 
Ic e Shee t Pro jec t ( G I SP )  have rev iewed and expanded i t s  
recommenda t ions . Neverthe les s ,  a reappr a i s a l  o f  the 
broad l ines  to be  fo l lowed i n  glac io log ic a l  re search i s  
bes t made b y  comparing the 12-y ear-o ld rec ommendat ions 
wi th the resu l t s  they have produc ed over the int erven ing 
year s .  

GLAC IER SURG ING AND SLIDING 

In rega rd to  gl ac i er s , the 19 70  Survey gave top pr iori ty 
t o  the prob lems of surges  and the s l id ing of a glac ier 
on i t s  bed . Some of the spec i f ic  recommenda t ions have 
been me t .  F i e ld s tud i e s  of Va r i egated and B l ack Rap ids 
g l ac ier s ,  bo th expec ted to surge i n  the 198 0s , are in 
pro gre s s ;  in  fac t , the surg e  phase  of Va r i egated Gl ac ier 
appear s a l ready to  have s ta rted . S tud ies  on Va r iegate d 
G l ac ier are extens ive and mee t  many o f  the rec ommen­
d a t ions for measuremen t s : surfac e mot ion and geome t ry 
and the ir ch ange w i th t ime , tempera ture , wa ter d i scharg e  
at  the t erminu s , wa ter pre s sure under the g l ac ier , and 
b a s al s l id ing . Bo th g l ac iers were found to  be tempera te , 
and the s t udy o f  the ir mo t ion ind icates  tha t  wa ter in  and 
b e l ow the g l ac ier mus t  play  a key ro l e  in the t r i gger ing 
o f  s urge s .  

Oth er re c ommendat ions have been part ia l l y me t .  
Cyc l ic f l ow reg imes have been s imu l a ted  in general  acc o rd 
w i th the observed ch arac ter i s t i c s  o f  s ever a l  surg ing 
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g lac iers by u s ing a s impl e  mod e l  w i th a s ing le  adjus table  
"lubricat ion fa c tor' '  to parame terize  the water  produced  
by fri c t ion at  the  base  o f  a g l ac ier . Al though gre a t ly 
s impl i fy ing the phys ica l s it ua t ion , th i s  mod e l  ana lys i s  
s ugge s t s  that  period ic surg ing re pre sents  an intermed iate  
mode be tween norma l de forma t ion flow and  s t eady fas t 
s l i d ing . Th e  role  o f  wa ter from the g l ac ier surfac e a s  
a pos s ib l e  tr igger  o f  surges remains  unc lear , and there 
is  no t  yet a s ing l e  agreed- on theore t ic a l  mod e l  for the 
s l iding of a g l ac ier  on its bed . The c are fu l s tudy o f  
t h e  dynamic s o f  quiescen t  surg e- type g l ac ier s h a s  ra i sed 
bas ic ques t ions about  the dynamic s o f  norma l tempera te 
g lac ier s .  Th e  pos s ib i l i ty o f  surg e s  wi th in the very 
la rge ice  s h ee t s  rema ins . Ano ther unan swered que s t ion 
c onc erns the explana t ion o f  the nonrandom geograph ic 
d is tribu t ion of surging g lac ier s . 

From our pre sent  per spec t ive , i t  appears that the 
re la t ive importanc e of surg ing v i s -a-v i s  the s l id ing o f  
a g l ac ier on i t s  bed  wa s reversed in the 1 9 7 0  Survey . 
I t  i s  c l ear  tha t the me chan ic s o f  the c oupl i ng o f  the 
g lac ier or i c e  shee t t o  i t s  bed i s  the c entr a l  unso lved 
prob l em in the  f ie l d  of g lac ier dynamic s .  Al though 
several  theore t ic a l  mode l s  o f  s l iding ex i s t ,  as  they d id 
10 years  ago , none i s  genera l ly accepted as  quant i t a t ive­
ly  appl icab le  to r e a l  g l ac ier s .  Ob serva t ions sugge s t  
tha t  bed separa t ion i s  a n  important fac tor in  s l i d i ng 
and tha t  i t  i s  infl uenc ed by hydr au l ic c ond i t ions a t  the 
bed . There is a grow ing rec ogn i t ion of the importanc e  
o f  b a s a l  rock debr i s  and rock- t o-rock fr i c t ion i n  the 
s l iding proc es s .  Al though there has been progre s s  in 
the las t decade , much research  is  needed be fore de pend­
a b l e  mode l s  o f  s l id i ng c an be a ch ieved . 

Gl ac iers  are c ompl i c a ted dynamic sys tems tha t  respond 
to va r i a t ion s in the ir boundary cond i t ions . Al though it  
i s  known tha t  mo t ion occurs  by a c omb ina t ion o f  interna l 
de forma t ion and bas a l  s l id i ng ,  the rat e s  o f  ne i ther 
pro c e s s  c an be pre d ic ted w i th c onf idenc e .  Th e interna l 
de forma t ion i s  a f fec ted  by var ia t ion s o f  s truc ture and 
t empera ture w i th depth . Th e s e  var i a t ions have been 
examined by c ore dr i l l ing a t  a l imited  number o f  
locat ions , and labora tory and f ie ld obs erva t ions have 
prov ided some i nforma t ion abou t the e f fec t of texture , 
fabri c , and impur i ty content on the f l ow law o f  ic e ,  but  
the ir inf luenc e on the  flow l aw s t i l l  has  not  been 
q uan t i f ied . Mos t  serious  is  the l ack o f  phy s ic a l  under­
s tand ing of the bas a l  s l id ing proc e s s  and a prac t ic a l  and 
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e f fec t ive obs ervat iona l means t o  s t udy i t . Often i t  i s  
feas ible  t o  e s tab l ish basal  tempera ture s ,  wh ich woul d 
de t ermine where s l iding cou ld  take plac e . To under s t and 
the s l id ing proc e s s , however ,  it wi l l  be nec essary to 
make  de t a i l ed observat ions of the s truc ture o f  the basa l 
z one and the phy s ic a l  proc e s s e s  ac t ing there by any 
d irec t  or ind irec t means pos s ib l e .  

The dr i l l ing o f  deep holes  i n  the ic e i s  as  import ant  
for  s tudy ing ice  dynamic s a s  i t  i s  for  s t udy ing paleo­
c l ima tes . Th e  d i f ficu l ty and expense invo lved in 
dr i l l ing ic e-core hole s , part icularly  dee p ho les  on ic e 
she e t s , makes i t  e s sent ial  that fu l l  advantage be taken 
o f  each hole , i nc lud ing c omp l e t ion of a ful l s e t  of  
mea suremen ts  on  the  ice  c ore s and in  the  dri l l  holes . 

Ul t ima te ly , any pred ic t ion o f  future changes in 
g la c ier s mus t  invo lve nume r i c a l  model ing .  Mod e l s  can 
s imul a t e  present ice  dynami c s , rat e s  o f  change , and pas t 
var i a t ions and c an be checked aga ins t observed data  when 
the y are obtained . Progre s s ive improvement  o f  the mode l s  
re su l t s  from apply ing them to d i f ferent reg ions and 
tes t i ng the re su l t s . When reas onab l e  suc c e s s  ha s bee n 
obta ined in mode l ing pas t  and pre sent changes , then some 
conf idenc e in fu ture pred ic t ion s  is warranted . 

Pro c e s s e s  a t  the G l ac ier Be d 

The proce s s e s  by wh i ch a va l ley g lac ier  or grounded 1c e 
shee t s l ides acr o s s  i t s  bed are no t under s tood . 
Know l edge o f  these  proc e s s e s  wou ld  form a b r idge be twee n 
glac i o l ogy and quant i tat ive geomorph o l ogy , wh ich is  
conc erned wi th glac i a l  eros ion and depos i t ion .  There 
s t i l l  is no genera l agre ement abou t the pr inc ipa l  
con tro l l ing fac tors  i n  the s l id ing proces s ;  even 
qua l i ta t ive phy s ic a l  unders tand ing is  lack ing . D ire c t  
ob serva t ions i n  tunne l s  and ind irec t evidence  o f  
chemi c a l  depos i t s  o n  exposed glac ier beds show the 
oc currenc e of creep  and rege l a t ion o f  ic e around sma l l 
bed rough ne s s  fea ture s .  However ,  recent evidence a l so 
po int s to  a s i gni f ic ant  involvemen t  o f  rock debris  
emb edded in the  basal  ice  and  in a subg l ac ia l t i l l  
shee t . E f fec t s  from subg lac ial  wa ter have long bee n 
known , and recent f i e l d  s tud ies  have begun t o  prov ide 
s ome quan t i t a t ive informat ion . Theor ies  inc orporat i ng 
th e s e  fac tors exis t ,  bu t c onc lus ive quant i t a t ive t e s t s  
a r e  s t i l l  lacking . 
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Several  me thod s o f  s tudy are ava i lab le  and shou l d  b e  
c omb ined . Mos t  important  are measurements i n  boreho les  
t o  det ermine bas a l  wa ter pre s sure , int erfac e morphology , 
and s l ip rate . Th e s e  shoul d be  c oupled w i th measuremen ts  
o f  s u r face  movemen t ,  bo th hor izon t a l  and  vert ica l ,  on 
short t ime scale s .  Al re ady , these me thods have prov ided 
some observa t iona l base for e s t ab l ish ing the e f fec t o f  
water pre s s ure o n  s l id ing rates  and the r o l e  o f  the 
opening of gaps at the bed . Al so  importan t are any 
remo te  means of measur i ng s l id ing changes ,  for examp l e , 
from s ur face  ve loc i ty and s train , the c ond i t ion o f  the 
bed ,  or the wa ter leve l in the na tural  in ternal dra inage 
sys tem a s  det ermine d  by e cho sound ing . These me thods 
c an provide spa t ia l  c overage and have a l ready a ided in 
the d iscovery o f  propaga t ing waves  of mot i on and 
a s soc iated hydr au l ic wave s ,  the speed o f  wh ich prov ides  
add i t iona l cons tra in t s  on the bas a l  hy draul ic sys tem. 
Wa ter d ischarg e  rates , wa ter chemis try , trac er s tud ies , 
and sed imen t su spended in the ou t f l ow may suppl y 
add i t iona l informa t ion about the hydr au l ic sys tem . 
Tunne l acces s ,  for examp l e , in the Alps and Sc and inav i a  
a s  a re sul t o f  c ommerc i a l  operat ions , a f ford s the mos t  
de t a i led  examinat ion o f  basal  proc e s se s ;  such opportun i­
t ie s  shou ld  be expl o i ted whenever pos s i b l e . In add i t ion ,  
the s tudy o f  d eg l ac iated  b e drock surfac e s  and the 
chemic a l  depo s i t s  on them and of t i l l s  and oth er depos i t s  
w i l l  s t i l l  be use fu l .  

Surg e- t ype g l ac iers , in part icular , shou ld be 
s tudied because they  d i sp l ay a fu l l  range of s l id i ng 
speeds from l ow to  very h i gh on a f ixed-bed geome try 
over the c ours e  o f  a surge cyc le . Some out le t glac i er s  
i n  Greenland and An t arc t ica  f low cont inuous ly a t  surge 
speed s ,  and thes e  shou l d  be  s tud ied t o  de t ermine how 
s uch speeds c an be  ma inta ined . S tud ies o f  b o th types o f  
fas t-s l id ing glac iers shou ld  add fundamenta l ins i ght  
into the prob lem o f  g l ac ier s l id ing . 

Ic e s treams and out l e t  glac iers d i s charge mos t  o f  
the ice from the inl and ice shee t s .  They are typical ly 
charac t erized  by sma l l  surface s l ope s and h i gh speeds 
and are obv ious ly s l id ing .  Th e  proc e s s e s  that de term ine 
the  locat ion o f  the trans i t ion zone be tween s lower-mov i ng 
ice  and a fas t-s l id ing i c e  s tream are not known ; not only 
i s  it  importan t t o  unders tand the fac tors tha t govern the 
spat ial  trans i t ion ,  bu t i t  i s  a l so v i ta l  to  under s t and 
how changes  wi th t ime c an oc cur at any pa rt icular 
l oc a t ion.  
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O f  spec ial  intere s t  i s  the Jakobshavn Glac ier i n  
Greenland , wh ich flows a t  a sus t a ined speed gre ater than 
tha t  of any o ther g l ac ier in the wor ld  ( 2 1  me ters  per 
day) . I t  a l s o  forms a s  an ice  s tream from shee t f l ow in 
the  Greenl and Ic e  Shee t ,  thus  s tudy of it may a s s is t in 
under s tand ing the forma t ion of An tarc t ic ice s treams . 

Ano ther spec i a l  case  o f  s ome intere s t  i s  Vatna j oku l l ,  
in  Ic e l and . At leas t s ix o f  th e ou t l e t  glac ier s from 
th i s  ice  cap  e xh ib i t  surging behav ior and prov ide 
opportun i t ies  to  s tudy the interac t ion be tween volcanic 
hea t ing of the g l ac ier bed and rapid s l iding behav ior.  

Rec ommendat ions 

H IGHEST PRIORI TY . The ongo ing f i e l d  s tud ies and 
remo te  sens i ng o f  surging glac iers shou ld be 
c on t inued through and beyond the surges now 
occurring and expec ted in the 198 0 s . Support  
shou ld  a l so be prov ided for interpretat ion o f  
the dat a .  

HIGHEST PRIORI TY. The s everal types of  
measurement re lated  to  proc e s s e s  a t  the glac ier 
b ed should  be made on both norma l and surge- type 
glac ier s , and they shou ld  be conduc ted s imu l­
taneously on any part icular glac ier . A s imilar 
measurement progr am shou ld  be  ins t i tuted on a 
c ont inuous ly fas t-s l id ing glac ier,  such as  the 
Jakobshavn Glac ier . 

PRIORI TY .  Topogr aphy ,  depos i t s ,  and s truc ture s 
re lated  to s l id i ng in deglac iated areas  sho ul d  
b e  s tud ied more extens ive ly to unders tand bas al  
glac ier proc es s e s . Laboratory experiment s 
shou ld  be inc luded . 

HI GH PRIO RITY . Field  programs on ice s tream s  
should  emphas ize examina t ion o f  the trans i t ion 
zone betwe en s low-mov ing and fas t-mov ing ic e .  

Proc esses  W i th in the G l ac ier 

Me chan isms of int erna l de format ion w i th i n  g l ac iers  are 
v i tal l y  impor tan t .  Under s t and ing them requ ire s a be t ter 
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knowledge o f  the phy s i c a l  propert ies  o f  ice , a s  
d iscussed in Chap ter 3 , pr i nc ipa l ly the e f fec t s  o f  
various parame t er s , such as  fab r ic , grain  s ize , 
t emperature , interna l wa ter , and impur i t ies , on the 
creep of ice . These  interna l c ond it ions c an be 
d e term ined by  c ore dr i l l ing and , potent ial ly , by remo t e  
sens ing . Measurement s  o f  sur fac e ve loc i t ie s  and s tr a i n  
r ates  should be made extens ive ly and shou ld  be c oncen­
trat e d  in p l ac e s  in wh ich measurement s  of interna l 
charac ter i s t ic s  have been , or c an be , made . 

