NOAA Techni cal Menorandum ERL GLERL- 18

PHOTOSYNTHETI CALLY ACTI VE RADI ATI ON TRANSM TTANCE THROUGH | CE

S. J. Bolsenga

Great Lakes Environmental Research Laboratory
Ann Arbor, M chigan
July 1978

2

UNITED STATES NATIONAL OCEANIC AND Environmental  Research
DEPARTMENT OF COMMERCE ATMOSPHERIC ~ ADMINISTRATION Laboratories

Juanita M. Kreps, Secretary Richard A. Frank, Administrator Wilmot N, Hess. Director

=
F
2
Q
3
z
[
"




NOTI CE

The NOAA Environmental Research Laboratories do not
approve, recommend, or endorse any proprietary product or
proprietary material nmentioned in this publication. No
reference shall be made to the NOAA Environmental Research
Laboratories, or to this publication furnished by the NOAA
Environnental Research Laboratories, in any advertising or
sales pronotion which would indicate or inply that the NOAA
Environnental Research Laboratories approve, recommend, or
endorse any proprietary product or proprietary nmaterial
mentioned herein, or which has as its purpose an intent to
cause directly or indirectly the advertised product to be
used or purchased because of this NOAA Environnmental Research
Laboratories publication.



CONTENTS

Abst r act

6.

7.

| NTRODUCTI ON

| NSTRUVENTATI ON AND TEST PLAN

DATA REDUCTI ON

ANALYSI S

4.1 Ceneral

4.2 Daily Trends

4.3 Snowrobil e Disturbances

4.4 Diffuse Extinction Coefficients
4.5 Reflectance-Transmttance Mde
4.6 Depth Profiles

SUMVARY AND CONCLUSI ONS
ACKNOW.EDGVENTS

REFERENCES

Appendi x. THE TWO LAYER MODEL

Page

14
15
15
19
29
33
36
39
43
44
45

a7



10.

11.

12.

13.

14.

FI GURES

I ncident radiation sensor equipped with leveling unit.

Underwat er sensor assenbly details.

Rel ative spectral response of the two sensors used in
this study.

Cosine response of typical underwater sensor.

Design details of the support arm for the underwater
sensor.

Microammeter used for sensor readout and associ ated
deck-to-sea swtch.

COverall and closeup views of drilling operations with
barrel shield.

Progressive clearing of a neasurenent site to obtain
the ratios shown in Figure 9.

Rati o of under-ice to above-ice radiation (T) versus
true solar tine (TST) as the ice surface was progres-—
sively cleared of a thin snow |ayer, 26 January 1977.

A series of neasurements showi ng the contrast between

radi ation transmttance (T) as a function of true solar

time (TST) through ice alone and through the same ice
cover with a snow |ayer, 22 Decenber 1976.

Sensor and horizontal portion of boom as seen through
the clear ice surface on 22 Decenber 1976.

Rati o of below to above-ice radiation (T) as a function

of true solar time (TST) during a period of nelting
snow for 7 March 1977.

Radi ation transmttance (T) as a function of true solar

time (TST) during ice decay for 8 March 1977.

Radi ation transmttance (T) as a function of true solar

time (TST) during ice decay for 9 March 1977.

Page

10

11

12

13

16

19

20

20

21

21

21



15.

16.

17.

18.

19.

20.

21,

22.

23.

24,

25.

26.

Radi ation transnittance (T) versus true solar tine
(TST) during a period of variable cumulus cl oud cover-
age and during periods between depth profiles for 7
January 1977.

Rati o of under-ice to incident radiation (T) versus
true solar tinme (TST) for aclear ice surface showing a
marked difference between this diurnal pattern and the
one observed for refrozen slush, 17 January 1977.

Increase in radiation transmttance due to snowmelt as
indicated by the rise in transnmttance ratio (T) with
true solar tine (1sT), 22 February 1977.

Rati o of under-ice to incident radiation (T)/versus
true solar tine (TST) on a partly cloudy day with a
changing ice surface, 6 January 1977.

H ghly variable surface characteristics of refrozen
sl ush. The two surfaces are at different |ocations
from the same borehol e.

Transmittance (T) versus true solar time (TST) show ng
differences in (T) due to cloud-cover variability for
18 January 1977.

Transnmittance (T) versus true solar time (TST) show ng
the lack of variability of the ratios due to |ack of
cloud cover variability, 19 January 1977.

Ice conditions at the second brash ice site show ng
snow trapped between the individual blocks of ice.

Surface conditions at site used to neasure radiation
transmittance through a natural ice and snow surface
and the sanme surface disturbed by a snownobile.

Conditions at the site shown in Figure 23 after irrigation.

Surface conditions at snowrobile track measurenent site
showi ng the undisturbed and disturbed areas and a
closeup of the track inprint.

Overall and detailed views of snowmbile track mneasurenent
site.

Page

23

23

25

25

26

27

27

29

30

30

31

32



27,

28.

29.

30.

Al.

Upper layer reflectance, p(A), versus conbined trans-
mttance, t(C), and upper |ayer reflectance, p(A),
versus conbined reflectance, p(C), from operation of

the two-layer nodel for a situation where the underlying
|l ayer sinulates clear ice.

Upper |ayer reflectance, p(A), versus conbined trans-
mttance, =(C), and upper layer reflectance, p(A),
versus conbined reflectance, p(C), from operation of

the two-layer nodel for a situation where the underlying
| ayer simulates snow ice.

Radi ation transmttance as related to depth for 14, 17,
and 22 February 1977.

Radi ation transmttance as related to depth for 7, 8,
and 9 March 1977.

APPENDI X FIGURE

Schematic Representation of Two-Layer Model.

Vi

Page

37

38

40

41

47



TABLES

Page
Transm ttance of Radiation Through Ice and Snow. 4
Diffuse Extinction Coefficients for Ice and Snow in
the 400-700 nm Range. 6
Dates, Locations, and Surface Conditions of the Measurement
Sites. 15
Diffuse Extinction Coefficients Obtained for Selected
Situations in this Study and Coefficients Cotained by
Maguire (1975b) for the Sane Spectral Range. 33
At nospheric Conditions, Solar Atitudes, and Ice Types
During Depth Profiles. 42

vii



PHOTOSYNTHETI CALLY ACTI VE
RADI ATI ON TRANSM TTANCE THROUGH | CE*
S. J. Bolsenga

Radi ation transmttance through clear, refrozen slush, and brash
ice, fromthe ice surface to the ice-water interface, in the 400-700 nm
range varied according to ice type, atnospheric conditions, snow cover,
and solar altitude.

Snow cover caused the nmost significant diminution of radiation. A
3-cm wi nd- packed snow | ayer over 28 cmof clear ice reduced radiation
transmttance fromthe clear to the snowcovered ice by up to 90 percent.
During periods of snowmelt, radiation transmttance through snow covered
ice surfaces increased slightly. Mderate diurnal variations in radiation
transmttance (about 5 percent) are attributed to solar altitude changes
and associated changes in the direct-diffuse balance of solar radiation
conbined with the type of ice surface studied. Variations in radiation
transmittance of nearly 20 percent over short periods of tine are attributed
to abrupt changes froma clear to a cloudy atnosphere. Areas disturbed
by snownobiles showed little difference in radiation transmttance from
surroundi ng undi sturbed areas.

Diffuse extinction coefficients varied from 0.006 for clear ice to
0.059 for a clear ice-refrozen slush ice conbination. One higher
diffuse extinction coefficient, 0.067, was noted at a surface disturbed
by a snowmbile. Under-ice irradiance with depth was also neasured on
sel ected days.

A two-layer reflectance-transmttance nodel is used to illustrate
the interaction of layers in an ice cover such as snow or frost overlying
clear ice. Upper layers of high reflectance are shown to have considerable
effect on the overall transnmittance and reflectance of an ice cover.
The model illustrates the wide range of effects of natural ice layering
on overall transmttance and reflectance val ues.

The information on radiation transnmittance from this study should
prove useful to both groundbased and renote sensing investigations that
seek to assess the status of winter biological activity, such as current
or predicted winterkill, on |akes.

G.ERL Contribution No. 119.



