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Abstract

“the most striking features of the ice core records from Green-
 sudden drop in oxygen isotope values (delta O-18) between ap-
ately 11 500 and 10 700 years ago. This Younger Dryas event was
se return to ice age conditions during a time of general degla-
recorded in the ice cores, temperatures in Greenland cooled
hly seven degrees Kelvin.

' Broecker and R. Fairbanks have proposed competing explana-
r the cooling and cause of this “aborted ice age”. One supposes
seven degree cooling is real and results from a shutdown in the
tlantic ocean circulation; the other, thatitis largely fictitious and
an intrusion of isotopically light glacial meltwater into the ice

sing optimal control methods and heat flow modelling, the au-
akes a valiant but ultimately futile attempt to distinguish the
r Dryas event in the ice sheet temperatures measured at Dye 3,
Greenland. The author discusses the prospects for attempting the
i, the new Summit boreholes in Central Greenland: how that will
 more accurate temperature measurements, a coupled thermo-
ical model, and a refined uncertainty analysis. He concludes by
i‘ng how borehole temperature analysis may improve the climate
5 determined from ice cores.
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CHAPTER ONE

The Younger Dryas Problem

ost striking features of the ice core records from Greenland is a se-
and rapid oscillations in oxygen isotope values (8'80) over the last
mparisons of present day 8'°0 values in Greenland and Antarctica
| temperatures (Picciotto 1960; Lorius et al. 1968; Dansgaard et al.
tions suggest that the air temperature over Greenland went through
shifts of perhaps 5 K every 2500 or so years (Dansgaard ¢ al. 1984a).
ges in oxygen isotope values track similar changes in other chemical
in the Greenland ice cores: cosmogenically produced radionuclides,
h are sensitive to changes in past precipitation rates (Oeschger et al.
mical components such as sulfates, that measure marine biological
as and Legrand 1989); and dust and acidity values, thought to mea-
and cover and storminess (Hammer et al. 1985). Together, these
ing a chorus of drastic change in the Arctic environment. The mag-
anges and the causes of these Dansgaard-Oeschger oscillations are

as been directed toward an event at the end of the last glaciation
ice core records to be similar to the Dansgaard-Oeschger oscilla-
2000 to 11 000 yr B.P. (before present), this Younger Dryas event
intense return to glacial conditions during a time of general degla-
1e hundreds of years the Younger Dryas lasted, the Scandinavian ice
eat and in some places began to re-advance (Mangerud 1980), polar
eplaced warmer water species in the North Atlantic (Ruddiman
and heath replaced birch and pine forest in the Netherlands and
tts 1980). At the Gerzensee, Switzerland, pollen sediment and "G
marked cooling and change in vegetation (Oeschger ef al. 1984). In




2 THE YOUNGER DRYAS PROBLEM

Greenland, the ice cores registered a roughly 7 K surface cooling, a halving of p “
tation, and a severalfold increase in dust content (Dansgaard ¢f al. 1989). The
recorded by the same ice cores, the Younger Dryas event abruptly ended. In a
of 20 to 50 years, the climate returned to its prior condition and continued its ger
warming toward the conditions of the present day (Dansgaard et al. 1989).

LI A Theory for the Younger Dryas

Curiously, the effects of the Younger Dryas event mainly appear in records take
and around the North Atlantic Ocean (Fig. 1.1). Pollen records from most of :
America show no signs of a Younger Dryas cooling, while dust and oxygen is
records from Antarctica show either a muted change in climate or no change :
(Broecker and Denton 1989). Pursuing ideas raised by Stommel (1961) and

Fig. 1.1 The location of sites recording the last deglaciation. The deep ocean cor
between the lines marked Younger Dryas and Allergd, the two Greenland ice core
marked by squares, and the sites with plus signs, all show the Younger Dryas even
The sites with minus signs do not. The shaded area was covered by ice at the time
the Younger Dryas. From Broecker et al. (1985).

THE YOUNGER DRYAS PROBLEM 3

oecker et al. (1985; 1988; 1990) to hypothesis that the Younger
t of a profound change in the North Atlantic ocean circulation.

e-scale circulation in the Atlantic ocean is a product of latitudinal
’on. In the tropics, ocean water experiences strong heating mak-
ter. In the Arctic, ocean water undergoes strong cooling making
This establishes a thermohaline-driven circulation in which water
moves northward at about 800 m depth and slowly rises. En route,
;ugh evaporation. Around Iceland, it reaches the surface and then
s as a southward flowing, deep water mass (Fig. 1.2). (Smaller

irculations also exist in the Atlantic as well as basin-scale circula-

tions driven by the prevailing surface
wind fields (Bryan and Cox 1968).
These are less important to this dis-
cussion.)

The volume of water this circula-
tion transports and the amount of
heat it releases to the atmosphere are
tremendous. The average flux of the
southward flowing, North Atlantic
Deep Water is around 20 million cu-
bic meters per second (20 Sverdrups)
while the yearly heat flux released to
the atmosphere from the 8 K differ-
ence between Arctic and tropical
North Atlantic waters amounts to 5 X
102 calories. For perspective, these
are about 20 times the combined flow
of all the world’s rivers and equal to
25% of the yearly solar radiation ab-
sorbed by the Atlantic ocean and at-
mosphere north of 35° latitude. Dur-
ing the Northern winter, this heat re-




4 THE YOUNGER DRYAS PROBLEM THE YOUNGER DRYAS PROBLEM 5

leased by the ocean rivals the contribution by the sun. Were it not for this extry
Europe would suffer severe cold (Broecker and Denton 1989).

Ocean Circulation
e-driven transfer of water vapor is thought to occur above the
Of the world’s oceans, the Atlantic is unique in having a pronounced rety

rent at deep levels. In contrast, the Northern Pacific also forms large amounts Q
surface water, but none of it reaches such great depths or flows as such a great cy
(Fig. 1.2). Itis generally agreed that this difference arises from the higher salinity
in the Northern Atlantic (Broecker et al. 1985). The Northern Pacific, being in
ciently saline, can not form water dense enough at the surface to sink beyond int,
diate depths before matching its density and so stopping. The warmer temperé
and thus greater evaporation found in the North Atlantic compared to the Nori
cific is thought to produce the higher salinity of the Atlantic Ocean (Broecker
1985). The water evaporated from the warmer Atlantic is transported through
mosphere and condensed onto the colder Pacific, making the Atlantic more salin
the Pacific less so. This distillation leaviﬁg excess salt in the Atlantic, is compensat
a large scale transport of salt into the Pacific by the outflow of the North Atlantic:
Water (Fig 1.3).

itself, with water being distilled in the warm tropics, transported
ere, and condensed in the cold Arctic. This transfer, however, de-
gérctic waters and thus would tend to weaken the formation of a
turn current. This transfer of water vapor is not unopposed as its
rought north by the upper ocean circulation. Were this circula-
ver, this atmospheric transport of water vapor would tend to cre-
ity water at the surface of the northern-most Atlantic. Such a layer
ater formation as in the Pacific, shut down the strong North At-
and, in turn, would reinforce the original shut down of the upper

antic ocean would greatly reduce its warming of the North Atlantic
ation shut down. The lands around it would sharply cool. Such a
o ice age-like conditions, and indeed, Broecker ¢t al. propose that
on is the Atlantic’s ice age condition however, only episodically.
heory, such a condition is unstable. With the general circulation in
the export of salt by the North Atlantic deep current would cease.
water vapor from the Atlantic and “condensation” to the Pacific,
ﬁnue so that the salinity of the North Atlantic would start to slowly
salinity of the North Atlantic would again reach high enough levels
r that could sink to great depths. This would revive the North At-
and restore the Atlantic Ocean’s general circulation.

ondition like the present day in which:

ses to the surface in the North Atlantic, maintaining the salin-

1:thern surface waters, and warming the northern basin and

' lands;

[ . o e e S S . ' water cools in the North Atlantic and sinks to great depths;
turn circulation forms at deep levels to carry excess salt to the

Fig. 1.3 The large scale salt transport system that compensates for the distillat
of water from the Atlantic Ocean and condensation into the Pacific Ocean. Fr
Broecker and Denton (1989).
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Second, an ice age, “circulation off” condition in which:

* no warm water flows to the North Atlantic, cooling the basin and surroup,
ing lands and exacerbating the salinity of northern Waters; Rl e,
¢ insufficiently saline water cools in the North Atlantic but sinks only to inte : gt e
mediate depths; ‘ |

* a deep return current fails to form to carry excess salt to the Pacific.

According to the story, this last situation causes salt to accumulate in the North A
so that if the ocean is in a “circulation off” condition, eventually it turns back “on_
is missing from the story so far is how the North Atantic could flip the othery
from being more saline to less, and from having a strong circulation to having

Since the story implies that a strong circulation is self-reinforcing, there need
some trigger to flip the Atlantic out of this stable state and so complete the c1rcul
on / circulation-off cycle.

10 SULF |
OF MEXICC

rentide Ice Sheet and routing of overflow from Lake Agassiz basin

Broecker and Denton (1989) suggest that such circulation and climate ¢ the Gulf of Mexico. After Broecker et al. (1989).

982; Broecker et al. 1988). However, between roughly 11 000 and
ne of the Younger Dryas), the ice had sufficiently retreated to al-
es of diversions to shunt water down the St. Lawrence and into
[eller 1985). During this period, little meltwater reached the Mis-
0 yr B.P, the Laurentide ice sheet re-advanced into Lake Supe-

of fresh water pulses into the North Atlantic that repeatedly diluted the surface
to North Pacific salinity levels, killed off the North Atlantic deep current, and shu
the Atlantic Ocean’s large scale circulation. The Younger Dryas event they see
example. It appears in the records to be similar to the Dansgaard-Oeschger
tions and its onset coincides with a particular, well recorded, influx of meltwa was again sent down the Mississippi.

1985, 1988) originally proposed that this diversion of Lake Agassiz
wrence directly forced the Younger Dryas event: The start of the
Vised, sufficiently increased the flux of fresh water into the North

salinity, to shut off deep water formation and to cause the Younger

the North Atlantic. As such it provides a test of these ideas, or as Broecker and
putit, “... a smoking gun which links ocean circulation to fresh water transpo

14 Glacial Lake Agassiz and the Younger Dryas
At the end of the last glaciation, a large lake developed at the southern edg
Laurentide ice sheet, Lake Agassiz (Fig 1.4). It formed from melt water trap
tween the retreating ice sheet and the tilted, newly exposed land, still reboundin;

ed above. The diversion of water down the St. Lawrence contin-
ger Dryas to prolong the event. Finally, the redirection of meltwa-
ippi at the end of the Younger Dryas sufficiently decreased the
ato the North Adlantic to allow its salinity to rise and to end the
way, the Lake Agassiz meltwater disappeared from the Missis-
unger Dryas event and reappeared afterward allowing the event to

the great mass of ice that sat upon it during the height of the glaciation at 18 00
Around 12 000 yr B.P., much of this water overflowed into the Mississippi Ri
large flood and left its imprint in the chemical isotope values of sedimentary
ates in the Gulf of Mexico and the alluvial fans on the Mississippi River (Emili
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R —-R

With this focus on the fate of Lake Agassiz, it is important to recogniz §=1000=——2 (1.1)
- R

Agassiz’s limited meltwater contribution to the North Atlantic. Lake Agassiz ¢o
melt water from only a fraction of the Laurentide ice sheet (Fig. 1.4). During d
tion, the North Atlantic’s principle fresh water supply was east of the Lake A o
sin. Fairbanks (1989) discovered a problem with this interpretation after study
sea level rises recorded by coral reefs off Barbados. During the Younger Dryas f
the rate of meltwater discharge by the world’s ice sheets was 1/3 to 1/5 the volu
prior to and just after the event. As Lake Agassiz collected and discharged only
tion of the Laurentide ice sheet’s meltwater, this suggests that over the period
Younger Dryas, the meltwater flux into the North Atlantic was not increased bu;
reduced, just the opposite condition required by the Broecker ¢t al. theory. The
alarge flux of fresh water to cause and maintain the Younger Dryas event led Br:
et al. to reexamine their diversion theory in the light of Fairbanks’s meltwater re
also led Fairbanks to propose a different explanation for the Younger Dryas, an
nation intimately tied to the Barbados meltwater record and the oxygen isotope n
of the last deglaciation. k

erved in nature are about -60%o for 880 and -500%o for dD

processes are important over a glacial cycle. During glaciation,
of water from the ocean and deposition on land. As glaciation
s the ocean isotopically heavier and the ice sheets isotopically
aporated from the ocean is lifted and cooled as it comes inland.
urface of the ice sheets, the vapor progressively cools and con-
| e effect is to make an ice sheet increasingly light, isotopically,
from the ocean. The other is that as an ice sheet thickens, the

stance” and “elevation” effects make the ice formed in an ice
Typical 8180 values for Greenland ice run -20 to -40%o com-
\dard ocean water. Lower precipitating cloud temperatures are

ce formed during an ice age isotopically lighter compared to the

(1973) found that the dominant factor in determining the §'*O
nd ice sheet is the difference between the condensation tempera-

.2 Other Theories for the Younger Dryas

1.2] Ice Sheets and Delta O-I8

Natural water is composed of normal H,'®0 and several isotopes. The most imp
of these are the two heavy species, HD'®*O and H,'®*O (where D = deuterium) ]
por pressures of the two heavy species are slightly less and so they evaporate sligh
readily and condense slightly more readily than normal H,'%0. As a result, ifa
water partially evaporates, the water left behind tends to be slightly heavier. If th
from the same body of water progressively condenses out, the precipitation fo
each stage is lighter and becomes more so.