The d is tribu t ion o f  wa ter wi th in a glac ier a f fec t s  
g lac ial  hydro logy and dynamic s .  A quick way o f  survey ing 
englac i a l  water  wou ld  b e  o f  gre a t  valu e ;  some succe s s  h a s  
a lready been ob t ained i n  do ing th is by means o f  radar . 

A spec ia l  need i s  the c orre lat ion o f  measurement s  o f  
i nt erna l propert ies w i th movement s tud ies on ice  shee t s .  
Where extens ive f l ow-l ine and contour-l ine pro grams hav e 
a lre ady been c arried ou t , such as in the In terna t iona l 
Antarc t ic Glac iolog i c a l  Pro gram ( IAGP )  area , measurement s 
in dr i l l  holes  and c onc en tr a t ed remote  s ens ing shou ld  
take plac e a long tho s e  s ame l ine s . Conversely , a ful l 
c ompl ement o f  s tr a in and ve loc i ty measurement s  shou ld b e  
mad e wherever a d e e p  dri l l  h o l e  exis t s  or is  dri l led in 
the fu ture . 

Rec ommendat ions 

H IGH PRI ORI TY. Ti l t  measurement s  shou ld  be 
made  in  as  many deep boreho les as poss ib l e  and 
should  b e  c omb ined w i th t empera ture , sonic 
logging , and surfac e-s tra in measuremen t s  t o  
prov ide a three-d imens ional pic ture of ice  
de forma t ion .  To the  extent pos s ib le , boreho le s 
should  be a l igned a l ong f l ow l ines to  examine 
the progre s s ive deve lopment of  fab r i c  and 
t exture . 

H IGH PRIORI TY . Th e fabr i c , tex ture , and 
impu r i ty conten t o f  ava i l ab le  and future ic e 
c ores shou ld be measured , w i th part icu lar 
emphas i s  o n  the deepe s t  ic e and the ma rgins o f  
glac iers and ice  s tr e ams , in wh ich creep c an be  
expe c t e d  to  be grea tes t .  
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ENERGY BALANCE 

Ano ther ma jor prob lem s e lec ted for spec ial  a t tent ion in 
the 1970 Survey was the energy ba lanc e of glac ier s .  
Inc luded were two spec i f ic recommenda t ions for : ( a )  
cont inuous energy-balanc e measurements  a t  selec ted  s i te s  
and ( b )  extens ion o f  re su l t s  ob ta ined a t  those  s i tes to  
ene rgy balanc es  over l a rge area s us ing new deve lopment s  
i n  remo te sens ing . A program o f  the In ternat iona l 
Hydrol ogic Decade a t t empt e d  t o  enc ourage the se s tud ie s  
o n  a n  interna t iona l sc a l e , bu t deve lopment s  i n  ins trumen­
tat ion and remo te  sens ing were s lower than expec ted , and 
many of the que s t ions remain .  However , the phy s ic a l  
proc es ses  th a t  c ouple  glac iers  to the ir c l imat ic environ­
men t are b e t ter unders tood now than in 19 70 . In 
Antarc t ica , care fu l  s tud ies  of the energy ba lanc e and o f  
assoc iated feature s o f  the boundary s truc ture and flow 
have b een carried out  a t  a number o f  re pre sentat ive 
s ites ; the task now is to synthes ize these in a 
de s c r ipt ion o f  the large-scale  energy balanc e o f  the ic e 
shee t .  In regard to mas s  balanc e , s ign i f icant reg iona l 
fea tures e s t ab l ished s inc e 1970  inc lude pos i t ive balance s 
in inland Ea s t  An tarc t ica  coupled w i th nega t ive bal anc es 
near the c oas t , sugge s t ing a ris ing and s teepening o f  
the surface o f  the i c e  shee t . Ma j or advanc es  c ou l d  
resu l t  from the d iscovery tha t  pass ive-mi crowave 
rad iat ion,  wh ich can be observed by s a t e l l i tes , is  
a f fected  by snow propert ies  such as  t emperature , 
dens ity , and gra in s ize . Thus , i t  may be pos s ib l e  to  
extend mas s -ba l anc e res ul ts  from d irec t obs e rva t ion 
s ites  to c over large areas , even c omp l e t e  ice shee ts , by 
remo te  s ens ing .  

Several  o ther research recommenda t ions spec i f ic a l l y  
concerned w i th the re l a t ionship  be tween g l ac iers and 
c l imate  in the Arc t ic or An t arc t ic inc luded de term inat ion 
o f :  ( a )  therma l reg imes and mas s ,  heat , and water  
b a l anc es  o f  repre sentat ive Arc t ic glac ie rs  and ( b ) the 
mas s  balanc e o f  the An tarc t ic ice  shee t . The Antarc t i c  
mas s-b a l anc e pro b l em was furth er d iv ided into a ser i e s  
o f  spec i f ic recommendat ions ca l l ing for : 

1 .  De term inat i on o f  spa t ia l  and temporal var iat ions 
in accumu l a t ion rate s ;  

2 .  De term ina t ion o f  the mas s  balanc e o f  spec i f ic 
dra inage bas  ins ; 
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3 .  De t a i led  s tud ies  in  areas about  100 km acros s ;  
4 .  De term ina t ion o f  the mas s  and heat  exch anges  o f  

the unders ide s o f  i c e  she lve s ;  
5 .  S tudy o f  the e f fec t o f  the vary ing sea- ic e  c over 

on snow accumu l a t ion on the cont inen t ;  and 
6 .  Measurement of c a lv ing from ic e s treams and ic e 

she lves  us ing sate l l i t e  image s .  

Th e s e  recommendat ions rema in va l id today , a l though much 
progress  has been made . 

Re cent s tud ies have sugge s ted that the g l ob a l  r i se 
in s e a  leve l  dur ing the l a s t century i s  due i n  part  t o  
the me l t ing o f  g l ac iers o n  l and , a l though therma l 
expans ion o f  seawa ter from heat ing accoun t s  for much o f  
the r i se .  Measured changes  in the earth ' s  rate  o f  
rotat ion have been a t tribu t e d  to  the trans fer o f  mas s 
from po lar ice to  the wor l d  oc ean .  Ye t recent s tud ies 
of  the present mas s  b a l anc e of An tarc t ic a  c ont inue to 
s ugge s t ,  as  d id o l der one s ,  tha t  the major dra inage 
sys tems are increa s i ng , no t de creas ing , in  vo lume . Th i s  
enigma further emph a s izes  the import anc e o f  de term ining 
the mas s  ba lanc e o f  the Ant a rc t ic ice  shee t and o f  
l ower- l a t i tude g l ac iers as we l l .  

Two d i f feren t a spec t s  o f  the ne t mas s balanc e o f  a 
g l ac ier are import an t :  f ir s t ,  the cont inu ing ma s s  inp u t  
ove r  par t  o f  the g l ac ier a n d  remov a l  ove r  ano ther part  
i s  the bas ic proc e s s  tha t  keeps the  g l ac ier ac t ive ; · 
second , any d ev iat ions from zero ne t mas s  b a l anc e 
requ ire growth or shrinkage o f  the g l ac ier . The 
proc e s s e s  re l evant to  a l l g l ac ier s may b e  d iv ide d 
c onvenien t ly into mas s  ba lanc e  a t  the upper surface and 
c a lv ing at the glac ia l t erminu s  or outer marg i n .  
Me l t ing and fre ez ing o n  t h e  under s ide o f  i c e  she lve s i s  
a prob l em re lat i ng princ ipa l l y  t o  Ant a rc t ic ic e shee t s .  

Ca lv ing Proc esses  

Mos t  o f  the l o s s  o f  mas s  from the  Antarc t ic ice shee t 
occurs as  ic eberg calv ing . Th e c a lv ing flux is  a l so a 
s i gn i f icant  pa r t  o f  the mas s  l o s s  o f  the Greenland ic e 
shee t and o f  many much sma l ler  t idewa ter g lac iers . Th e 
s tab i l i t y  o f  mar ine g l ac iers  depend s on th e pos i t ion o f  
the ground ing l ine , and th i s  depends in pa rt on the 
pos i t ion o f  th e  t erminu s , wh ich i s  de t ermined by th e  
b a l anc e o f  ice  f l ow and c a lving .  Thus , t h e  phy s ic s  o f  
c alv ing mus t  be  und er s t ood  to  analyze  the s tab i l i ty o f  
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such w idely  d i f fere n t  mar ine g l ac ier s as  the Wes t  
An tarc t ic ice she e t  and the Co lumb ia G l ac ier in Ala ska , 
and a l s o  perhaps to  exp l a in the rap id  d isappearanc e of  
part s of  the  P l e i s tocene ic e shee t s  in the  Arc t ic .  An 
under s t anding o f  ca lv ing ra tes  and how they vary wi th 
externa l fac tors is  a l so import an t  to an unders tand ing 
o f  iceb erg produc t ion . Th i s  is a mat t er of c ons id erab l e  
prac t ical  intere s t , espec ia l ly i n  v i ew o f  the incre a s ing 
deve lopment , wi th dri l l ing plat forms and ve s s e l  tra ff ic , 
in northern wa ter s . 

Rec ommendat ion 

HIGH PRIORI TY .  Compl e t e  calving laws for 
glac iers shou ld  be deve loped . Al though the 
main d i f f icu l ty is  under s t and ing the phys ics  o f  
the proc es s ,  add i t iona l f ie l d  s tud ies  are 
requ ired on rapid ly calv ing glac iers as a 
necessary par t o f  s tud ies o f  the pos s i b l e  
dras t ic re trea t  o f  mar ine ic e shee t s .  

Th i ckne s s  Change and Stab i l i ty o f  Ic e Sheet s 

As a resu l t  o f  extens ive a irborne radar s ound ing , both 
su rfac e  e levat ion and ice  th ickne s s  o f  mos t  o f  Greenl and 
and about two th ird s of An tarc t ic a  have been mapped to 
an accurac y of about + 50 m .  Th i s  work shou ld be 
c omple ted . The 50-m �ccuracy s u f f ices  for ic e th icknes s ,  
b u t  an order-o f-magn i tude b e t t e r  informa t ion i s  needed 
for surface e l evat ions and c an be ob ta ined from sate l l i t e  
a l t ime try . Sa te l l i t e  measuremen t s  s o  far have been 
l imi ted to  l a t i tudes l e s s  than 72° and have not been 
fu l ly used where ava i l ab l e . In measur ing surfac e 
e levat ions , a radar a l t imeter has su f f ic ient accuracy 
for bas ic mapp ing purpos e s , but  a laser  al t ime ter is  
needed to  s tudy changes . 

I c e shee t s  have the po ten t ial for re lat ive ly  rapid 
change ,  inc lud ing the rap id shr inkage o f  marine port ion s  
o f  an i c e  shee t and surg e s  a f fec t ing a l l  o r  mos t o f  a 
dra inage sys tem ( Ben t l ey 198 2 ) .  A phys ic a l  theory th a t  
c an tre a t  the s e  problems i s  needed bu t c anno t b e  
deve loped unt i l  bas a l  and in tragl ac ial  proc e s s e s  are 
b e t ter unders tood . Un t i l  then , emp ir i c a l  mod e l s  
c on t inue to  be use fu l . To de t ermine whe ther there are 
c urrent chang e s  in the vo lumes of the An tarc t ic and 
Greenland ic e shee t s , the ir  e l evat ions mus t  be mon i t ored . 
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Recommenda t i ons  

HIGHEST PRIORI TY. Every e f fort shou ld be made 
to  b r i ng about , as s oon a s  pos s ib l e ,  the 
emplacement  into a po l ar orb i t  o f  a s a t e l l i te 
carrying radar and laser  al t ime t ers  tha t  are 
des igned for e f fec t ive use over ice  shee ts . 

HIGH PRIORI TY .  Deve l opment  o f  mode l s  c onc erne d 
w i th the s t ab i l i ty o f  ice  shee t s  should  be 
cont inued , and the mode l s  shou ld  be  improved . 
Th e  fundamental  task  is  to  deve l op mod e l s  tha t  
c a n  reproduc e the h i s tories  o f  d i f feren t 
dr a inage bas ins w i th the ir contr a s t ing regime s ,  
and o f  the i c e  shee t s  a s  a who l e , in  acc o rdanc e 
w i th the c ompl e t e  ev idence from ice  c ore s .  
Onc e th i s  h a s  been acc om�l ished , the mode l s  
shou ld b e  used t o  inves t 1gate the future 
re spons e  o f  the ic e  shee t s  t o  pred ic ted change s 
in boundary c ond i t ion s ,  in c onjunc t ion w i th 
a tmo spher ic and oc ean c ircu l a t ion mode l s .  

HIGH PRIORI TY .  Airborne radar s ound ing o f  
Antarc t ic a  and Greenland shou l d  b e  c omple ted , 
and a thorough ana lys is  o f  the  e x i s t ing 
a irborne and sate l l i t e  d a t a  carried  out . 

Bas a l  Mas s  Ba lanc e on Ic e She lve s 

Knowledge o f  the mas s  b a lanc e  on the unders ide o f  the 
An tarc t ic ice  she lve s i s  a cr i t ic a l  fac tor in the 
asse ssme n t  o f  the mas s  b a lance o f  the ice  shee t . 

Rec ommend at  ions 

HIGH EST PRIO RI TY . De t ermining an d 
unders t and ing oceanic c irc u l a t ion beneath the 
An t a rc t ic ice she lves and the mas s  and heat 
exch ange be tween the wa ter and ice shou ld be 
major goa l s  o f  researc h .  

HIGH PRIORI TY . A progr am shou ld  b e  under t aken 
to  deve l op ins trument s ,  and me thod s for the ir  
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rapid empl acement ,  for the s tudy o f  bot tom 
balance rates  on ice she lve s .  Whe ther to 
emplace the ins trument s  in borehol e s  or  to  
employ robot  me l t sondes shou ld  rece ive c are ful 
cons iderat ion . Many more boreho les  shou ld  b e  
dr i l led through ice shelves for d irec t 
measurement  o f  bas a l  balanc e ,  part icu l ar ly i n  
areas  o f  accre t ion. Bec ause of the sma l l  
number o f  h o l e s  tha t c a n  b e  expec ted , however,  
use o f  remote- s ensing techn iques for the 
de termina t ion of b a s a l  ma s s  ba lance is a ls o  
e ssent ia l .  