1. I NTRODUCTI ON

The ampunt of radiation penetrating an ice or a conbined ice and
snow cover is often critical to the survival of plants and animals in
both large and snall freshwater |akes. In spite of the inportance of
this problem the nature and magnitude of radiation penetration through
ice is only partially understood. Conprehensive understanding has been
hanpered by unrepresentative neasurements due to instrunentation and
measur enent techni que problens.

Wth increasingly sophisticated rempte sensors it is possible,
under certain conditions, to identify various ice and snow types from
satellites or aircraft. |If additional ground-based information were
available on the ampunt of radiation contributing to photosynthesis that
penetrates various ice types, assessing the well-being of aquatic life
during winter through remote methods woul d become possible.  Significant
new information on radiation transmttance through ice in the photo-
synthetically active range (400-700 nm) has been collected and is
reported in this study.

Transmttance is here defined as the ratio of transmtted to incident
radi ation. Hem spherical transmittance is reported unless otherw se
noted. Some investigators have discussed transmittance in the "visual"
range. A careful review of these studies shows that some of the neasure-
ments correspond to lumnous transmttance or transmittance from sensors
that approxi mate the response of the human eye, while other studies use
instruments that cover the 400-700 nm spectral range but do not correspond
to the human eye response. Results of the latter category of studies
are termed visible wavelength transmttance. Reflectance is defined as
the ratio of reflected to incident radiation, with henispherical reflectance
reported unless otherw se noted.

The extinction coefficient is here defined as a nmeasure of the
space rate of dimnution of any transmitted electromagnetic radiation
t hrough a honogeneous medi um and does not inply the response of the
human eye in its reception of radiation. The term "lum nous extinction
coefficient” mght properly be used to define calculations from sensors
with such a response. The term attenuation coefficient is used by sone
for radiation dimnution in the 400-700 nm range, but this practice is
ignored here. The diffuse extinction coefficient is introduced later in
this report. The use of the term extinction coefficient as opposed to
the diffuse extinction coefficient in conjunction with snow and ice data
was considered inappropriate since these substances are not normally
honbgeneous in a natural state and are not conparable to substances such
as pure water.

A comprehensive review of the results of radiation transmttance
studies is presented in Maguire (1975a) (Table 1). To enphasize the
diversity of neasurenent systens and techniques, sone of the studies
listed in Table 1 are reviewed below. Croxton, Thurman, and Shiffer



(1937) discuss using a "light-neter" to determine the intensity of
"illumination." No specific characteristics of the instrunents are

given and presunaebly the values in Table 1 are for luminous transmt-
tance. Geenbank (1945) fabricated a system using selenium photocells
with filters for the "green, red, and blue ranges." Exact response of
the unit is unspecified. H's measurements of snow, ice, and water

"light transmission, " which can be tentatively categorized as visible
wavel ength transmttance, are too extensive to be conpletely reproduced
here and are probably not comparable to mobst other measurenents discussed.
Wight (1964) neasured "light attenuation with a photometer set calibrated
in visible langleys/min . . . against an Epply pyrheliometer" in the
380-720 nm spectral range. The results seemto correspond to visible
wavel ength transmittance. Snow, ice, and water transmttances were
measured on 15 days over a 3-nmobnth period. Saijo and Sakamoto (1964)

cal culated lumnous transmttance using a selenium photocell with a
"neutral density filter." Under-ice biological activity is discussed in
their report. Halsey (1968) used a GM Manufacturing Conpany "photoneter."
Measurenents are in "lux" and the values in Table 1 are |um nous trans-
mttances.

Gol dnman, Mason, and Hobbie (1967) used a Witney Instruments
irradiance "photometer” with surface and under-ice units, each equipped
with a "Weston Photronic photocell." Schott RG1, VG9, and BG 12
filters, for which the spectral transmittances are well known, were
used, but the response characteristics of the photocells or the photocells
with filters are not given. The quality control and techniques enployed
appear to be excellent, but conparability of the neasurenents is meaningless
without additional data on instrument characteristics. It is unclear
whether the transmittance in Table 1, for an unfiltered photocell, is
|l um nous transmittance or visible wavelength transmttance. Gven in
the report are transmttances ranging from 16 to 19 percent through 308
to 346 cm of ice for the unfiltered photocell, in addition to transmttance
values using the filters.

Anderson (1970) used two instrunents of different manufacture to
measure "incident light" (Sekonic photoneter) and "light penetration
into the water (nodified underwater photoneter)." The "photoneter”
consi sted of a selenium photocell sensitive to radiation in the 350-700
nm range. Filters used were Schott BG 7 (300-600 nm), Chance Pil ki ngton
0 G-1 (450-600 nm), and Schott RG 2 (590-835 nm). It is possible to
deternmine the characteristics of the filters, but the spectra.l responses
of the selenium photocells are not given. Photonetric units are used to
describe the data, and the values in Table 1 are presumed to approximate
| uminous transmttance. The use of dissimlar instruments above and
below the ice casts doubt on the accuracy of the transmttance val ues.

Schi ndl er and N ghswander (1970) used a Gemware "|ight-meter (barrier
| ayer photocell)" to nmeasure "submarine light" and a Belfort "pyrheliograph"
to measure "incident solar radiation." If these descriptions are taken
literally, the above-ice neasurements correspond to the total solar



Table 1. Transnittance of Radiation Through |ce and Snow (After Maguire, 1975a)

Lum nous
or visible
Ice Snow wave- | engt h
t hi ckness t hi ckness transnmittance
(cm) Quality (em) Quality (%) Ref erence
10.2 86 Croxton, Thurman, and Shiffer (1937)
15.2 66 Croxton, Thurman, and Shiffer (1937)
35.6 33 Croxton, Thurman, and Shiffer (1937)
40 58 Chandl er (1942)
11. 4 sl ush cover 65 Zinn and Ifft (1941)
19 cl ear 84 G eenbank (1945)
17.8 cl ear 2.5 dry, light 2.5 Geenbank (1945)
19 partly cloudy 22 G eenbank (1945)
24.1 m | ky 14.4  Greenbank (1945)
24. 1 m | ky 2.5 dry, light 1.1 G eenbank (1945)
40.6 fairly clear 16.5 crusted 0.1  Geenbank (1945)
27.3 very cloudy 7.2 G eenbank (1945)

31 30 Wight (1964)




Table 1. (Continued)
40 42 Wight (1964)
40 10 4.8  Wight (1964)
41 29 0.2  Wight (1964)
25 37 Saijo and Sakamoto (1964)
45 40 Saijo and Sakanoto (1964)
37 hal f clear, 8 0.01 Hal sey (1968)
hal f cl oudy
40 hal f clear, 15 0.01 Hal sey (1968)
hal f cl oudy
42 36-m cl ear, 1 50 Hal sey (1968)
6-m cl oudy
400 21 CGol dman, Mason, and Hobbie (1967)
100 15 16 Ander son (1970)
75 50 13 Anderson (1970)
100 50 wet 5 Schindl er and N ghswander (1970)
220 10- 15 -2 Schindler et al. (1974)




spectrum and the under-ice neasurenents to the 400-700 nm range. The
accuracy of such transmittance values is clearly questionable. In a

| ater paper, Schindler et al. (1974) used both a Belfort "pyrhelioneter"
and a Yellowsprings "pyranoneter" located 2 km fromthe |ake to measure
incident radiation. Fifty percent of the measured solar radiation was

considered to fall in the "visible portion of the spectrum" "Subsurface
irradiance” was neasured with a GM "submarine photoneter” and a Wston
sel enium photocel|. Filters were used occasionally. The neasurements

are nore extensive than indicated by Table 1, but the use of dissimlar
above-and under-ice instrunmentation casts doubt on the accuracy and
conparability of the data set. It should be nentioned that the term
pyranoneter is currently used to identify an instrunent that measures
direct plus diffuse radiation over the entire solar spectrum The term
pyrhelioneter is currently reserved for an instrument that measures only
direct solar radiation over the entire solar spectrum but it was used
in the past as the term pyranometer is currently used. It is presumed
that the Belfort "pyrhelionmeter" is merely a pyranometer of early manu-
facture.