The magnitude of these fractionations is fairly small. The ratio of the co
tions of the heavy and normal isotopes measured in a sample, R, is measured
of its deviation from the ratio measured in “standard mean ocean water,” R,
expressed as a “delta” value by the formula:

ting cloud and the temperature at the first stage of the condensa-
ow recently deposited at different sites in central Greenland,
d a decrease in 8'®0 with mean annual surface temperature of
From this, they concluded that a site’s mean annual surface tem-
ated to the temperature of its precipitating clouds and that the
ngly determined by the clouds’ condensation temperatures. For
lies that the temperature at the start of condensation is essentially
t sites in Greenland.

peratures at mid to high latitudes are more stable than air tem-
tudes; relatively speaking, the temperature at the start of conden-
similar during an ice age. Air temperatures during an ice age are
sshould increase the difference between the starting and precipi-
emperature and make the ice formed during an ice age especially
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The 80 values measured in the Dye 3 ice core ice are roughly 8% low,
deposited near the end of the last ice age than in snow deposited today. Tempk
at that time are thought to have been 10-15 K cooler (CLIMAP 1981; Dahl:]eﬁ

Johnsen 1986). Assuming the present day relation of 0.62%o per °C, an 89
translates to a 13 K cooling in agreement with these temperature estimates,

tlantic ocean core (core SU81-18 off Portugal). Both records
omplementary trends in 880 values, the ice core record be-
 the deep ocean record becoming less positive, in accord with

cean becoming lighter as water from very light glacial ice re-

e complementary upward and downward trends, is a marked,
values, centered around the time of the Younger Dryas, in the
und the 10 200 radiocarbon yr B.P, in the ocean core record.
usly, the general consensus is that this was a period of marked

.22 Melt Water and the Delta O-I8 Record
During deglaciation, the light isotopic species concentrated in the ice she
stored to the oceans through melting and evaporation. As the Younger D
occurred in the midst of the last deglaciation, it is instructive to compare

records of the last deglaciation as seen in an ice sheet (the Dye 3 ice core) ag n both these oxygen isotope records can and have been ex-

fabout 7 K of cooling (Hammer et al. 1986; Boyle and Keigwin
1989; Keigwin and Jones 1989) However, glacial meltwater
additional or equally good explanation.

arbados sea level record (Fairbanks 1989), the last deglaciation
“apge glacial meltwater pulses centered around 12 000 and 9 400

-38 -36 =-34 -32 -30 -28%e

L L = 41700

18 - 8500

6( 0) yrs BP
DYE 3

" DEEP ICE CORE

T

<9000 radiocarbon yr B.P. with a lull in be-
yrs B.P.

)

' T tween spanning the Younger Dryas
(Fig 1.7). At these same times, the
ocean core SU81-18, off Portugal,

7 shows two rapid decreases in 6'*O

9500 yrs B.R—

-11750

values and a modest increase (Fig
1.6). At similar times, (in Figure 1.5,
. the “Younger Dryas”, “pre-Bglling,”
and “Allergd/Bglling”), there are

sugi-18 . .
ALLER@D 41800 G. BULLOIDES decreases and an increase in the
BOLLING '

YOUNGER DRYAS ]

DEPTH (metres)

BARD ET AL, 1987 ] Dye 3 isotope record. It is not hard

L to imagine that rapid discharges of
glacial meltwater with 630 values of

-30 to 40%o left some imprint on

over the last deglacia- the ice and ocean core records. The

off Portugal. The dates similarities in these three records

 (C) dates. The corre- have led Fairbanks (1989) to sug-
tes are roughly 1000

1850

P | PN N 1 PR | i 1 )

Fig. 1.5 The oxygen isotope record at Dye 3, Greenland over the last deglaci

After Paterson and Hammer (1987). gest a different explanation for the
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the present day Northern Pacific, the lower salinities re-

0.5 — T e N TR RS S us to

. J 1= Radiocarbon ('‘C) Age Ce mixed layer with lower thermal inertia. The results of a glo-
% 0.4 _: —— Calender Age st that this led to warmer summer surface temperatures
2 ] er the North Atlantic Basin. During the Younger Dryas, the
g" ” E !"\'\_\ the salinity of the surface waters to increase. ’.I'his temporari(liy
g 0.2 I,i' "‘ layer and returped the summer North Atlantic and surround-

|5 3 FAA conditions.
g 0.1 E g - \ e global climate model suggest that this warming and cooling
< E __./‘/ ced over Western Europe, roughly 4 to 8 K, and less so over
0.0 ﬂl L B lj/' T T T T T Khly 9 K at Dye 3. This is at odds with the common belief that
’ ° '0 i g in Greenland was nearly as strong as in Western Europe. A
Age (kyr B.P.) ting of portions of the Dye 3 ice core suggests that “Younger

g” minima of the Dye 3 oxygen isotope record (Figure 1.5)

with the meltwater peaks of the last deglaciation. Suppose, as
meltwater invaded the source water for central Greenland’s
umed 7 K cooling that many researchers see in the Dye 3 ice
be tainted by secondary distillation of isotopically light surface
me case, this “cooling” might all be due to changes in the iso-
ocean water. If the global climate model is correct, the Younger
ve occurred over Western Europe but might not have reached

Fig. 1.7 The rate of glacial meltwater discharge calculated Jrom the Barbado
level curve. The discharge is shown plotted against both radiocarbon *c)
calender years. After Fairbanks (1989).

Younger Dryas tied directly to glacial meltwater.

I.23 Fairbanks’s Theory for the Younger Dryas
Fairbanks’s thesis is that over the last deglaciation, the influx of ice sheet mel
trolled the oxygen isotope records in and around the North Atlantic, primarit
the influxes made the ocean isotopically light, rather than because they greatl
its salinity, temperature, and circulation. In the North Atlantic, two rapid de
the ocean core isotope values (Fig. 1.6) coincide with the peak dischargesin

vised Theory for the Younger Dryas

that isotopic meltwater effects must have left some imprint on

 record. He admits that Fairbanks’s glacial meltwater history

rsion theory untenable. Broecker (1990) and Broecker et al.

T, that the history suggests not that they discard the meltwater
at they augment it.

a that the diversion of meltwater from Lake Agassiz to the North
use of the Younger Dryas was too simple. Broecker (1990) and
ontinue to believe that the Younger Dryas cooling resulted from
antic Ocean circulation as described earlier. Instead, they see
C during the Younger Dryas as triggering a transition in a circu-
y in progress. Broecker (1990) suggests that high rates of melt-

dossea level record (Figs. 1.7). Fairbanks believes that the coincidence impli
communication of isotopic “lightness” from one to the other. The decreases
values, he believes, record two invasions of the North Atlantic surface water
tionally and isotopically light water from the ice sheets.

Secondarily, according to his theory, the influx of ice sheet meltwater
the North Atlantic ocean isotope record, because the freshwater influxes
ocean surface water less saline. This is revealed by the rise in the oxygen isot
during the Younger Dryas, which marked a hiatus between these floods. B
after, the influx of fresh meltwater depressed the salinity of the surface wat
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water flux prior to the Younger Dryas initiated a single oscillation of the circ
lowering the salinity of the North Atlantic and weakening the North Aq
current. The flux of meltwater fror;x Lake Agassiz then pushed the North Atl
the brink. Broecker et al. (1990) suggest that such oscillations occur natur;
Atlantic during glacial times without any need for external fresh water forcin

interpretation, the spike of fresh water during the Younger Dryas only fixed
of the last oscillation.

the Dye 3 §180 record (Fig. 1.5). Fairbanks attributes much of
portions marked pre-“Bglling” and “Younger Dryas” to isoto-
tering the record. Broecker does not allow this possibility and

g is real.

Temperature
tating more explicitly. The temperature contrast between the

ted from the Dye 3 830 record is thought to be roughly 13K
1987). The Younger Dryas is thought to have started around
ruptly ended at 10 700£1 50 yr B.P., and to have represented a
fthe Dye 3 8'®O record isa faithful record of the temperature,
oring more recent changes, an idealized temperature record
agreement with Broecker’s theory might look like the left pane
enario B. If the rapid changes in the record are purely meltwa-
uggests, an idealized temperature record in agreement witha
tation of Fairbanks’s theory might look like the center pane of

.3 Distinguishing the Theories for the Younger

.31 A Difference in Meltwater
The theories of Broecker and Fairbanks both call on meltwater floods to eithe

circulation changes to cause the climatic changes surrounding the Younger
Broecker’s theory, the meltwater flood during the Allergd warming greatlyw
the North Atlantic ocean circulation; the diversion of meltwater from Lake Ac
the North Atlantic during the Younger Dryas then shut it down compl

; the meltwater hiatus m " _ Scenario Fl Scenario F2
allowed the depth of the mixing layer to increase, to cause the Younger Dryas

Both theories call on floods of fresh water to decrease the salinity of ‘ ‘ L
waters of the North Atlantic and reduce vertical mixing, but to different d
Broecker’s theory, the floods greatly decrease the salinity and eventually ca
tical transport in the North Atlantic to cease (i.e. they shut down the No
deep water current). In Fairbanks’s theory, the floods decrease the salinity
the depth of vertical mixing, but they still allow the North Atlantic deep wat

qllllllllllll\'l'llll'l

tooperate. T TTTT [V TIT]
The two theories differ completely in the degree to which meltwater i . 16 12 8 6 12 8
fects explain the features in the North Atlantic and Greenland oxygen isotop " ‘ , Time (kyr B.P.)

tzed temperature histories suggested by the Dye 3 oxygen isotope
consistent with Broecker’s theory, and Scenarios F1 and F2,
banks’s theory.

ocean and explains most of the variation in the records. Broecker supposes
not, or even if it does, that its lightness has little effect. This difference is mos
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The Barbados sea level record centers the two main glacial meltwate
the last deglaciation at 12 000 and 9,400 radiocarbon yr B.P. Fairbanks has
these as 13 000 and 10 000 calendar yr B.P. (Fig. 1.7). Fairbanks match
minima in the Dye 3 "0 record to the peak discharges at these times, Op,
to Fairbanks’s theory is that these two minima have been dated as belon
Younger Dryas and pre-Bglling periods which occur significantly earlier (Dﬁ
al. 1989). If Fairbanks has correctly matched the events in the two records,
that either the Dye 3 or Barbados records have been incorrectly dated, Oy
hand, both records could be correctly dated and Fairbanks’s correlatio
wrong. Assuming the correlation is wrong but that the features in the Dye 3 ¢
reflect the glacial meltwater rate, a third scenario suggests itself.

At the start of the Bglling warm period, perhaps 14 000 yr B.P, the &
the Dye 3 record increased by roughly 3%o. It remained at that value for P
years, fell back by an equal amount by the start of the Allergd, and then
slightly with occasional downward spikes until the start of the Younger Dryas
According to the Barbados sea level record, the first glacial meltwater p
13 500 yr B.P. and continued for roughly 1000 years. Suppose that the rise :
at the start of the Allergd represents warming, that this warming continued,
meltwater pulse then entered the Dye 3 record so as to just cancel the wa
would have appeared in 8"°0 values. Using the conversion of 0.62%o/°C (D:
al. 1973), this might suggest a warming period of roughly 5 K lasting fro V

temperatures at 10 500 yr B.P.. A final idealized temperature
th this reinterpretation of Fairbanks’s theory might look like
1.8. Call this Scenario F2.

rbanks advance plausible explanations for the climatic changes
the Younger Dryas. The true explanation for this event may in-
m both or perhaps neither. The 3180 values recorded at Dye 3
n of effects from both theories. These scenarios, B, F1, and F2,
nd members consistent, respectively, with Broecker’s and
ns. Here are two possible theories for the cause of the Younger
enarios. Which is more plausible and how to choose?

