
CHAPTER 2 
Climate Archives,  
Data, and Models  

C limate scientists use a wide range of techniques to extract, reconstruct, and 
interpret the history of Earth's cli mate. Much of this history is recorded in four 
arch ives: sediments, ice, corals, and trees. In this chapter we first examine each 
of these major climate archives. Then we explore how their climate records 
are dated, t he way Earth's climatic history is recorded in each archive, and the 
resolution of climate history each archive yields. 

The interpretation of climate data is aided by the use of climate models to 
test hypotheses of climate change in a quantitative way. In this chapter we 
describe physical models that simulate the circulation of Earth's atmosphere 
and ocean and then exa mine the concept behind models used to track mass 
movements of chemical tracers through the climate system. 
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Climate Archives, Dating and Resolution 
Like written chronicles of human history, climate archives 
hold sto ries of climate change for those who can read 
them. For the immense sp,m of Earth's history prior 
to the invention of instruments in recent centuries, 
sediments, ice , corals, and trees are the major climatic 
archives. 

2 -1 Types of Arch ives 

Although rehltively recent climate changes can be stud-
ied in an array of archives, sediments-primarily con-
tinuous sequences of sediment deposited by water-are 
the major climate ,lrchive on Earth for over 99% of 
geologic time. 

Sediments Rainfall and the runoffit produces erode 
rocks exposed on the continents and transport the eroded 
debri s in streams and livers in both physical (granular) 
and chemical (dissolved) forms . The sediments are even-
tu,llly deposited in quieter waters where layer after layer 
of sediment is laid down in undisturbed succession. Most 
sediment is carried to the ocean either right after it is 
eroded or after temporal)' deposition on hmd followed 
by one or more cycles of additional erosion and redeposi-
tion. Sediment delivered to the seaRoor may persist there 
for tens of millions of years until tectonic processes 
destroy it. The relentless action of these two processes, 
erosion and tectonic activity, decreases the likelihood 
thH older sedimentary records will be preserved as time 
passes. 

For intervals prior to the 1,1s t 170 million years, all 
surviving sedimentalY records corne from tile continents. 
Under conditions, sediments may be preserved 
for a long time in the regIons shown in Figure 2-1: 

continental basins that contain lakes; shallow Interior 
seas tll,lt at times flood low-lying land; and lens-shaped 
piles o f sediment along continental shelves (the barely 
submerged coasts of continents) and steeper continental 
slopes leading down into the deep ocean. 

Sediments are useful climate archives to the extent 
that tlleir deposition is uninterrupted. Major disturbances 
corne from wave action reaching several meterS below 
sea level and from occasional large storms tll,lt reach tens 
of meters deep in the water column and erode previ-
ously deposited layers. In addition, sediments deposited 
on steep continental slopes are vulnerable to dislodgment 
by disturbances such as eartllqllakes and tsunamis. 

In the longer term, eros ion tied to sea level change 
is a major factor that interrupts sediment deposition. 
Through time, the sea moves up and down 'llong the 
continental margins over a total vertical range of about 
200 meters. Sediments can be deposited on the upper 
margins when sea level is high, but these deposits are 
often eroded hy waves and storms and carried to the 
deep sea when sea level subsequently falls. 

All these factors ultimately determine the types of 
climate records preserved in sediment archives (see 
Figure 2-\). Sediments deposited on continent,ll shelves 
when sea level is high form lens-shaped units separated 
by distinct surfaces where erosion has occurred. Deposi-
tion is often continuOlls within these sequences, with tile 
highest rates in regions where rivers deliver sediment. 
Sediments deposited in interior seas on the continents 
during times when tile ocean floods low-lying regions 
form continuous sequences covering wide areas. 

Sediments deposited in lakes in continental basins 
conform to the structural framework of the depression 
in the bedrock. Deposition tends to be most continuous 

FIGURE 2-1 Sed iment archives 
Layered sediments are major climate 
archives on all time scales. The insets 
show typica l sediment layering in 
sediment archives from land a nd sea. 
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FIGURE 2-2 lake cores Hundreds 
of cores have been taken from small 
lakes and analyzed for records of 
changes in pollen (vegetation) and 
lake level over the last several thousand 
years. (National Paleoclimate Data 
Cenrer. NGDC, Boulder, CO.) 

in the deeper parts of lakes. Lake sediments that fill 
depressions left behind by melting glaciers are espe-
cially important climate archives for the last 20,000 
years (Figl.lre 2-2). 

