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Conriderable information is available on the transmittance of 

photo~thetically active radiation (PAR: 100-700 nd thr o w  sea ice, 

whereas relatively little is knom about PAIL transmittance through 
freaAwater ice. Transmittances of PAR through s w  c m n  freshwater ice 

t p s  (including clear ice, refrozen slush, and snow ice) are reported 

from studies using instruments which masure both spectral (2-10 M 

increments) and spectrally integrated transmittances over this range. 

Snow causes the greatest attenuation of radiation, often reducing 

transmittances to 1OX or less over the spectrum as a result of even light 

covers (2-8 a). Clear ice s h a d  trdttaaces of 80-95% for the 
spectrally integrated data and from 65 to nearly 95% for the spectral 

data. Transmittances of other ice t p s  were bounded by the clear 
icelsnow-covered-ice transmittance range. Comparisons between the 

spectral and spectrally integrated data sets show specific application8 

for each t p  of measurement. 

Information on the transmittance of incident photospthetically active 

irradiance (Pa: 100-700 nd througA sea ice is plentiful. Sow of these 

studies have cambind ice optics with under-ice ecology (e.g. Yaykut a d  

Crenfell. 1975; Perovich et a1. 1986; Palusano ct a1. 1987; SooHoo et al, 
1987) while others have included only sea ice optics (Crenfell and Yayht. 

1977; Gilbert and Buntzen. 1986; Crenfell and Perovich. 1966). Siailar 

studies on the transmittance of PAR through freshwater ice are .ot u 

numerous and not nearly as well advanced. Recent studies. uiag p.lity 

sensors. include Yaguire. 197Sa.b and Bolsenga. 1978 and 1981. Mamy urly 
freshwater ice studies used substandard sensors and metbods which r d r  

the results questionable. TAe sea ice studies cited above have usad 

spectroradiometers to measure incident and transmitted radiatiar. *us 

the freshwater studies have used instrwnts which measure iuidemt 4 
tranritted radiation integrated over the 400-700 nm range. n i s  paper 

suurizea and highlights the more important properties of tk intagratad 

freshwater ice transmittance measurements and provides m m spectral 
transmittance data collected with a scanning underwater rprctroradi-. 

TAe masurements are from both large and a l l  freshwater lakes iK1.li.l. 
and in the geographical area of. the North American lrurrtiu Crut 

Lakes. The results compare the two t w  of nmsuraents (imtagr8t.a ul 

spectral). discuss their relative usefulness. and project po#ible fmtue 
research with respect to freshwater ice trandttaoce. 

2. INSTRUMENTATION YETRODS 

Two separate instrumentation q s t c u  were used: radiation seasor. 

consisting of topside and underwater quantum .cnrrors <b.rufWr calld tho 

mintagrated sensorm), which wu9r.d radiation integr8t.a owor t& Pa 
spectrum; and an underwater scanaing (400-850 u) 8pectroradi- for 
spectral measurements. All of tAo sensors were unofactard by tk U Cor 
Corporation (Lincoln. Nebraska USA). Y u . o r . w n t s  reported i. U s  pap r  
rere made at a distance of about 2 a under the ice bottom. W r r r t n  
at greater depths will be reported elsahere. 

The underwater quantum sensor was ligAt and required only u 'L-&pod' 
arm fabricated from 3.2 cm diameter white plastic pipe. liberal17 

perforated for ease in submerging. to carry the sensor (Figure I ) .  lb 
sensor was located approximately 80 cm from the borthole and n s  

adjustable to a level position which could be chucked topoi& b~ u .)err 

ice spirit lwel. A platform equipped with three large K r r n  nr uod to 

hold and level the arm. 

The suspension device for the heav (25 kg ia air) u n d e m t w  



spectroradiouter consisted of sectlons oi 5 . 1  cn dimeter alwinm pipe 
for vertical control and a hinged member to move the instrruent to an 

Figure 1 .  The L-shaped arn used to support the integrated sensor 1400-700 

. Depth of the  arm mas a d j u s t 4  for ice t h l c h e s s  by ntans of a slip- 

jo int  on the vert lcal  amber. 