Ground ing Zones 

The grounding zone tha t  separa tes  the inland ice of the 
An tarc t ic ice shee t , part icularly i t s  ice s treams , from 
i t s  ice she lve s is cri t ic a l l y  import ant . Where the 
ang l e  be tween the ice and bedrock is sma l l , sma l l  
change s i n  ice th i ckne s s  o r  s e a  l eve l resu l t  i n  large 
horizontal  sh i f t s  of the ground ing zone . Th is proc e s s  
i s  fundament a l  to  the potent ia l  ins tab i l i ty o f  a marin e 
ice shee t . For th i s  reason ,  care ful measurement s  shou ld 
b e  made of the charac ter is t i c s  of the ground ing zone and 
i t s  var i a t ions w i th t ime . Bec ause of irregu lari t ies in 
submar ine topography and ice  th ickne ss , the ground ing 
zone in p l aces  may extend over a c ons iderab le  area 
wi th in wh ich there may be  severa l ind iv idua l ground i ng 
l ines . 

Recommendat ion 

H IGH PRIO RI TY .  Re search should  be undert aken 
to  locate  ground ing zone s o f  ic e s treams and 
measure the ir charac teri s t ic s  and change s w i th 
t ime , inc lud ing e l eva t ion s ,  ice  th i ckne s s ,  
veloc i t ie s ,  and s tr a in rates . 

Ice She lves  and Ice S treams on Ou t l e t  Gl ac ier s 

Re cent s tud ies on ice  shelves have focused on i c e  r i ses  
a s  obs tac le s con tro l l ing the  ve loc i t y  of  the  ic e shelve s ;  
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there fore , thes e  ice  r i s e s  mi gh t  be  cruc i a l  to  th e 
balanc e  o f  marine ice  shee t s ,  and they are susc e p t i b l e  
t o  r apid  change s in s ize . Many o f  the se  fea ture s occur 
w i th in the ground ing zones , but others  that  may be  o f  
pa rt icular  importanc e are far removed from the inland 
ice . Ano ther prob l em tha t  needs a t tent ion i s  the drag 
of ice  shelve s , ic e s treams , and out l e t  g l ac iers  a long 
the ir l a teral  marg ins , part icularly  the pos s ib i l ity  tha t 
s train  so ftening c ou l d  c au s e  e f fec t ive decou p l ing . 

Rec ommendat ions 

PRIORITY . Surfac e s tra in rates  and a 
tempera ture pro f i le to  bedrock shou ld be 
measured on ic e r i s e s , and the ro l e  of  ic e 
r i se s  shou ld be s tud ied in the c ont inued 
deve lopment and re f ineme n t  of t ime-dependen t 
dynamic mod e l s  of  i c e  she lve s .  

PRIORITY . Extens ive measurement s  made o n  the 
Ro s s  Ic e She l f  shoul d  be extended inl and to  the 
We s t  Antarc t ic ice shee t and i t s  ice  s treams , 
and to the f a s t  ou t l e t  g l ac iers feed ing the ice  
she l f  from Eas t Antarc t ica . 

PRIORI TY . F i e ld and theore t ic a l  s tud ies  o f  the 
interac t ion be tween ic e shelve s , ice r i se s , ic e 
s tr e ams ,  and ou t le t  glac iers and the ir la ter a l  
ma rg ins  shou l d  b e  unde rtake n .  The Jakob shavn 
G l ac ier in Greenland , a fas t-mov ing , la tera l ly 
bounded , float i ng-out l e t  glac ier , c ou l d  be 
part icu lar ly amenab le  to such s tudy . 

Mon i t or ing the Ant a rc t ic Ic e She e t  by Sat e l l i t e  Imagery 

For mon i toring the ice  shee t , i t  i s  mandatory th at  
image s o f  Ant a rc t ic a , e spec ia l ly of  c oas t a l  area s ,  b e  
acqu ired from a l l  U . S .  and o th er earth- s ens ing 
s a te l l i t e s  wi th spa t i a l  or p ixe l re solut ions be t ter  tha n 
80 m .  Un l e s s  an inter im rec ord ing s t at ion is  e s tab l ished 
in Ant a rc t ic a ,  acqu i s i t ion of mu l t i spec tra l -s c anner and 
th ema t ic-mapper data  of An tarc t ic a  by the LANDSAT-D 
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space cra ft  wi l l  be impo s s ib le  unt i l  the track ing-dat a 
and re l ay- s a te l l i t e  sys tem becomes opera t i ona l in 1983  
or  1984 . 

Rec ommendat ion 

PRIORI TY . E i ther an a ir- transport ab l e  LANDSAT 
rec e 1v1ng s tat ion at the Sou th Po l e  or McMurdo 
S t a t ion , or several  s t at ions operat ing at  
various  pos i t ions around the coa s t  of 
An tarc t ic a ,  shou ld  be prov ided as  soon as  
pos s ib l e . 

QUATERNARY GLAC IOLOGY 

Ano ther prob lem relat ing to g l ac iers tha t  wa s emphas ize d 
in the 1 9 7 0  Survey i s  Qua ternary glac iology . Here , the 
advanc e s  have been drama t ic .  The rec ommendat ions g iven 
in the 1 9 7 0  Survey can be  summarized succ inc t l y : dr i l l  
more ic e c ores  i n  An t a rc t ic a  and Greenl and and on o ther 
g l ac ier s ;  ana lyze new and ex i s t ing cores and the dr i l l  
h o l e s  thems e lves  a s  fu l l y  as  pos s ib l e . I n  the inter­
ven ing years , a number o f  shal low ,  intermed iate , and 
deep i c e  cores  have been recovered and ana lyzed for a 
c on t inua l ly expand ing l i s t  o f  i s o topic , chemic a l , and 
phys ic a l  prop ert ie s .  In terpre tat ion o f  the s e  and o ther 
s tr a t igraph ic  and therma l rec ord s in ice shee ts and 
g l ac iers has prov ided ex traord inar i ly va luab l e , detailed  
informat ion on  the environmen tal cond i t ions o f  the 
rec ent  and preh is toric pas t . These rec ord s shed l i ght 
on the pas t  h i s tory o f  the d imens ions and dynam i c s  o f  
ic e  shee t s  tha t  is  cruc ia l t o  the unders tand ing o f  th e 
re sp ons e  o f  g l ac iers to  c l ima t ic change . Measuremen t s  
o n  ice  c ores have a l s o  yie lded values  o f  parame ters 
( e . g . , dens i ty ,  cry s tal  orientat ion , e l e c tr ic a l  
conduc t iv i t y )  nece ss ary for the int erpre t a t ion o f  
remo te- s ens ing informa t ion ,  such a s  radar , s e i smic , and 
elec tric a l res is t iv i ty surveys , tha t c an be ob ta ined 
wide ly  on l arge ice mas s e s .  

Ma j or advanc es  have been made i n  measur ing the s ize 
and movemen t o f  the ice  shee t s . In 197 0 ,  a irborne radar 
s ounders had no t ye t reach ed rout ine opera t ional 
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capab i l i ty . Now , the thickne s s  o f  two th ird s o f  the 
An tarc t ic ice sheet  and much o f  the Greenl and ice shee t 
has  been mapped . Furthermore , w i th the advent o f  h i ghly  
prec i s e  pos i t ion ing by  s a t e l l i t e , measurement s  o f  ice  
movement ,  even on  the int erior Eas t Ant arc t ic Plateau , 
have advanced , part icularly in the sec tor under s tudy by 
the IAGP . 

De terminat ion o f  Pa s t  Env ironment a l  Cond i t ions 

Ice shee t s  and ic e c aps c on t a in much informa t ion on pas t 
c l ima tes  and env ironmental  cond i t ions ( s ee Tab l e  1 and 
Commi t te e  on the Ro l e  o f  the Po lar Reg ions in Cl imat ic 
Chang e , in pre s s ) . These  c an be  inferred from the 
isotop ic and chemic a l  compos i t ion of the ice , the 
i ncorporated terre s tr i a l  and extr aterre s tr i a l  ma ter ia l ,  
the inc lus ion s  o f  a i r ,  and the temperature-depth pro f i l e  
o f  the i c e  shee t .  Th e  s tra t i graph ic pro f i les  o f  the 
Antarc t ic and Green land ice  shee t s  are ob ta ined from ic e 
c ore s tha t contain the prec ip i t a t ion accumulated  over 
int erva l s  as  grea t  as hundred s of thousand s of year s .  
Th e  c ore data  are h igh ly re s o lvab le , frequent ly 
permit t i ng d is t inc t ion of one season ' s  snowfa l l  from th e 
nex t .  These  h igh-reso lut ion data  are avai lab le  nowhere 
e l s e , and they complemen t o ther data o f  l e s s  reso lut ion 
but  l arger t ime span obta ined from the s tudy of  ocean 
and lake sed imen t s  and from glac i a l  geology . 

More types o f  ana lyses  w i l l  become rout ine in the 
nex t decade , and new env ironment a l  parame t er s  wi l l  b e  
introduced . One new developmen t  is  the appl i c a t ion o f  
acc e l erat or-ma s s  spec trome try t o  the mea surement  o f  
c osmogen ic rad ionuc l ide c oncentr a t ions i n  i c e  core s ,  
wh i ch may prov ide a de t a i l e d  h i s t ory o f  solar  ac t iv i t y  
and i t s  e ffec t o n  c l ima te  a s  we l l  as  a re l a t ionship  
be tween absolute  age and depth  in ic e shee t s .  Another 
is the de tec t ion of h i s tor i c a l  vo lcanic erupt ions , wh ich 
a l so have a d irec t impac t on c l ima te . A rec ord o f  the s e  
erupt ions c an be ob t ained from measuremen t s  o f  
conduc t iv i ty and su l fate  ions in ic e core s . Th e  
poten t ia l  sc ien t i f ic bene f i ts from the s tudy o f  i c e  
c o r e s  rema in immen se . 

Four major problems shou l d  be at tacked in the c oming 
dec ad e :  

1 .  Ex trac t ing the c l ima t ic and env ironmen t a l  record 
throu gh the las t severa l hun dred thou sand year s ;  
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Tab le  1 Pa s t Env ironmental  Informat ion Current ly or 
Potent i a l l y  Avai lab l e  from S tra t i gr a ph ic Ana lys i s  o f  
La rge  I c e  Ma sses 

Env i ronme n t a l  Pa rame t e r  

Na t ur a l  Cau s e s  

An nu a l  t emper a t u r e s  

Summer t emper a t u r e s  

P r e c i p i t a t i on r a t e s  

An t a rc t i c s e a- i c e  e x t en t 

So l a r  a c t iv i t y  

Vo l c an i sm 

Ex tra t e rre s t r i a l i n f l u x  

A t mo s ph e r i c  c ompos i t i on 

De s e r t i f ic a t i o n , g lo b a l 

Ic e-s h e e t e l eva t i on c h a nge s 

B i o l og i c a l  pr oduc t iv i t y 

Fore s t  f ir e s  

Huma n- Induc e d  Cau s e s  

Po l l u t ion , a c i d  pre c i p i t a t i on 

Nu c l ea r  w e a pon s t e s t ing 

C02 gre enh o u s e  e f fec t 
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Ic e-Core S i gna l 

1 8 0 / 1 60 , 2 H i l H , 
boreho l e  t emper a t u r e s 

I c e-me l t  f e a t u r e s 

Se a s o na l l y  v a ry ing 
s i gna l s ,  inc l u d i n g  
l S o / 1 6 0 / ,  
2 H / 1 H , C l , Na , 

NO) , c onduc t i v i t y ,  
m i cropa r t i c l e s ,  A l  

C l ,  Na 

14c , lO Be • 3 6 C l ,  
2 6A l • NO) 

so4 , pH , Zn , Cd , 
c ond u c t iv i t y , m i c ro­
pa r t i c l e s  

N i , Fe , Mg , I r  

C02 , N2 , 02 , Ar 
i n  bubb l e s  

M i cropa r t i c l e s ,  A l , 
S i , C a  

To t a l  a i r  c on t en t i n  
bubb l e s  

Organ i c s , po l l e n  

Ca rbon 

P b , Z n , S04 , NO) , 

pH , pe s t i c i d e s  

9 0sr • 1 3 7 c s . 3 H , 
Pu- , Am- i s o t o pes 

C02 i n  bubb l e s  
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2 .  De termining whe ther the Wes t  An t arc t ic ice  sheet 
ha s been in ex i s t enc e through the las t 12 0 ,000 year s and 
a s s e s s ing the l ike l ihood of a maj or change in the future ; 

3 .  De fin ing the re lat ionsh i p be tween c l imat ic 
s ign a l s  c onta ined in po lar  ice  c ore s and the local  
wea ther , s i gna l s  from Arc t ic and subpolar glac ier s , and 
appro pr i a te data from o ther sourc es , such as  tre e  r i ngs , 
glac ia l geo logy , and ocean sed iment  c ore s ; and 

4 .  Deve loping ,  re f in ing , and us ing old and new 
t e chn ique s for detec t ion of pa leoenv ironmenta l 
c ond it ions from e x is t ing and future ice  c ore s .  

Long-Term Env ironmen t a l  and Cl ima t ic Rec ord s 

Th e  deep i c e  c ore s from Gre enl and and An tarc t ic a  c on t a in 
ice  probab ly  no o lder than abou t 100 ,000 year s- -onl y  
through t h e  mos t  recent g l ac iat ion . Th i s  glac ial  age 
may have been charac t erized  by reduced solar ac t iv i ty , 
l arg e- s c a l e  volc anic erupt ions , lower C02 c onc en­
tra t ion s , and increas ed a tmo spheric turb id ity  from 
eol ian dus t .  Each o f  these  feature s c ould have 
con tr ibu ted to  the sever i ty of the c l imat e ; vo lcanism 
and s o lar emi s s iv i ty changes are pos s ib l e  c auses  of  
gl ac iat ion .  However , ocean-sed iment c ore ana lys i s  
ind icates  that  th e c l ima te  o f  the l a s t  several  hundre d  
thousand years h a s  fo l lowed variat ions i n  the earth ' s 
orb i t . 

De ep ,  cont inuous  h i gh-qua l i ty ice  c ore s w i th basa l 
age s o f  several  hundred thousand years  or more w i l l h e l p  
to  answer que s t ions regard ing th e  causes o f  g l ac ial  
age s , the re lat ive sever i t y  o f  the major  g l ac ial  s tage s ,  
and the pas t and fu ture re sponse o f  ice  shee ts  t o  
c l ima t ic change . Ic e c ore s to  mee t  thes e  demand s c an b e  
obta ined onl y from Ea s t  An tarc t ica  o r  Centr a l  Greenland . 

The succes s fu l  in terpre tat ion o f  the se  c ores i s  
e n t ire ly dependen t o n  a knowl edge o f  the g l ac io log ical  
cond i t ions and  h i s t ory "up-g l ac ier" from the  dri l l ing 
s i tes , and the inc orporat ion of these  data in rea l i s t ic 
f low mode l s .  

Reconunendat ion 

H IGHEST PRIORI TY :  A l ong- t erm progr am o f  
sha l low- ,  int ermed iate- ,  and e spec ia l ly 
deep-c ore dr i l l ing in Centr a l  Gre enland and 
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i s  An t arc t ica  shou l d  be implemented , inc lud ing 
the deve lopmen t o f  te chn ique s tha t  w i l l produc e 
c ont inuous , h igh-qual i ty ic e c ore s s u i tab l e  for · 
s c ient i f ic  ana lys i s .  