The above discussion indicates the wide range of instrunmentation
enpl oyed by numerous investigators. The various systems, both individ-
ual l'y fabricated and commercially avail able, have produced results that
are not comparable. The instrunents selected for this study are patterned
after an instrument designed, inproved, and extensively tested by the
Scripps Institute of Cceanography. They are commercially available and
in wide use, although because they were introduced only recently, many
i nvestigators have not yet published their results (personal communica-
t ions) . Conparisons between data acquired by other investigators and
the data acquired here are confined to one known published study using
the same instrunentation as used here (Maguire, 1975b). Maguire's
results of radiation neasurenents through ice in the 400-700 nm range
are presented as diffuse extinction coefficients (Table 2). Further
di scussion of these data is contained in the analysis portion of this
report.

Table 2. D ffuse Extinction Coefficients for Ice and Snow in the 400-700
nm Range (After Maguire, 1975b)

Medi um k(cm_l)
Qtawa River water 0.015
Clear ice 0.02 = 0.003
QG oudy ice 0.20 = 0.03
Soft new snow 0.10 + 0.02
Hard powder snow 0.50 + 0.05




The purpose of this study was to conpile information on 400-700 nm

radiation transmttance through sone ice types common to the Geat Lakes
region. Response characteristics of the instruments are given later in

this report. In the interest of brevity, the visible wavelength trans-
mttance values calculated from these sensors will be called transmt-
tance. The mgjority of the tests were conducted at a small inland |ake

| ocated near Ann Arbor, Mchigan (42°18' N, 83°43' W. A limted nunber
of readings were collected "ear Wiitefish Point at the eastern end of
Lake Superior (46°46' N, 84°57' W. Data were gathered on the variation
of radiation transmttance due to different types and thicknesses of ice
and snow, solar altitudes, cloud types, and cloud anpunts. Both natural
snowfree and snow covered ice surfaces, as well as artifically cleared
(of snow) ice surfaces, were examined. A snowfree surface was desirable
since radiation transmttance characteristics through snow are relatively
wel | know' when conpared with the information available on radiation
transmttance through ice. It is felt that if radiation transmittance
through ice is better understood, then in natural, comnbined ice-snow
surfaces both snowfree ice and snow values can be artifically integrated
to obtain a good approximation of the natural radiation transmttance of
a large area by high speed nethods such as renote sensing.

2. | NSTRUMENTATI ON AND TEST PLAN

Quant um sensors, manufactured by the Lanbda Instruments Corporation,
were used to neasure radiation in the 400-700 nm band. A nodel LI-190S
sensor was used to measure incomng radiation and a nodel LI-1925 nounted
on a specially designed arm was used to measure under-ice radiation.
Figure 1 shows the above-ice sensor equipped with a munting and |eveling
fixture. Details of the underwater sensor are show' in Figure 2.
Detectors for both sensors are silicon photodiodes with enhanced response
in the visible spectrum Interference filters conbined with detector
characteristics produce sharp cutoff at approximtely 400 and 700 nm.

The relative spectral sensitivity of the two sensors was deternined
by the manufacturer using a nmonochromator with a 2.5-nm band width and a
thermopile with uniform spectral response over the 400-700 nm range to
moni tor the irradiance of the nonochromator,. The relative spectral
response for each of the sensors is show' in Figure 3., Peak absol ute
responsivity 95 the under-ice sensor is 0.037 pamp/Wm ~ at 670 mm and
0.058 uamp/Wm “ at 630 nm for the above-ice sensor.

Calibration was acconplished using a light source calibrated against
a National Bureau of Standards lanp. The photon flux density of the2
. . ! =2 -1
standardi zed quartz hal ogen |anp wasllinown in terms of ueinsteins m = g
where one ueistein equals 6.023 x 10~  photons. Certificates of cali-
bration supplied_'?y the manufacturer indicate an output of 6.13 pamp/1000
nensteins m” s = for the underwater sensor and 9.60 uamp/1000 peinsteins
m°s for the atnospheric sensor.



Figure 1. TIncident
radi ation sensor
equi pped with
leveling unit.
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Cosine correction of the sensors is acconplished by nmeans of a
plexiglass diffuser (Fig. 2). Spectral shifts due to light entering the
interference filter at oblique angles are elimnated by fitting the head
with a collimting system Cosine response as supplied by the manu-
facturer for an underwater sensor in both air and water is shown in
Figure 4.

Smith (1969) has described the inmmersion effect on a diffusing
material subnerged in water. The response of wet and dry collectors of
the sane design differ, since a wet collector |oses energy that in the
dry collector is internally reflected back to the detector. The effect
is caused by the change in the index of refraction at the boundary of
the diffuser when it is inmrersed in water, causing a larger percentage
of the incident flux to be backscattered into the water than into the
air. Since all of the sensors are calibrated in air, a correction
factor nust be applied to all underwater readings. An immersion cor-
rection factor of 1.34, as reconmended by the manufacturer, is applied
to all data in this study.

The underwater sensor was nounted on an "L-shaped" arm of 1-1/4
inch white plastic pipe (Fig. 5) fabricated specifically for this
study. The pipe was liberally perforated for ease in subnerging the
unit. The level of the sensor at the end of the arm was adjustable with
respect to an above-ice spirit level. A platformto hold the "L" armin
a stable position was fabricated from clear plexiglass to mnimze
attenuation of incident light. For leveling, three large screws were
positioned at each end of this triangular shaped platform

Sensor output was neasured by a Lanmbda Instrunents Model LI-185
Quant um Radi oneter-Photoneter. The instrument features a solid state
chopper stabilized anplifier providing a |ow inpedance load to the
sensors, resulting in good linearity. The unit was battery operated and
conpl etely portable (Fig. 6).

Figure 4. Cosine response of
typical wnderwater sensor
( from Roemer and Hoagland,
19771.
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Figure 5. Design details of the support am for the underwater sensor.
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Figure 6.  Microammeter used for semsor readout and associated deck-io-
sea SWitch.

Al'though the sequence of events varied fromone field trip to
another, a "typical" series of steps can be described. Wen the weather
forecast indicated favorable conditions the following day (no snowfall)
all equipment was inspected and packed into a fiberglass sled to facilitate
easy transport across the ice in a single trip. A vehicle of sufficient
size, such as a Ceneral Mtors Corporation Suburban, was used to transport
the equiprment to the lake. The loaded vehicle was |eft out-of-doors
overnight, allowing the detectors and readout system to become adjusted
to the anmbient tenperature, thus elimnating fogging of the optics and
fal se readings of battery strength fromthe m croameter.

After a suitable site was selected, a 15-cm dianeter hol e was
drilled with a power auger. A shield fabricated froma 50-gallon oil
barrel, sawed in half, was used near the hole to reduce the possibility
of scattering foreign ice chips over the area where the underwater
portion of the "L" extension would be located (Fig. 7). After drilling,
all equipment was noved a considerable distance away from the measure-
ment site. The support arm was lowered into the hole and |eveled, and
some of the ice chips were pushed back into the hole where the support
arm was | ocated

The topside sensor and mounting fixture were leveled on a snal
pi ece of plywood on the surface of the ice, about 5 m from any obstructions

Not ati ons were made in a |ogbook on the type and thickness of ice, site
conditions, prevailing atnmospheric conditions, and the above-and under-

12



Figure 7. overall and closeup Vi ews
of drilling operations with barrel
shield.

Figure 7. No. 2
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ice readings. Conpletion of both above-and under-ice readings under
simlar atnospheric conditions was facilitated by incorporating a deck-
to-sea switch into the electronics to insure rapid readout. The watch
used to deternmine the tine of each reading was periodically checked with
a time-standard radio signal. Tenperature and supplenental cloud
observations are from hourly records of the National Wather Service at
the Detroit Metropolitan Airport in Romulus, M chigan

3. DATA REDUCTI ON

Above-and under-ice readings and pertinent field notes were
transcribed on conputer cards at the end of the field season. Subsequent
processing included application of appropriate calibration factors and
conputation of ratios of under-ice to above-ice radiation. The loca
standard tinme (LST) of each observation was converted to true solar tine
(TST) as follows:

TST = LST + 4(é - 1) + E (1)

wher e
h,x_ = nmeridian of the observer and standard neridian, respectively,

S
E = equation of tine.