Figure 2 .  The underwater apectroradioneter w i t h  b u o ~ m c y  f l o a t s ,  
I horizontal folding arm, and vertical depth-adjustment membsr. 

u n d l s t u r b d  area 2 m away from an access hole in the ice (Figure 1 ) .  l h  
spectrorad~ometer mas guided under the ice b the f u l l  ltngth of tbt a 

and the vertical m b e r  locked Into a surface tripod IFlgure 3) .  F l a t .  
attached to the instru-nt prorlded neutral buoyancy. Tbe i n s t r m t  .u 

Figure 3 .  Tha tripod stcuring the v e r t i c a l  r s r k r  o f  the 

spectroradiomcbr a ~ s t e r .  

attached b the horizontal arm by a shackle rbich a l lwed frec horlzontrl 

m v u e n t  for auwnatic  leveling. Neutral buojanc~ and leraling mre 
achieved prior U f ~ t I d  operations i n  a laborator7 tar& Vert~cal 
movement to acquire rsad~nga a t  various depths mas accmplishad to r depth 

of 5 a by adding additional sertioms of masurd and ~ r k e d  p i p ;  at 

grta-r depths the unit mas lower& b~ u r k d  line. T p c . 1 1 ~  a scsa m u  

men in air, at depths of approximately 2 a under the ice and at 1. 2. 
3. 5, and 10 a under the ice surfact. and a t  tbe ho t t a r .  l lw  -ce was 
r e p a w  In rereme rlth a scm i n  a i r  capleting tbt aperation. Tea 
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tin for a coapleto operation varied from 7-10 min. During tha t  tin. 

uniform sky conditions, a s  indicated by visual observations and by the 
beginning and ending a i r  scans were required. Scans were not used where 

changing sky conditions accounted for  var iab i l i ty  of greater than 3-45 i n  
the  repeat transllittance values a t  various depths. 

Transmittances a r e  r e p o r t d  fo r  c lea r  ice ,  snow covered ice ,  refrozen 
slush. and whita i c e  (refroten slush, mow ice)-clear i c e  combinations 
(Table 1). Clear i c e  s h w . t h e  highest t r m a i t t a n c e s  of a11 the i c e  
t p a  .tamred. However, t h e , w u n t  of radiation penetrating a given i c e  

cover varied widely depending on the type of d e a r  i c e  measured (crack and 
bubble s t r u c t u r d  and. the cloud cover. The t r a n n i t t a n c e s  vary $roll 0.70 

to 0.95 for  the integrated sensor (Table 1, Cases 1.2) with the average 
transmittances of the  spectral  values (Cases 3.4) f a l l i n g  within tha t  
range (0.79-0.87). Cloud cover influenced clear  i c e  transmittances 

s ignif icant ly.  In one s i tuat ion.  the  i n t e g r a t d  sensor was positioned 

under 36 cm of clear  i c e  (Case 2) .  Under clear  skies ,  two ra t ios  of 0.95 

were obtained. A t  the  s w  site on the following day when 10/10ths cloud 

cover prevailed during the  e n t i r e  period, the ra t ios  r a i n e d  i n  a narrow 
0.70 - 0.76 range. Figure 4 shows two clear  i c e  spectral  data s e t s .  Even 

though the top i c e  layer of the  s u p l e  for  Trace 1 & b i d  exten8ive 
bubble s t ruc ture  (Table 1, Case 3. Wota b), the t r a n n i t t a o c e s  r u W  

above 0.70 throughout most of the  spectral  range. Skies were clear  during 

the  n a s u r e m n t s  and the  areraga t r m n i t t . n c e  (0.87) compares favorably 
with the integrated c lea r  sky measure~ents. Trace 2 i n  Figure 4 shows 
t r a n d t t a o c e s  through another clear  i c e  location Cfable 1, Case 4) witb 
s t ippled surface. The values a r e  about 3-10X lower than the  i c e  i n  Trace 1 
litel) k c a w e  the  s t ippled surface affords more of a diffuse ref lector  
than the surface i n  Trace 1. 