Ice and wind are also powerful agents of sediment 
erosion and transport in some regions. Ice sheets that 
reach maximum size ,md then begin to retre,lt leave 
behind long curving ridges c,ll1ed moraines. Moraines 
contain a jumbled mix of unsorted debris carried by ice, 
ranging from large boulders to very fine clay. \"'hen an 
ice sheet readvances over moraines deposited earlier, it 
erodes the e<lrlier debris and incorporates it into the 
newer deposits. Unraveling a climate history from this 
kind of record is like trying to decipher repeated episodes 
of writing that have been largely erased on a blackboard. 
By conD',lst, the coarse debris carried to the ocean ,md 

by melting icebergs into the underlying sedi-
ments can survive in a more protected environment. 

Strong winds weather rocks and form fine sediment 
particles in regions with dry climates. ',"\finds form s,md 
dunes that slowly migrate across desert areas, but con-
tinuous reworking of the sand particles complicates 
efforts to use dunes as climate archives. \Vinds also pick 
up smaller, silt-sized grains, lift them high in the air, 
and transport them far from their original sources . In 
regions where the winds weaken, the silt is deposited in 
sequences called loess. Loess deposits are excellent cli-
mate repositories of the last 3 million years, especially 
in China (Figl.lre 2-3). Finer sediments c,)rried off the 
continents by winds and deposited in ocean sediments 
are also useful indicators of climate. 

For the portion of geologic time younger than 
100 million years, climate scielltists have access to ,111 

additional climate archive: sediments preserved in 
ocean basins. Deep-sea sediments spanning the last sev-
eral million years cover almost two-thirds of Earth's 

FIGURE 2-3 Windblown loess Strong winds have deposited 
thick layers of silt-sized grains in southeast China during the 
last 3 million years. The total thickness of these loess deposits 
can reach several hundred meters. In many regions people 
have created homes in the loess cliffs. (Courtesy ofSreven 
Porter, University of Washingron.) 
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surface (Figure 2-4A). Older and more deeply buried 
sediments have been retrieved by the JOIDES Re.l'Ollitioll, 
a ship capable of drilling into and recovering sediment 
sequences several kilometers thick (Figure 2-4B-D). 

Because the deep ocean is generally a quiet place 
with relatively continuous deposition, it yields climate 
records of higher quality than most records from land, 
where water, ice, and wind ,lctively erode deposits. Some 
deep-sea sediments are subject to dismrbances such 
,IS dislodgment from stecp slopes, physical erosion and 
reworking by currents on the Se<l Aoor, and chemic,ll 
dissolution by corrosive water in the deeper basins . 
Despite these problems, many ocean basins have been 
sites of continuous sediment deposition for tens of mil-
lions of years. Deposition of sediments is usually much 
slower in the ocean th,1I1 on land, but rates are higher in 
regions that receive influxes of sediments eroded from 
nearby continents, in scdiments bene,lth productive sur-
face waters, and in regions high above the corrosive bot-
toIll waters in the deepest ocean. 

Glacial Ice At the very cold temperamres found at 
high latimdes and high altimdes, allnual dcposition of 
snowe1l1 pile up continuous sequences of ice that range 
in thickness from small mountain glaciers tens to hun-
dreds of meters thick to much larger continent-sized ice 

FIGURE 2-4 Ocean drilling 
(A) Hundreds of ocean sedimem cores 
are archives of pas[ clima[ic changes. 
(B, C, D) The longes[ cores have been 
rNrieved by drilling opera[ions on [he 

JOIDES Resolution, run by [he 
Imerna[ional Ocean Drilling Program. 
(A: Na60nal Paleociima[e Da[a Cemer, 
NGDC, Boulder, CO. B, C, D: Ocean 
Drilling Program, Texas A&M 
Universiry.) 