The solar altitude, y, at the time of each observation was determ ned
for the local latitude from

sin y=sin ¢ sin § + cos ¢ cos § cos h, (2)
wher e

¢ = latitude
8§ = declination of sun,
h = hour angle = (TST - 1200) * 15”.

This was devel oped by using an electronic conputer and nethods described
by Bol senga (1968). A conputer program was devel oped to produce graphics
of transmittance against TST in addition to associated |istings of
transmittance ratios, ice conposition, atmpspheric conditions, site

wat er depth, sensor depth, TST, y, and zenith angle of the sun. A
computer was also used to calculate the diffuse extinction coefficients
and values for a two-layer nodel described in the analysis.

14



4,  ANALYSI S
41 Gener al

The ice surfaces observed in this study were classified as clear,
refrozen slush, and brash ice. Cear ice and refrozen slush ice often
occurred in conbination. Refrozen slush ice is sinilar in appearance to
snow ice, but the nethod of formation is different. Snow ice forms from
snow | oading an existing ice cover with upward water seepage through
stress cracks in the old ice cover into the snow |ayer, which subsequently
refreezes. Snow ice nornmally fornms on small inland |akes such as Silver
Lake. However, severe early season tenperatures formed a thick |ayer of
clear ice that did not fracture due to the snow | oad. Refrozen slush
formed due to nild tenperatures that reduced the snow cover on the |ake
to slush. Subsequent |ower tenperatures conpletely froze this slush
into the snow ice-like substance called refrozen slush. Brash ice is an
accunul ation of |oose fragments of ice randomy frozen together.
Initially, thin ice forms in a sheltered bay or other quiet water area.
On | arge | akes water novenents break up, nove, and conpact this ice
cover into brash unless extreme turbulence is encountered.

Ice types at each site are discussed in the follow ng analysis.
Brash ice was only encountered at \Witefish Point on Lake Superior.
Dates and |ocations of the neasurements are listed in Table 3.

Table 3. Dates, Locations, and Surface Conditions
of the Measurement Sites.

Dat e Location Sur f ace
12/22/76 Silver Lake Nat ur al
1/5/77 Silver Lake Cl eared
1/6/77 Silver Lake C eared
1/7/77 Silver Lake C eared
1/17/77 Silver Lake d eared
1/18/77 Silver Lake C eared
1/19/77 Silver Lake C eared
1/26/77 Silver Lake C eared
& Nat ur al
2/3/77 VWi tefish Point Nat ur al
2/14/77 Silver Lake Nat ur al
2/16/77 Silver Lake Nat ur al
2/17/77 Silver Lake Nat ur al
2722777 Silver Lake Nat ur al
3/7/77 Silver Lake Nat ur al
3/8/77 Silver Lake Nat ur al
3/9/77 Silver Lake Nat ur al
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It was necessary to clear snow fromthe ice on several occasions to
obtain readings from the under-ice sensor and to acquire a certain
nunber of snowfree readings as descr%bed earlier (Table 3). (deared
areas were roughly circular, 3 to™7 m 1n area, and extended to the
south of the borehole to minimze shadow effects on the underwater
sensor. An ideal nethod to experinmentally assess the effects on neasure-
ment accuracy of artificially clearing an area would be to progressively
clear an extrenely large area using both mechanized and manual equi pnent.
The nechani cal apparatus was not available, so the follow ng nmore nodest,
but |ess conclusive, test was conducted.

Slightly over 1 cm of new snow covered a previously cleared area of
nearly 37 cmof clear ice with about 2 cm of refrozen slush at the
surface. After the first neasurement of the day through undisturbed
snow, the area was progressively cleared with a broom (Fig. 8). The
effect on radiation transnmittance is dramatically shown in Figure 9.

The ratio of under-ice to above-ice radiation rose from 0.18, wth

undi sturbed snow, to 0.66, with the area fully swept. Cloud conditions
changed from1/10 stratocumulus to 10/10 stratocurmul us during site

cl earing. Solar altitudes ranged from 18 to 30" during the neasurenent
period. The radiation transmttance values of the fully swept surface
seem consistent with values for simlar types and thicknesses of ice
noted later. Most of the cleared areas were also larger than during
this experinent. It is thus tentatively concluded that the artificially
cleared areas provide radiation transmttance values that are representative
except for possible shadowi ng effects of snow banks (discussed |ater).
Addi tional experiments are necessary to verify this assunption. Masure-
nments of natural (uncleared) ice surfaces are thus enphasized here.

Figure 8. Progressive clearing of a measurenent site
to obtqain the ratios shown in Figure 3.
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FPigure 9. Ratio of under-ice to above-
ice radiation (7} versus true solar
tine (7sT) as the ice surface was
progressively ecleared of a thin snow
| ayer, 26 January 1977.

4.2 Daily Trends

A group of measurenments were made fromthe sane borehole by
Swinging the support arm at the ice-water interface froma clear ice
area to a continuously snowcovered area. The ice thickness was 28 cm
and the w nd-packed snow was about 3-cm thick with an etched surface
pattern. The sequence of neasurements is shown in Figure 10. At 1038
TST a reading taken under the snowfree ice showed a ratio of transmtted
to incident radiation of 0.80. At 1039 and 1040 TST the arm was noved
to another area under the snowfree ice, yielding ratios of 0.77 and
0.82, respectively. The arm was next nmoved to the edge of the overlying
snow surface where a ratio of 0.85 was obtained at 1041 TST. \When the
arm was noved conpletely under the snow, the ratios dropped to 0.08 and
0.10 at 1042 and 1043 TST. The sanme borehole was reoccupi ed at about
1200 TST. Ratios under the clear ice averaged 0.89 at one location and
0.83 at another. Under-snow ratios averaged 0.12. Sky conditions
varied from7/10 to 9/10 total sky cover with the altocumulus increasing
towards the end of the period. Solar altitudes varied from 23 to 25".
Figure 11 shows the sensor at the end of the support arm as photographed
through the ice surface.

A series of neasurements were taken on 3 consecutive days, during
which 43 cm of ice (combination of refrozen slush and clear ice) deter-
iorated to 38 cmunder mld weather conditions. On 7 March 1977,
ratios of transmtted to incident radiation increased slowy from about
0.70 in the late forenoon to near 0.80 at about 1430 TST (Fig. 12). A
smal | amount of snow was noted on the ice surface in the norning, but
all snow had nelted by 1400 TST, accounting for the increase in transmtted
radiation. The readings continued to indicate ratios nostly under O0.80
on 8 March and 9 March 1977 (Figs. 13 and 14). Air tenperatures during
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Figure 10. A series of neasurenents show ng
the contrast between radiation transmttance
(r) as a function of true sclar time (757)

t hrough ice alone and through the same ice
cover with a snow layer, 22 Decenber 1376.

Figure 11. sensor and horizontal portion of boom as
as seen through the clear ice surface on
22 Decenber 1976.
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Figure 12. Ratio of below- to above-
ice radiation (7) as a function of
true solar tinme (757) during a
period of melting snow for 7 March
1977.
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Figure 14. Radiation transmttance

(7) as a function of true solar
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Figure 13. Radiation transmttance

(T) as a function of true sol ar
tinme (7s7) during ice decay for
8 March 1977.
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measurenent periods at the Detroit Metropolitan Airport averaged 4.6" on
7 March 1977, 13.4°C on 8 March 1977, and 15.2°C on 9 March 1977. Cl oud
cover on 7 March 1977 renained at 6/10 stratocumul us throughout nost of
the day. On 8 March 1977, cloud cover remained at 3/10 cirrus throughout
the day. On 9 March 1977, 3/10 cirrostratus in the norning increased to
about 7/10 near the middle of the day. Near the end of the day, the
cloud cover decreased to 3/10 altostratus. On 7 March 1977, solar
altitudes during nmeasurenments varied from 31 to 43". Solar altitudes on
8 March 1977 varied from8 to 42" and on 9 March 1977 from 11 to 45".
Solar altitudes in this report were conputed only during neasurenents.

| f measurements were not taken at 1200 TST, for exanple, maximum sol ar
altitude for the day is not given. Therefore, maximmy values on
sequential days will not necessarily agree

O her than the increase due to snowmelt on 7 March 1977, no other
definite trend over the 2-day period is apparent even though tenperatures
remai ned high and caused a decrease in ice thickness. A diurnal trend
indicated by the 9 March 1977 neasurenents is explained later. The dip
and subsequent rise late in the day on 8 March 1977 might be owing to
diurnal effects and instrument error due to |low radiation |evels,
respectively. The lack of a smooth transition fromlow to high ratios
on 7 March 1977 is due to raising and lowering of the under-ice sensor
to obtain readings at various water depths. After each depth profile
series, the arm could not be repositioned exactly and, since the ice
surface and nostly likely the ice thickness were not entirely uniform
slightly different readings could be expected. The high readings on 7
March 1977 (0.82, 0.82, 0.85) at 1249, 1250, and 1255 TST, respectively,
were taken immediately after profile neasurenents.