A mow cover of just  a few centimeters i n  depth attenuates .art of tho 

i ncodq  radiat ion to an underlying i c e  surface. k s u r m t s  were mado 
a t  two locations where maw-covered and snow-frw clear  i c e  were 1ocat.d 
i n  the  suo a r r  (Table 1; Cases 1.5; and Cases 4.8). Using the 

intogratod romor under a 3 a snow cover (Case 5). ra t ios  of t r m n i t t o d  
to incident radiation were reduced by over 70% from the snow-frw surface 
(Cam 1). Comparison of average t r m a i t t m c e 8  of the  mow covered vs. 

Table 1. Case number (C), sensor type. i c e  type and t h i c k a a s .  i a t s g r a t d  
seasor transmittance (TI. u x i u l  transmittance of spectral  sem8or <Max 
1). u x i u l  transmittance w a v e l q t b  (A). and average spectral  
transmittance from 400-700 M. 

C Sensor Ice Type/lhickness(cm) T U u T .  A 0 A q T  

Clear Ice 
1) Integ Clear/28 (a) 0.77-0.89 
2) Integ Clear/36 0.70-0.95 

3) Spect Clr semi clr(b)/25.5*8(~) 0.94 (560) 0.87 
4) Spect Clear/2l (d) 0.86 (542) 0.79 

Snow Covered Ice 
5) Integ Sow cvd/28*3 (a) 
6) Integ Snw cvd/37*2*1 (e) 

7) In- Snw cvd/43*3*1 (f) 
8) S p C t  Sn. cvd/21*7-8 (d) 

mite Ice 
9) Integ Rsfroz slushl27 

ClearIWhite Ice Combination 
10) Integ Clr ref slsh/38*4 
11) Integ Clr ref slsh/37*2 
12) Spect Clr wht ice/6.5*10 
13) Spect Clr snw ice/13*7 

(a) 3 cm wind-packed mow over one area. 0 cm m a  nearby. Ywrrcraf.  
frum s w  borehole; 
(b) Clear i c e  is c lass i f i ed  a s  having few bubbles and cracks. Tho 
clear  i c e  contained a dense s t ructure of evenly dis t r ibuted elomgarad 
bubbles oriented perpendicular to the i c e  surface; 
(c) Stratigraphy from bottom to top layers  fo r  a11 cases; 
(d) Clear i c e  with s t ippled surface. 7-8 cm SMI. over one area. 0 a snow 
nearby. Measurements from sane borehole. 
(e) 37 cm c lear  ice ,  2 cm refrozen s l u b .  1 cm n- s w ;  
(f)  43 cm c lear  ice ,  3 cm refrozen slush. 1 a granular metuorpbosod 
mow. 



snow-fr" ice  as measured by the spectroradi-ter shws a nearly a 
reduction in transmittance (Table 1; Cases 4.8; Figure 4; T r a c r  2.3). 

I Y.r iu l  transmitt8nces shifted 22 M higher for the mow covered ice. To 

further i l lus t ra te  the effect  of snow on PAR tranrrittance, snow was 
removed from the ice/mow combination l isted in Table 1. Case 6. The 

ra t io  of under-ice to above-ice radiation rose from 0.18. with undisturbed 
snow. to 0.66. with the snow rcroved. 

Trace 1 

10 
Trace 3 

0 I 
I I I I 1- 

400 450 500 550 800 650 700 

Wavelength (nm) 

Figure 4. Spectral t r ann i t tmces  through 33.5 cm of clear ice with the 

top 8 u exhibiting an extensive bubble structure (Trace 1); through 21 cm 
of clear ice with a stippled surface (Trace 2); and the s w  21 cm of 
clear ice covered by 7-8 cn of snw (Trace 3).  Spectral t r u r n i t t u r c ~  of 

18 c'm of white ice  over 6.5 cm of clear ice (Trace 4) and 7 cm of snow ice 

over 13 cm of clear ice  (Trace 5).  