12 500 yr B.P. This is not a unreasonable history for melting following wa

From roughly 12 500 to 10 500 yr B.P., the Barbados sea level record sl
tus in glacial melting. Suppose that this greatly reduced the influence of me
the Dye 3 80 record so that again it faithfully recorded temperatures. Th
gesta drop in temperature of 5 K at 12 500 yr B.P., steady temperatures fro
11 500 yr B.P,, and then 7 K of cooling during the Younger Dryas until 10

According to the Barbados record, a second pulse of meltwater be
10 500 yr B.P. and lasted for roughly 1000 years. Over the same period the
in the Dye 3 record increased by roughly 3-4%o and reached present day
tinuing in the spirit of the Fairbanks theory, suppose that this second mel
has masked warming and that the rise in 30 values over this period refle
ing influence on the 6'*O record. Without a great leap of faith this might
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difference between the ice age and today and to reconstruct
erature changes of the last few millennia.

sout the theories of Broecker and Fairbanks if we could sepa-
meltwater effects in the Dye 3 isotope record. Could the-se
asurements tell something about the temperature his-

CHAPTER TWO

A Heat Flow Model

sical Setting of Dye 3

r I VHE ISOTOPE RECORD from Dye 3 presents a most detailed and sensitive
rst requires an accurate model of the heat flow at Dye 3. Such

the last deglaciation. Yet, for the present discussion, this is a great dis
The problem is that it is sensitive to too many things. Among other things
ticular, the record combines the effects of temperature changes and glaci ‘
influxes. To choose among the theories of Broecker and Fairbanks, requir
pendent record of one or the other.

It has long been recognized that the temperature measured in an ice st
with depth and that these variations should tell something about the ice
climate (Koch and Wegener 1930; Sverdrup1935). Many holes have been bo:

Arctic and Antarctic ice sheets. Over the years, a number of researchers hay SEASAT Tiavation Point [ Zuelly and others, 1983 “N~_gagdie South_Saddie North
the temperatures in these boreholes and then used geophysical heat flow . wong ke divide s Dy i e I‘g"’ e
estimate past temperatures, accumulation rates, and flow laws (Weertman T e SouTH Doy (kM) 300
DISTANCE FROM
son and Clarke 1978; Budd and Young 1983; Bolzan 1985; Ritz 1989; All
1990) t : ¥ o
T ——
Johnsen (1977) examined the temperatures from two shallow hole ' ! lag '
. . . h, ' . 45%
Central Greenland, applied a simple model of the temperature in firn, and ) S oo sy - o7 |
show that the temperatures in the boreholes were consistent with proxy rec T e = —\)?Sa 2w South “:ﬁm;
| TS0 |
past surface temperature. At Créte, Johnsen showed that the temperature: ( #,/ 1: A ?u AN —le4
. Dye3 (za88m) % ‘
in the top 50 m of the firn agreed with the variation of 8O with depth. Al TP A f:__.sadqw
showed that the temperatures in the top 90 m were consistent with the last 8 ..;, Cwen ‘\%,,\ N 43w
of temperature records from the east and west coasts of Greenland. " N ' w \

' : it e e

The temperatures over the 2037 m of the Dye 3 borehole have been
several times (Gundestrup and Hansen 1984; Hansen and Gundestrup 19
and following drilling. Using the temperatures taken from earlier loggings
perature model similar to Johnsen’s, DahlJensen and Johnsen (1986) were

, surface elevation profile, and flow-line between Soul.th Dome
line of the elevation profile corresponds to the flow-line from
om Reeh et al. (1985).
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Figure 2.1 shows the Greenland Ice Sheet and the location of the Dye 3 bq
11’ N, 43° 49’ W). The ice sheet has an area of approximately 1.67 x 105k
ume of 2.83 x 10°km?. It has two domes of 2830 and 3210 m elevation, one
and one near the center, joined by a north-south ridge. Dye 3islocated o
flank of the north-south ridge approximately 40 km from the divide. The
flow-line through Dye 3 (the bold line in the bottom pane of Fig 2.1) orig
South Dome, roughly 200 km south, follows the ridge line until it passes by
and then veers east to continue through Dye 3. The ice sheet thickness at Iy
m (Gundestrup and Hansen 1984). Flow modelling indicates that most o
the Dye 3 core (the upper 1700 m) was deposited over the last 8000 years ;
between the drill site and the vicinity of Site Iben (Reeh ¢t al. 1985).
Between South Dome and South Iben, the average ice sheet surfa
drops approximately 200 m (solid line, top pane) and between South Iben :
another 150 m (dashed line, top pane). The bedrock along the flow-line isv
tainous with elevation changes exceeding 400 m over a distance of 2 km
and Gundestrup 1985). Ice thicknesses along the flow-line average 2000 m
comparable changes. This is a difficult area in which to model ice flow (
1985).
The horizontal surface velocity at Dye 3is 13.2 m/a (Overgaard and
1985). The annual precipitation is 0.55 m, water equivalent (Reeh et al. 19
mean annual surface temperature is -20.1° C (Gundestrup and Hansen 1

oT 3K oT

= f+ +KV2T (2.1)
= o | o,

m ax
aterial density, heat capacity, and heat conductivity, v _, the
 rate of internal heat production per unit volume (Paterson

1 ice mass, f is the sum of strain heating and latent heating
9 s

tress and strain rate tensors, and w is the rate of release of heat
ﬁ'eezing of meltwater (Paterson and Clarke 1978). |
uation (2.1) couplestoaset of momentum-conservation equa-
ty terms, v, , and the variation ofice rheology with temperature
solution of the full set of time-dependent equations is quite
quate boundary conditions, such a solution has not been at-
ing to Dye 3.
oi:ithoupled heat and mass flow equations. Previous .ice
d the momentum conservation equations at Dye 3 assmg
: conditions (chiefly the present day geometry, accumulation
é). I use the results from these models to establish a modern
1e that the ice sheet geometry around Dye 3 has not changed
. i i . ' on rate (mass balance) to vary over time. I then scale the veloc-
turbs the stratigraphy of the core and not so much as to make it un-int e el e vl
(Dansgaard ¢t al. 1984b 1985).

btain this way are most realistic for recent times. For more an-
e results are increasingly limited by my assumption that the flow
anged over time. The Greenland ice sheet was perhaps 159 m
—south divide during the last ice age (Reeh 1984). The precipr-
1/3 today’s value (Dansgaard et al. 1989). These changes would
lling the ice flow pattern. The net effect on the velocity pattern
erature field is complicated and unknown.

2.2 Heat Flow Models for Dye 3

2.2l Heat Transfer Equations

Because Dye 3 is located some distance from the north—south divide, the i
has experienced significant horizontal and vertical deformation. The hea
for a deforming medium can be written in terms of temperature, 7, time, §,
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2.22 Thermal Media and Internal Boundaries
Near Surface Firn Snow that precipitates onto an ice sheet transformg,
through settling and sintering, to firn and finally to ice. At Dye 3, the fir r‘
tion is reached at 65-70 m depth (Paterson 1981, c. 1). Above this depth, i
thermal conductivity, and heat capacity of the snow vary. These variation
significant effect on recent temperature changes within the topmost parts o
land ice sheet (cf. Johnsen 1977; Paterson and Clarke 1978). '

With a simple scale analysis, I can determine the effects of these Vanauo
temperature changes at greater depths. If I consider only the vertical heat
3 and neglect what are likely lesser effects (e.g. strain heating), I can write

50 m depth in less than 300 years time. Below 150 m (or,
Lumberwill be greater than one, indicating that the surface
agates predominantly by advection.

is study, I neglect the effects of the thermal variations in the
-educe the firn to its ice equivalent. By doing so, I misrepre-
k . At deeper levels, this will change the phase and ampli-
face temperature changes. In this study, I will only consider
tions of hundreds to thousands of years duration that have
ns of the ice sheet. On those time and length scales, surface
. transmitted predominantly by advection. I expect the

litude will be fairly small.
a4 _J_ Jo d6

—K—-v,—

9 0z 0z ‘oz

where 0is the temperature, « is the diffusivity of snow, and v,is the verti
I define K, V] L, and O to be typical values for the firn diffusivity, vertical v

tance from the surface, and temperature change, I can list the characteri:
the terms in (2.3):

erefore, treat the firn and ice at Dye 3 as pure ice and I con-
: ty equivalent. This reduces the ice thickness at the Dye 3
k -equivalent thickness of 2009 m (Reech 1989a). For a slight
llvertical distances by a further 0.45%. In the models, I treat
> 3 borehole as a single 2000 m thick layer.

ow an ice sheet provides transient thermal storage and influ-
e base of the ice sheet (Paterson and Clark 1978, Budd and
éddington 1987). To account for this in the models, I place a
ock below the ice sheet. At the bedrock / ice sheet interface,
at flux, that is, I assume no melting. (This will prove to be a

© ko ve
L 12 L~

The two right-most terms can be combined to form the Peclet number,

Pe= YL
2K 7 ;
which measures the importance of advection to diffusion. A problem will “ ' tions

sion-dominated flow if the Peclet number is less than one; it will have an
convection-dominated flow if the number is greater than one.

The Peclet number increases linearly with a problem’s characteristic
Thus, at Dye 3, I can expect that advection will become increasing impo
ing a surface temperature change to greater depths. Neglecting heat trans
convection, the effective diffusivity of snow is less than ice (Yen 1981). Us
ice diffusivity of 36 m?a™ as an upper bound for K and the observed Dye
tion rate of 0.5 ma’ for V., the Peclet number for propagating a surface
change over depth will have a value of one at a depth of roughly 150 m. A

Because of its great thickness and slow movement, the lower
enland ice sheet are warmed by the outflow of heat from
[o include this effect in the models, I introduce a constant
e bottom of the bedrock.

At the ice sheet’s surface, 1 apply a temperature forcing. 1
s for this forcing.

rature history for Dye 3 to compare against the Dye 3 8O
emperature forcing that is most directly related to the “tem-
Dye 3 80 values. As mentioned §1.21, this temperature




24 A HEAT FLOW MODEL

forcing would be the temperature of the clouds precipitating snow onto erature m
In practice, this choice of forcing suffers from two difficulties.

The first difficulty is to relate the cloud temperature during storms ¢
temperature. This requires modelling the Rayleigh condensation/ sublim;
from the cloud. This is complicated, it requires several “tuning” coefficien
gests temperatures on the ground that are 4-5 K higher than in the cloud
al. 1989). If these differences were consistent from storm to storm and s
son, the effects of these differences could be removed from the analysis. H

may not be consistent.

perature changes.
‘ tions
The second difficulty is to relate the ground temperature during s -

mean annual temperature. During the winter, strong temperature i . . . .
p g g temp < lvers e the following assumptions to simplify (2.1):

roblem as two-dimensional. I place the origin at the
heet, define x along the direction of ice flow and z
_1 define was the velocity component along the flow-

e component in the vertical.

central Greenland. The warm air masses that bring winter snow can te
crease the surface temperatures by up to 20 K. Modelling suggests that dur
est months, the ground temperature during storms rises to 15 K aboy
monthly temperature (Johnsen ¢ al. 1989). Again, if this difference was con
storm to storm and season to season, its effects could be removed from

However, it may not be consistent. heat transfer terms are conduction and advection in

ction and advection in the direction of ice flow; the
il 0T _ T _dT _
s are negligible, i.e.: 2oy

ss at Dye 3 has remained constant over time.