On 7 January 1977, measurements were taken from 1001 to 1549 TST at
solar altitudes ranging from?7 to 26" (Fig. 15). Total sky cover varied
fromO to 2/10 cumulus during the period. The support arm was raised
and | owered for depth profiles several tines as foll ows:

between the 1001 and 1006 TST readi ngs,
between the 1122 and 1128 TST readi ngs,
between the 1233 and 1245 TST readi ngs,
between the 1358 and 1442 TST readings, and
between the 1527 and 1532 TST readi ngs.

The ratios obtained for the period varied from 0.65 to 0.95 a 30 percent
range in radiation transmttance. The significant difference can be
attributed to novenent of the armto different locations under the ice
cover, to differences in cloud cover, or to both effects comnbined. Such
large variations were not noted on sone other occasions when the support
arm was raised and |lowered, but possible larger differences in the
thickness in addition to other characteristics of the ice at this sjite

and cloud patterns mght account for the wide variation. It is enphasized
that the same borehcle was used throughout the day.
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The readings on 9 March 1977 (Fig. 14) indicate that radiation
transmttance night be affected by the solar altitude under certain
conditions. In studies on reflectance over the entire solar spectrum of
soils and crops, Idso and Reginateo (1974), Idso et al. (1975), and
Coulson and Reynol ds (1971) found a significant rise in reflectance at
low solar altitudes. The daily variation is nost likely due to shadow ng
effects froma surface of complex nature, such as individual agglomerates
of soil in a plowed field. A weak dependence of reflectance over the
entire solar spectrum on solar altitude was found by Bol senga (1977) and
is attributed to the balance of diffuse vs. direct solar radiation and
spectral reflectance characteristics of the particular ice cover. He
speculates that slush ice and snow ice surfaces will exhibit higher
refl ectance at low solar altitude due to the increasing diffuse conponent
of solar radiation early and late in the day conmbined with a high
reflectance of slush and snow ice in the 400-700 nm range (Sauberer,
1938) and the fact that diffuse sky radiation is relatively rich in 400-
700 nm range radiation. Cbservations on 9 March 1977, showi ng |ower
transmittance early and late in the day are consistent with these findings.
(bservations on 17 January 1977 (Fig. 16) show the opposite trend, with
hi gher transnittance values early and late in the day. The apparent
conflict can possibly be explained by the nature of the ice surfaces,
whi ch were clear ice on 17 January 1977 (36 cn) and refrozen slush on 9
March 1977. Lo

0.6

Figure 16. Ratio of under-ice to T
i nci dent radiation (T) versus true
solar tinme (757) for a clear ice
surface showing a marked difference
between this diurnal pattern and
the one observed for refrozen slush,

| ] 1 L I
17 January 1977. 0000 1000 1200 1400 1600 1800
TST
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Anot her exanple of the influence of snow cover on radiation trans-
mttance in the 400-700 nm spectral range is shown in Figure 17. A5 to
g cmthick snow | ayer covered 45 cmof ice conposed of 4 cmof refrozen
slush and 41 cmof clear ice. Tenperatures during the measurenent
period at Detroit Metropolitan Airport were above freezing and varied
frome.1°C at about 1130 TST to 9.4°C at about 1645 TST. The snow was
nelting during this period. Coud cover varied from7/10 cirrus early
in the nmeasurenents to 2/10-4/10 cirrus for nost of the measurenments to
6/10 cirrus at the end of the day. Radiation transnittance through the
ice and snow | ayer increased at a steady rate fromO0.06 at 1126 TST (y =
38") to 0.11 at 1640 TST (y = 8"). The increase in transmttance is
very likely due to snow nelt. It should be noted that the change is
opposite that attributed to solar altitude shown by the neasurements on
9 March 1977 (Fig. 14), indicating that possible solar altitude influences
are either conpletely masked by the effects of the snow nelt, or that
other factors such as shadowing or ice surface characteristics that
m ght have been necessary for diurnal variation are |acking.

On 6 January 1977 (Fig. 18), measurenments were taken through 29 cm
of clear ice with a "pebbly" surface, artificially cleared of snow
(shovel ed and swept). Radiation transmittance averaged 0.83 during the
peri od when solar altitudes during neasurenents ranged from 11 to 26".

O oud cover was 6/10 stratocurmul us and altostratus during nost of the
period. The transmttance values show a slight downward trend over the
day, possibly due to shading effects of the cleared area. Measurenents
taken on the previous day, at the same site, at solar altitudes between
8 and 14° (1501 to 1543 TST), under clear skies, averaged 0.77. Measure-
ments on 6 January 1977 at solar altitudes conparable to the previous
day averaged 0.82. The difference could be due to changes in the ice
surface, different atmospheric conditions, different shading effects, or
to placement of the sensor at a different |location under the ice. A

m nor anount of change in the surface on 6 January 1977 was noted in
that the "pebbly" character disappeared by late in the day, but tenperatures
remai ned bel ow freezing throughout the day. It should be noted that

| ower transmittance ratios associated with clear skies conflicts wth
the changes attributed to cloud cover below. Mich additional work is
needed on the effects of surface ice changes and atnospheric changes as
related to radiation transmttance.

An ice cover 42 cmthick with 4 cm of refrozen slush overlying
clear ice was exam ned on 14 February 1977. The refrozen slush was
highly variable in surface characteristics and presented an opportunity
to nmeasure variations in radiation transmttance of the sane ice cover
at different positions in the sane berehole (Fig. 19). The underwater
sensor was |ocated near the end of the meter stick shown in the photo-
graphs. The surface to the side of the support arm contained nore snow
| odged in a "pebbly" surface. The average of the ratios in the snow-
free area was 0.58. The average of ratios in the partially snowcovered
area only dropped to 0.53. Cloud cover during the period was fairly
uniformat 9/10 stratocunulus. Solar altitudes varied from29 to 35".
The measurements enphasi ze that the visual appearance of seemingly |arge
surface differences in an ice cover does not always relate to large
differences in radiation transmittance.
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Figure 17. Increase in radiation
transmttance due to snowmelt as
indicated by the rise in trans-
mttance ratio (T) wth true
solar tine (757), 22 February 1977.
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Figure 18. Ratio of wunder-ice to
i ncident radiation (7} versus
true solar time (7ST) on a partly
eloudy day with a changing ice
surface, 6 January 1977.
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Figure 19. Highly variable surface characteristics Of
cefrozen SlUush.  The two surfaces are at dJdifferent
Loca tions from the same boreho Le.



On 18 January 1977, neasurenments were taken through 36 cm of clear
ice in an area artificially cleared of snow. Three high transnittance
values are attributed to changes in cloud cover since the sensor was not
nmoved, except for occasional releveling, during the day. At 1011 and
1014 TST, two ratios of 0.95 were noted (Fig. 20) under clear skies
(0/10 coverage). At 1130 and 1131 TST, transmittance ratios dropped
dramatically to 0.77 under 10/10 total sky cover. Readings at 1223,
1227, and 1228 TST varied from 0.90 to 0.78 under variable cloud
conditions. The | ow readings were noted under 10/10 cloud coverage and
the high readings under clearer sky conditions (5/10 coverage). From
1347 to 1447 TST skies were clear. The overall downward trend in the
ratios is probably due to the increased shadowi ng effects of the shovel ed
area at solar altitudes that dropped from 28" at 1131 and 1223 TST to
17" at 1447 TST. From 1519 TST until the end of the day, shadows from
deci duous trees were cast on the ice surface, causing variability of the

ratios.

