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Nearly everyone today is familiar with at 
least one use for optical scanners, the laser 
bar code scanners found at the checkout 
counters in virtually every retail store. 

What many people may not know is that 
optical scanners are essential components 
of many modern scientific instruments. In 
astronomy, for example, scanning spectrome-
ters have been widely used for many years, 
and more recently optical scanning technol-
ogy has been used to build motion compen-
sators for large aperture astronomical tele-
scopes (See for example, http://www.noao.
edu/noao/noaonews/dec92/art29.html). 

Geodetic laser scanning (GLS) instruments 
developed within the past decade, and 
designed to operate from satellites, aircraft, 
and the ground, make it possible to determine 
the coordinates of hundreds of millions of 
points on the surface of the terrain, in observ-
ing sessions as short as a few hours. The digi-
tal elevation models, contour maps, and other 
products derived from these GLS observations 
are revolutionizing the study of geomorphol-
ogy, surface hydrology, fault systems, and 
beach erosion, as well as such related activi-
ties as forestry and the management of eco-
logical systems [Carter, et. al., 2001]. 

 Some optical scanners use moving mirrors 
to steer light rays, or pulses of laser light, in a 

precise pattern. Others use moving refracting 
elements, including pairs of rotating prisms, 
generally referred to as ‘Risley prisms.’

A quick search of the Internet returns a 
listing of dozens of papers and reports describ-
ing instruments developed by researchers in 
private industry, academia, and government 
laboratories that incorporate Risley prisms. 
However, most if not all share a common 
shortcoming: They contain not a single refer-
ence to a publication authored by Samuel 
Doty Risley.  The reader is left to ponder 
when, where, and why Risley did the work 
that merits the credit so freely given, and 
without so much as a clue as to where to 
start searching for that information.  

When, Where, and Why Did Risley  
Develop His Rotary Prism?

The classic optics textbook Fundamentals 
of Optics [Jenkins and White, 1957] contains 

a sketch of a “Risley prism of variable power” 
(Figure 1), and in a section headed “Combi-
nations of thin prisms” states, “In measuring 
binocular accommodation, ophthalmologists 
make use of two thin prisms of equal power 
which can be rotated in opposite directions 
in their own plane. Such a device, known as 
the Risley or Herschel prism, is equivalent to 
a single prism of variable power.” However, as 
with the more recent publications mentioned 
above, Jenkins and White give no references 
to publications authored by either Risley or 
Herschel. 

Herschel is, of course, a familiar name in 
science. William Herschel (1738–1822) and 
Caroline Herschel (1750–1848), German-born 
brother and sister who practiced astronomy 
in England, discovered the planet Uranus, 
built large-aperture astronomical telescopes, 
studied and catalogued double stars, and 

The area and volume of sea ice in the 
Arctic Ocean is decreasing, with some pre-
dicting ice-free summers by 2100 A.D. 
[Johannessen et al., 2004]. The implications 
of these trends for transportation and eco-
systems are profound; for example, summer 
shipping through the Northwest Passage 
could be possible, while loss of sea ice 
could cause stress for polar bears. Moreover, 
global climate may be affected through 
albedo feedbacks and increased sea ice pro-
duction and export. With more open water, 
more new sea ice forms in winter, which 
melts and/or gets exported out of the Arctic. 

The recent decrease in summer sea ice 
(Figure 1a) may result from radiative forcing, 
possibly due to increased greenhouse gas 
concentrations, and/or from reduced winter 
ice cover which allows greater atmospheric 
warming [Rigor et al., 2002]. While several 
studies predict a continuous decline in ice 
cover, the timing, magnitude, and regional 
expression vary between models [e.g., 
Johannessen et al., 2004]. For example, the 
Canadian Arctic Archipelago (CAA) may 
remain encumbered with summer ice, 
because multi-year ice accumulates along 
its coastline and invades the channels 
[Agnew et al., 2001].

Interestingly, the Holocene sea ice history 
of the CAA indicates less summer sea ice 
10,500–9000 years before present (B.P.), per-
haps similar to current trends. All sea ice 
proxies point to an early Holocene ice 
cover minimum, but regional differences 
characterize later times. 