D 

sheets several kilometers thick (Fig'ure 2-5). Ice core 
archives contain m,my kinds of climatic information, 
although it is limited geographically to the few regions 
where ice exists (Figure 2 -6). 

Ice recovcred from tJle Antarctic ice sheet now dates 
back more than 700,000 years, and ice from the Green-
land ice sheet dates back 120,000 years. Future ice drilling 
is likely to extend these records even further back in time. 
In cono-ast, most small ghlciers that exist in mountain val-
leys (even in the tropics) record only tJle last 10,000 years 
or less of climate change. Deposition r,ltes range Ii'om ,) 
few centimeters per year in the coldest and driest areas to 
meters per year in less Ii'igid, wetter regions. 

Other Climate Archives Tn areas of sufficient rain-
fall, groundwater percolating through soil and bedrock 
dissolves ,lnd redeposits limestone (calcite, or CleO,) in 
Cflves. These deposits contain records of climate over 
intervals that can extend hack several hundreel thousand 
years. 

are valuable climate archivcs for the interval of 
the last few tens, hundreds, or (ill exceptional cases) 
tJlol1sands of years. The outer softwood layers of many 
kinds of trees are deposited in millimeter-thick layers 
that turn into hardwood. Thesc annual layers are best 
developed in mid-Iatin.lcle and high-latitude regions 



21 C HAP T E R 2 • Climate Archives , Data, and Models 

1-10 km 

A Mountain glaciers 

1000 km 

1 km! 

Iceberg 
calving

'\ 
Annual layers 

Ablation 
/ 

B Continental ice sheets 

that experience huge seasonal climate changes (see 
Figure 2-6). 

In clear sunlit waters at tropical and subtropicallati-
tudes, corals form annual bands of CaC0 1 tJlat hold 
several kinds of geochemical information about climate 
(see Figure 2-6). Individual corals may live for time 
spans of years to tens or hundreds of years. 

\Vithin me 1,1st few thousand years, humans have 
kept historical archives of climate-related phenomena. 
Examples include me time of blooming of cherry trees 
in Japan, me success or failure of grape and grain har-
vests in Europe, and the number of days with extensive 
sea ice in regions such as Iceland and Hudson Bay in 
Canada. These records precede (and in most cases over-
lap) the instrumental records of me last 100 to 200 
years. The first mermometers for measuring climate 
appeared in the eighteenth century, but human ingenu-
ity has now created instruments to measure climate 
remotely from space (Figure 2 -7). 

FIGURE 2-5 Ice archives Ice is an 
imporranr archive of many climate 
signals. Ice cores retrieve climate 
records extending back (A) thousands 
ofyears in small mounrain glaciers [0 

as much as (B) hundreds of 
thousands ofyears in conrinenr-sized 
ice sheets, 

2 -2 Dating Climate Records 

Climate records in older sedimentary archives are dated 
by a two-step process. First, scientists use the technique 
of radiometric dating to measure me decay of radioac-
tive isotopes in rocks. (Isotopes are forms of a chemical 
element that have the same atomic number but differ in 
mass.) Dates are obtained on hard crystalline igneous 
rocks mat once were molten and then cooled to solid 
form. In me second step, dates obtained from the 
igneous rocks provide constraints on me ages of sedi-
mentary rocks that occur in layers between the igneous 
rocks and form the main archives of Earth's early 
cl imate histOly. 

Radjometric Dating and Correlation Radiometric 
dating is based on me radioactive decay of a parent 
isotope to a daughter isotope. The parent is an unstable 
radioactive isotope of one element, and radioactive decay 
transforms it into the stable isotope of :Olllomer element 
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(the daughter) . T his dec,lY occurs at a known rate, thc 
COI/j1f111f, which is a measure of the likelihood of a 

p,lrent-to-daughter decay per amollnt of parent present 
per unit of time . This rate of decay in effect forms a clock 
with which we c,m mcasure <lge. 