I'seek a temperature history for Dye 3 that I can compare against the ¢
warmings predicted by Broecker and Fairbanks. As an alternative, I migl
mean annual air temperature above Dye 3, the temperature forcing in th
practice, this choice of forcing suffers from a major complication. Surf
during the summer injects latent heat that warms the near surface snow. In
example, Paterson and Clarke (1978) modelled the temperatures in the ]
ice cap and found that the refreezing of surface meltwater during the s ' ~ d ,oT oT oT

—_—— —_— —+f.
Kaz pcuax pcw " f

(2.1) reduces to:

ated the temperature variation they imposed at other times.
The summer melting at Dye 3 is not quite so great. Johnsen (197 an additional assumption:

relate 8%0 “temperatures” to me nual t e es. However, if . .
P 0 mean annual temperatur ’ 3 is incompressible and follows a flow law dependent

. . imate
terpret the forcing as a true air temperature, I would have to estima invariant of the stress tensor (Glen 1958).

flux introduced by summer melting into the top few meters of firn. I ¢
the flux from ice core melt layer thicknesses as in Paterson and Clarke. H
layer records for Dye 3 have not been published.

Instead, I apply a temperature at the surface of the 2000 meters of i

and I interpret the temperature as an effective temperature forcing. o [ EA exp(Q /RT)]—I/n D/
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easured at 10 m depth in a snow field. It represents
effects of the surface temperature and surface melting. Its
d but not identical to the mean annual temperature at the
¢ melting, it is likely that this effective temperature will be
wannings and coolings predicted by Broecker and Fairbanks.
have brought meltwater increases, past coolings meltwater
at released by these increases and decreases probably ampli-

terson and Clarke (1978), Hooke et al. (1980), and Budd

(2.6)

urface meltwater into the surface temperature forcing as de-
 Paterson and Clarke (1978) and Paterson (1981, c. 3), (2.2)

(2.7)
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where €is an effective strain rate

1/2

€= (d,+d,) .

and n, A ),and Qare constants determined from ice creep expenments.'
In §7.22, I discuss the consequences of these four simplifications,

||I|lllllllll|ll|l|

2.3 A Simple Heat Flow Model

Iwillrestn'ctmymodellingtotheimmedjatevicinityoftheDyeBbore maans RULRE RN UL UL
approximation, I will suppose that the conditions near the borehole c — . 2 04 9'6 08 0
and heat flow required in my analysis. I will model the heat flow at Dye 3 Horizontal Veloctty
dimensional. I will suppose that most of the heat flow is along the verti
make corrections for horizontal variations.
A number of recent studies have modelled an ice sheet’s heat f
(Budd and Young 1983; Dahl-Jensen and Johnsen 1986; Ritz 1989; Alley
This approach has its advantages but it also has some severe limitation
details of the simple model are as follows.

ocity profile for Dye 3 based on tilting of the Dye 3 borehole.
destrup (1988, Fig. 8).

, w(z)

an ice sheet affects the temperature in a borehole through
: jon of colder ice from the surface (Benfield 1951; Robin
nual layers in the ice at Dye 3 has been determined by ice
1. 1985) and by direct measurement (Hammer e al. 1985
-an suggest an approximate vertical velocity profile.
g the Dye 3 flow-line flows in two-dimensions (assumption
ong the way, I assume the ice maintains a constant thickness,
et al. 1985). The effective surface velocity for the heat flow to the Dye 3:: ws a fixed profile, and it experiences ;r;sl;;)rrlnczrfj:i:ep;e
where between these two values. The shape of the profile also prob : (1963) and Dansgaard and Johnsen ( ,
(Raymond 1983; Reeh et al. 1985; DahlJensen 1989). I neglect this effec , | » as:
proximation, I suppose that the velocity profile at Dye 3 applies betwee
divide. I make a simple fit of the profile of Hansen and Gundestrup (
produce the horizontal velocity versus depth curve of Figure 2.2. I avera,
velocities at Dye 3 and Site Iben and make the horizontal surface veloc

2.31 Horizontal Velocity, u(z)

The horizontal movement of an ice sheet affects the temperature
through strain heating and advection of colder ice from higher eleva
1955). Hansen and Gundestrup (1988) have determined the horizon ]
file at Dye 3 from the tilt of the Dye 3 borehole. Between Dye 3 and the di

u(z) = a(z) cx (2.9)

dcity profile and ¢ x is a scaled distance from the divide. Dif-
pect to x and assuming ice is incompressible,
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Fzg..2.3 The time scale for Dye 3 predicted by the model’s vertical velocip
against ages measured at seven depths in the Dye 3 ice core. The f )’
tained by integrating the horizontal velocity profile of Figure 2.2 with

syrface vel(?city of 52.5 cm/a, the latter by counting annual layers of du
wotope variations, and acidity (Reeh et al. 1 985; Dansgaard et al. 19

Vertical Velocity (m/a)

thicknesses for Dye 3 predicted by the model’s vertical veloc-
t measurements of the Dye 3 ice core (Hammer et al. 1986,
87, Fig. 3; Clausen and Hammer 1988, Fig. 3; Hammer
isher et al. (1985) have determined the thickness varia-
ers at Dye 3. The error bars show 50% and 95% confi-
and 1985, §4.4). Most of the measured layer thicknesses
thin two standard deviations.

city profile, I determine the time snow deposited at the sur-

E
L, o epth at Dye 3 following

— ___.O’

ox dz

I obtain a relation between the vertical and horizontal velocity profiles

) = [ 1 (2.12)
e w(2)

profile by different amounts until I get the best match be-

ough this relation and the age versus depth determined by

the Dye 3ice core (Hammer et al. [1985, 1986]). After a little

izg(Z) = —ii(z).

0z

Iintegrate 4(z) shown in Figure 2.2 to obtain the shape of the vertical v

The annual precipitation at Dye 3 is 56 cmn /a, decreases to 50 cm/a
of the borehole, and remains near this value past Site Iben and toward th : ). See Figure 2.3
(Fig 2.1). These precipitation rates are equivalent to vertical surface ve ‘ v iy pr
sume that the thickness of the ice sheet has not changed (assumption?
glect the small (0.2°) surface slope near Dye 3. 1look for a vertical surface
this range to set the scale of the velocity profile.

er tinkering, I found that a vertical velocity profile with this
ctions in reasonable agreement with spot measurements of

Dye 3 core (Fig. 2.4).
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Table2.1 Parameter valy,

the parameters marked wi f ﬁ 5 mOde”mg

runs. Be .nn ) .
th a dagger (7) to vary. gimningin §

nsen and Johnsen 1986):

Ice conductivi ' . ;
nductivity K, 2257 W - ’ | ou

- (=)

Ice density/heat capaci “ 2 - é)z: n

pacity pc, 1.828 x 105] m* K1 ' = 0% W) Q’L—L( )
Rock conductivity ¢ ”

K 2.5 W m! K )
Rock density/heat capacity pc 1.82 x 105 m? K-t
ers
Toe flow law consant I ; = , I assign values to the model pa-
. m g

Ice flow law exponent ter runs, I allow some of the pa-

3

Activation energy for creep 6 x 10* J mole!

> i ' lementation
urface temperature gradient T 0.018 K km*! d (2.5) using a general purpose, fi-

Firestone et al. (1990) have applied

Geothermal heat flux ‘ : t the Summit ice divide, Central
T 41.7 mw/m? ~

el is capable of solving steady-state

Horizontal surface velocity 8 m/a ’ ' two dimensions, with internal heat

Vertical surface velocity + and variable material properties.

52.5cm/a

on of the model to solve linear heat

I use three-node elements, three-
re, and a fully implicit time-stepping
conduction and advection in the ver-
Fects of strain heating and horizontal
e velocity patterns and temperature
er. Appendix A describes the model’s

1 of ice and 3 km of rock at Dye 3 by
nts upon 15 rock elements. I intro-
flux of 41.7 mW m?at the bottom of
shows a schematic of the model.
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w the surface, I scale the temperature gradient to the hori-

(2.12)

o

1
w3
=1
S
S
3

La
u(z)

wiz)

ICE

(=q. Om

+o¢,o+o+o+o+o+o'o;¢o+o+o+o+o+o§o¢o|

ROCK

z=-3000m

wo}o+o¢o+o4>o¢o4>o+o

Fig. 2.5 Heat flow
model: nodes and el-
ements, ice and heat
Sflux conditions.

]
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6 RESOLVING THE YOUNGER DRYAS EVENT

1600 3

' (a) Ice Age Precipitation
1400 3 Rate 1/2 Today’s Value

1200 =
1000 3
800 -
600 =
400 =
200

0

Height Above Bed (m)

l ARSI I e
-80 -60 -40 -20 0 20
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1600 _; (b} Ice Age Precipitation
|4oo_; Rate 1/3 Today’s Value
1200
1000 3
800 3
600
400 3
200
% e =

Height Above Bed (m)
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ate in 15-18 iterations. This is somewhat longer than in the last,
:nimization which required 13 iterations. The minimizations alter-

preconception and observation mismatches.

Is Figures 6.7a— show the mismatch of the model terminal tempera-

3 observations. Above 200 m height, the residuals are very similar to

, the residual obtained in the last minimization. The rapid oscillations

cursions are as in Figure 6.3: nearly all fall within the most optimistic

ulated earlier. There is one last negative excursion near 1700 m, which
e lower precipitation rate histories.

height, the residuals remain within the 0.03 K error bands, with the
bottom-most peaks which make the 0 and 16 m observations 0.03 and
. These may be systematic biases in the model fits, produced by poor
ric ringing from the sharp transition starting at 14 984 yr B.P. The re-
. result from just two of the 1983 observations, which may have been
re instrumentation noise in the 1983 data logging system.
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igure 6.8a shows the equivalent surface temperature histories I
e age precipitation histories. Starting at 675 000 yr B.P, the
e preconceptions to their end at 14 984 yr B.P. There are slight
ries, most noticeably for the history with precipitation rates 1/5
whole, the surface temperatures are faithful to their preconcep-

———

—— e ——
bl P

e
bt T YO

1 the temperatures jump to warmer values. They reach their maxi-
---------- | the time of the Climatic Optimum with peak temperatures 1.8-
™ day. The rapid oscillations in the flux forcing over the transition

\ Un _ : ' 10ws the recent surface temperatures histories in greater detail. The
o PNCONstrajney Minimization : , .

........

asured in the Dye 3 borehole within the smallest error Ican expectin
ent. In the sense that I have produced a simple explanation of the

1oog 57 6 § ]
Time (years B.P)

temperature histories show no evidence of a Younger Dryas cooling.

because the cooling did not occur. Alternatively, the data sets may con-

m‘fonnation for the model to detect it. (I can rule out a second alterna-

ata are sufficient but that the model is incapable of detecting the cool-

described in Appendix B shows that the model’s terminal temperatures
Irate than the observations.)

A Ceptions applisq . imizati th an Added Younger Dryas Cooling
ks towa ‘ 4 - .

7d older times.
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RESOLVING THE YOUNGER DRYAS EVENT
RESOLVING THE YOUNGER D
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ThsG92.0508d Liid (g g
A

at flow model once more without heat strain heating, a geother-
rizontal advection. 1 apply to the modela 7 K surface temperature
hly 11 500 and 10 700 yr B.P. T obtain the cooling that would have
3 borehole temperatures had the supposed cooling during the

€)
<
L
3
£
a
£ :
4 urred.
(] N - .
\g , e to the combined temperature data set, run more minimiza-
# | Ice Age Precipitati . . . .
3 R e - . tect this cooling. First, [ compute a set of preconceptions following
rmal Flux . .
,, - 3 Figure 6.9 shows the temperature histories and geothermal flux
5.3. Figur p g

compares them to those from the previous preconceptions. Accord-

2d something like a Younger Dryas cooling occurred, the geother-

4ld have been roughly 1 mW m? higher; while the surface tempera-
ratures, 0.4 K cooler at 9624

een 1 K cooler during the ice age tempe

35 -
. E __________________________ -5~ 113
Y O R e I

T T T 71 T
TTTTT
] T T T [rrTr T -

lOOkyr IOkyr
Time (years B.P,)

Fig. 6.9 T,
tkgt best Z:C %e;fhl;rg(z?al heat flux values and simple surface temper
For comparison, 1 }f 3 temperatures with an added Younger Dr asa ' , s unchanged at later times.
, the ) : ‘ . : .
and with dashed lz‘,ﬁf_ure shows the preconceptions determined m); 5.; Jots the residuals from the preconceptions with and without the sup-
ryas cooling. To the accuracy at which I can draw lines on the page,

preconceptions shown in Figure 6.9, 1 have

A e minor adjustments to the

1600 —; — v identical matches to the Dye 3 temperature observations. The final
. 14003 give no hint of a Younger Dryas cooling. There is little point in run-
f’ 1200 — in'mimization. With these minor adjustments the new preconceptions
%’ 1000 -i y residual that might have been left by a Younger Dryas cooling.
g 800 _f onclude that I can not detect the Younger Dryas event with the Dye 3
_‘C:o 600 easurements
£ 4003