A consortium of Canadian groups is using 
ocean cores, ice cores, and mammalian and 
archeological histories to build a Holocene 
sea ice history; preliminary results are reported 
here. By the end of International Polar Year 
activities in 2008, more will be known about 
the natural variability of sea ice during past 
times. Although sea level changed over the 
Holocene, tracing sea ice history across the 
Arctic can lead to a better assessment of the 
underlying dynamics that govern sea ice 
extent, which may help distinguish anthro-
pogenic from natural forcing. 

Marine Mammals

The establishment of perennial Arctic sea 
ice cover in the late Tertiary led to the evo-

lution of ice-adapted mammals, including 
the bearded seal, ring seal, walrus, polar 
bear, narwhal, beluga, and bowhead whale. 
Continued existence of this community is 
evidence that the sea ice cap has not disap-
peared during the Quaternary.

The remains of over 1200 bowheads have 
been recorded in the CAA, and more than 
500 have been radiocarbon dated. The annual 
migration of bowheads follows the seasonal 
expansion and contraction of the sea ice 
front, as the animals prefer to remain close 
to the ice edge. As the sea ice retreats, Ber-
ing Sea as well as Davis Strait stocks of bow-
heads converge upon the CAA. The two are 
prevented from intermingling today by a 
persistent sea ice barrier that plugs the cen-
tral part of the archipelago.

The distribution and radiocarbon ages of 
whale remains indicate that during at least 
one interval of the Holocene, Bering Sea 
and Davis Strait bowheads could intermin-
gle, (Figure 1b). The Bering Sea bowhead 
was the first to reach the CAA about 10,000 
carbon-14 (14C) years ago (11,450 calendar 
years B.P.). Bowheads entered via the Beau-
fort Sea about 1000 years after submergence 
of the Bering Strait, and they ranged up to 
the fronts of receding continental ice sheets 
[Dyke et al., 1996; Dyke and Savelle, 2001]. 
Until about 9500 14C years B.P. (10,700 calen-
dar years B.P.), by which time the Davis Strait 
bowhead ranged into the eastern Northwest 
Passage, the Bering Sea and Davis Strait 
stocks were separated by a glacier ice bar-
rier. With dissipation of this barrier, the two 
stocks were able to intermingle, ranging well 
beyond historical limits. About 8000 14C 
years B.P. (8900 calendar years B.P.), the Ber-
ing Sea and Davis Strait stocks were sepa-
rated, as they are today. Thus, a year-round 
sea ice barrier must have become estab-
lished at that time in the central part of the 
Northwest Passage. 

Holocene Ice Cores

The melt layers in summit cores from 
Agassiz (82°N) and Penny (65°N) ice caps 
are records of summer warmth (Figure 2a). 
Some melting occurs in 90% of summers 
atop the Agassiz ice cap. Refreezing after 
infiltration forms air-bubble-free ‘melt layers.’ 
Temperature can be interpreted based on 
the correlation between measured summer 
warmth and the percentage of the annual 
layer thickness consisting of refrozen melt-
water. However, this melt layer/temperature 

transfer function has a limited range as the 
coldest summers leave no melt record, and 
the warmest summers, after complete infiltra-
tion of the annual layer, generate runoff from 
the site. Thus a 100% melt layer does not rep-
resent maximum warmth, and temporal dis-

continuities may occur in long intervals of 
the ice core with 100% melt replacement.

The Agassiz record in Figure 2a is from a 
core that reached bedrock at 135 meters. 
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Fig. 1. (a) September ice trends and average minimum (September, red line) and maximum 
(March, green line) ice extents, 1979–2003 [Cavalieri et al., 2004]. (b) Distribution of bowhead 
whale bones dated 9.5 ± 0.25 and 9.0 ± 0.25 14C kiloyears B. P.  White areas are ice sheets.
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Zonal currents in the western equatorial 
Pacific Ocean can flip direction Since the 
1980s, scientists have studied the three-dimen-
sional circulation of the upper layers in the 
equatorial Pacific Ocean, but data on the cur-
rents below 500 meters are sparse. To observe 
the upper and intermediate circulation (0–1200 
meters) in this region, Gouriou et al. examined 
the measurements of a Lowered Acoustic Dop-
pler Current Profiler, which had been collected 
during two cruises in October 1999 and April 
2000. Their analysis revealed that the secondary 
South Subsurface Countercurrent, usually lying 
at 6ºS and 400 meters depth, had a deep exten-
sion at 165ºE and a maximum core velocity 
around 5ºS and 1000 meters in depth during 
both cruises. Furthermore, the Equatorial Inter-
mediate Current (EIC) and the Lower EIC, which 
flowed westward between 165ºE and 180º dur-
ing the first cruise, were replaced by eastward 
flow along the equator during the second 
cruise. The authors noted that the bathymetry 
surrounding equatorial islands could factor into 
the complexity of this system; they stressed that 
variability in water transport must be studied in 
greater detail to fully understand the zonal mass 
balance of the equatorial Pacific Ocean. (Geo-
physical Research Letters, doi:10.1029/
2006GL025941, 2006)