The sane site was occupied on the follow ng day, 19 January 1977,
when total sky cover remmined at 10/10 stratocumul us during the entire
period (Fig. 21). Solar altitudes varied from9 to 28“. The ratios
remained in the narrow range 0.70 to 0.76 throughout the day.
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Figure 21. Transmittance (T) versus
true solar time (TST) showi ng the 04
Lack of variability of the ratios '
due to Zack of ecloud-cover vari a-
bility, 19 January 1977. 021
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The 18 January 1977 and 19 January 1977 site was al so occupied on
17 January 1977. Solar altitude range was from 8 to 28". Thin high
clouds, stratocumulus most of the day changing to cirrostratus late in
the day, were noted. Total sky cover was 10/10 at the site. Li ght snow
and bl owing snow due to gusty winds occurred throughout the day. The
variable, thin, high clouds caused large fluctuations in the mcroanmmeter
needle during readings. It was felt in the field that readings could
not be taken with enough speed to produce reliable ratios. However
Figure 16 indicates fairly steady ratios over the day. The ice was 36
cmthick and clear.

It is enphasized that on all 3 days (17 January 1977 through 19
January 1977) the same borehole was reoccupi ed and the support arm
remained in the same position throughout the day, except for occasional
leveling. Placement of the support arm at exactly the same spot was, of
course, not possible on a day-to-day basis. The observations on these
days show, on a prelinminary basis, that radiation transmttance through
clear ice is greatly affected by cloud patterns, which vary from clear
to nmostly cloudy (such as intermttent cunulus clouds). The previously
di scussed large variations in the ratios on 7 January 1977 nmight be due
partially to the effect of cloud cover variations from 0 to 2/10 cumul us.
On the other hand, totally overcast days show ng some variability in the
overall cloud pattern have little effect on radiation transnmittance in
this spectral range. Shading effects were observed in sonme of the
observations, but it is believed that these effects are systematic and
do not effect the changes reported as related to cloud cover.

A limted nunmber of measurements were nade on some relatively thick
ice (56-64 cm at Whitefish Point in Lake Superior (46°46'N, 84°57'W}.
A significant amount of blowing and falling snow prevailed during the
Z-hour neasurement period and could have adversely affected the above-ice
readings for all data sets at this location. An average of five
nmeasurenents taken near 1200 TST (y = 28°) showed the ratio of under-ice
to incident radiation through 64 cm of clear ice topped with a thin
| ayer of frozen slush to be only 0.06. Two brash ice areas, both 56 cm
thick, were measured with the overlying snow surface undisturbed and
again after the surface was swept with a broom At the first site, the
ratio for the natural ice and snow surface averaged 0.07 and the swept
surface averaged 0.15. At the second site, the unswept surface averaged
0.06 and the swept surface 0.08. The lack of significant increase in
radiation transmttance at the second brash ice site can be explained by
the extrene irregularity of the surface, which caused snow to remain in
pl ace between the brash ice blocks even after sweeping (Fig. 22). Solar
altitude was about 27" at the first and 17" at the second brash ice
site.
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Figure 22. Jece conditions at the second brash ice site
showi ng snow trapped between the individual bl ocks of
ice.

4.3 Snownpbil e Disturbances

Measurenents were also taken on surfaces disturbed by snowmbiles.
On 16 February 1977, in an area of 46 cmof total ice with 3 cm of
refrozen slush and 1 cm of granular netanorphosed snow undi sturbed by
snowmobi l es, four transmittance neasurements averaged 0.17. In an
adj acent area, using the same borehole, measurenents under a surface
nodi fied by a snowmbile track averaged 0.15. The ridge caused by the
snowmobi | e consisted of about 3 cm of additional combined granular
met amor phosed and normal snow (Fig. 23). Skies were clear and solar
altitude varied from29 to 30" during the period. To assess the effects
of the possible flooding of such a surface due to either rain or condi-
tions that might formsnow ice (i.e., snow |oading an existing ice
cover, cracking, flooding, and refreezing) the surface was artificially
irrigated. Radi ation transmttance at the site not nodified by the
snowmbile rose from0.17 to 0.44 and at the nodified site from0.15 to
0.49 (Fig. 24).

Addi tional neasurements were nade on 17 February 1977. At the
first site the ice was 29 cmthick, including 3 cm of refrozen slush.
About 2 cmof crusted, rippled snow overlaid the undisturbed area.
Measurenents in the undisturbed area showed an average transmittance
ratio of O0.15. In the area nodified by the snowmbile, the ratio was
0.14 (Fig. 25). Solar altitudes varied from 33 to 36" during the period.
At a second site, with 52 cmof total ice, including 4 cm of refrozen
slush, a snowrobile had operated in a slushy surface at the top of the
ice, creating a "pebbly" ice and snow surface. Radiation transmittance
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Figure 23. Surface conditions at site used tO neasure
radia tiom transmit tance through a watwural ice and
snow surface and the SANMB surface Jeturbed by A
snowmobi Le.

Flgure 24.  Comditions at the site shown in Figure 23
2fter 1rrigation.



Figure 25. Surface conditions at snownobile track
measurement site show ng the undisturbed and. dis-
turbed areas and a closeup of the track inprint.
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averaged 0.23 at solar altitudes varying from 28 to 32". The general
site area and a detailed view of the snowmwbile track are shown in
Figure 26. No neasurenents of the adjacent undisturbed area were taken
for this case. Only light (0-2/10) altocurmul us clouds were present
during these measurements on 17 February 1977.

Figure 26. overall qnd detailed views of snownmobile
track neasurenent site.
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4.4 Diffuse Extinction Coefficients

Diffuse extinction coefficients obtained from these data by

In Eo - 1n E
k = (3)

A

where

E0 = jrradi ance at surface,
E = irradiance at depth,
z = depth (cm,

and those obtained by Maguire (1957b) are conbined in Table 4. [n nost
cases, when a series of neasurements on a given day was interrupted by

any novenent of the support arm except for releveling, diffuse extinction
coefficients were conputed only from neasurenents before the novenent.

All diffuse extinction coefficients are the average of several individual
measur enent s. [f sufficient nmeasurenents under appropriate conditions
were not available, a diffuse extinction coefficient was not conputed

Table 4. Diffuse Extinction Coefficients [kien?)] Cbtained
for Selected Situations in this Study and Coefficients
Obtai ned by Maguire (1975b) for the Same Spectral Range.

a.  CLEAR ICE
Dat e k(cm'l) Conment s Ref er ence
1/6/77 0. 006 This work
1/17/77 0.011 Bl owi ng snow This work
1/18/77 0. 006 This work
1/19/77 0. 008 Li ght snow This work
0.02 = 0.003 Magui re

Table 4b. BRASH | CE

Dat e k(cmfl) Comrent s Ref er ence

2/3/77 0.048 Snow bet ween This work
bl ocks

2/3/77 0. 052 Snow bet ween This work
bl ocks
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Tabl e 4c. COVBI NATI ON- - REFROZEN SLUSH + CLEAR
Thi ckness-(m

Dat e Site k(cm-l) TOT SI* Snow Ref erence

2/16/77 1 0. 027 43 4 1 This work

2/17/77 2 0. 027 41 2 T** This work

21167177 3 0. 037 39 4 0-2 This work

2/16/77 2 0. 039 43 3 2 This work

2/17/77 1 0.054 45 3 3 This work

2/22/77 1 0. 059 45 4 5-8 This work

#8T = slush ice.

*%T = {race.