Such a c ommi tment require s tha t  subs tant ial  t ime be 
al located  to :  ( a ) deve lop the new technol ogy nec e s sary 
for dr i l l ing in the ex treme ly  c o l d  env ironment o f  E a s t  
An t a rc t ic a ,  ( b ) a l low consu l ta t ion be tween sc ient i s t s  
and eng ineers to  ensure that  th e dr i l l d e s i gn i s  
compat ib l e  w i th spec i f ic requ iremen t s  o f  c ore user s i n  
re gard t o  d imens ion , qua l i ty ,  and c ont inu i ty o f  the 
core , and ( c )  deve l o p  a pro gram to s e lec t the opt imum 
s i te  that w i l l  incre ase the probab i l i ty o f  de f in i t ive 
sc ient i f ic re su l t s .  There fore , the Commi t t ee on 
Gl ac iology b e l ieve s tha t a workshop shou ld  be c onvened 
to  documen t  the type s o f  ic e-core dr i l l s  and sampl ing 
tech n ique s poten t ia l ly ava i lab le  for deep- ice 
c o l l ec t ion , the  type s of  c l imat ic and env ironmen ta l 
informa t ion ava i lab le  from ic e-c ore ana lys i s ,  the 
fac tor s c oncerned in s i te s e l e c t ion , and the l imi t s  tha t 
ice-c ore dr i l l ing techn ique s and part icu lar s i tes  p l ace  
on the  env ironment a l  and  c l ima t ic informa t ion tha t can 
be  obta ined . There a fter , the type o f  dr i l l s  to be  used 
and the s i t e s  to be  dri l led  shou l d  be  chosen ,  the 
requ ired  equipmen t shou ld  be bu i l t , and c ore dr i l l ing to 
be drock shou l d  be  carried out . A pro gram o f  
shal l ow-and intermed iate-depth c ore dr i l l ing wi l l  have 
to precede se l ec t ion  o f  the s it e  for deep c ore dri l l ing . 

H i s tory o f  We s t  An t arc t ic a  

About  12 0 ,000 years aro , the We s t  Antarc t ic ice  shee t 
may have l arg e l y  d i sappeared , thereby d i scharg ing enough 
ic e t o  r a i s e  s e a  l eve l sever a l  meters . A l arge frac t ion 
of the wor ld  popula t i on now occupies  c oa s t a l  areas tha t  
were then flooded . Bec ause the We s t  Antarc t ic ice  shee t 
may be  inherent ly uns t ab l e , a s imi lar r i s e  in sea  leve l 
mi gh t  occur  in  the fu ture , perhaps in  re sponse  to  
c l imat ic mod i f ic a t ion by human ac t iv i t ie s .  

The pos s ibe  ins tab i l i t y  o f  the We s t Antarc t i c  ic e 
she e t  shou l d  be  a focus o f  mu l t id isc ipl inary research in 
the c oming decade . Var iab l e s  tha t  c an prov ide 
inf orma t ion on the pa s t  h i s tory of the We s t  An tarc t ic 
ic e shee t , such a s  former e leva t i on o f  the ice  shee t , 
extent o f  sea  i c e , and pa leoc l ima t ic data  shou l d  be 
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measured on a c ore to  bedrock and on intermed iate-d e p th 
c ores from the ice s treams tha t dra in Wes t  Ant a rc t i c  
ice . Th is  informa t ion c ou ld be  c omb ined w i th geo log i c a l  
and oceano gr a ph i c  ev idenc e  o f  pas t ic e-she e t  
c onf igura t ions and mode l s  o f  th e current s t ab i l ity  o f  
the ice  shee t . 

Recommendat ion 

H IGHEST PRIORI TY. A c on t inuous ice  c ore to  
be drock shou l d  be ob t a ined from a s i t e  tha t 
w i l l  perm 1 t  determ inat 1on o f  the pre sence or 
absenc e of the We s t  Ant a rc t ic ice  shee t dur i ng 
pas t  interg l ac ia l s  and wil l  provide pa leo­
c l imat ic data . The se  data  c an be  suppl emente d 
by data  from o ther c ores and geophys ic a l  surveys 
w i thin the Ros s  Embayment .  

Id ent i f ic a t ion o f  Cl imat ic In forma t ion From Ice  Core s 

A major  e f fort  shou l d  be  d irec ted  to  e s t ab l ish ing the 
tr ansfer func t ions re l a t ing the s ignal s  measured in ice  
core s and  the env ironmen t a l  and  c l ima t ic proces ses  
re spons ible  for  them ( s ee Commit tee on  the  Ro l e  o f  the  
Po lar  Reg ions in Cl ima t i c  Change , in  pres s ) . Large 
c oncentr a t ions of some chemica l  e l ement s  may re f lec t a 
change in a tmo s pheric  c ompo s i t ion or an extended perio d 
o f  l ow snowfa l l .  S im i l ar ly , a change in the ra t io o f  
summer t o  winter snow accumul a t i on w i l l produc e a 
s tab l e- i so tope s igna l equiva lent to th at  produced from a 
change in average temperature . Thus t o  unders t and the 
true env ironment a l  record of ice  core s , we mus t  de fine 
c lear l y  the re l a t ionsh i p  b e tween loc a l  a tmo spher ic  con­
d i t ions and the c ompos i t ion o f  recent ly depos i ted snow .  

An ic e-c ore s igna l re f l ec t s  the c omb ined 
c ontr ibut ions of g l oba l ,  hemispher ic , reg iona l , and 
loc a l  cond i t ions . Ad dres s ing th i s  prob l em requ ire s 
c ompar i son o f  polar  ice-c ore s igna l s  w i th s igna l s  in 
cores  from subpolar  regions , w i th h is toric a l  wea ther  
record s ,  and  w i th other s ourc e s  o f  c l imat e  data  ( e . g . , 
tre e rings) . 
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Rec ommenda t ions 

H IGHEST PRIORI TY. Th e c l ima t ic and 
env ironment a l  informa t ion contained in ic e 
c ores  should  be c ompared w i th loc a l  or regiona l 
me teorologica l  informat ion , h i s toric a l  rec ord s  
o f  c l imat ic and env ironmental  change s ,  
inc luding pa s t  solar  ac t ivi ty and vo lcanism , 
and long- term data from tre e rings , lake and 
ocean sed iment core s , and glac i a l  depos it s .  To 
a id in th i s  c ompari son, intermediate-d epth ice 
core s shou l d  be  obta ined from a number o f  po lar 
and nonpolar l a t itude band s and from d iverse  
me teorological  and  glac iologic a l  environment s .  

HIGH PRIORI TY . Air sampl e s  and pit  and shal low 
core s ampl e s  shou ld  be analyzed t o :  

1 .  Ensure the re l iab i l i ty o f  ana lyt ica l  
proc edure s ;  

2 .  Inve s t iga te  the  re lat ionship be tween 
a tmo spheric c omposit ion and the c ompos it ion o f  
fre sh and aged snow; 

3 .  De t ermine the short-range geograph ica l 
variab il i ty o f  various ice-c ore s igna ls;  and 

4 .  Explore the feas ibi l i ty o f  us ing 
part icular s igna l s  for dat ing ice c ore s . 

Deve lopment  and App l ic a t ion o f  Technique s 

Recent l y ,  s pec ia l i s t s  have appl ied many ana lyt ic a l  
techn ique s t o  ex trac t informa t ion from ic e core s . The 
ana l y t ic a l  prob l ems are d i f f icu l t  because o f  the low 
c oncen trat ions presen t  in the snowfa l l  o f  Greenland and 
An tarc t ic a .  Ye t each suc c e s s fu l  app l icat ion o f  a new 
me thodo logy ha s added a new d imens ion o f  ins i gh t  into  
pas t  environmental  cond i t i ons . The deve lopmen t  and 
im proveme n t  o f  me thodol ogies  shou l d  c ont inue , as  shou l d  
the ir appl icat ion t o  c ore s a lready ob t a ined and future 
one s .  
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Recommenda t ion 

H IGH PRIORI TY .  Ana lyt ic a l  me thods should  be 
deve l oped , re f ined , and appl ied t o  the 
extr a c t ion from ice  c ores of informat ion 
related  to globa l an thropogen ic po l lut io n ,  
c l imat ic and env ironmental  h i s t ory , abs o lute  
age , and the pas t conf igurat ion and mot ion o f  
the ice shee t . 

RELAT IONSH IPS BE'NEEN GLAC IERS AND CLIMATE 

Glac ier s form par t  o f  the g loba l c l ima t e  sys tem .  The 
sma l l er g l ac iers reac t pas s ive ly to the c l ima te , wherea s  
i c e  shee t s  interac t w i th or even c on tro l i t . On inter­
med ia te  s c a l e s ,  the  proc esses  and  e f fec t s  are  no t 
c lear-cu t :  a large mounta in g l ac ier sys tem may d ominat e  
the local  c l imat e ;  a larg e  tabu lar iceberg may carry 
c l ima t ic anoma l ie s  w i th i t  during i t s  dr i f t . At the 
o ther extreme , some mode l ing resul t s  sugge s t  tha t  the 
det eriorat ion of g loba l  c l imat e  t o  ful l g l ac ial  
c ond i t ions may have tra i l ed the  deve lopment  o f  ice  
shee t s  i n  North Amer ica  and  Scand inav i a .  

Th e  r e l a t ionships be tween g l ac iers and c l ima te 
involve c omplex  interac t ions on various spa t ia l  and 
t empora l scal es . More de t a i l ed descr i p t ions  c an be 
a ch ieved through two d i s t inc t but  c ompl emen tary 
approache s :  obs erva t ion of changes in th e ent ire 
c l imat ic sys t em  and formu l a t ion of det ermin i s t ic  or 
emp ir i c a l  rules from an adequa te number o f  
re occ ur rence s ;  cons truc t ion o f  mode l s  and tes t ing o n  on e 
or more obs erved event s  to ensure that the e s s en t ia l  
phy s ic s o f  the  prob lem i s  re presented . For long t ime 
s c a le s ,  observa t ions s imply  lead to  descr i p t ion s  o f  
exi s t ing c ond i t ion s ; mode l ing i s  then the on ly objec t ive 
way to t e s t  under s tand ing of both pa s t  and fu ture 
re l a t i onsh i p s  be tween ice and c l imat e .  We c ons idere d 
and a s s igned pr i ori t ie s  to  prob lems repre sent ing th ree 
d i fferent  scales : moun t a i n-g lac ier sca l e , 
mounta in-range scale , and ic e-sheet  s c a le . 
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Prob lems o f  Moun t a i n-Glac ier Scal e 

Moun ta in g l ac iers  and sma l l  ice  caps have re sponse t ime s 
on the order o f  decade s t o  c enturies . On some glac ier s , 
f lu c tua t ions have been observed over decades ; for some 
o f  them , the  c l ima te o f  the surround ings i s  al so  ad e­
qua t e ! �  de f ined for at  least  part o f  tha t  h i s tory . Al l 
the b a s i c  measurement s needed to  de termine the re spons e 
o f  a few g l ac iers to  c l ima t ic variat ions have been made ; 
thes e  "c l as s ica l"  glac ier s are the mos t  s u i tab le  for 
c omb ined ob serva t iona l s t ud ies and mode l ing exper imen t s .  
The prob lems c oncern the se lec t ion o f  the mos t  re levan t 
met eoro logical  parame t er s , and the mode l  descr i p t ion o f  
mas s  and energy exchange wi th the atmo s phere , mas s  and 
energy trans fer with in the ice , and the proc esses  o f  
deforma t ion and s l id ing .  

Long-t erm measurements  o f  me teoro logical  fac tors , 
mas s  b a l ance s ,  and dynamic s o f  re presenta t ive glac ier s 
are e s sent ial to an under s tand ing o f  the coupl ing o f  
c l ima t e  t o  g lac ier s and the val ida t ion o f  mode l s .  

Rec ommendat ions 

H IGHEST PRIORI TY. Long- t erm measuremen t s  o f  
the re levan t a spec t s  o f  the me teoro logic a l  
env ironment ,  t ogether wi th bas ic glac ia l  
pr ocesse s ,  shou l d  be c ont inued on a few 
representat ive glac ier s .  The bas ic data s e t s  
shou ld  be  pu t  i n  a form tha t  i s  unders tandab le 
and c ommun ica t ed to the Wor ld Da ta  Center-A for 
Glac io logy and the Permanent  Serv i c e  on the 
Fluc t ua t ions o f  G l ac iers . 

PRIO RITY . De ta i led s tud ie s shou l d  be  made o f  
how me teoro l ogic a l  proc e s s e s  contr o l  t h e  mas s  
and energy balanc e s  o f  glac ier s  in sever al  
env ironment s .  

Pr oblems o f  Moun tain-Range Scale  

The resu l t s  of  s tud ie s o f  energy and mas s  b al ance on  
mount a in g l ac iers shou l d  be  ext ended to  who le ice-c l ad 
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mount a in range s .  O f  importance to  North Amer ican  
inve s t igators are  the  ranges  bord er i ng the  North Pac i f ic 
Oc ean in Alaska , the Yukon Te rr i t ory ,  and Br i t ish  
Co lumb ia ,  wh ich c on t a i n  the  fourth- l arge s t  ice  ma s s  in  
the  wor l d  and are  a maj o r  c l imat ic barr ier . La rge 
s torms move acr o s s  the Gu l f  of Al aska and imp inge on 
the s e  moun t a i n s , produc ing snow accumu l a t ion ra tes  
exc eeding 10 m per  year .  Th e  winter  c l ima te o f  much o f  
North Amer ic a may b e  a ffec ted b y  proc e s s e s  a t  th i s  
ice-c overed bord er o f  t h e  Nor th Pa c i f ic . Th e r a t e s  o f  
mas s  f l ux through the s e  i c e  f i e l d s  a r e  among the h i ghe s t 
in the wor l d , w i th cop ious me l twa ter runo f f  th at  a f fec t s  
the env ironmen t o f  the produc t ive nea r-shore wa ters o f  
the Gu l f  o f  Ala ska . 

The g lac iers a l s o  l ie in a reg ion o f  ever- i ncre as ing 
human ac t iv ity , ye t few com prehens ive g l ac i er-c l imat e  
inve s t iga t io ns have been c onduc ted , and there are no 
long-t erm mon i tor ing resu l t s .  Only  one cursory trea t­
men t o f  the reg iona l  ma s s  ba l anc e ex is t s .  

Sou rc e s  o f  energy and wa ter vapor in  the North 
Pac i f ic are being s tud i ed through the S t orm Tr ans fer and 
Re spon s e  Exper iment .  We need t o  examine th i s  mount a in 
g lac ier s y s tem a s  an energy  and water-v apor s ink and a s  
a c l imat e  bar r i e r .  

Rec ommendat ions 

HIGH PRIO RI TY .  The regiona l glac i a l  
meteoro logy and mas s  exc hange of the h igh 
moun ta in s  bordering the Gu l f  o f  Ala ska shoul d 
b e  determ ined . 