200 3

0 q ThsG92.05084

T ) I ' J T ] ) I ) ¥ 1 ) ' i J J ) l i 1
-0.20 -0.15 -0.10 -0.05
Observation ~ Model Residual (K)
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GRIP borehole have already been

CHAPTER SEVEN
PrOSPECtS , | es of the partial.ly-completed - |
; . ‘r . unpubhshed, Dome Grip) and more detailed and accu-
‘ ned. What are the possibilities that these measurements might

4> In this chapter I will try to answer that

event in Greenlan
and analysis that are required.

ing the measurements, models,

tion Requirements
as had thousands of years

onse to the Younger Dryas h
present day borehole temperatures will

ratures I tried at Dye 3 were

erature resp

the Younger Dryas in the
measurements. The tempe

F THE i
I D TEMPERATURES in the Greenland ice sheet show any re
ryas cooling, those remnants will be subtle and difficult to

. .

mperature

tures, and so say something about the Younger Dryas, will requir
y €

fwin experiment to determin

ical e the minimum observation accu-

Dryas event. It always shows some surface melting in the s
ummer,
entify the Younger Dryas event at Summit. I

the surf: i .
o 1984;‘;6. 1'162; forcing (82.23) and disturbs the ice stratigrap
. ; it is far from the ice divi . L« .
otope and heat flowanal e ice d‘1V1de, which requires “elevation” « . . . constructa mod.el w1th
DR m}:;s l(hlrlzld, §2.33); it has very rough bedro Sumnfut, 1 r.unalthe model with :;l su;lflz:;unge; Dryas cool,n;g h1s-
elling of its ice flow (Reeh et al. 1985 a set of terminal temperatures wic call the “observations.” I muni-
: d1 obtain a surface temperature history that best matches these syn-

accumulation rate which advects
much of the remnants of tem
peral
ns. A sufficiently accurate model and proper procedures should pro-
¢ that is an identical twin of the original.

ing the Youn. i
g ger Dryas into the bed below the ice sheet (Fig. 2.8). For

om the “observation
sment, I adapt the model and optimal con-

Chapter 5. To concentrate ol the forcing most relevant to the Younger
median precipitation

set the geothermal flux to ZeT0 and only try the
/3 today’s value. To keep the experi-

e ice divide and I ignore
the surface

rsasons, investigators have looked to Central Greenland for more
sites (Dansgaard et al. 1982; Clausen et al. 1988)
T . . .
. ‘wo groups are now drilling a pair of deep holes at and near th
GIe in central Greenland (lat. 72° 18’ N., long. 37° 55’ W). The G
SP II American projects expect to reach bedrock in the summers

imum ice age precipitation rate 1
ximate ice and heat flow at th

model the appro
rature field is independent of

and to retri i :
trieve two detailed ice cores dating back several glacial
its contribution to the tempe

eochemi
g cal analyses of the cores are now underway, and to better inte

geochemical and geophysical surveys around the drilling sites have be
Field 1use for myvelocity field, vertical velocities produced by a steady-

ensional, finite element model for Summit (Schgtt et al. 1992).1assume,
elocities given in Table 7.1.

del, a linear variation between the nodal v

.are in progress, and are planned. On all accounts, our understanding
ics and geochemistry at Summit and its past climatic change will surpas
or could know from Dye 3. : E
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Spatial Mesh 1 represent the 2968 m of ice and 3000 Table
m of rock it usi

. ck at Summit using the same mesh as at Dye 3 locities
(Fig. 4.7), stretched to the Summit geometry. To im- o
prove the accuracy of the modelling, I increase the -
number of nodes and elements by ten times, to 246 el-
ements and 493 nodes. Since the heat flow model does Agﬁ;
.not account for the variable thermal properties of firn 2968 m
in my anal i ,

y analyses, I disregard the temperatures over the 2330

first 100 m depth.
1932

Time Mesh Using a spatial mesh 2.5 times less dense 1o
I repeat the pulse sensitivity tests of §3.1 and §3.2 to, 1385
determine borehole responses and the shortest de- 1001
tectable temperature pulses at Summit. Figure 7.1 733.2
shows the responses to surface temperature ste.p 478.7
changes. At Summit, surface temperature changes at 234.8
take. longer to propagate into the ice sheet than at Dye .
3 (Fig. 3.1). The halfresponse to a step change applied L
around the time of the Younger Dryas just reaches the

surf: i i
. ace, and for more ancient times, because the response to a surfac
change takes longer to propagate into the ice sheet.
. ';o keep computing expenses and running times to an acceptable
ea i
ow at older times. I apply the analysis of Appendix B to establis

sam(; t;i)oth noi.se thatappears in Chapter 6, I dispense with the time knots
and fit 2000 time steps of equal influence to the 6= 0.01 curve of Figure
shows the time steps I obtain. .

Younger Dr 3
§ nger Dryas History and Response In §6.23, I found that a modest adj
€ age temperatures, too modest to be distinguished by the Dye 3 iSO£
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Temperature Response

present day, Summat borehole temperature response to a step change n
d at 208, 416, 649, 996, 1522, 2317, 3516, 5327,

erature applie
) 18 447,27 886,42 1 48, 63 699, 96 262, 145 459, 332 095, and

pear at greater heights than at Dye 3 (Fig. 3.1).

_P. The responses ap
egion shows the responses from roughly the last deglaciation.
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...............

100kyr | Okyr Tkyr
Time (years B.P.)

0.01, and 0.1. The three curves
criterion (3.2). The
e 3 (Fig. 3.4).

ures at observation noise levels of 0. 001,
he precipitation history of Figure 2. 6 (dashed line) and
etectable pulse widths are shorter at Summit than at Dy
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Fig. 7.3 The spacing and placement of the 2000 Summit model ti
mined from Figure 7.2.

100

a present day temperature of -32.3 °C, a Younger Dryas cooling betwe
10 700 of 7K, and an ice age temperature 13 K colder than today. I run
obtain a response in the Summit borehole. Figure 7.4 shows the respo
into its ice age temperature change and Younger Dryas cooling pulse ¢

the minimization procedure of §5.5 and try to recover the Younger D
first assume no preconception (apply no regularization) and seek the clo
the “observations.” After 25 iterations (and three days of Sun Sparcstation t

a minimum matching the response within 10 KK. Figure 7.5 shows the o
match I obtain.

Figure 7.6 shows the twin surface temperature histories: the history
the observations and the scenario I recover from them. The recovered
smooth copy of the applied history. The scenario begins and ends with a
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ce

: : Lo
e present day temperature response left in the Summat borehole by a tem
enario similar to Scenario B of Figure 1.8.
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] ) jons and
. The mismatch between the synthetic Summat tem:pe.mtur.e o?ster?zzttze St
inal model temperatures produced in the Summiat identical tun .




118 PrROSPECTS

R T T B A S T SO ' 1 1 1 1 1 PR RN O
JThsG92.0522a e
-32
34 _: ----- Applied Younger Dr
] —— Recovered Temper;,
-36
.38

-40

42

Surface Temperature (°C)

TrY
6 5 4

Cad
(o

Time (years B.P.)

Fig. 7.6 The Younger Dryas cooling history that produced the synt ‘:
borehole observations and the recovered temperature history whose term
tures most closely matches them. Modest Gibbs’s oscillations appear in

before and afier the ice age/interglacial transition. The history shows
hint of the Younger Dryas cooling spike.

are probably Gibbs’s oscillations. Despite the extremely close match to i
nal temperatures, over the glacial-interglacial transition, the recovered
no changes more rapid than the slow change from ice age to present day
Between roughly 15 000 and 9000 yr B.P,, the recovered scenario s
0.9-1.4 K cooling. Otherwise, it gives little or no hint of the Younger
spike. Based on the scatter of recent 80 values from Greenland (§4.13
dent temperature history would have to demonstrate a change of at leas
portor deny recent events recorded in the Dye 3 8'80 record. For eventsfi
less certain ice age, a temperature history would have to show a greater
ably at least twice this value. On that basis, the identical twin experiment
model I have just constructed is incapable of distinguishing a Younger
Diffusion of some kind, either physical or numerical, has removed its
response. The model’s finite accuracy introduces a certain amount of

the temperature calculations. It is quite possible that this diffusion is gre
physical diffusion at Summit.
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th heat ﬂOW equat_i()ns at a ﬁxed number Of pOlntS on a ﬁnlte
S €

!‘; n . q as y ’ i is i urce
‘ l i O
10

on. -
t:e)l::sh refinements using two histories: the history used in. the r:xﬂusl:
i temperature step change and a Younger Dryas cooling p ,
. alge'th iust a Younger Dryas cooling pulse. I apply the first }.ustory
V t?lry V\rrlnocjiel with 2000 time steps and a finite element mesh with tfan
ea;de.:\;.nd elements. I apply the second history and run the model with

20 000 time steps. | .
d by the Spatial Mesh Figure 7.7 shows the changes in the termin
uce

£
ra

ThsG92.0524a
T F 1 ' 1 T

-10 -5 0 5 10
Temperature Change (1K)

The changes in the Summit borehole temperatures afteg z'r:c;gzgz)ni ZZ
of spatial elements and nodes by ten times. The changes. adoy 1800 m o
0 the observation—terminal temperature res_zdu{zls obtaine ; hmoﬂ o
The changes below probably show the discretization error of the origi
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The changes are of similar magnitude and pattern as the mismatch, I
minimization. (Fig. 7.5). The changes show a simple excursion reaching

m. In other regards, the changes are unremarkable. The finite element
ably only a minor source of the model’s diffusion.

Diffusion Introduced by the Time Stepping Scheme Figure 7.8 shows the fracg
in the present day Younger Dryas response after increasing the number
2000 to 6000 and from 2000 to 20 000. Increasing the number of time
shifts, strengthens, and sharpens the response. In the minimization, I
that included a Younger Dryas cooling spike, but I could not recover jt.

sion within the present model probably can not be explained by physical ¢

The root mean square differences between the responses using 2000
steps and between the responses using 6000 and 20 000 steps are 1.8 mK an
respectively. These differences follow the linear decrease in error with time:f

taa gl ||||||||I||||Il||||
3000 . i H 1.1 1 1 1 1 1 [ [ Thsl(}92'052Aa
. Using 3 Times
2500 — as Many Timesteps [ | .
E 3 / £ T
2 2000 = Using 10 Times | =
a 3 |as Many Timesteps |’
g 1500 .-
LD u g
< I
£ 10009 e Attenuate | Amplify
© 4 AT Response | Response
I i N At
5004  YoungerDryas T i
3 Response e
0-lll|||l|Illlllllllllllllllllll|l||l|lll";~;~'
-3 -2 -1 0 I

Fractional Temperature Change (x10 3 )

Fig. 7.8 The changes in the Summit borehole temperatures after increasing the n
ber of time steps by three and ten times (from 2000 to 6000 and from 2000 to 20
time steps). Increasing the number of time steps amplifies, sharpens, and sl

shifts the Younger Dryas response. These changes are consistent with diffusion
troduced by the implicit time-stepping scheme.
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thin the model is largely numerical—from the implicit time-stepping

e is said to be consistent with the transport equation’ I am soloving

expect that as the time step size decreases, the mode.l s finite differ-
anapproach the solution of differential heat flow -equatmns-. For .S(l)r]:e
time step size, I can expect the diffusion fro,m Ume-sfeppgfgfu w1l : cles
e physical diffusion. At present, the model’s numerical sio

onse differences for 2000, 6000, and 20 000 time steps, I esti-

t the resp .
\ taken in the minimization introduce an error of 3 mKinto the

000 steps :
turels:) I can view this as modelling “noise” introduced by the time-step-
eratures.

ssible sources of modelling noise are the discretization error of the sPa-
-ound off error in solving the linear equations f01j the heat flow phyaslllcs.
ed the size of the spatial mesh and found that this ha('i a muc.h sx.n ert
erminal temperatures. I solve the linear equations to sixteen 51gn1ﬁ.can

g something other than a very poorly-conditioned set of equatlcl)irllls,
still smaller error. If I suppose there are no other sources of modelling

ed Observation Accuracy .
al twin experiment, the synthetic observations are themselves termin

e identical twin test, I can just as well conclude that I can not distingujish
ause the observations have about 3 mK of noise. Suppose I were to 1m-
del so that the noise in the terminal model temperatures was a gr‘eat de‘al
test suggests that the Younger Dryas event could not be distinguished in