Turbulence within an oceanic mixed layer 
inhibits sedimentation The residence time of 
planktonic particles in the oceanic surface mixed 
layer (SML) is an important factor in carbon bud-
get models and studies of primary production rates. 
A fundamental question in the dynamics of the 
SML involves whether or not turbulence inhibits 
the rate of sedimentation through the layer; previ-
ous studies have shown that turbulence can both 
retard and accelerate particle settling. To resolve 
this, Oliver Ross used a one-dimensional Lagrang-
ian random walk technique and found that the 
same turbulence model can yield conflicting 
results depending on the implementation of the 
SML. If the SML is modeled as a homogeneous 
layer with a constant turbulent intensity through-
out, increasing turbulence will produce an increase 
in particle sedimentation. However, if a more realis-
tic representation of the SML is used, in which the 
turbulent intensity is allowed to decrease towards 
the base of the SML, then an increase in turbulence 
will lead to an increase in the residence time of 
particles in the SML. (Geophysical Research Letters, 
doi:10.1029/2006GL026352, 2006)

 Particle flow inside coronal streamers Coro-
nal streamers are bright structures that form over 
sunspots and magnetic neutral lines. They trap elec-
trically charged gases, are denser than the rest of 

the corona, and create an outflow of slow solar 
wind that forms the prominent rays seen in corono-
graphs. Because charged particles carried by solar 
wind have the potential to create magnetic storms 
on Earth and disrupt satellite communications and 
power grids, modeling the patterns and dynamics 
of coronal streamers can yield more information 
on space weather hazards. Using streamer density 
data generated by instruments aboard the Solar 
Heliospheric Observatory and the Yohkkoh Soft 
X-Ray Telescope, Suess and Nerney developed a 
model of particle flow and geometry near the base 
of the streamers, out to a few solar radii. Their 
model is consistent with there being no measur-
able outflow below 2.5 solar radii and outflow of 
approximately 100 kilometers per second at five 
solar radii. Their results show how the magnetic 
field affects the shape of streamers and regulates 
the outflow of the slow solar wind. (Geophysical 
Research Letters, doi:10.1029/2006GL026182, 2006)

17th century coral isotope records in the 
western Indian Ocean Modern climate variabil-
ity in the western Indian Ocean (WIO) is primarily 
paced by the El Niño-Southern Oscillation (ENSO) 
system. Recognizing that climate reconstructions 

of past environments will improve descriptions of 
the relationship between Indian and Pacific 
Ocean climate variability, Damassa et al. analyzed 
the slow-growing coral Diploastrea heliopora off 
the coast of Tanzania. As the first study to use 
such species to assess climate variability in the 
WIO, the authors used oxygen isotopes records 
from the corals spanning most of the twentieth 
and seventeenth centuries to generate sea surface 
temperature records. They found that modern 
record correlated well with other assessments of 
climate, documented twentieth century warming, 
and displayed significant power at ENSO periodic-
ities. The seventeenth century record showed a 
pronounced interdecadal signal, with sea surface 
temperatures varying inversely with insolation. The 
authors noted that using this coral will help to fur-
ther describe the complex relationships between 
ENSO, its teleconnections, and radiative forcing 
that existed in the past. When compared with 
modern climate records, this will be critical in 
documenting the effects of anthropogenic influ-
ences. (Paleoceanography, doi:10.1029/
2005PA001217, 2006)

—Compiled by Mohi kuMAr, Staff Writer

With this core, the Holocene melt record is 
complete, extending over 10,000 years back 
to the large oxygen-18 (18O) step at the termi-
nation of the Younger Dryas cooling period. 
Oxygen-18 in ice is a paleo-thermometer that 
mimics the air temperature of the past. Dur-
ing the early Holocene, some annual layers 
were formed entirely by refrozen meltwater. 
Because runoff may then have occurred 
from the core site, temperature reconstruc-
tions are minima. After about 9500 years B.P., 
the record shows high centennial-scale vari-
ability superimposed on a progressive sum-
mer cooling (of about 2.5°C) from that 
warmest period until today. 