PRIORI TY .  Le s s-d e t a i l ed regiona l s tud ies o f  
ma s s  and en ergy exchange in o ther areas shoul d 
b e  c onduc ted and the f ind ings c ompared w i th 
thos e  for the Gu l f  o f  Alaska . 

Prob lems o f  I c e- Sh eet  Sc a l e  

The Greenland i c e  shee t con tributes  reg iona l l y  t o  th e 
therma l forc ing o f  the a tmosph ere . How i t  interac t s  
wi th the a tmo s phere i s  inc omp l e te ly under s t ood , 
e spec ia l ly i t s  ma s s-b a l anc e reg ime and mod i f ic a t ion o f  
the re gime due to  na tura l and huma n-induced atmo spher i c  
and oc eanic  chang e s .  Th e An tarc t ic ice  shee t s  and , 
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former l y , the larg e  Northern Hemisph ere ice shee t s  have 
a much broader impac t ;  they inf luence c l ima t e  on a 
global  scale . 

Greenland Ic e  Shee t 

Knowledge o f  the pre sent prec ipitat ion and tempera ture 
regime s o f  the Greenland ice shee t is essen t i a l  to the 
interpre tat ion o f  the ice-c ore record s .  The prec ipi­
tat ion and tempera ture pat terns no t onl y  are re lated t o  
the path s fol lowed b y  the North American s torms bu t a l so 
are influe nc e d  by  new s t orms generated  in the Ic e l and ic 
"c enter o f  ac t ion , "  wh ich is part l y  due to the ice  sheet  
i t se l f .  Time and spac e variat ions i n  mas s  balance are 
imperf ec t l y  known, l tm i t ing ver i ficat ion of atmospheric 
c irculat ion mode l s .  Unt i l  such prob lems are solved , the 
ful l va lue o f  ice-c ore resu l t s  w i l l  no t be real i zed . 

Rec oumenda t ion 

HIGH PRIORI TY. Re search shou ld  be d ire c ted to 
under s t and ing o f  the pre sent  c l ima to logic 
regime o f  the Greenl and ice sheet , the re lat ion 
of i t s  regime to a tmo spheric c irc ulat ion 
pa t terns , and the ver i f icat ion o f  ice  sheet/ 
c lima t e  model s .  

We s t  An tarc t ic Ice  Shee t  

The resp onse  o f  the Wes t  An tarc t ic i c e  shee t t o  c l ima t ic 
change i s  cr i t ica l in v i ew of  the potent ial  ins tab i l ity  
tha t  migh t be t r i ggered by co2 - i nduced a tmospheric  and 
oceanic wa rming . De t a i l e d  rec ommendat ions for Antarc t i c  
c l ima te research , many g lac iological  i n  na ture , have 
been deve l oped by the Group of Spec ia l i s t s  on Antarc t ic  
C l imate  Re search ( 19 81 ) . Bent ley ( 19 82 ) has examined 
re search needs  spec i f ic a l ly  for the We s t  Antarc t ic ic e 
sheet . We ful ly support both s e t s  o f  rec ommendat ions . 
These  two s tud i e s  em pha s ize our lack o f  knowledge ab ou t  
c omponent s o f  surface mas s  balanc e , the ir re lat ion to  
atmo s pheric and ocean ic c irc u l a t ion , and the exten t o f  
s ea ic e .  Th e s tud ies  emph a s ize the nee d to exp lore the 
us e o f  sate l l ite  te chn ique s , e s pec ia l ly 
pa s s ive-m icrowave rad iome try and a l t ime try , to determ ine 
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the area l d i s tribu t ion o f  surfac e  mas s  balance an d 
change s  in i c e  th ickne s s  and to mon i t or the chang ing 
c oas t l ine and ground ing l ines . Proc e s s e s  under ice 
she lve s are a l so import an t ,  as  d i sc u s sed ear l ier in th i s  
chapt e r . 

Rec ommendat ion 

H IGHEST PRIORI TY .  Ground-b ased measurement o f  
the s urfac e mas s  b a lanc e and re levan t 
me teorol ogic a l  var i ab l e s  for one or more 
c omple t e  dra inage bas ins shou l d  be  c ompl e ted , 
and the re su l t s  shou ld  be extended by s a te l l i te 
rad iome try to  the who l e  o f  the Wes t  Antarc t ic 
ice  she e t  and incorporated into a tmospher ic  
c irc ula t ion mode l s .  

Eas t An t arc t ic I c e  Shee t 

The s iz e  and long reac t ion t imes o f  th e Ea s t  An t arc t ic 
i c e  she e t  and P le is tocene cont inen t a l  ic e shee t s  pose 
prob l ems of interpr e t a t ion. C l imate-re l ated ind icators  
measured in  ice  and ocean cores mus t  be eva luated in 
re l a t ion t o  a c l imat ic environment d i f ferent  from tha t  
o f  today . 

Th e Group o f  Spec ia l is t s  on An tarc t ic C l ima te 
Research ( 19 8 1 )  c i te s de f ic ienc i e s  in know ledge , 
part icular ly re levant t o  Ea s t  An t arc t ic a :  ins u f f ic ient 
c l ima t e-re l a ted observat ions for mos t  of the ic e s hee t 
are a ;  poor performance o f  gener a l  c irc ulat ion mod e l s  and 
o the r c l ima te  mode l s ,  probab ly because o f  inadequa t e l y  
known boundary f luxes a t  t h e  ice-sheet surface ; inab i l i ty 
t o  re l a t e  energy fl uxe s t o  ka taba t ic wind s and radi a t ion 
transfer through c loud s ;  and lack o f  a c omprehens ive 
c l imat e-da t a  arch ive . 

Re c ommendat ion 

H IGH PRIORI TY . Th e a tmosph e r i c  proc es s e s  tha t 
c on tr o l  the  mas s  b a l anc e o f  the Eas t  Ant a rc t i c  
i c e  shee t shou ld  be de term ined , inc lud ing the 
tasks l i s ted by the Group o f  Spec ia l is t s  on 
An tarc t ic C l ima te  Re search ( 19 8 1 ) . 
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7 
Other Considerations 

INSTRUMENTS AND TECHNIQUES 

Dur ing the l a s t  decade maj or advanc es  have occurred i n  
mea surement me thods for the s tudy o f  na tural  ice  masses . 
On the ice  shee t s , notab le  one s are a irborne radar 
s ound ing of bed and internal layer s , sate l l i te-a l t ime try 
measuremen t o f  surface e leva t ion , sate l l i t e  sens ing and 
pos i t ioning sys tems , and more e f f ic ient de terminat i on o f  
s tab l e  isotopes and o ther geochem ic a l  propert ies  i n  
ice-c ore s amp l e s .  For the s tudy o f  temperate glac iers , 
advanc es  inc lude monopu l se radar systems to  measure ic e 
th i ckne s s , appl icat ion o f  h i gh ly ac curate  surveying 
me thods and rec ord ing s tra in meters to ach ieve h i gh 
re solut ion o f  g l a c i a l  geometry and mot ion change s , and 
new me thods  for d irec t observa t ion of basa l  c ond i t ion s 
and s l id ing . W i th the goa l s  recommended in previous 
chapter s in mind , c ont inued advanc e s  in c ore dri l l i ng 
and analys i s  and in remo te  s ens ing--t echn iques tha t  
re sulted  in dramat ic pro gress  duri ng the pas t  dec ad e-­
are espec ia l ly de s ir ab l e .  

Many recommendat ions for the deve lopment o f  
i ns trumen ts  and tech n iques appl ied t o  s pec i f ic research 
tasks  can be found in the preced ing chap t er s .  Al thou gh 
s ome o f  these needs are a l so men t i oned here , the only  
forma l  recommend a t i ons l is ted are  thos e  o f  a general 
nature . 

Dr i l l ing and Cor ing 

In l i gh t  o f  the h i gh pr ior i ty a s s i gned t o  dee p-ic e-core 
and boreho le inves t igat ions , there is  a v i tal  need to 
develop the c a pab i l i ty of  cor ing to  the base of  cold ic e 
shee t s .  A c omprehens ive p l an shou l d  be  deve loped t o 
prov ide for the app l ic a t ion o f  shal low- and interme d iat e-
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c ore dri l l ing and o ther te chn ique s t o  the a ch ievement  o f  
deep-c oring ob j ec t ive s .  Th e dr i l l  mus t  rec over cont inu­
ous h i gh-qual i ty c ores wi th s u f f ic ient ly  l a rge d iame t e r s  
t o  perm i t  ana lys is  for a wide range o f  env ironmen tal  
informa t ion . 

In add i t ion , there is  need for a dr i l l  tha t  produc e s  
core s  w i th a d iame ter l a rger than 100 mm ; such core s c a n  
be  pared down to th e ir c l ean inter i ors  for prec ise 
chemic a l  ana lyse s .  St i l l-l a rger-d iame t er ho l e s  are 
needed for acc e s s  t o  interna l l ayers , to th e g l ac ier 
bed , and to  the wat er beneath  ic e she lve s .  

Sha l low-c ore ( up t o  100 m )  dri l l ing shou ld  c on t inue 
to  prov ide use ful  resul t s ,  bu t sha l low dri l l s  requ ire 
sub s tan t i a l  improvement . Th e ma in emph a s i s  shou ld  be on 
l i gh t  wei ght , speed , and re l iab i l ity , s o  tha t  core s  can 
be  ob ta ined in remote  locat ions wi thou t a dr i l l ing 
eng in eer . Int ermed iat e-dep th dr i l l ing c apab i l ity , tha t 
i s ,  to  the max imum depth that  c an be ob tained  in an open 
ho le , shoul d a l s o  b e  improved . 

Some deep- ice  informa t ion , such a s  tempera ture s and 
shear s tra in ra te s ,  can be  ob t a ined , in pr inc iple , from 
me l t sondes ( robot probes ) .  W i th some deve lopment , s uch 
probes  c ou l d  a l s o  be used for mea sur ing mas s  balanc e  on 
th e unders ide o f  ic e she lve s and perhaps to de term ine 
ic e fabric s or make in s i tu  chemic a l  ana lyse s .  Al though 
me l t sondes c anno t rep l a c e  dri l l s ,  they could  be valuab le  
in he lp ing to  se l e c t  su i tab l e  s i t e s  for deep dr i l l ing 
and in a s s e s s ing the l a tera l va riat ion of g lac i a l  para­
me ter s .  

Fina l ly ,  for g l ac io log ica l  a s  we l l  as  geo logical  
purpose s ,  good be drock samplers  shou l d  be  deve l oped for 
u s e  in any dri l l  ho le  tha t  reaches  the base of a g l ac ier . 

Core Ana lys is  

Th e princ ipal  need in c ore ana lys is  i s  an e f fec t ive 
me thod of age det ermina t ion . For th i s  purpos e ,  th e 
deve lopment o f  acc e l erator and laser  dat ing me thods , 
us ing minute  quan t i t ies  o f  rad ioa c t ive isotope s , sh oul d 
be  s trong ly enc ouraged . Other geochemic a l  advanc es  th a t  
awa i t  fu l l  exp l o i t a t ion requ ire more e ff ic ient s tabl e­
i sotope ma s s  spec trome try for the rapid , comp l e t e  
analys i s  o f  la rge ice  c ore s and a n  im provemen t i n  the 
detec t ion o f  s ub- p pb  ( part s per b i l l ion) concentra t ions 
o f organic  c ompound s by chemic a l l y  sens i t ized e l ec tron 
c apture . Improved quan t i tat ive me thod s are needed for 
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nondes truct ive cont inuous scann ing of  phy s ical  propert ies 
along the core , such as the succes s ful  me thod for 
measuring elec tr ical  propert ies . Bulk phy s ical ( e . g . , 
ul trasonic ) me thod s o f  def ining texture and fabric o f  
i c e  should b e  c omplemented b y  methods o f  analyz ing th in 
sec t ions , perhaps us ing modern image-analyz ing tech­
n iques , wh ich are more e f f ic ient than manua l measurements 
wi th a universal  s tage . To minimize the effec t o f  the 
re laxa t ion that occurs when deep- ice core s are brought  
to atmo s pher ic pressure , deve lopment and use of  me thod s  
to measure mechanical propert ies at  the dri l l  s i te 
should  be cont inued , wi th s torage of se lec ted core 
samples  in pre ssur ized conta iners . 

Boreho l e  Equipmen t 

No t only the core s but the dri l l  ho les themse lves yield  
valuable  informa t ion . Some examples of  improvement s  t o  
b e  sough t i n  boreho le equ ipment inc lude : ( a )  the c a p­
ab i l i ty for in-hol e  chemic a l  measurement s  and for s tudy 
o f  both vert ical  and horizontal  component s  of s tr a in 
rate s ;  ( b )  me thod s t o supplemen t s onic logg ing in ob tain­
ing informat ion about ice texture and fabric ; ( c ) the 
means to improve c on t inuous observa t ions o f  glac ier bed s 
and g lac ia l s l id ing , in part icul ar , a me thod o f  s tab i l iz­
ing ac t ive subsole dri f t  in the bo t t om o f  boreho le s ,  
perhaps by c a s ing the ho le bot tom; and ( d )  me thods for 
cont inuous mon i toring o f  ba s a l  water pres sure with 
s ys tems that  can survive unat tended over a winter or the 
cour s e  o f  a surge . 

Remote Sensing From Sa t e l l ites  

For reasons s ta ted in Chapter 6 ,  h i ghes t  priority i s  
a s s igned t o  p l ac ing into polar orb i t  a s a te l l ite  w i th 
bo th a laser a l t ime ter for high accuracy and a radar 
a l t ime ter for c omplete surfac e e l evat ion measurement s .  
Ano ther h i gh prior i t y  is  further developmen t o f  te ch­
n iques for separa t i ng and quant i fy ing the e f fec ts  o f  
snow-layer thickne s s  and s truc ture and the phys ica l 
tempera ture on microwave brigh t ne s s  tempera ture s .  Th e 
s tudy shou ld inc lude the examina t ion o f  ava ilable  
microwave data , further theore t ical  anal yses o f  
emi s s iv i t y  from ice  shee t s ,  and coord inat ion wi th fiel d 
programs tha t  c an inc lude d irec t measurement s  o f  mas s  
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ba l anc e . The deve lopment  o f  horizont a l -pos i t ioning 
( i . e . , laser-rang ing ) sys tems w i th dec ime ter acc uracy 
wo u l d  be  exceed ing l y  us e fu l .  

Vi sua l imagery from s a te l l i te s , such a s  tha t obt ained 
from LAND SAT ,  cou l d  be used for measuring the speed o f  
out l e t  g lac ier s and changes  i n  the g l ac ial  coas t l ine o f  
Ant a rc t ic a  a s  we l l  a s  for moni tor ing the f luc tuat ions o f  
o th er g l ac ier s .  Th a t  s a t e l l i te  imagery migh t  reveal 
b lue-ice areas favorab le  for the accumu l a t ion o f  
me teor i tes  is  a pos s ib i l i ty tha t  shou ld be  expl ored . 
Fu rthermore , the deve lopme n t  o f  a s tereo image  t e chnique 
tha t  would  make pos s ib l e  three-d imens iona l mapp ing o f  
Antarc t ic a  and o ther remo te  areas shoul d  b e  encouraged .  