122 PROSPECTS
PROSPECTS 123

the temperatures observed at it
e Summit unless the temperatures
The observation accuracy actually required will be related to the
cal diffusion. I have not considered the level of thermal diffusion i eﬁk‘k
s?leet beyond noting that it is much less than the model’s num: m:dh
sion melds information. The greater numerical diffusion in them; |
exagge.rate the difficulty in resolving the Younger Dryas event at g |
Given that the physical diffusion at Summit is less, with a bett,
not have to measure temperatures in the Greenland ice to within ;-r
residuals obtained in the identical twin test). Nevertheless, the mod
twin tests does calculate terminal temperatures to within 3 I;IKOI’ so '(Ii‘o?f
Younger Dryas event from the temperatures observed at Sunmlitwih re

ture measurements considerably more accurate than 3 mK, butnot nec
rate as 5-10 pK.

plicit, backward difference time-stepping scheme can be replaced with
ccurate, second order Crank-Nicolson method (Noye 1981).

nal Physics
(1990) have modelled the heat flow at Summit to determine if basal

curred at the GRIP and GISP 11 drill sites. In modelling the temperature
it ice divide, they conducted a series of sensitivity tests of increasingly
11 use their model results to determine the additional

el and forcings of Firestone et al. are similar to those I use in the present
le heat flow model is derived from theirs and differs chiefly in being one-

ther than two and integrating over each element using full rather than
sian quadrature (three points per dimension instead of two). In apply-
el, Firestone ¢t al. took time steps of fixed size, used less refined vertical
d found solutions on a coarse vertical grid of only ten elements. The tem-
k'precipitation forcings they applied are similar to Figure 2.6; that is, their
wes are of thousands of years duration. Their model solutionswill thus lack

£ shorter term variations. I will use their results to first determine the mini-

72 The Model Required

The finite element model I use includes what are probably the impo:
physics at Summit. With its surface precipitation history and velocity ﬁeld
.model also tries to include the effects of the important ice flow physics as
in the physics that the model omits or glosses over will increase the error o
terminal temperatures. This error will need to be reduced to the error o
borehole observations if heat flow modelling is to give a meaningful pro
on the Younger Dryas cooling. Supposing the temperatures in the S
can be measured to a greater accuracy than 3 mK, I can use this handy fi

mine some minimum requirements for a model that might distinguish
Dryas event at Summit.

i‘required to model longer term changes.
xt two figures show results from their forcings and models. Figures 7.9 and
w the ice sheet temperature profiles change as various complications are

e Dependent Thermal Properties The right-most curve of Figure 7.9 shows
f making the ice sheet’s thermal conductivity and diffusivity temperature-
_Warm temperatures at depth increase the thermal conductivity and de-
verage temperature gradient between the surface and the ice sheet’s bed.
s the temperatures near the bed. Approaching the surface, colder tempera-
ase the conductivity and increase the gradient, leading to warmer tempera-
dlevel. This is a complex change of several degrees which changes most
mid-level, the height showing the peak response of a Younger Dryas event
€). An ice flow model would need to include this non-linearity in the ice

rmal properties to accurately model these changes.

7.21 Improved Numerics
IT irst of all, the model will need to introduce less numerical diffusion into
tions than occurs through the physical diffusion operating at Summit.

time stepping scheme must be made more accurate. This is straightfof
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Fig. 7.9 The changes in the Summit borehole temperatures obtained by
al. (1990) after making the ice conductivity and diffusivity temperatur
and after making the heat flow two-dimensional.

Two-Dimensional Heat Flow The leftmost curve of Figure 7.9 shows the e
ing the ice sheet’s heat flow two-dimensional. Horizontal heat flow diff
thermal “hot spot” caused by reduced vertical ice velocities at the divide. ]
tures become colder, increasingly so approaching the bed. This is a larg

gradual change, but the heat flow model would need to include it to mo
tures more accurately than 3 mK.

Moving Ice Divide These last two curves show results for heat flow at th
Summit ice divide. It is possible, however, that the ice divide may have mi
to 50 km between glacial and interglacial times (Reeh 1984). Figure 7.10
effect on the temperature profile of moving 3 and 10 km off the divide (r
3 ice thicknesses). These small movements of the divide cause complicatec
dependent patterns of cooling. The heat flow model would have to includ
fects if the ice divide has only recently moved to its present position.
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The changes in the Summit borehole temperatures obtai.nej’d by Firesto;z;
(1990) after moving 1.0 and 3.3 ice thicknesses off the duizde 3 a:zd
q’ oliﬁg peaks at depth show the diminishment of the basal “hot spot” away

vide.

influence the temperatures within an ice sheet as, for example, I demon-

e minimum surface temperature pulse width analysis of §3:24. Dansgaard

have analyzed the 1786 m portion of the Dye 3 ice core beheve‘d to record

: e Younger Dryas event. Based on their analysis of the changes in dust con-
d 5% values, they believe the precipitation rate roughly doubled at the ter-
~ unger Dryas event.

th: :{f;)ectsgof a s;yj:t precipitation rate change, Irerun the simple heat flow
Younger Dryas history of §7.11. T cut the precipitation in half for 835 ?fears
Younger Dryas, for 835 years 2000 years before and 2000 years aft.er. Figure
how these cuts change the present day temperatures. In these instances,

e precipitation rate has an effect on the borehole temperatures similar to,

re than, decreasing the surface temperature by 7K. The model would have

the effects of short term precipitation rate changes such as these.

wdent Ice Flow The simple model supposes a simple velocity pattern has
ummit at all times. This is unrealistic in two important ways.
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ThsG92.0526a
2500 - ate temperatures to an accuracy better than 3 mK, a model would have