The Agassiz melt record is rather invariant 
over the last 2000 years, except for twentieth-
century warming. Here the relationship 
between summer temperature and melt per-
cent (the transfer function) is at the cold 
(low) end of its sensitivity range. The Penny 
record, from a warmer location, is more sen-
sitive for this period and shows substantial 
variability in intensity of summer snowmelt 
through the last two millenia. 

Summer wind direction may also influence 
sea ice clearance. If sea ice is exported by 
wind, it need not melt in situ. Paleowind 
proxies in the Arctic are difficult to obtain. 
However, pollen records indicate variable 
transport of tree pollen to the Arctic through-
out the Holocene [Bourgeois et al., 2000]. If 
the northwest mainland was the source of 
tree pollen, then early Holocene winds were 
more frequently from the southwest during 
spring and early summer.

Ocean Core Dinoflagellates and Isotopes

Dinoflagellate cyst assemblages reflect sea 
surface temperature, salinity, and ice cover. 
Inferences of sea ice cover, temperature, and 
salinity rely on the best analogues among 
modern assemblages from sites throughout 
northern oceans [de Vernal et al., 2005]. 
Results from the eastern and western Arctic 
indicate opposite trends in sea ice cover: 
increasing in the east while decreasing in the 
west (Figure 2b). Both regions experienced 
successions of warm and cold intervals. 
Changes in regional fresh water input in con-
junction with millennial-scale extraterrestrial 
cycles (e.g., the 1800-year lunar cycle) may 
explain such trends. Long sediment cores 
collected in 2004 and 2005 in the Beaufort 
Sea, the Northwest Passage, and Chukchi-
Siberian seas will better define the regional-
ism of Holocene sea ice history. 

Foraminiferal Isotopes

Neogloboquadrina pachyderma left-coiled 
(Npl) foraminifera grow along the pycno-
cline, where water density switches from 
cold, dilute, surface water to warmer, saline 
North Atlantic Water (NAW) in the Arctic 
Ocean. The δ18O values in their shells have 
negative offsets from isotopic equilibrium 
values ranging from -1‰ (Arctic Seas) to  
-3‰ (Canada Basin), although temperature 
gradients still result in predictable isotopic 
shifts [Hillaire-Marcel et al., 2004]. The offset 
could be linked to rate of sea ice formation 
[Bauch et al., 1997]. Freezing isotopically 
light seawater produces ice and isotopically 
light brines that sink to the pycnocline. Mix-

ing of these brines into NAW and export of 
surface water and sea ice to the North 
Atlantic maintain steady state conditions, 
thus resulting in an asymptotic isotopic off-
set value near -2.5 to 3‰ in Npl. From this 
view, the greater modern offsets in the west-
ern than in the eastern Arctic Ocean would 
reflect the differences in sea ice formation 
rates along the shelves. 

These offsets were maintained in the Chuk-
chi Sea during most of the Holocene (Figure 
2b), with possibly larger offsets early on, which 
can be inferred as continuous sea ice forma-
tion and the greatest brine production in the 
early Holocene. The record illustrates some 
decoupling between surface-water conditions, 
as reconstructed from dinoflagellate cyst 
assemblages, and conditions prevailing in the 
NAW, as indicated by the size-dependent 18O-
gradients in Npl (Figure 2b). The 9000–8000 
year interval depicts a large offset between 
small and large specimens, suggesting much 
warmer conditions in the NAW than in the 
surface water [see Hillaire-Marcel et al., 2004]. 
However, between 7000 and 6000 years B.P., 
these size-dependent gradients nearly van-
ished, suggesting a weakening of the pycno-
cline. This likely resulted from a higher surface 
salinity and less sea ice, as also indicated by 
the dinoflagellate cysts.

Why Know More?

The history of sea ice shows strong region-
alism. Marine animals that depend on sea ice 
survived the early Holocene by adapting and 
migrating. At the height of the warmth, which 
was but three degrees warmer than now, the 
Pacific and Atlantic bowhead whales could 
visit each other through the Northwest Pas-
sage. Future Arctic warming is expected to be 
considerably warmer than this, and the free 
passage of biota and ships is certain. 