An evcnt of some kind is required to start this clock 
ticking. The igneolls rock that is most com monly ll sed 
for datjng is basalt, which coo ls quickJy from molten 
outpourings of lava . The event that starts the dock tick-
ing is the cooling of this material to the point where 
neither the parent nor the daughter isotope can migrate 
in or out of the molten m,lSS . At this point, the rock 
forms a closed system, one in which the o nly changes 
occurring are caused by internal radioactive decay. 

In the simplest ex,lmple of a closed system, th e 
decay of a parent to a daugh ter produces the changes 

FIGURE 2-7 Instrument measurements Inscrumems rhar 
have been used [0 m easure ciimare range from rhe primirive 
rhermomerers of rhe sevemeemh cemury [0 rhe mulriple 
sensors flown aboard [he TOPEX/Poseidon sarelii[e. (NASA.) 

FIGURE 2-6 Ice cores, corals, and 
tree rings Ice cores, corals, and rree 
rings are archives of ciimare change in 
more recem Earrh his[Ory. (Narional 
Paleociimare Da[a Cemer, NGDC, 
Boulder, CO.) 

shown in Figure 2 -8: the parent declYs away exponen-
ti'llly, while the d,lUghter shows ,w exactly opposite (and 
compensating) exponential increase in abundance. The 
half-life is a conven ient measure of the rate at which 
this process occurs: one half-life is the time needed for 
half the parent present to dec'l)' to the daughter. The 
first ha lf-life reduces the parent to half its initial abun-
dancc , the second reduces it to half of tholt half (one-
quarter), ,md so on . Notice the simihlrilY of rO'lciio,lctive 
decay to the responsc time concept from Chapter 1. 

Because radio,lctive parents have a wide ['<lOge of 
half-lives, each is most useful over a different part of 
E,mh's history (Table 2-1). Radi o,lctive isotopes remain 
useful for at least five or six half-lives after the clock is 
set, but after this point too little of the parent may be left 
to permit reliable datjng. The long, slow decay series 
from uranium (D) to lead (Pb) is useful for rocks th,lt are 
nearl y as old ,IS Earth itself. The decly from potassiulll 
(K) to argon (Ar) is widely used for dating much of 
Earth 's history. 

Several factors can complicate radiometric dating. 
Unlike the simple case shown in Figure 2-8, the initial 
abundance of the daughter isotope is rarely zero: usu-
ally some amount was already present in the igneous 
rock when the dCC1)' clock was set. Other problems arise 
when the system does not remain fully closed to the 
migration of parent or daughter isotopes. 

If both igneous ,md sedimentary rocks are present in 
a speci fic region, the igneuus rocks can be used to con-
strain the ages of the sediment sequences. The age of 
eolch I,lye r of sediment can be obta ined from the nearby 
igneous rock" b,lsed on which is older or yOllnger than 
the other. for example, a layer of igneous rock that 
spreads across the top of a layer of sediment must slightly 
postd ,lte the time the sediment was deposited ,mel so it 
provides a minimum age for that layer of sediment. 

[n actual pract ice, it is rare to find enough igneolls 
rock in anyone location to (Llte sediments this way. 
Insteacl , sediment sequences are dated by ,1 combination 
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FIGURE 2-8 Rad ioactive decay Time is determined by measuring the gradual decay ofa 
radioactive parent isotope to a daughter isotope. The half-life is the time needed for half the 
parent to decay. The relative abundances of parent and daughter isotopes follow the trends 
shown at the bottom. (D. Merritts et aI., Environmental Ceolow, © 1997 byW. H. Freeman and 
Company.) 

of dating and correlation using fossils or other features a few areas using nearby igneous rocks, the ages that 
in the sediments. The fossil method relies on the fact are obtained can be transferred to sediments in other 
that a 111Iiqm find IIllrepefited sequence of organisms has regions that contain the same short-lived fossils but lack 
appeared and disappeared through Earth's entire his- radiometric dating. Other physical or chemical features 
tory and has left fossilized remains. The most useful that show distinctively varying patterns (like ash layers) 
fossils are those that are shortest-lived but geographi- can be used in a similar way. 
cally most widespread. [f the brief existence of these Radiocarbon In the younger geologic record, a dif-
species can be reliably dilted in sediments in at least ferent method, radiocarbon dating, is widely used to 