Younger Dryas
2000 Residual . o

1500

1000

Height Above Bed (m)

~~~~~~~~~ | e moment, that we obtain borehole temperature measurements of high

500 Tl ~ , we construct a model faithful to the heat flow at Summit, and that by

] methods we obtain results that suggest something about the Younger

further, that we have made those results as simple as possible. To make
vincing, we still need some way to determine their uncertainty.

llts, once we obtain them, will require a better analysis than I have given
ts of Chapter 3 estimated the sensitivity of the present day Dye 3 borehole
to past surface temperature changes. They showed that cooling during
Dryas might be detectable in the present day borehole temperatures.
ity tests had a very practical use: they suggested a set of time step sizes for
tions that produced simple, smooth forcing solutions well into the last ice
d to regularize the solutions over the last ice ages suggests what the sensi-
ave not shown, the uncertainties of the solution in matching the observa-

3, it was not necessary to have a precise or even rough idea of the forcing
certainties. A modest and extremely simple adjustment of the forcing was
emove the residual of a Younger Dryas cooling. When conditions are more
hen we have created better models, obtained more accurate observations,
ed solutions with specific details about the Younger Dryas, we will require
e estimates of the solution uncertainties. An analysis using the Hessian of
ance function will give those estimates.

gnore for the moment the workings of the optimal control machinery, I can
1€ minimizations of the last few chapters as little more than finding param-
 that produce a best least squares fit to a set of observations. If I suppose, as
that the observations have random, normally distributed errors, then I can
onfidence intervals for each model parameter using the inverse Hessian of
rmance function. If I define the performance function as a composite func-
flux forcings and all other dependent variables,
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ated height errors of 1.5 m and showed 0.1 K jumps in temperature
ells in the borehole fluid. Neither problem is likely intractable,
t To this modeler at least, it does not seem impos-

’P T
L'=L (Qf’ Y):
the Hessian )
of the performance function will be vection ¢
M+1M+1 27, ther will take some effor
ciently accurate observations.

1
H =5 .
2 = = 9Q,()9Q,(j) Q,@&Q,(j).

or an Accurate Model The model that analyzes these observations will have
ccurate and complete. Replacing the heat flow model’s implicit time
of the model to the data (Press e al. 1986; Thacker 1989). B ' g meth(‘)d . mak'e e ot TO_

. By the rela y complete, the model will need to include temperature dependent ther:
’ s, two-dimensional heat flow, and shorter term precipitation rate changes.
il very likely need to consider the effects of ice flow pattern and ice sheet
anges and recent movements of the ice divide. To determine the history of

anges will require something beyond a pure heat flow model.

T . . ]
oLt

these covariances can i .
provide confidence intervals, AQ ,(m
) B
eter, Q,(m) (Press et al. 1986, §14.5). Q) for cach
at flow at Summit does not happen in and by itself, rather itis coupled to

The . .
(ThaCkerIf;;ZThZ i ::UI:; ;j’ ;Omra;’a‘;zﬁ;‘;t;:icm be de:termine Qs : ' rmation of the Summit ice divide. An accurate model of the heat flow at
(Thacker 1650 Mestssighctr , er inefficient, would be probably have to be a coupled, thermo-mechanical model with heat and
. 4 g finite differences of the sensitivities produced
trajectory. That would involve: perturbing each of the model forcings
ward model (5.11) to obtain mismatches to the data, running the ac% o"r ’
5.18) to obtain the gradient of the performance, and then taking djlv:crll k

onding to past changes in precipitation rate and temperature. The physics
del is rather complex and non-linear. It needs to include the temperature
te dependent power flow law for ice, the longitudinal stresses that appear
divide, and a moving ice sheet surface. Such complex physics will demand
lex boundary conditions and boundary condition data; for example, the

ace and bedrock topography of the ice sheet, the surface strain rate and
n rate (mass balance) along the flow-line, age versus depth profiles, the ages
ns of prominent annual layers, and some sort of mass balance history ap-
rom the divide.

three so that we may distinguishing the Younger D ryas event at S . " an intricate, time-dependent problem is ideally suited to optimal control
. ' e could set up the heat flow control problem as before, introduce other

74 Discussion

To distinguish the Younger Dryas event at Summit will require better :

controls (for example, the past precipitation rate), and manipulate these
ng with the past surface and basal flux. We could interpret the present day
ofile and age versus depth relations as additional terminal constraints. We
duce the physics of ice flow into the performance functions with additional
multipliers. We could then step the coupled ice and heat flow equations
e, compare the terminal results to the observations, run the adjoint model

n.lorci accurate than 3 mK. The current “state of the art” in borehole tem;
ging Ts around 1 mK accuracy. The temperature loggings at Dye 3 can sug
the difficulties of achieving higher accuracies. The temperature gradient
at Dye 3 is around 1 K per 100 m. For a probe to measure temperatures
accurate to, say 300 mK, will require knowing its position within a few ten
ters and establishing good thermal contact with the surrounding ice. Th
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CHAPTER EIGHT
Summary and Conclusions

I g |
. . ' . ]. methOdS W

experiment, at least, constructi
) ’ ting a suffici
solution are both possible g ciently complete model and

SURROUNDING the Younger Dryas event remains unresolved.

t an abrupt 7 K cooling between 11 500 and
at cooling is real and how much
lanation for the

TROVERSY
eenland ice cores sugges
 We have still to determine how much of th
“spikes.” It is unclear then which exp
ry—supposing 2 large scale change in the
d—or Fairbanks’s—

require a b i
; ;ed o S::r }lll;:ertalnty analysis than I have given here. The anal
e is Calrv:rﬂarc.l computation of the Hessian as described i
ot on ana 1}; c a@g the Hessian will require work comparabi
S g a most likely solution. If we can construct a mode]

, able to work an uncertainty analysis B

td -

t isotopic meltwater

re plausible: Broecker’s theo
on and major cooling in Greenlan

tic ocean circulati
d 8'80 record, and little or no cooling in

reduced mixed layer, a tainte

d Prospects of Borehole Thermometry

thermometry has shown promise as an independent, direct
g evidence that might resolve the coOntroversy. With a simple heat flow
¢ science” sensitivity analysis, and optimal control methods, the method has

st fits to the temperatures measured at Dye 3 and produced temperature his-

reenland in agreement with the generally known changes in the Northern

ere’s past climate.

method will require refinement before it can res
§ more accurate observations, a bette
d a more refined uncertainty analysis. The GISP II and GRIP projects now
d, will likely obtain a more accurate data set. Straight-
and finite difference methods will pro-
nd this work’s sensi-

pect of distinguishing th
g the Younger Dryas event from the borehole tem .
geophySical

sured at Summit.

olve the climate at the time

unger Dryas event. It need r heat flow

at Summit, Greenlan:

xtensions of this work’s finite element

tter heat flow model. An analysis of the Hessian will exte

and provide a refined uncertainty analysis.
ther or not the method will be able to resolve the Younger Dryas event isa

of time and information. To resolve such a short event, an analysis will need to

truct the past ice and heat flow at Summit in great detail. Such a reconstruction
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Effects in the Delta O-18 Record The 8180 “paleo-thermometer” has
e .

L t for changes happening over fairly recent imes (e.g.Johnsen
p unrealistic to assume that the observed

will require a complex, thermomechanical model and detailed bo

data. The model will require large amounts of computer time. brated exce

( ) -

all times. Figure 8.1 compares the recent surface temperatul;: history
. 983,/1986 Dye 3 temperatures against the corrected 8'%0 values
. 3 ice core. The figure plots the §'°0 values as the temperatures
me&::lilz:ﬁon of 8'80 paleo-thermometer. Between 5500 and 400 yr B.P.,
n

i €.
erature history is well-constrained, the two generally agre
5180 values show considerable short term

8.2 Borehole Thermometry Worth Pursuing
Without further study, it is unclear if such an analysis is feasible, that

cient computer time and observations will be forthcoming. Neverthe
an analysis is worth pursuing. '

A Proxy for Past Changes The heat flow in an ice sheet does not happen i
rather it is coupled to the ice deformation within the ice sheet. This
cates the task of resolving the past temperature signal from measured
peratures. At the same time, the solutions obtained from borehole temp
sis tell more about past conditions than Just the past temperature. This s
resolution of the Younger Dryas event: the recovery of other parameter:
temperature changes during the Younger Dryas into better context,
The temperatures measured in a borehole are not a direct measure
peratures; rather, they are proxies for other parameters as well, such as
tion rate changes. Perhaps this is a weak argument for measuring and an;

orehole temp

er 40~45 year averaging, the

i ine i € air tem-
rom these values alone, it is not possible to determine if these ar

icati i ipitation
es or the effects of some complication such as changes in precipl
ang

L - S Ve YT -

hole temperatures. Chemical species measured in ice cores already serv 2 4
their record does not suffer strong diffusion, and theyyield climate histo - -
likely to be more detailed. It is unclear if thermal diffusion might no il o‘:.:
Younger Dryas signal recorded in Greenland borehole temperatures and - e
recognizable. Thus, there seems little point in pursuing a complicated an ‘ ¢ - g
produce a fuzzier record and might never resolve the controversy. “ C o "ai

It would be vain, however, to suppose the chemical species alone will l g
the past climate of Greenland. Their values as recorded in an ice core are | -
of complicated, multi-stage processes. In contrast, the proxy temperature ' ' e ——T—T T -1
tation records implied by a set of borehole temperatures result from sim e s &+ 3 2 P S 100

Time (years B.P.)

8.1 The recent temperature history determi;id frmln th;r Dyet hBe Ib)o;‘:};offetceow;;
' ) O values from
Fig. 6.8b) compared against corrected ‘

1855)( ;itween)55 Oéb and 400 yr B.P, the isotope values ge]:zemtl.ly agrte};eezzz;?
jory impli . Between these times, -

complicating effects in those records as well. Two examples suggested by 7 , istory implied by the Dye 3 borehole temperatures. be wegct e o o swfoce

e dis k - . ow short term variations which may or may not refl

Wwor us e . |




134 SUMMARY AND CONCLUSIONS

iy o 4 s o 4 Iii
. - LI f}
_ 0] o -
o / \
g 1t
£ 134 4 rod
E o5 s
2 14 Y
1% P
e 1% ERREIT o)
g 304 % BT R
R | W ' e IF
: ] WL
I ' 'I
- Ve - .
-35 i X\
et T ¥ ;—-—. IIIIIII 1 | IIIIIII 1 | llll
L}
100kyr | Okyr lkyr

Time (years B.P.)

giaramr: etflflects. Thus, borehole thermometry can provide temperature histol
thful to the past temperature in Greenland, especially over the lastice age

non-temperatur ts are mo
. pfe ture effec ¢ most pronounced. The histories would show
becaus thermal diffusi |
€ of greater thermal diffusion. In this example, however, the histori
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es of past temperatures, would be free of the seasonal variations of pre-

at complicate the 580 record.

Isolate Non-Temperature Effects Borehole thermometry with a refined un-
Jlysis could identify the §180 variations that are consistent with the heat flow
e 3 and so determine which are temperature changes and which are some-
For more recent, short-term variations, the history determined from the
mperatures would be fairly detailed. Removing this temperature signal
0 values would leave a residual showing the magnitude and timing of these
rature effects. For older variations, the history would be an average of past
emoving this average would show the magnitude of long term effects.

ating the average magnitude of older changes or the magnitude and tim-
e recent changes, a borehole temperature analysis could help determine

of these non-temperature effects.

it of the “Holy Grail” The pronounced and rapid changes during the
ryas have established the Younger Dryas event as perhaps the greatest un-
blem of the last deglaciation. It has been argued that the changes in the
ice cores that have been associated with the event result from a non-tem-
ffect. Testing this hypothesis is of great interest because it might prove or
veral theories for the Younger Dryas.

ounger Dryas event, though it is perhaps the most famous, is not the only
fits kind. There are other important climatic problems that require answers
mperature effects; for example, the cold temperatures during the lastice age
omalously warm temperatures implied by the 8180 values. As one geophysi-
er is fond of remarking, an explanation for the Younger Dryas controversy
to be the “holy grail” of climate research. Borehole thermometry may never
e controversy. However, if an impossible quest leads us to examine these other
then resolving the Younger Dryas event through borehole thermometry is

g, for no other reason than the answers we might encounter along the way.
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APPENDIX A
Finite Element Model

MPERATURE WITHIN an ice sheetis determined by heat flow through a con-
. The heat flow can be modelled continuously in time and space by a sys-
a1 differential equations and suitable boundary conditions. Except for very
oblems, however, finding an exact solution to the heat flow system can be
impossible.

finite element method is an approximation procedure that co
tinuum to a tractable set of linear equations. In brief, the

nverts a prob-

ssed over a con
reaks a problem over a large domain into a set of simpler problems over

ite pieces or elements. Within each element, the method assumes a simple
ment of the governing
al equations, the method obtains a solution at a set of nodes defined within
ents and along their boundaries. From these nodal values and the assumed
within each element, the method then forms an approximate global solution.
interested reader may consult Huebner (1982), Zienkiewicz (1977), or
icz and Taylor (1989; 1991) for thorough treatments of the finite element
Perhaps I can illustrate the method by applying it, step by step, to obtain the
ensional heat flow model described in Chapter 2. Twill follow the approach of

scretize the Continuum

r the temperature evolution at Dye 3 using a layered model of 2000 m of ice
00 m of rock. For simplicity, I model the heat flow in a vertical line passing
the Dye 3 borehole. To apply the finite element method, I first subdivide the
rsinto appropriate ice and rock elements. Since ] am modelling heat flow along
¢ elements I use are a set of vertical line segments stretching from the surface
kbed, for example, as shown schematically in Figure 2.5.
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A.2 Assume Sim i
ple Variations within
the
Elements alled the "shape" functions for the element, because, as in

Ias

. sume that the fields vary quadratically within each of the one-dimens:
o represent these variations exactly, I assign three nodes withi o

the middle and at each end: " R

omials are often ¢
, they give the shape of the interpolated fields.

each e}
ve the Element Equations

gral equations that the temperature field should satisfy within each

ve the inte
thods to choose from. To find a set of linear

N 1 For this step, I have several me
o g1 : T k - -  satisfying my differential equations and boundary conditions, I could use:
k Zpe1 - _ tapproach, the variational approach (Ritz method), the weighted residual

, or the energy balance approach. I will follow the weighted residual ap-

Surface
G- -

At the nodes, I assign values for eac i ‘
velocity). In between, I interpolate tl}::i j:u:::rlleg (e.g. the temperature