More open water in summer means more 
area for freezing winter sea ice. Hence, less 
summer ice can increase the rate of winter 
brine expulsion. North Atlantic bottom-water 
formation rates feed back into the climate 
system. Since climate feedbacks are often 
not linear, one could expect surprises. This 
research suggests that hints about these sur-
prises and their explanations may be found 
in the past. 

References

Agnew, T., B. Alt, R. De Abreau, and S. Jeffers (2001), The 
loss of decade old sea ice plugs in the Canadian 
Arctic islands, paper presented at the Sixth Polar 
Meteorology and Oceanography Conference, Am. 
Meteorol Soc., San Diego, Calif., 14–18 May.

Bauch, D., J. Carstens, and G. Wefer (1997), Oxygen 
isotope composition of living Neogloboquadrina 
pachyderma (sin.) in the Arctic Ocean, Earth Planet. 
Sci. Lett., 146, 47–58.

Bourgeois, J. C., R. M. Koerner, K. Gajewski, and D. A. 
Fisher (2000), A Holocene ice-core pollen record 
from Ellesmere Island, Nunavut, Canada, Quat. Res., 
54, 275–283.

Cavalieri, D., C. Parkinson, P.  Gloerson, and H. J. Zwally 
(2004), Sea ice concentrations from Nimbus-7 SMMR 
and DMSP SSM/I passive microwave data, June to 
September 2001, NOAA Natl. Snow and Ice Data 
Cent., Boulder, Colo.

de Vernal, A., C. Hillaire-Marcel, and D. Darby (2005a), 
Variability of sea ice cover in the Chukchi Sea (west-
ern Arctic Ocean) during the Holocene, Paleocean-
ography, 20, PA4018, doi:10.1029/2005PA001157.

de Vernal, A., et al. (2005b), Reconstruction of sea-
surface conditions at middle to high latitudes of 
the Northern Hemisphere during the Last Glacial 
Maximum (LGM) based on dinoflagellate cyst 
assemblages, Quat. Sci. Rev., 24, 897–924.

Dyke, A. S., and J. M. Savelle (2001), Holocene history of 
the Bering Sea bowhead whale (Balaena mysticetus) 
in its Beaufort Sea summer grounds off southwest-
ern Victoria Island, western Canadian Arctic, Quat. 
Res., 55, 371–379.

Dyke, A. S., J. Hooper, and J. M. Savelle (1996), A his-
tory of sea ice in the Canadian Arctic Archipelago 
based on postglacial remains of the bowhead whale 
(Balaena mysticetus), Arctic, 49, 235–255.

Fisher, D. A., R. M. Koerner, and N. Reeh (1995), 
Holocene climatic records from Agassiz Ice Cap, 
Ellesmere Island, NWT, Canada, Holocene, 5, 
19–24.

Hillaire-Marcel, C., A. de Vernal, L. Polyak, and D. Darby 
(2004), Size-dependent isotopic composition of 
planktic foraminifers from Chukchi Sea vs. NW 
Atlantic sediments—Implications for the Holocene 

paleoceanography of the western Arctic, Quat. Sci. 
Rev., 23, 245–260.

Johannessen, O. M., et al. (2004), Arctic climate change: 
Observed and modelled temperature and sea-ice 
variability, Tellus, Ser. A, 56, 328–341.

Rigor, I. G., J. M. Wallace, and R. L. Colony (2002), 
Response of sea ice to the Arctic Oscillation,  J. Clim., 
15, 2648–2663.

Author Information

David Fisher, Art Dyke, Roy Koerner, Jocelyne 
Bourgeois, Christophe Kinnard, and Christian 
Zdanowicz, Geological Survey of Canada, Ottawa, 
Ontario; Anne de Vernal and Claude Hillaire-Mar-
cel, Universite du Québec a Montreal, Canada; 
James Savelle, McGill University, Montreal, Quebec, 
Canada; and André Rochon, Université du Québec 
à Rimouski, Canada. E-mail: David.fisher@nrcan.
gc.ca

Variability 
cont. from page 273

Fig. 2. (a) Melt layer percent, Agassiz and Penny ice caps, Canadian Arctic. Ages based on annual 
layering and volcanic acid horizons; estimated accuracies ± 5% [Fisher et al., 1995]. (b) Oppo-
site trends of sea ice cover in western and eastern Arctic. Chukchi core B15 is from Northwind 
Basin (Holocene, 10 centimeters thick) [de Vernal et al., 2005]. Baffin Bay data are from cores 
P008 and P012 (10 meters of Holocene).
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