Other Remote  Sens ing 

The Commi t te e  on Glac iol ogy urges tha t the U . S .  
c apab i l ity  for a irborne radar s ound i ng be  re ac t iva ted , 
wi th improved ins trumenta t io n .  Pa rt ic ular l y  importan t 
i s  the inc lus ion o f  d ig i t a l  record ing tha t w i l l  perm i t 
the u s e  o f  modern s i gna l-proc e s s ing techniques  to 
d e t ermine the pro pert ies  of  interna l and basal  
re flec t or s .  Signa l-proc e s s ing techn ique s should a l s o  b e  
more wide ly  app l ied t o  s e ismic measuremen t s .  D i g i t a l  
rec o rd i ng o f  various  remo t e l y  sensed data  wi l l  permi t 
the app l icat ion o f  geophy s ic a l  inverse  me thod s now 
c ommonly used to infer the interna l s truc ture o f  the 
earth . Radar t echn iques ,  w i th d ig i ta l  rec ord ing , shou l d  
be  empha s ized for such app l ic a t ions a s  de tec t ing the 
d is tr i but ion and changes  of interna l voids  in g l ac iers 
and the ir water  c ontent , measur ing basa l mas s  balanc e , 
determ ining eng lac ia l t emperature s ,  and measur i ng th e  
th ickne s s  o f  s e a  ice . In add i t io n ,  o ther geo phys ica l 
techn ique s ,  such as s e i smic  or e l ec tr i c al-re s i s t iv i ty 
s urveying , tha t  w i l l y ie ld such informa t ion shou l d  a l s o 
rece ive a t tent ion.  

Fre quency-modu lated prob ing sys tems for  measur ing 
fre shwa ter ic e th i cknes s  shou l d  be  tes ted . These  
s ys tems migh t  yield  b e t ter data than impul se sounder s , 
wi thou t the need for h i gh vo l tage s . Th e  use  o f  remot e­
s en s i ng sys tems to mon itor  po tent ial  ice  j ams , bre akup 
o f  r iver ic e ,  and the deta i l s  of lak e-ice  c over shou l d  
a l s o  b e  expl ored . 

Remo te sens ing o f  snow c over is  v i ta l ly  import an t . 
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Many approache s to s ens ing the snow invent ory are 
pos s ib l e  because snow re sponds to  e l ec tromagne t ic 
rad iat ion o f  d i f ferent  waveleng th s  in d i f feren t way s . 

Many o f  the problems encountered w i th sea ic e ,  
pa rt icular ly thos e  in the sheer zone and marg ina l ic e 
z one , are idea l ly suited for the appl icat ion o f  remo te­
sens ing techn ique s to fac i l itate  a q uant i ta t ive 
ch arac ter izat ion of the upper surfac e o f  the ic e .  Al l 
maj or sensor types (vi s ib l e , infrared , and mi crowave 
imagers ,  radar , and laser ) can c ontr ibute to an improved 
asses sment  of many ice probl ems . In part icular , 
ana ly t ical techniques for de termining bas ic sea-ice  
parame ters  from pas s ive and ac t ive microwave data shou l d  
be  further deve loped . Da ta buoy c apab i l it ies  shou ld  be 
improved , wi th empha s i s  on the d eve loment  o f  sensors 
c apab le  of s tab le  una t t ended opera t ion in a hos t i le 
env ironmen t .  

An array o f  air-depl oyed buoys measuring a tmospheric  
surface pressure , a ir t empera ture , and pos i t ion ( ARGOS ) 
has been in opera t ion s ince early 19 79 in the c entr a l  
Arc t ic .  Such unmanned d a t a  buoys prov ide a l og i s t ic a l l y  
"nea t" way o f  acquir ing , o n  a rou t ine basis , oceanic and 
me teoro logic a l  data  tha t  c ou ld be used to asse s s  dynamic 
and thermodynamic s imulat ions of ic e d i s tribu t i ons . Al l 
these remot e-sens ing technique s shou l d  be  sys tema t ic a l l y  
appl ied i n  both pol ar reg ions , b u t  part icularly in 
Antarc t ica . 

Other F i e ld Equipment and Techn iques 

Severa l ins trument s and me thods for s t udy i ng the s l iding 
o f  a g l ac ier on i t s  bed have been ment ioned ; import ant  
for the same purpose  are  technique s to  measure forces 
and tempera ture in bed fea tures , for exampl e ,  where 
acc e s s  is  prov ided by tunne l s , and a s imple , i f  onl y 
a pprox imate , method for c ont inuous ly measuring d ischarg e  
and sed iment transport i n  glac ier-fed s treams . Ins tru­
men t s  and techniques are needed for mak ing in s i tu tes t s  
o f  snow cover wi thout d i s turb ing the snow.  Measurement s 
o f  the s treng th and l iquid-water c ontent are part icularly  
important . Ano ther need is  technique s to  measure , in  
s itu , l iquid wa ter in temperate  ice and brine in sea ice 
and to  s tudy the me chan ica l behav ior o f  ice w i th a 
l iquid phase . Bo th l iquid wa ter and brine a f fec t  the 

- 109-

Copyr ight  © Nat iona l  Academy o f  Sc iences.  A l l  r igh ts  reserved.

Snow and Ice  Research:   An Assessment
h t tp : / /www.nap.edu/cata log.php?record_ id=19449

http://www.nap.edu/catalog.php?record_id=19449


me chan ic a l  propert ies  o f  ice , and bo th are sub j ec t  t o  
change dur ing transport to the labora tory . 

Laborat ory Stud ie s on Ic e Technique s 

Te chnique s  are needed : ( a )  for running tes t s  on the 
me chan ica l  behav ior o f  ice in re spons e to large s tra in s , 
in  e i ther c ompress ion or tens ion ,  wi thout undu ly 
d i s t o rt ing sample  geome try and ( b )  for  d e t ermining the 
behav ior of ice at l ow ( < 0 . 5 bar)  s tr e s s e s  and low 
tempera ture s over shorter t ime s c a l e s  o f a year or 
l e s s .  Some resu l t s  sugges t  tha t  te s t s  migh t  be s t arted 
a t  hi gher temperature s  and run near ly t o  the point  of  
m in imum s tr a in rate  be fore lowering the t empera ture ; 
th i s  approach shou l d  b e  s tud ied further . In v iew o f  the 
w idely  vary ing resul t s  ob t a ined in os tens ib l y  s im i l ar 
mechan ic a l  tes t s , bo th wi thin a g iven l abora tory and 
be tween l abora tories , the need for s t andard izat ion o f  
te s t  procedure s is  ev iden t . Bas ic requ irements  are tha t 
the minimum l inear d imens ion o f  a te s t  s amp l e  be at  
leas t 10 t ime s the max imum grain  s ize and tha t  leng th­
t o- d iame ter rat ios be kept  in excess  o f  2 .  In add i t io n ,  
the texture , fab r ic ( inc lud ing orientat ion wi th re spec t 
t o  appl ied s tre s s ) , and impuri ty content o f  the samp l e s  
shou ld  be report ed . Therma l s tres s e s  induc ed on a 
s ampl e  by f l uc tuat ions ( c yc l ing ) o f  cold-room t empera ture 
may enhanc e  cree p ra te s ; th is  pos s ib i l i ty shou l d  be 
explore d .  

New approach e s  t o  g l ac iologic a l l y  pert inent prob lems 
inc lude the u s e  of dopant s  and o ther chemic a l s  to crea t e  
art i f ic ia l  and syn thet ic ic es  as  sub s t itutes  for na tura l 
ic e in phy s i c a l  mode l ing and sc aled-down tes t s  o f  
eng ineer i ng des ign .  Correc t s c a l ing o f  the phy s ical  and 
s truc tura l propert ies  o f  art i f ic ia l  ic e is imperat ive , 
and promis ing resu l t s  have been ob ta ined w i th ure a 
( c arbamid e )  ic e as  a sub s t i tu t e  for sea  ice . 

LOG ISTICS 

Sup por t for An tarc t ic Ground Pro grams 

S tud ies  tha t  invo lve extens ive measurements  on the 
surfac e or at  re l a t ive l y  c los e ly spaced s t a t ions l ie a t  
the heart o f  the inves t igat ion o f  the We s t  An tarc t ic ic e 
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s heet  and i t s  response to c l ima t ic change . Techn ique s 
for making the measurement s are l a rge ly ava i l ab l e , bu t 
the necessary s upport ing veh ic les  are no t .  Adequa te 
logi s t ic s upport is  es sent i a l  for suc c e s s fu l  s tudy o f  
the Wes t  An tarc t ic ice shee t .  

Airborne F ie ld Labora tory 

An e f f ic ient means o f  support ing systema t ic sha l low- , 
and perhaps even intermed ia t e-core , s ampl ing o f  
An tarc t ica  and Greenland migh t  b e  a modera te-s ize 
a irplane , equ ipped as a geophys ic a l  and geochem ica l 
l aboratory and capab le o f  open- f ie ld land ings . Compl e­
ment a ry work to be  carried out a t  each dr i l l ing s i te 
wou ld  inc lude Doppler-s a t e l l i t e  3D pos i t ion ing ; measure­
ment , by radar and o ther remot e-sens ing technique s ,  o f  
i c e  th ickne s s ,  internal layeri ng , crys tal  s izes and 
orienta t ion s , and t emperature ; and on-th e-spot c ore 
measurement s , such as isotope and trac e-e lement  analyses  
and the de termina t ion o f  mechanic a l  propert ies  and 
cry s t a l  fabric s .  The Comm i t tee on Glac iology urges  tha t  
serious c ons idera t ion b e  g iven t o  the deve lopment  o f  an 
a irborne field  l abora tory for c ore dr i l l ing and 
c oncomitant s tud ie s  on ic e shee t s .  

Log is t ic s  Support in the Alaska/Yukon Re g ion 

Even though c ommerc ia l  fac i l i t ie s  are ava i l ab l e  and the 
ne t c o s t s  are lower than they are in the Antarc t ic , 
log i s t ic  support for many proj ec t s  in  the Alaska/Yukon 
reg ion has been inadequa te because these c o s t s  mus t  be 
inc luded expl ic i t l y in research budge t s .  Re search 
opera t ions c an become hazard ous when they are c onduc t ed 
wi thout adequa te log i s t i c  backup . Federa l  agenc ies 
s upport ing g lac iologic a l  re search programs in the Alaska/ 
Yukon region should  ensure tha t adequate  logis t ic support 
i s  provided . 

Opera t iona l Us e o f  Da ta  on Arc t ic Sea Ic e 

Some data on Arc t ic sea ice are o f  immed ia te use for 
opera t ional purpose s .  As a guide to  data-proc e s s ing 
requ iremen t s ,  the types of data  produc t s ,  the ir  user s ,  
and the t ime cons tr a ints  in proc e s s ing and use shou l d  be 
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d e f ined . I f ,  for example , SAR images o f  the ma rg ina l 
ice  zone at  noon each day are to  b e  made ava i l ab l e  t o  
fishermen in the Bering Sea three hours l a t er , wha t  dat a­
proc es s ing and d i s tr ibu t ion fac i l i t ie s  wi l l  be requ ire d? 
Some balanc e  mus t  b e  s truck be tween the amoun t o f  raw 
data  th a t  can be c o l lec ted and the vo lume tha t can be  
proc e s sed and  d is tr ibuted in a g iven t ime in terva l .  

INTERNATIONAL COOPERATION 

The In terna t iona l Geo phys ica l Year ( IGY ) demons tra te d 
the va l ue o f  in terna t iona l c ooperat ion in po lar re search , 
and numerous subsequen t proj ec t s  have c onf irmed it . 
Sever a l  import ant s tud ies  o f  Arc t ic sea ice  and i t s  
re l a t ion t o  c l imate  have s uc c eeded i n  part  because o f  
the s trong c omponent o f  in ternat iona l c oopera t ion , 
organized by the Glob a l  Atmo s pheric Re search Pro gr am 
( GARP )  and o ther in terna t iona l bod ies . 

Mu l t ina t iona l c ompos it ion was an important e lemen t 
i n  the suc c e s s  o f  the Greenl and Ic e  Shee t Pro jec t ( G ISP ) 
and the Ros s  Ice She l f  Projec t ( RI SP ) and has  b een 
part icuarly produc t ive in the s tudy o f  ice  c ore s .  Te ams 
o f  resea rchers from s evera l d i f ferent  c oun tries  have 
c omb ined the ir ta lents in ob ta ining a wea l th o f  data  on 
the bas ic phys ica l propert ies  of ice c ores from a numb er 
of l oc a t ions in An t arc t ic a  and the Arc t ic . The large 
and expand ing number o f  produc t ive s tud ies  on ice core s ,  
and the  l imited  number o f  labora tor i e s  c apab le  o f  under­
t ak ing such s t ud i e s , make i t  es sent ial  tha t  int erna t iona l  
c oopera t ion in the s tudy o f  ice  c ores cont inue . Further­
more , c ont inued c oopera t ion on dri l l ing should  he l p  t o  
avo id t h e  redundant deve lopment o f  h i gh ly expens ive 
dri l l ing equipment .  

The In terna t iona l An t arc t ic G l ac io log i c a l  Pro j e c t  
( IAGP ) , wh ich now j o ins  s ix exped i t ions for the s tu dy o f  
a larg e part o f  th e Ea s t  An tarc t i c  ice shee t , i s  a broad 
c oopera t ive ven ture . The IAGP has  a Coord ina t ing Counc i l  
w i th equa l glac iolog i c a l  and logis t ic repre sen t a t ion ,  
wh i ch enab le s  the IAGP to  reac t f l ex ib l y  to  changes in  
nat iona l s i tua t ions . Th i s  concep t shou ld  be cons idere d 
for future pro j ec t s ,  such a s  the proposed intens ive s tud y 
o f  the We s t  An tarc t ic ic e shee t . 

Ano ther area for interna t iona l c ooperat ion  i s  the 
u se of LANDSAT image s to produc e accurat e  1 : 2 50 , 0 00-
s c a l e  p lanime tric image maps and aeronaut ic a l  cha rts  o f  
An tarc t ic a .  The Un ited  S t a te s , the Un i ted K ingdom ,  
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Au s tra l ia ,  and Japan have a l l  pub l i shed one or more 
LAND SAT image maps , and New Zealand , Germany , and Sou th 
Africa  p l an to in the near future . The Un ited  S tates  
cou l d  work w i th o ther interes ted c oun tries  to  produc e 
opt imum LANDSAT image s through compu ter-enhanc ement 
techn ique s ( see  sec t ion on "Management  of Glac iolog ica l 
Da ta" ) ,  then pub l ish the des  ire d maps . 