Tho t e r m  white ice  includes the mra specific ice t p s  snow ice and 

refrozen slush. Snw ice  f o r u  from upard water seepage througb stress 

cracks in an existing ice  corer loaded with a mow layer, which 
subsequently refreezes. Refrozen slush f o r u  with mild taperaturea or 
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rain which reduce a mow cover to slush. which subscqwotly ref roera .  
Only one m a s u r r a a t  of u ice corer caposod c a p l e k l y  of ico. ia 
th is  case refrozen slush. is available (Table 1. Case 9). U e a s u n t a  
with the integrated sensor showed transmittance rat ios which wid 

depending on the bubble content and albedo of the ice  with lower 
transmittances obtained in an area of higher ice albedo. M e a s u u t a  of 
clear/white ice  combinations are shom in  Table 1 (Cases 10-13) ud Figue  

4 (Traces 4 & 5) .  Average trannit tances of the spectral . u s u r n t a .  a re  

consistent with transmittances from the integrated sensor. t a k i q  i8W 

account differences in stratigraphy. 

Extinction coefficients. k (cm-1). for representative integrated ...rot 

values in th is  study and from kgu i re  (197Sa.b) are: 
Clear ice 0.0006 to 0.02 * 0.003; 

Combinations of clear ice. white ice. mow 0.027 to 0.059; 
Snow. n n  sof t  0.10 2 0.02; 
Snow. hard powder 0.500 10 .05 .  

4. DATA APPLICATIONS AND FUTURE SNDIES 

4.1 Spectrally integrated data 

In a recent under-ice ecology program (Bolsenga a. 1908). PAR a t  tho 

air/water and ice/water interfaces was a s t iu t ed .  using a l i m i t 4  n h r  
of on-site measurements and many of the previously collected measmrrets 
described above with same suprising results ( B o l s q a  and Vanderplg. 
1989). The site was a large (162 h 2  surface arm) bay of Lake YicUpB. 
USA before. during. and after ice cover Incident total  solar radiatioa 
was measured approxiaately 35 h from the measurement site. I n c i d a t  PAR 
was computed from m empirical equation. To compute the amount of PAR 
entering the water c 0 1 w  through snw and ice. the ice t p .  m t  of 

mow on the ice. their general abundance and location. and the positioa of 
the ice edge were observed from the surface (aircraft or sa t e l l i t .  

could hare been used); ice  thickness and stratigraphy were maamrod. 

Observations of snow and i c e - t p .  abundance. and location were co1locW 

by an individual with experience in measuring PAR trarmittance tAroclg 
similar t p s  of ice and ice-sncn cabinations uhq assipmemt of 



estimted transmittance valuw as accurate as possible. Tranaitt.acar 

were then weighted according to the areal coverage of each type. 

The estimated transmittances during February and March (months with ice 

cover) were higher than expected for two reasons: 1) larger w u n t s  of 

clear. mow-free ice over the bay than expected, and 2) both ice cover 

months included periods of open water. The lack of snowcover was caused 

by high winds blowing snow fram the surface and by above freezing 
t.emperatures and rain for a portion of the ice-covered period. Figure 5 

shows that even though the transmittances during ice cover decreased 

significantly. transnittad PAR doas not show the precipitous decreases 
raasured on many .lull. heavily snow-covered lakes. In addition, high 

wnthly incident PAR d u f y  the ice-covered months. conpared to the open- 

water months. contributbs to the s m t h  transition in transmitted PAR from 

fall to winter to spring. Without high incident PAR, trmsmitted PAR 
during the ice-covered months would have exhibited a significant decrease, 

but not as much as would be expected for a many north taperate i n l d  

lakes which are normally totally snow-covered. 