rst step of the method, which I have already taken, is to assume that each
es simply within each element. Having done this, it is now unlikely that the
can exactly satisfy the differential equations of my problem. There will likely
al between the exact solution of the heat flow equation and the solution

residu
. simply-varying, field variable approximates. As the name implies, the method
the differential equations

ted residuals tries to find an approximate solution to
d residual or error integrated over the entire solution do-

8) = N)4,.

[ ) g aes (:Ollts Euldr = BD Or1 IE E :’ §.§2'2) ClEfirIEd

3 . .
imizes the weighte

N(z) = H AT
i=1 % "%
i

¢ are a2 number of choices for the weighting. One popular choice and the
all use is the Galerkin criterion, which makes the weighting functions the same
s used to represent the field variables. Following this criterion, I require that
r satisfying the heat flow equatidns (2.6)-(2.8), weighted by the assumed varia-

Graphically, the Lagrange polynomials look like:

1.0 o ,
] Nis / :
0.8 - N, Nyss the temperature, vanish over each element. (If this is true, then the weighted
0.6 -] also vanish over the entire solution domain.) If I define N as the Lagrange
. als I use to approximate the temperature, Over each element I require that
0.4 —
] oT o 9T  _ dT T
0.2 - N| pe—=— - —K——+pcu——+ pew——"-— av = 0. A3
] P~ m K e P TP e (A3
0.0 - __ :
. erivation in this appendix will assume heat flow that is mostly one-dimensional
. T e ew two-dimensional corrections. By substituting suitable shape functions at this
k-1 a:
2y d introducing a horizontal conduction term, this derivation may be applied to

eneral two-dimensional heat flow problems.)
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trixes
A4 Introduce Heat Flux Boundary Conditions emble the Element Matri

(A' )

d nodal temperature derivatives so that I may solve for them. Using
5 | e throughout an element in terms of the tempera-
N < an express the temperatur
g
" nodes,
3 (A.8)
a T(z) = 3 N, T,
K—| =0 (
0.)2 sfc QJ( )

j=1
To introduce these conditions, I integrate (A.3) by parts

wise, its temporal derivative,

3 [ (A.9)

oT N, 0T T —al:(z) = zN »
“!.,Dc C ot ‘J: 0z Oz {[ Lpcw > T 3

Z

.. . i ial derivative,
+_[ N| peu 8__T —f |dV - .[N K ___8T ‘ndS = 0 tiating (A.8), I can find a similar expression for its spatial deri
v S

where 7 is the unit normal to the surface S, The last term is the integrated

oT N 3 aN; (z) T. (A.10)
50 =X b
added to the element by external sources. For interior elements, the last .
At the surface and bed, its value is the integral of (A.4a) or (A.4b). After s ting (A.8)—(A.10) into (A.6), 1 obtain
these integrals and regrouping, I can write (A.5) as , '

j= ) (A.11)
T oN, oT <
N—dV + || =LK , —dVv
;[Pc i ‘_[ 3 + N, pcw 3
+[N, pcugz—f V-0 =0
o ox
where

. . < form
ging the order of summation and integration, I can rewrite (A.11) in matrix to

[ jMQs(t) dS  (for the surface element)
N

S (A.12)
KT +CT +R°—Q° =0.
Q = J 0 (for interior elements)

€ i time de-
define the element's nodal temperatures, T¢, its nodal temperature time
J- N.Q,dS (for the bottom element)
)

ves, T¢, its conductivity matrix,
is the externally applied heat flux.

AV A.13)
. oN, : N, v, (A1
K; = i K 2. + pcwN, Ee
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| | | i element over each time step as
its heat capacity matrix, hehe dowin an

C; = [peNNav,

v

C0m) fre (my —T(m — R® - Q*(m) = 0. (A.19)
Ke(m)T*(m) + At(:) [Te(m)=T*(m-D} + R(m) — Q"(m

and its horizontal advection and strain heating nodal flux matrix,

.thin each element is not independent, but is tied to its neighbors through
| i ts are
R = J N| peu or f|av odes. At each shared node, the temperatures of two adjacent dellefnzrjl .
- | * | | i its the indivi
' ” d the heat fluxis the sum of heat fluxes from each. This permi

quations to be combined into a single set of global equations. These equa-
e
A.6 Approximate the Temperature Time Derivative (T)

Inow have a set of linear equations for each element that includes the hea;
tions and their heat flux boundary conditions. These equations have the
peratures and nodal temperature time-derivatives as unknowns. I could e
time derivative of the temperature as I have expressed its spatial derivatives. ] §=1...Kdo:
step, I could then solve these equations for the unknown nodal tempera , Lo .
times. Instead, I approximate the nodal temperature derivatives and solv ' s ']’2’ ] do(.i ]
temperatures over time using an implicit time-stepping scheme. for j =123 do:
I approximate the temperature’s time-derivative by the finite differen

then be solved simultaneously to obtain the temperatures at all the node;.
denote A*as the coefficient matrix, A°, from the k-th element and num! f;r
ents 1,...,K (top-most to bottom-most), I can assemble a set of global coefti-

trices by the following procedure:

Clorari)(r-2ej) = G

— 1k
K(?k—2+i)(2k—2+j) =N

Tet+ A = TE(HAA?_TCU)'

I substitute this expression into (A.12) at time #+A¢and obtain

end
Ry 0.i = R}

1

e _ e : .
Ke(”At)Te(HAt)+Ce(t+At)T(HZX,? T | .

=QS
N=Qg

. : . ces and
omitted time step indices for brevity.) With these coefficient matrix

+ R@+A:) - Q(t+A1) = 0

A.7 Combine the Element Matrixes
IfI take time steps, A#(m), and I define C%(m), K*(m), Q°(m), R°(m), and T*(

heat capacity, heat conductivity, external heat flux, internal heat flux, and ne
perature matrices at time #(m),

I can write the global, nodal equations as

C0m) 1 m)=Tm=1} + Rm) — Q(m) = 0. (A.20)
K(m)T(m) + At(m){T(m) (m—1)}

t(m) =¢, + iAt(i).




FINITE ELEMENT MODEL 145

144 FINITE ELEMENT MODEL

ce Temperature Boundary Conditions

e temperature history to the mode
gram to treat the temperature of the
at every time step. The

roduce Surfa
cases, [ wish to apply a surfac
. flux forcing. To do this, I ask the pro

ode as a fixed “displacement” and I supply its value

. removes the surface temperature as an unknown from the nodal equations

tutes these fixed values.

With external heat fluxes gi
s given by (A.7), i i i
nodal equations appear as ' Hinone dmendon e

1 rather than

Klll Kll 2 Kll 3 0 0 - T -
Ky Ky K, 0 0 - Tl )
K, Ky K+ K K}, K% . 2
0 0 K221 K222 K223 | .
0 0 K2 K2 KiL+K?

ve the Time-Dependent Nodal Equations

ement program, I solve for the time-varyin
tent with the initial and poundary conditions I
(A.20) an implicit relation between

same finite €l g temperature field

times t(0) and t(M) consis
th a little rearranging, I produce from
erature at times t(m+1) and t(m)

T, (m)~ T, (m-~ '
- , _ cm " [Cm) 3y
Tm) = (KW + 1S ———At(m)'r(m )-Rm+ QUM - (A99)
m=1...M

£
0o
+
[
2
SR
P
(e TN e S e S e S e

d,T(0),fix avalue for the basal flux, Q, and then

time steps, At(m), apply the program to solve (A.22) while varying the surface
flux forcings, T, or Q.. The specific details of setting up and
provided in Zienkiewicz and Taylor (1991,

th an initial temperature fiel

Ty (m)=T, (m '

rature or surface
the time-dependent problem are

Calculate the Terminal Model Temperatures
(A.22) through M time steps and obtain a set of terminal nodal temperatures,
Twish to compare these against the present day Dye 3 temperature observations.

the temperature shape functions (A.8), I reproduce the vertical temperature
the heat flow model. From the N terminal nodal temperatures, 1

: Q%

e assumed by

where N =2K+1 is the number of nodes.

. .
Assembling these nodal equations can be quite tedious. I use a gene
(A.23)

finite element pro t 7 N
program to assemble and combine the element conducti T, = ENJ (z"):,}(M)
=1

pacity and heat flux matrixes into
a . .
Taylor 1989, c. 15). set of global nodal equations (Zict
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etter Minimization Performance

e temperature history we can determine from the Dye 3 borehole tempera-
tes more slowly as we look further into the past. Equivalently, the Dye 3 bore-
peratures are less sensitive to more ancient temperature changes.

variable metric minimization program finds a minimum by building up, it-
an approximation to the Hessian of the performance function. The speed at
e program converges to a minimum and the accuracy of its solution can de-
Iramatically if the Hessian matrix becomes illconditioned, that is, its condition
fapproaches or exceeds the computer’s round-off error (Gill et al, 1981). The
can become ill-conditioned if a heat flow problem is poorly scaled, that is, the

e parameters I specify in later minimizations (c. 6 and 7) are the surface flux
at every time step and a geothermal heat flux value. According to Figure 3.4, at

by lengthening the time step size at earlier times

More Equal Regularization

 heat flow problem I wish to solve is ill-poised. To make its solution well-poised, I
alize its departure from a simple preconception: the (equivalent) surface flux his-
es and geothermal heat flux values determined in simple minimizations like those

th ‘ 4.3, i i
eh 3 temperature fields at mope | - 3. 1 define the penalty as the sum of the squared difference at each time step

€ evolution of the Dye

To Teproduce ¢
€at flow mode] Tequires smg); time st
s

reprod . eps, ti een the forcing solution and its preconception. I minimize this enalty to restrict
Produce the evolution a4 more apei. . .. PS, time steps g5, are needless] » & . P i . . . penaly
Stepswhere the clima ancient timeg, ¢ IS wastefyy] 4 ‘ - € variation of the solution to no more than what is consistent with what may be deter-
Nges slowly, The e« . © take many s " mincdfromm borehol
€ Minimizatione t0 obtai om the Dye 3 borehole temperatures.
tain a solution

Since it is a sum of the differences at each time step, the size I choose for the time

PPly a consistent penalty and obtain the variation warranted over each time step, I
hould make the time steps I use in the heat flow model consistent with the variation I




149

A BETTER TIME MESH

d to more accurately calculate strain heating, between these two heights there
tal of 21 nodes. With these 21 nodal values, I can expect to represent the effects
the relevant temperature changes recorded in the Dye 3 temperature observa-

I therefore, can expect that I will be able to use no more than 21 independent
to represent the changes themselves, that is; in the model, I will be allowed no

than 21 independent parameters to represent the basal and surface heat flux

B.2 Choosing Time Step Sizes

;Cfe:::pl::t’d: time step sizes consistent with the gs. Since the nodal temperature values are not linearly independent, I am not
unnecessarily b, allowed that number.
unequally-spaced i, im Y aro.que. Ifirst determine amodest number .
of time knogs cqual i €soasto give surface temperatyre Van’au:ionm;l cro; icient Number of Knots 1 expect the Dye 3 observations a.11<.)w -fewer tha.m 21 de-
increments et knuen.ce on the borehole temperatures, | the 3 emfef’ of freedom. To prevent the placement of the knots from significantly .1nﬂuenc-
ber of mode] e s ots in equally spaced Increments until 1 T the variation of the solution, I will place 101 time knots or roughly five times that
PS to accurately mode] the past heat f] ave a suffi er.
B.2/ Choosing th N At Hlowat Dye 3 , . .
In§5.1 Lnggen :1 € Number of Time Knots 2 Placing the Time Knots
Peratine valuos . aofr:;v way 1;0 regularize the heat flow solutions make th the reasons given above, I wish to make th.e r.nodel time step su-es at different times
then force the surface t el chosen tmes the €S istent with the surface temperature variations I can determine fx.‘om the Dye 3
Ing this approach, [ wO;eremmre tovaryin g -hole observations. From the sensitivity test of Chapter 3, I determined the short-
plain the Val‘iau'on’s i th try to pick and urface temperature pulse I should be able to detectin tl.le present day Dye 3 bore-
Instead, in these so] ¢ Dye temperature observations temperatures for times between 0 and 675 000 yr B.P. Since what I can not detect,
I then penaliye et 1 uuons, I allow the surface temperatyr, es not resolve, the results from this test suggest the shortest surface temperature
€parture from 3 smooth grcater vari ges I should seek at different times in the past.

place a much greater number ‘IDtS that wﬂ] explain the observations, Iwigs . | Using the analysis of §3.24, I place t:e time 1}<ﬂnot1;s1 so thata flfJ.nit—a.rntll)llitude sux;fzce

ing what that feyes b ¢an estimate the number Iwi ‘fflperamre change at any of' the knots has roughly the same effect on the present day

T might be, rehole temperatures: that is, I space the knots so that a change at any of the knots

ZZ‘; If';e:Xe;th.lmber of Knots In the de tailed heat floy o . ;lds a temperature response that just registers above some presumed noise level.

the fOrcing:rsCClziZ;nd Z:’tain a set of terming] temperatzreesl ; ?gf:}’ts‘;rf?ce an, _ ing :)n'al ;xr;(’:; ;gr(;)g, Iv;rPy the noise level until I obtain a total of 101 time knots be-
€s that mak . ately, I wisk een 0 an P

vide evidence for Or against a Yofl:lrtlhgilfeénpemmrés best match the data and th ‘ For each noise l:rel, I compute a minimum detectable pulse width versus time

tfl?;nd that a finite element mesh of 49 no;izs;;zhug- -In the sensitivity test in! . ve as in Figure 3.4. 1 take the reciprocal of the curve's values, linearly interpolate in

Sat Dye 3 to beyond the measure clent to model the past te. tween, and then starting from time zero, I integrate to obtain a curve of accumu-

d accura,
. <y of the Dye 8 borehole tempe _ ed sensitivity versus time. Starting from one end of the curve and working toward

¢ other, I place time knots in increments of sensitivity equal to the noise level. When

L finish, I count the number of knots I obtain. I adjust the noise level and repeat this
procedure until I obtain exactly 101 time knots between 0 and 675 000 yr B.P.
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P N .| L
| | 1 l (KN [ l

_ | L ; '

e 00kyr ¢ the time knots. I compare these val- Table B.1 Maximum Root Mean

[ -
2 sinst the “true” ones, C alculate their Squ‘aretempemturemorforthepmpa
2 loker ~ ) gation of a surface temperature step
E Y ean square difference, and find the change, asreproduced by the heat flow
E um of the differences. model run with different numbers of
8 liyr repeat this procedure for successive time steps and present day or ice age
¥ . . precipitationrates. The model requires
o ep halvings and record the maximum , _
E ) roughly 1400 time steps to achieve an
oo " mean square differences. From these, I R.M.S. error of less than 0.002.

Continue , ate the number of time steps that will
to Ti ‘ . . .
TTTT T LA B T T T | ime0 » { an acceptable maximum €error at all Number Maximum R.M.S. Error
L L s . .
s Because I approximate the time de- of PptRate  PptRate
Timesteps | 053 m/a  0.17m/a

[00kyr I Okyr liyr

Time ; _
ime (years B.P.) tive of temperature using a backward fi-

the 101 knots and 1400 ¢ : , difference, and because the error of this

of 0.002 Jfollowing a Suﬁ':::ieig)s : ‘ roximation increases linearly with the
era, - )

. e step size (Noye 1982; Press et al. 1986, c.

100 0.0150 0.0115
200 0.009 71 0.005 93
400 0.005 77 0.003 02
800 0.003 22 0.001 52
1600 0.001 71 0.000 759
0.000 878 | 0.000 377
0.000 434 | 0.000 186

TIrelax the maximum error I will accept.
timate the number of time steps that will
d a root mean square error roughly equal 3200
the expected measurement error, 0.02 K, 6400
ded by the maximum surface tempera-

e change, 10K (i.e., an error of 1 part 500

0.002 K for a 1 K surface temperature change). Finally,
termine the number of steps required, assuming a typical i

Figure B.1 shows th

: e placement and i

obtain 101 tim . Spacing of the surf: tini
e knots, I require a noise leve] value, 5, of 0 0141% flux ,

B.2 .
3 Subdividing the Time Knots into Time Steps

p

Dye 3. Isubdivide each ti
ch time step into
be. Ifollow a nequal partsand I nowd i
procedure som - etermine what
(§4.24). ewhatlike what I

I repeat this entire analysis to
ce age precipitation rate

3 today’s value).
Table B.1 and Figure B.1 show the results. To

th present day and ice age precipitation conditions, I require at
of time knots, or a total of 1400 time steps.

obtain 1 part in 500 accuracy under

used to choose an efficient spa
least 14 intermedi-

I first subdivi :
ide the times between each pair of 101 time knots i .
Ot Into a gi . time steps between each pair
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