Other glac iologic a l  pro j ec t s  tha t a l ready invo lve a 

l arge degre e  o f  interna t iona l c ooperat ion inc lude the 
eva luat ion and u t i l izat ion o f  the wor ldwide , Inter­
na t iona l Hydro l ogical  Decade ( IHD ) c omb ined hea t/mas s/ 
wa t er-balance s tud ie s and the surveys o f  the wor l d ' s  
g lac ier s and the ir f luc tua t ions . These  ac t iv i t ies  are 
coord inated  by th e Interna t iona l Comm i s s ion of Snow and 
Ic e ( I CSI ) and i t s  s pec i a l ized subd iv is ions ( see sec t ion 
on "Organ izat ion of Snow and Ic e Sc ience s" ) . The ICSI  
a l s o  has organ ized interna t iona l rev iews o f  bas ic 
prob lems . Of equa l po lar  s i gn i f icanc e a re some of the 
s ympos ia organ ized by the In t ernat iona l G l ac iological  
Soc iety  ( IGS ) . 

Advanc ing theore t ic a l  under s tand ing and numerical  
model ing of  g l ac iers  and ice  shee t s  i s  an internat iona l 
e ffort tha t  proc eeds through pub l icat ions and s ympos ia .  
Progre s s  o n  spec i f ic prob l ems has been acc e l era ted a t  
t imes by b r i ng ing the b e s t  t a l ent and experienc e  
t oge ther for intens ive int erac t ion . Examples  are the 
workshop of theore t ic a l  spec ial i s t s  that  deve loped the 
broad research s trategy for the IAGP in Mos c ow in 19 7 1 ,  
the 1 9 7 3  Cambri dge Workshop on the In terpre t a t ion o f  
Iso tope and Temperat ure Pro f i l e s  i n  Ice , the 1 9 7 9  I C SI 
Workshops on the F l ow Law o f  Ic e ,  and the 1981  Cambridge 
mee t ing of expert s on a SCAR con tr ibut ion to the Wor ld 
Cl ima t e  Re search  Program ( WC RP ) . The c ont inu ing need o f  
the WCRP for po lar i nformat ion and expert ise  is  shown by 
the support for a 1982 workshop on the ro l e  of sea ice  
in c l ima te  variat ions and for the p lanned IGS Sympos ium 
on Ic e and Cl imate Mode l ing at Evans ton , I l l ino is , in 
198 3 .  The Un i ted States  shou ld cont inue to support such 
workshops and symposia .  

In t erna t iona l sharing of  exper t i s e  and  exper ienc e in 
the s tudy o f  phys ic a l  propert ies  of  snow and ice i s  in 
the be s t  in tere s t s  o f  a l l  c oncerned nat ions in ord er to 
avo id  unnec es sary dupl ic a t ion o f  e f fort . Such c oopera­
t ive s tud ies c an lead t o  improvemen t in experimen tal  
techn ique s and to  the  iden t i f ic a t ion of  phys i c a l  or  
chemic a l  processes  prev iou s l y  c ons idered  t o  be  
un important . In  the  s tudy of  mechanica l propert ie s ,  a n  
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in ter l abora tory exchange o f  sampl es , s imilar  to  tha t 
c arried  ou t by many geochemic a l  l abora tor i e s , might he l p  
t o  reso lve some o f  the s e  d i screpanc ies  curren t l y  
charac ter i z ing the data . 

Progr ams for the exchange o f  per sonne l are e spec ia l l y  
produc t ive ; such exchanges s hou ld take p lace  for f i e l d  
work a s  we l l  a s  f o r  laboratory measuremen ts  and data  
ana lys i s . 

Th e  mechan ics  o f  c oopera t ive work are more d i f ficul t 
than  for ma in ly u . s .  programs , but  the sc ient i fic  
re turns c an be gre a t . Other na t ions have exper t ise  tha t 
the Uni ted States  l a ck s ; the exchange o f  re su l t s  and 
ideas is valuab le for a l l  part ic ipant s .  

MANAGEMENT OF GLAC IOLOGICAL DATA 

S t a tus 

A s o-c a l led i nforma t ion explos ion is occur ring in the 
geophy s ic a l  s c ienc e s  a s  a resul t o f  the new h i gh-volume 
dat a-re tr ieva l sys tems a s s oc iated  w i th remo t e-sens ing 
and c ompu ter-proc e s s ing techn ique s .  Al though the 
c o l lec t ion o f  c erta in type s of snow and ice data  wi l l  
c ont inue to  be  a s s oc iated  w i th spec ial ized research 
ac t iv i t ie s , there is a n  acc e l erat ing trend t oward aut o­
ma ted acq u i s i t ion o f  l arg e- s c a l e  d ig i t a l  informa t ion 
from sat e l l i te s , a ircra f t , and data-c o l l ec t ion pla t forms . 

Th e  framework for arch iv ing and d i s tr i bu t ing snow 
and ic e d a t a  interna t ional l y  wa s e s tab l ished in 
c onnec t ion w i th the IGY in 1 9 5 7 , through the In t er­
na t iona l Counc i l  o f  Sc ient i f ic Unions ( I CSU ) sys tem o f  
Wor l d  Da t a  Center s .  In the case  o f  g l ac io logy , 
i nforma t ion exchange has been l imi ted l a rge ly t o  
pub l i shed re port s .  Moreover , the informa t ion depos i ted 
in the Wor ld  Da t a  Centers  for Glac iology has perta ined 
pr inc ipa l ly to g l ac iers  and ice shee t s .  Indeed , the 
fu l l  s c ope o f  g lac io logy--emb rac ing a l l  phenomena and 
proc e s s e s  of na tura l l y oc c ur ring snow and ice-- i s  o f ten 
not  apprec iated  by atmo s ph er ic  and oc eano graph i c  
s c ient i s t s . I n  t h e  na t iona l s e t t ing ,  snow and i c e  
res e a rc h  i s  sca t t ered  among severa l federa l and o ther 
agenc ies  and ins t i tu t ions ( s ee s ec t ion on "Organ iza t ion 
o f  Snow and Ice Sc ience s" ) . As a resu l t o f  th i s  fragmen­
tat ion , there are no c omprehens ive arch ives  of snow and 
i c e  data , and , as ye t ,  there is no na t iona l umb re l l a 

-1 14-

Copyr ight  © Nat ional  Academy of  Sciences.  Al l  r ights reserved.

Snow and Ice Research:   An Assessment
ht tp: / /www.nap.edu/cata log.php?record_id=19449

http://www.nap.edu/catalog.php?record_id=19449


organiza t ion  to  oversee "d i s tributed" data s e t s  as  thes e 
begin to  be  assemb led in each o f  the sub f ie l d s .  The 
princ ipa l  c enter s for g lac iolog ic a l  data  and in format io n 
a t  the pre sent t ime are Wor ld  Da ta  Cent er-A ( WDC-A ) for 
Glac i ology and the a s soc iated Na t iona l Snow and Ice Dat a  
Ce nter , opera ted b y  the Coopera t ive Ins t i tute  for 
Research  i n  Env ironmenta l Sc ienc e s  at the Un ivers i t y  o f  
Co lorado , Boulder , for NOAA ; and the U . S .  Army Co ld  
Reg ions Res e a rch and  Engineering Labora tory , Hanove r ,  
New Hampsh ire . In add i t ion , ice-c ore ma teri a l  i s  he l d  
by the Cen tra l Ic e Core Storage Fac i l i ty  a t  Bu f fa lo , New 
York , and sa te l l i te data on snow and ice  are c o l lec ted 
and a rch ived by NOAA and NASA . 

To de term ine wha t  bas ic sc ient i f ic data  from po l ar 
a rea s exis t ,  WDC-A for Gl ac iology has undertaken inven­
tor i e s  o f  data  produc ts  per t a ining to  snow c over , sea 
ice , and ice  c ore s . The need for spec i f ic type s of da t a  
i s  bes t e s tab l ished b y  workshops tha t  br ing toge ther the 
sc ient i fic  groups generat ing data , the potent ia l  user s ,  
and data  managers .  

Da ta Managemen t Needs 

The a rch iv ing and management of  data  sets  requ ire tha t 
s u i tab l e  data  forma t s  be e s t ab l i shed and tha t  appropr i a t e  
q ua l i t y  con tro l s  be appl ied . For ease o f  s torage and 
retrieval  o f  informa t ion , as  many as pos s ible  o f  the 
data  shou l d  be rec orded  in  d ig i ta l  form . Da ta  cata logs 
tha t de scr ibe changes  in observat iona l me thod s , 
res o l ut ion , and frequency shou l d  be prepared . Th i s  nee d 
i s  part icul ar l y  c ri t ic a l  in the c ase o f  remotely  sensed 
da t a , for wh ich the sensor spec i f ic a t ions and dat a­
process ing a l gor i thms change frequen t l y .  

A general  prob l em i n  the geophy s i c a l  sc ienc e s  i s  
th at  sc ien t i fic  pro j ec t s  are rare ly  prov ided w i th 
s u ffic ient fund s to  a s s emb l e , document ,  and d i s tribu t e  
proces sed data .  The resourc e s  ava i lab l e  to the na t i ona l 
and wor l d  da ta  c en t er s  are insu f f ic ien t for th em to 
hand le a l l  o f  the pr i or i ty t asks tha t have been ident i­
f ied . To ensure opt ima l resu l t s  from major  nat iona l and 
interna t iona l re search  programs , i t  is e s sent ial  tha t 
p l ans  for data  managemen t  be  made in conj unc t ion wi th 
the sc ien t i fic  p l anning and tha t funds for the i r  
implementat ion b e  des i gna t ed . Fund ing agenc ies cou l d  
make such arrangement s  a requ irement o f  the ir re search 
awa rd s .  Su itable  gu ide l ine s for the t ime ly  re lease  o f  
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research d a t a  t o  d a t a  center s , and for the ir doc ument a­
t ion , subsequen t management ,  and d is semina t ion to o ther 
po ten t i a l  users , shou l d  be pre pa red by the appropr iate  
c ommi t tees of  the Na t iona l Research  Counc i l . 

PRIORITY . Fund ing agenc ies  shou ld  e nsure tha t 
there is  adequa te advanc e plann ing for data 
managemen t  and provis ion o f  fund s and o ther 
resourc e s  for  impl ementat ion of such plans i n  
a l l  re search a n d  operationa l programs tha t  wil l 
generate  data . Thus , proposa l s  for major 
sc ien t i fic experiments  shou l d  inc l ude a plan 
for data  management and arc h iv ing and for 
mee t ing the cos t s  o f  these  opera t ion s . 

PRIORI TY .  The Na t ional  Snow and Ice  Da ta 
Center  ( NS IDC) shou l d  coord inate  the 
preparat ion of inventories  and c a talogs 
de s crib i ng data  s e t s  he ld  by  the  va rious 
organizat ions  and ind iv idua l s  involved in 
snow and ic e research . There is part icular  
need for  s t andard ized d ig i t a l  arch ives o f  
glob a l  sea-ic e c oncen trat ions  and l imi t s , 
depth o f  snow c over,  dates  of  breakup and 
freez e-up o f  freshwater  ice , glac ier  and 
ice-sheet topogr aph ie s  and th ickne s s e s , and 
An tarc t ic cartogr aphic informa t ion . Many o f  
the se data  are now c o l lec ted but are no t 
read i ly ac c e s s ib l e  in digi ta l form .  The NS IDC 
shou l d  a l so undert ake the rescue , arch iv ing ,  
and managemen t  o f  ' 'h i s toric a l "  d a t a  se t s . 

S pec ial  Cons idera t i ons  in An tarc t ic Happ i ng 

Because  th e ex i s t ing sourc e  ma teria l for An tarc t ic 
mapping vari e s  tremendous ly in the s c a l e , ava i l ab i l i ty ,  
type , and ac curacy o f  the data , because the bas ic  
geography i s  not ye t ent ire ly  known , and becaus e the 
f l oa t ing ic e marg ins of Ant a rc t ic a  change , maps 
re peated ly  need rev i s ion.  A d ig i t a l  data base wou ld 
marked l y s impl i fy the rev is ion of ex i s t ing maps a s  new 
and b e t ter data  become ava i l ab l e . Al l image s and pho to­
gr aphs  in  the u.s. SCAR Phot o Library (ma inta ined by th e 
u . s. Ge o lo.g i c a l  Survey) and other types o f  s a t e l l i te  
image s .  too , shou l d  be rec orded on random-acces s v ide o­
d isc s ,  be entered into  a c ompu ter data  base for re tr i ev a l  

- 1 16-

Copyright © National Academy of Sciences. All rights reserved.

Snow and Ice Research:  An Assessment
http://www.nap.edu/catalog.php?record_id=19449

http://www.nap.edu/catalog.php?record_id=19449


by geograph ic are a , and made  eas i l y  acc e s s ib l e  to  the 
s c ien t i fic  c ommun i ty .  Other SCAR nat ions shou ld be 
enc ouraged to  rec ord the ir aer ia l photos and satel l it e  
images o f  An tarc t ica  s Uni larly for interna t i ona l 
exchange . The Uni ted States  could a l s o  take the lead i n  
mak ing a l l  map and image d a t a  o f  Ant arc t ica  more read i ly 
acces s ib l e . 

At l ea s t  three s e t s  o f  pho tograph ic record s are in 
danger of be ing los t and should  be pre served in a 
c entr a l  data  repos itory : ( 1 )  C l as s i f ied pho to­
reconna is sance data  o f  po lar areas  have spec ial  
s ign i f ic anc e for moni toring f luc tua t i ons o f  glac ier s .  
As the se  data  w i l l  eventua l l y  b e  dec las s i f ied , s te ps 
s hou l d  be  taken to  ensure that  they are no t des troyed in 
the meant ime . ( 2 )  Many o f  the early LAND SAT v ideotape s 
o f  pol ar areas have now deter i ora ted to the po int tha t 
on ly  the f i lm arch ive rema ins for sc ient i f ic use . 
Ac t i on mus t  be taken to  ensure tha t  the rema in ing f i lm 
da ta are properly  s t ored , s o  that  they c an be used 
inde fini tely . (3 ) Al though the U . S .  Geologic a l  Survey 
a l ready arch ive s a l l  LAND SAT image s of Antarc t ic a  on 
7 0-mm f i lm at the EROS Da ta Center ( EDC ) , the c ompu ter­
c ompa t ib l e  tapes (CCTs ) tha t  are needed to  make enhanc ed 
images for h igh-qua l i ty maps rema in w i th NASA .  Because 
NASA plan s  in the near future to  d is c ont inue s t orage o f  
pre-De cember 1 9 7 6  LANDSAT CCTs , and because mos t  o f  the 
An tarc t ic data  pred ate  Dec ember 197 6 ,  i t  is impera t ive 
that  ac t ion be t aken to pre serve a l l  re levant CCTs . 