It is unlikely that much additional work on spectrally in-rated PAR 

transmittance is warranted for the ice t p s  and thicknesses already 

examined. The existing inforution enables experienced observers to 

estimate the PAR transmittance of large or sull areas fram minimal d a b  

such as m o w  thickness and extent. ice thickness. t p ,  and coverage. In 

areas with ice conditions disainilar to those already measured, additional 

study would be required to provide the baseline data necessary for 

reasonabl~ accurate estimates. 

Time (monlhr) 

Figure 5. Trmsmittances (TI and transmitted PAR estimated for m under- 
ice ecology pilot program. 
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4.2 Spectral data 

One principal application for spectral data is with detailed under-ice 

ecology programs. Such studies will almost always require on-site. 

spectral data slnce varying atrospheric conditions. metamorphosis of tbc 

ice/snow surfaces. and variable stratigraphy of the ice from locatioa to 

location will affect the depth of the biota as well as their borixontrl 

location. Freshwater zooplankton often adjust their position in tba water 

column accord~ng to both the quantity and wavelengths of radiatioo 

available. Estimates of spectrally integratd PAR as describad above rill 

continue to be useful for pilot studies and large area estiutea of ?U 

tranmittance. but detailed studies such as those in the polar regions as 

described in the introduction mill continue to use on-site. spectral 

measurements. It is possible that fiber optic probes could be wed. Sac 

speculation exists. for emple. that light penetration in candled ice 

covers is considerably higher along crystal boundaries (Bolsenga at al.. 

1989). thus creating favorable environments for the biota in tho# 

concentrated areas. 

Mr. David Norton of the Great Lakes Environmental Research Laboratory 

designed and fabricated the instrument support ~ s k u  and assisted in tk 
measurements. CLUU. Contribution 8 650. 
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ABSTRACT 
w&ge lorded compact tension (WLCT) specimen, were tested to investi- t& inllo- 

ence of both crack length and specimen s i r  versus grain size on the fracture h&wr 
of S2 co!umnu frahwater ice. For one grain s i r  and one specific auk oricorrth. L b .  

c r d  length w u  varied aa a function of the g u n  size, rmgiry onr a ma* d 
the length of the specimen. The crack length effects oa the criticrl-coag-rdwh.* 
(GI,) were studied in this way for three specimen sizes. TWO pudlcf M d a t r  h.. 
dreuly been completed using S2 ice but different )ording confiyratioar (Ben- d .I., 
1988; Dempaey et d., 1939). T h a c  previous s tudia  and t h i  study .Ua p d i m  
observations to be made concerning the infiuencc of specimen size and the -rti*r 
merits of the energy approach. The overdl objective is to obtain a aitaioo f a  the 
minimum dimension in terms of grain size in order for s d l  scale yielding aooditiom tm 

apply. 

1 INTRODUCTION 

In thu  study. reproducible v d u n  for critical toughness corresponding to the i m i l i r l m  

of a stationary maemcrack ue sought. In this context it u utumed that prior to w i l y  
no previous crack growth h u  occurred. Following c r d c  initiation. the auk m o l h  a 
propyation must be easentidly planu. Assuming that tbe crack-micmtructurc 
tation is kept fixed, m d  that the -rid dimens& d tbe M *@ma '1- 
eaoughw with rapect to the m i c ~ t r u c t u r e  (w that t k  usumptioor d -ti- Ir, 

c h m i a  uc d i d ) ,  then the d u e  of KI (tbe r t r e r  intensity Iwtor) a CI (tbc c#rq 
r e b  rate) a t  which a st.liaauy macrocrack extends in a girea mrtai.l .boold k 
independent of the size and shape d the test specimcn and tbe method d Mag. T& 
d u e  obt.ined for the fracture tough- could then be regudd as a W 

An approach that is directly muoinglul f a  rPirorropic nvtairb b ow m riid tk 
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