Table 4d.  COVBI NATI ON- - REFROZEN SLUSH + CLEAR DURI NG DECAY

Dat e k(cm"l) Ref erence

3/7/ through

3/9/77 0.006 to 0.008 This work

Table 4e. SNOMWOBI LE 7rRACKS
Thi ckness (cm

Dat e Site k(cm*l) TOT SI* Snow Ref erence
2/16/77 2 0. 041 46 3 4 This work
2/17/77 4 0.051 52 4 T** This work
2/17/77 3 0. 067 29 3 T** This work
*ST = s|lush ice.
**T = trace.
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Tabl e 4f. SNOW

k(cm 1) conment s Ref erence
0.10 £ 0.02 Soft new Magui re
0.500 = 0.05 Hard powder Magui re

Di ffuse extinction coefficients obtained here for clear ice ranged
from0.006 to 0.011. The values are |ower than those obtained by Mguire.
In addition, the highest values obtained here were during periods of
l'ight and blowi ng snow. Crack patterns and surface variations coul d
possi bly account for the differences. The two brash ice surfaces yielded
about the sane diffuse extinction coefficients. Considerable snow
between the individual blocks was noted

The conbinations of refrozen slush and clear ice present the nost
conpl ex diffuse extinction coefficient pattern noted. It is fairly
obvious that the anount and condition of snow on the ice surface have a
profound effect on the diffuse extinction coefficient magnitude. On 16
February 1977, conditions of the surface at site 1 were crusted granular
snow with chips fromthe ice auger inadvertently sprayed over the surface
It is also possible that some of these chips were wet, but this was not
noted in the logbhook. On 17 February 1977, at site 2 the same diffuse
extinction coefficient was obtained with less slush ice (0.027), but the
ice surface was bunmpy with depressions partially filled with granul ar
snow. The surface was conposed of 60 percent thin snow and 40 percent
exposed ice.

The surface on 16 February 1977, at site 3 showed an irregular
pattern of crusted snow and exposed ice with the snow varying fromO0 to
2 cm The diffuse extinction coefficient on 16 February 1977, at site 2
(0.039) was nearly the same as that conputed for site 3 (0.037), but
with the slush ice amunt |ess and snow amount nore than at site 3

On 17 February 1977, at site 1 the diffuse extinction coefficient
rose significantly over all previous values. The snow was crusted
granular, and uniform over the area. On 22 February 1977, the diffuse
extinction coefficient remained nearly the same as that obtained on 17
February 1977, with significantly increased snow cover. However, field
notes indicate that the thick snow cover on 22 February 1977 was irregular,
causing higher radiation transmttance than with a uniformy thick
| ayer.

During ice decay, diffuse extinction coefficients of conbined
refrozen slush and clear ice remained in a remarkably snmall range (0.006
to 0.008). Water was observed on the surface and percolating through
the ice during portions of the period.
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An apparent severe effect of snownpbiles operating on the ice and
snow surfaces is shown by the high diffuse extinction coefficient values
in Table 4. However, the previous section in this report and other
values in Table 4 for the sane date enphasize that differences between
radiation transmttance at the disturbed and undisturbed sites were
small. The range in the diffuse extinction coefficients is also small,
but that lack of wide variation is mst likely due more to site selection
and linted data base than to actual conditions that could occur.

4.5 Reflectance-Transmttance Mode

It is inportant to note that the lack of honpgeneity of nmpst natura
ice areas or conbinations of ice and snow can produce diffuse extinction
coefficients and transmittance values nore representative of certain
upper layers of an ice cover rather than the bulk of the ice cover.
Situations occur where natural ice surface phenomena, such as surface
etching due to w ndbl own snow, frost accunulation or nelting, mcrorelief
due to nelting, and fractures or internal bubble structure, are the rule
rather than the exception. Transmttance values and diffuse extinction
coefficients given here are usually the result of a conbination of these
factors and may be site specific.

The effect of layering on the overall transmttance and reflectance
val ues of an ice cover can be estimated froma sinple nodel. The
reflectance and transmttance of each individual l|ayer are used to
obtain conbined reflectance and transmttance values for the ice cover.

The conbination reflectance, p(C, of a two-layered systemis

2
T (A)o(B)
= +
p(C) = p(A) 1 - o(A)o (B)’ (4)
wher e

p = refl ectance,
T = transmttance
A = upper |ayer,
B = lower |ayer.

The conbination transnittance, r(C), of a two-layered systemis

T(A)YT(B)
1 -pA)p(B)’

T(C) = (5

Details of the derivation of equations (4) and (5) and a sketch of the
two- | ayer nodel are given in the Appendix.

To illustrate the effectiveness of the nodel, equations (4) and (5)
were programmred to run on an electronic conputer. Hypothetical ice-
cover transnmittance, reflectance, and absorptance values (layer B) were
stipulated and held constant for each conputer run, during which varying
val ues were substituted for p and T in layer A (representing snow, frost,
bubble layers, etc.). Layer A transmittance and reflectance val ues were
incremented at |-percent intervals.
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In the first conputer run, clear ice was sinulated for the B |ayer
using p(B) = 0.19; 1(B) = 0.80; and a(B), the absorptance, = 0.01. The
reflectance and transmttance of the A layer were varied, with a(A)
held constant at 0.01. G aphic displays of o{a) versus t(C) and p(A)
versus p(C) are shown in Figure 27. The effects of a highly reflective
upper (A) layer on such an ice cover are inmediately apparent. A snow
layer with a reflectance of 0.80 would yield p(C) of 0.81 and t(C) of
0.18.  An upper layer of considerably less reflectance, p(A) = 0.20 for
exanmple, would yield p(C = 0.32 and t(C) = 0.66. The highly reflective
snow i s obviously the dom nant factor in the combination and the
refl ectance-transmttance values of the ice layer have little influence
on the conbination when snow is present. The exanple used here for a
highly reflective snow cover overlying clear ice is sinmilar to the
experimental situation encountered on 22 Decenber 1976 (Fig. 10), where
T(B)= 0.80, in an ice-free area and t(C) = 0.10 in an adjacent area
covered by 3 cmof snow OQher field data, such as those shown in Table
4 and also discussed in the Analysis Section, verify the effects of snow
cover on ice transmttance
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Figure 27. Upper layer reflectance, 0 0.2 0.4 0.6 0.6 10
. . C
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o (A), versus combined reflectance,
p(C), from operation OF the two-
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the underlying layer simulates clear 1.0,
0.6}-
0.6/
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i ce. 02k
00 | 1 | |

|
0.0 02 0.4 0.6 0.6 1.0
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In the second conputer run, snow ice was sinulated for the B |ayer
with p(B) = 0.44, t(B) = 0.45, and a(B) = 0.01. The reflectance and
transmttance of the A layer were again varied with a(A) held constant
at 0.01. The graphic displays are shown in Figure 28. A snow | ayer
with a reflectance of 0.80 would yield p(C) = 0.83, nearly the same as
for the clear ice case, and t(C) = 0.13. An upper layer of |ower
reflectance, p(A) = 0.20, would yield p{C) = 0.50 and t(C) = 0.39. The
hi gh reflectance of the underlying snow ice produces a higher p(C) than
for clear ice in a situation where t(A) is high. Field data corresponding
to the snow ice nodel were not collected.
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Figure 28. Upper layer reflectance, p(4),
versus conbined transmttance, t(¢), and
upper |ayer reflectance, pf4), versus
conbi ned reflectance, p(¢), fromoperation
of the two-layer nodel for a situation
where the wunderlying | ayer sinulates snow
ice.

38



The above two exanples should be sufficient to illustrate the
coupling effect operating on a layered ice system Reflected radiation
in the 400-700 nm range was not measured in this study, so it is not
known whet her the p(A) or t(A) values in the above discussion are
representative. The p(A) values are from known values of ice reflectance
over the entire solar spectrum The reflectance of clear ice in the
400-700 nm range can be inferred from several of the transmttance
measurenents given here, including those shown in Figure 10. No trans-
mttance neasurements were taken through snow ice, but p(A) values for
snow ice in the 400-700 nm range can be roughly approximated from
transmittance values of about 0.55 taken on 14 February 1977 through 4
cm of refrozen slush overlying 38 cm of clear ice.

Additional verification of the mdel would be possible if detailed
stratigraphy of the ice were available. Unfortunately, a coring auger
acquired for that purpose proved defective on the first day of neasure-
ments. Future field data collection will include such informtion.

Not wi t hstanding the above assunptions, the magnitude of the coupling
in a layered systemis apparent from the conputations. It should also
be stressed that the ice covers studied here and in all other studies of
natural ice represent |ayered systens to a greater or lesser degree.