Rec ommenda t ions 

PRIORI TY .  S teps shou ld  be taken to  ensure 
tha t  CCTs and f i lm transparenc ie s o f  a l l  
opt imum LANDSAT images o f  An tarc t ic a ,  in 
pa rt icu lar thos e  preda ting December 197 6 ,  b e  
permanent ly pre served by the Un i ted S t a te s .  
( Opt imum LANDSAT image s are de f ined as  those  
tha t provide c ompl e te c overage o f  An tarc t i c a  
from t h e  c oa s t  to  about 8 1° Sou th la t i tude , 
and mul t ipl e ,  s equent ia l  c overage o f  area s 
where measurab le d namic chan e i s  

PRIORI TY . Pho tograph s  i n  the SCAR Pho to L ibrary 
o f  the U . S .  Geol ogic a l  Survey shou ld  be  ent ered 
into a c omputer data  base , and an index o f  these  
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ph o t ograph s  shou l d  b e  made ava i lab le  through the 
WDCs . O ther SCAR na t ions shou l d  be encouraged 
a l s o  to pu t  the ir An tarc t ic aer i a l  photograph s  
o n  random-ac c e s s  v ideod i s c s . 

ORGANIZATION OF SNOW AND ICE SC IENCES 

Snow and ice  research i s  conduc ted by spec ial is t s  in such 
d iver s e  f i e l d s  a s  a tmospher ic  sc ienc e ,  chemi s try , 
e ng inee r i ng , geography , geophys ic s ,  hydrology , oceano­
graphy , and phy s ic s .  Gl ac iologis ts , work ing in the 
sma l l  number of ins t i tut ions and un ivers i t y  groups tha t 
are invo lved in snow and ice s tud ies , usua l ly  approach 
the ir  prob lems from some spec i f ic s tandpo int , such as 
s now hydro l ogy , ava lanche pro tec t ion , ice  geophys ic s , 
se a-ice  me chan ic s ,  ic e and c l ima te int erac t ions , or 
remote  s ens ing . As a resu l t ,  many agenc ies  and organ i­
z a t ions are  c oncerned w i th s ome pa rt icular fac e t  of ice  
or snow research , but there are  few foc a l  poin t s . 

Interna t iona l S truc ture 

In terna t iona l ly , snow and ice s tud ies are c oord ina ted 
throu gh : 

1 .  Th e In terna t iona l Commiss ion o f  Snow and I c e  o f  
the In terna t iona l As soc iat ion o f  Hydrolog i c a l  Sc ienc e s  
( IAHS ) and i t s  spec i a l ized pro grams , such as the 
Temporary Te chn ic a l  Secre tariat  for the Wor l d  Glac ier 
Inventory , and long- t erm in terna t iona l pro j ec t s ,  such as  
the In ternat iona l Hydro logic a l  Program of UNE SCO/WMO ; 

2 .  The Sc ien t i f ic Commi t tee on An tarc t ic Re search , 
i t s  Work ing Group on Glac iology ( and ad hoc groups o f  
spec ia l i s t s ) , and the Sc ien t i f i c  Comm i t tee on Oc ean ic  
Re search ( SCOR ) ; 

3 .  Th e Wor ld  Me teoro log i c a l  Organ i za t ion , through 
various pane l s  and ad hoc groups invo lved wi th the Worl d 
C l ima te Program;  

4 . The WDCs for Gl ac i o l ogy ( Snow and Ice)  ( WDC -A in 
Bou l d er , Co l orad o ;  WDC-B in  Mo scow , USSR ; and WDC-C in 
Cambridge , Eng l and ) and the Permanen t Serv ice  for 
F luc tuat ions o f  Glac iers  ( PSFG ) in Zurich , Swi tzer land , 
wh ich have re spons ib i l i ty for the interna t iona l exchange 
of snow and ic e d a t a  and i nforma t ion , and for data  on 
g l ac ier f luc tua t ions , re spec t ive l y .  Bo th opera te under 
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the aeg i s  o f  the Int ernat iona l Counc i l  o f  Sc ient i f i c  
Un ions ( see s ec t ion on "Management o f  G l ac iological  
Dat a" ) . 

In add i t ion , there are short- term interna t iona l 
c o l l abora t ive programs such as  those  deve loped during 
the In terna t iona l Po lar Years ( 1882 and 1932 ) and the 
IGY ( 195 7 ) , the recen t Int erna t iona l Antarc t i c  Glac i o­
logic a l  Progr am , and the Po lar Experiment subprogram o f  
the Globa l Atmo spheric Research Program .  

Th e princ ipa l  sc ien t i f ic organizat ions  invo lved in 
the pub l icat ion of snow and ic e research or in hold ing 
interna t i ona l s ympos ia are the Interna t iona l G l ac iologi­
c a l  Soc iety , the Int ernat iona l Assoc iat ion o f  Hydro logic  
Sc ienc e s  o f  the  In terna t iona l Un ion o f  Geodesy and 
Geo phys ic s ,  the Interna t i ona l As soc i a t ion of Hydrau l ic 
Re search , the Por t s  and Oc ean Arc t ic Eng ineer ing 
conferenc e s , and the Interna t iona l Un ion for Qua ternary 
Re searc h . 

Na t iona l Coord ina t ion and Support 

Plann ing of u . s .  snow and ice research  is c oord ina ted by 
the Po lar Re searc h  Board through i t s  Commit tee on 
Glac iology , Commit tee on Perma fros t ,  and ad hoc s tudy 
groups . Research i s  c onduc ted w i th in and supported by 
many agenc y programs ; the primary sourc e o f  funds for 
univers i ty groups is the Na t iona l Sc ienc e Foundat ion ' s  
Div i s ion o f  Po lar Programs .  However ,  fund ing for 
nonpo lar  g l ac iology ( such as  snow hydro logy) general ly 
mus t be ob ta ined from o ther d iv i s ions . Federa l agenc ie s 
w i th in-house programs tha t c an prov ide l imited support 
for externa l groups are : 

1 .  
( a ) the 
(b ) the 

2 .  
Oc ean ic 

Th e U . S .  Department of Agr i cul ture , inc lud ing 
So i l  Cons erva t ion Service  for snow survey s , and 
Fore s t  Service  for ava lanche s tud ie s ) ; 
The U . S .  De partment  o f  Comme rc e- -the Na t iona l 
and Atmospheric  Admini s trat ion ,  inc lud ing : 

( a )  Env ironmenta l Re search Labora tories  ( Grea t 
Lake s ice- -Great  Lakes  Env ironmen t a l  Re search 
Laboratory ) ; 

( b )  the Pac i fic Marine Ber ing Sea Ice  
Env ironmen ta l Laboratory;  

( c )  the  Na t iona l Wea ther Serv ice ( O f fice  o f  
Hydrol ogy) , a irborne snow surveys and snowme l t  mode l ing ; 
a nd 
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( d )  the Na t iona l Env ironmen t a l  Sa te l l i t e  Dat a  
and In forma t ion Serv i ce s , s a te l l i te ma pping o f  snow and 
ic e c over and the Na t iona l Snow and Ice Da t a  Center , th e 
Na t iona l C l imate  Ce nter , and the Na t iona l Geophy s ic a l  
Da t a  Center ; 

3 .  The u.s .  De partment o f  De fense , inc lud ing 
( a )  the U . S .  Air Forc e , sate l l i te  mapp ing of snow cove r ; 
( b )  the U . S .  Army Co ld Reg ions Re search and Eng ineer i ng 
Labora t ory ( CRRE L) ,  general snow and ice  sc ienc e and 
eng ineer ing ; and ( c )  the u.s . Navy , forec as t ing and 
mapping o f  sea ic e ;  

4 .  Th e u . s .  Department o f  Energ y ( C02 program) 
for c ertain c l ima t e-re l a t ed s tud ie s ;  

5 .  Th e U . S .  Depar tment o f  the Interior , inc lud ing 
( a )  the Geo l og ic a l  Survey , g lac iers  and moun tain  snow ; 
and ( b )  the Bureaus o f  Rec l ama t ion and Land Management 
and the O f f i c e  of Wa ter  Re sourc es  Research , snow s tud ie s ;  

6 .  Th e u . s . Department o f  Transporta t ion , snow and 
i c e  re l a t ing to h i ghways and av ia t io n ;  and 

7 .  Th e Na t iona l Aeronau t ic s  and Spac e 
Admin is tra t ion , c l ima te , oc ean , snow and ic e s tud ies  an d 
the c o l lec t ion and use o f  remo t e l y  sensed d a t a .  

In add i t ion , there i s  sub s t an t ia l  re searc h  i n  the 
pr ivate s ec tor on s now and ice  eng ineering , and many 
s ta t e  government s  c onduc t spec i f ic s tud ie s .  

Ma j or u . s .  l aboratory fac i l i t ie s  for snow and ice  
re search exi s t  only  at  the u . s .  Army Co l d  Reg ions 
Re search  and Eng ineer ing Labora tory a t  Hanover , New 
Hampsh ire ( 14 0  s c ient i s t s  and technic ian s ) . Severa l 
univer s i t ie s  and governmen t organ izat ions have 
spec i a l ized sma l l -sc a l e  labora t ory fac i l it ie s . In 
add i t ion ,  there are sma l l  groups of researchers at abou t 
a dozen o ther ins t i tut ions . 

Suc c es s fu l  large- s c a le c ooperat ive na t iona l re search  
pro grams have been  o rgan ized in the Arc t ic ( e . g . , the 
Arc t i c  Ic e  Dynamic s Jo int  Experiment , the Greenland Ice  
Shee t Proj ec t )  and the An tarc t ic ( the Ros s  Ic e She l f  
Pro j ec t ) . In the An tarc t ic , there are f ie ld fac i l i t ies  
to  suppor t s uch ac t iv i t ie s , suppl ied by  U . S .  Navy s h i ps 
and a irc ra f t . Th e po l i t ic a l  framework for g l ac i o l og ic a l 
and o ther sc ient i f ic work in the south po lar  reg ion i s  
the An tarc t ic Tre a ty .  There is  c urrent ly no permanent 
U . S .  f ie l d  base in the north po lar reg ion .  

No s ing l e  d iv i s ion o f  the Na t iona l Sc ienc e 
Founda t ion has  re spons ib i l i ty to  prov ide fund s for a l l 
aspec t s  o f  snow and ice  sc ienc e .  No s ing le  agenc y or 
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ins t i tu t ion ac t ively c oord ina tes  the snow and ic e 
re search o f  ind iv idua l agenc ies  and ins t i tut ions in the 
Uni ted S t a t e s . The implementat ion o f  the sc ient i f ic 
a ims o f  snow and ice  res earch programs , na t iona l or 
interna t iona l ,  nec es s i ta t e s  s ome coord ina t ion or 
integr a t ion o f  f i e l d  and laboratory programs , logis t ic 
and ins trumenta l requ iremen t s ,  and data  management  and 
arc h iv ing . Tr ad it iona l ly ,  such ac t iv i t ies  have been 
hand led  in a l a rge l y  ad hoc manner .  It is i ncreas ing l y  
a pparen t ,  however , tha t to  ensure max imum re turns for 
the funds  and e f forts  inves ted , more coherent  p l ann ing 
w i l l  be  nec e s s ary in the future , inc lud ing the des ign or 
s chedu l ing of s u i tab l e  spec ial ized equ ipment  for f i e l d  
use ,  the t ime ly pro c e s s ing o f  f ie ld d a t a , plann ing for 
ic e-sampl e  or d a t a  d i s tribu t ion to  cooperat ing 
sc ient i s t s , and the arch iv ing of d a t a .  Support for 
c oord inat ion , plann ing , and d a t a  arch iv ing is essent ia l ,  
b u t  th i s  funding fre quen t ly fal l s  ou t s ide the purv iew o f  
pa rt icular  agenc i e s . A f irs t s te p  i n  de t ermining the 
s cope o f  th i s  prob lem wou l d be to  doc umen t  the 
organ iza t ions , groups , and number o f  ind iv idual s 
c urrent ly involved in snow and ice  research , and the 
ava i l ab l e  technic a l  suppor t and tra in ing programs , i n  
re l a t ion t o  nat iona l needs and pri or i t ies  in  these  
areas . For examp l e , the  Un i ted  States  bene f i t s  from the 
sc ien t i fic , t echn ic a l , and log i s t ic a l  expert ise  o f  o ther 
na t ion s , but the spec i f ic ways in wh ich such coopera t ion 
migh t c ompl ement na t iona l c apab i l i t ies  is no t c lear . 

Rec ommenda t ion 

PRIORI TY .  A survey shou ld  be made o f  the 
number of re searchers and ins t i tut iona l 
fac i l i t ies  engaged in snow and ic e s tud ies  
in the Un i t ed  S ta t e s . 

Educ a t ion 

Sc ien t i f ic  educ a t ion and way s  o f  a t tract ing new t a len t 
into  spec i f ic f ie lds  are broad que s t ions tha t c anno t be 
fu l l y exp lore d in th i s  report . Br ie f l y , the s i tuat ion 
in g l ac io logy is tha t gradua te  tra in ing progr ams ex i s t  
in  many un iver s i t ie s  and are more than s u f f ic ient for 
the number of peopl e enter ing the pro fess ion . In fac t ,  
c on trary t o  the v iew expre s s ed in the 1970 Survey , 
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re l a t ive l y  few inve s t iga t or s  are curren t ly engaged i n  
re searc h  o n  the fundamen t a l  pro pert ies o f  ic e .  A maj or 
barrier  to more rapid  pro gre s s  in the s tudy of the 
phy s ic a l  propert ies of ice is a perc e ived lack of j ob 
opportun i t i e s , with  a consequent lack o f  incent ive for 
s tuden t s  t o  enter the f i e l d . 

Empl oymen t opportun i t ie s  are probab ly be s t  for 
s p ec ia l i s t s  in  sea i c e , because it poses  maj or pro b l ems 
for ene rgy produc t ion and tran s portat ion in the Arc t ic . 
Th e growing na t ional c onc ern w i th c l ima t ic change c ou l d  
l e a d  t o  expanded opportun i t ie s  for glac iolog i s t s  o f  a l l 
k ind s , but  the pre sent shortage o f  j ob opportun i t ie s  i s  
a maj or barrier to  more rap id  progres s  i n  ac ademic 
g l ac iological  researc h . Consequen t ly ,  the guid ing 
pr inc iple  for spec i a l ized educ at ion in g lac io l ogy mus t 
be  tha t the c ourse  o f  s tudy pre pare the s tudent for a 
c a reer in s ome o ther f ie l d  as  we l l .  Th i s  requ iremen t 
me ans tha t  s ub j ec t s  in phy s ic s , chemis try , me teoro logy , 
oc eanogr aphy ,  and s o l i d-ea rth geophys ic s are des irab le 
c omponent s of an educ a t iona l program in g lac i o l ogy . 
Such a broad-based  program , o f  cours e , a l s o  i s  cons i s­
tent w i th the mu l t id isc ipl inary nature o f  the sc ienc e . 
As the need for expert i s e  in g l ac io logy increas e s , in  
b o th private  and  the  pub l ic organ i za t ions , employers c an 
be  expec ted to  take s e r i ous  no t e  o f  such programs . 
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