4.6 Depth Profiles

The primary purpose of this study was to neasure radiation trans-
mttance fromthe ice surface to the ice-water interface. Linited
measurenents of underwater radiation at various depths below the ice
were also taken on selected measurenent days. Underwater irradiance
characteristics at various water depths are conplex even without an ice
cover and deserve detailed attention as described by Tyler and Smith
(1970). The measurenents given here of radiation under the ice at
various depths are not designed to duplicate or enhance a study such as
Tyler and Smith's. They are neverthel ess presented because no neasure-
ments of this type are known to exist.

The design of the support arm pernmitted lowering the vertical pipe
section through a sleeve in the leveling platformto any depth linited
by the length of the vertical pipe. At the desired depth, thunmbscrews
were tightened and a reading taken with the microammeter. Measurement
of sensor depth below the water-ice interface was by deternmning the
length of travel of the vertical portion of the support with a neter
stick. The nmethod was crude and subject to inaccuracies. The observations
are shown in chronological order in Figures 29 and 30. Only profiles
under natural snow and ice surfaces are included.

I ce, atnospheric conditions, and solar altitudes during the profiles
are given in Table 5. Mst of the profiles show relatively snooth
transitions from high ratios of underwater to above-ice radiation near
the water surface to lower ratios at depth. The measurements on 22
February 1977 present an exception to this trend. Possibly the underwater
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Table 5. Atnospheric Conditions, Solar
Altitudes (y), and |lce Types During
Depth Profiles

2/14/77
9/10 stratocunul us
y = 32-33"
38 cmclear ice
4 cm slush ice

2/17/17
0/10 cl ear
v = 11-17°
41 cmclear ice
1 cmslush ice
2 cm new plus granular snow

2/22/77
2-4/10 cirrus
y = 28-36"
41 cmclear ice
4 cm slush ice
5-8 cm snow

3/7/77
6/10 stratocumnul us
¥y = 39-41"
43 cm conbi nation clear and
refrozen slush

3/8/77
3/10 cirrus
vy = 11-31"
Less than 43 cm - ice nelting,
sone water on surface

3/9/77
3/10 cirrostratus - norning,
7/10 cirrostratus - m dday,
3/10 altostratus - | ate afternoon
y = 12-38"
38 cm conbi nation clear and
refrozen slush
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radiation levels were too low to pernit neaningful profile measurenents
on that day. Figure 17 shows the |ow ratios obtained at the ice-water

i nterface. On 9 March 1977, profile neasurements at different tines
produced significantly different curves. Such behavior can be explained
by different spectral characteristics of the incident radiation at
different tines of the day, by position of the underwater sensor at
different |ocations under the ice, or partly by experinental error.

5. SUMVARY AND CONCLUSI ONS

Si xteen days of nmeasurenents of incident and under-ice radiation in
the 400-700 nm range provides new information in a field where data is
severely lacking. The transmittance of photosynthetically active
radi ation was exam ned through clear, refrozen slush, and brash ice.
Characteristics of the instrunents were determned by nanufacturers'
tests, and support systems for under-ice work were specifically fabricated
for this study.

As expected, snow cover played a nost inmportant role in radiation
di m nution. In one data set, transnittance values (ratio of under-ice
to incident radiation) of a partially snowcovered, clear ice surface
dropped from about 0.80 in a snowfree area to about 0.10 in an area
covered by 3 cm of wi nd-packed snow. An increase in radiation trans-
mttance due to nelting snow on an ice surface was also noted. Diffuse
extinction coefficients computed for combinations of clear ice, refrozen
slush, and varying amounts of snow enphasized the effects of snow cover.
In general, ice with thicker snow covers showed higher diffuse extinction
coefficients without significant regard to the relative amunts of total
ice and refrozen slush.

A relationship between solar altitudes and radiation transnittance
was found, under certain circunstances, for refrozen slush. The diurnal
dependence of radiation transmittance on solar altitudes is not conpletely
understood, but it is believed that the spectral reflectance characteristics
of the ice surface, acting in conbination with the diffuse-direct radiation
bal ance, plays an inportant role. Shading effects due to irregularities
in the ice surface are also inportant. Shading effects of snow banks in
artificially cleared areas were also noted.

Changes in cloud cover significantly influenced radiation trans-
mttance when total sky cover changed from clear to cloudy. Variations
in transnmittance of nearly 20 percent were observed on one occasion.

Varying visual appearance of the ice surface did not necessarily
indicate significant changes in radiation transmttance. On one occasion,
measurenents from the sane borehole, under differently appearing ice
surfaces, showed a radiation transmttance variation of only 5 percent.
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Measurenents on brash ice 56 cm thick showed extrenely |ow trans-
mttance with only about 6-7 percent of the radiation reaching the ice-
water interface. Considerable snow | odged between the individual ice
pl ates accounted for part of the low transmttance values. Measurenents
through brash ice before snow accumul ates would be val uable.

Surfaces disturbed by snownpbiles showed little difference in
radiation transmttance from nearby undisturbed ice-snow conbinations.
It is felt, however, that this observation is based on site-specific
data. Diffuse extinction coefficients for areas disturbed by snow
mobi l es varied from 0.041 to 0.067.

Diffused extinction coefficients for all ice areas other than
snownobi |l e areas varied from 0.006 for clear ice and a clear-refrozen
sl ush conbination during decay to 0.059 for a conbination of snow,
refrozen slush, and clear ice. Ice surfaces w thout appreciable snow
accunul ati on showed diffuse extinction coefficients ranging from 0.006
to 0.027.

Results of calculations froma sinple two-layer nodel illustrate
the interaction between the various layers of a snowice conbination.
The nmodel shows that even a thin snow cover overlying an ice |ayer
exerts a profound effect on the overall transmittance and reflectance of
the conbination and this was verified by the field data. The nodel also
shows that ice layers with high reflectance exert some influence on the
overall transnmittance and reflectance if the upper layer (of snow,
frost, etc.) has both reasonably low reflectance and high transmttance.

Irradiance at various water depths below the ice cover was neasured
and several profiles of ratios of under-ice to incident radiation versus
depth from selected dates are included in this report. The neasurenent
of water depth below the ice surface was crude and additional data are
required to supplement these data before conclusions are forthcom ng.

The data from this study provide considerable additional infor-
mation to the field of radiation transmttance through ice in the
photosynthetically active range. It is also clear that nuch additional
work is required before radiation transmittance in this range is adequately
under st ood. Neverthel ess, it should be possible with certain renote
sensing systemns capable of identifying ice types, either singly or in
conmbi nation, to provide an assessment of itens such as current or
predicted winterkill and conpensation depth of an ice cover.
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Appendi x.  THE TWO-LAYER MODEL

For a two-flow argunment (Fig. A.1), the irradiance, E(O, is
partially reflected fromthe surface to yield an exitance, MO0). The
fraction of E(Q) transmitted through layer A yields a portion of E(-1)
which is then reflected fromlayer B to yield E(+1). E{+1) in turn
contributes to E(-1) and to "stray" radiation reflecting backward and
forward in Region 1. The under-ice exitance, M2), represents that
portion of E(-1) transmitted through layer B and radiation in the water
that is reflected fromthe underside of the surface of layerB from
irradi ance E(+2). Measurenments of E(0) and M2) were nade in this
st udy.

E(0) M(0)

p(A), T(A) LAYER A
E(-1)] fE(+1) REGION1

p(B), 7(B) LAYER B

v REGION 2
M(2)

Figure Al. Schematic representation of two-Iayer model .
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Mat hemat i cal |y,

the two-layer nodel

M(0) = E(O)p(A) + E(FL)T(A)

E(-1)

E(+1)

p (BYE(-1)

M(2) = 1(B)E(-1),

E)t(A) + E(+L)p(A)

wher e

p = reflectance,

T = transmttance,

A = upper |ayer,

B = | ower |ayer.
Then,
p (combination) = %
T(combination) = %I%
(© = o(a) + TDE®
© © T-p@e®)
T(C) = T(A)T(B)

1 - p(a)e(B)

can be expressed:

(n

(2)

(3)

(4)

(3)
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