TABLE 2-1 Radioactive Decay Used to Date Climate Records 

Parent isotope Daughter isotope Half-life Useful for ages: Useful for dating: 

Rubidium-87 (HiRb) Strontium-87 (SiSr) 47 Byr 100 Myr Granites 
Uranium-238 esU) Lead-206 (l06Pb) 4.5 Byr >100 Myr Many rocks 
U ranium-2 3 5 e;U) Lead-207 (l07Pb) 0.7 Byr >100 Myr M<lny rocks 
Potassium-40 (40K) Argon-40 (4°Ar) 1.3 Byr > 1 00,000 years Basalts 
Thorium 230 e·1DTh) Radon-226*(l!6Ra) 75,000 years <400,000 years Corals 
Carbon-14 (HC) Nitrogen-14* (l4N) 5,780 years <50,000 years Anything th<lt contains carbon 
*Dflllgbter ill tbis cflse is fI gfls tbat bill' e.l'wped Ilnd Cflnnot be measured. 

24 
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date lake sediments and other kinds of carbon-bearing 
archives. Neutrons that constantly stream into Earth's 
atmosphere from space convert I4N (nitrogen gas) to 14C 
(an unstable isotope of carbon). Vegetable and animal 
ufe forms on Earth use carbon from the atmosphere to 
build both their hard shells and soft tissue, and a small 
part of the carbon used is radioactive 14C. The death of 
the plant or animal closes off carbon exchange with the 
atmosphere and starts the decay clock ticking. The HC 
parent decays to the I4N daughter, a gas that escapes to 
the atmosphere . The amount of HC that has been lost 
when a sample is analyzed is measured by examining a 
stable isotope of carbon (I2C) t1lat has not been removed 
by radioactive decay. Because half of the original amount 
of HC is lost by radioactive decay every 5780 years, 
radiocarbon dating is most useful over five or six half-
lives (back to about 30,000 years ago), but in some cases 
it can be applied over the last 50,000 years or more (see 
Table 2-1). 

Another technique relies on the same uranium (0) 
decay series used to date igneous rocks (see 'Table 2 -1) 
but uses it in a different way to date corals. Ocean corals 
incorporate a small amount of !HU and 238U (but no 
!3O'fh) from seawater into their shells (substituting it for 
calcium). 'Vhen the corals die, the parent (2J80) slowly 
decays and produces 21O'fh in the coral skeleton . In 
this case, however, the daughter product (llYfh) is not 
stable but radioactively decays away with a half-life of 
75,000 years. Gradually the amount of 2lO'fh present in 
the coral moves toward a level that reflects a balance 
between the slow decay of the parent U and the faster 
loss of the daughter !llYfh. The clock provided by the 
Th/U ratio is useful for dating over the last few hun-
dred thousand years. This technique is also used for 
dating stalactite and stalagmite deposits in caves. 

Counting Annual Layers Some climate repositories 
contain annual layers that can be used to date archives 
by simply counting back in time year-by-year from the 
present. These annual layers fonn because of seasonal 
changes in the accumulation of distinctive materials. 

The most visible forms of annual layering in ice 
(mountain glaciers and ice sheets) are alternations 
between darker layers that contain dust blown in from 
continental source regions during the dry, windy season 
and lighter layers marking the part of the year with lit-
tle or no dust (Figure 2-9A). These darkllight couplets 
form annual layers that are easily visible in the upper 
parts of glacial ice but are gradually stretched and 
thinned deeper in the ice, where they cannot easily be 
discerned. Ages of these deeper parts of the ice are usu-
ally estimated by methods based on models of how the 
ice flows . 

Sediments in some lakes contain annual couplets 
called varves (Figure 2-9B) . These layers are particu-
larly common in the deeper parts of lakes containing 

little or no life-sustaining oxygen . The lack of oxygen 
suppresses or eliminates bottom-dwelling organisms 
that would otherwise obliterate the thin annual layers 
by their physical activity. Varve couplets usually result 
from seasonal alternations between deposition of light-
hued mineral-rich debris and darker sediment rich in 
organic material. 

In regions of marked seasonal variations of climate, 
trees produce annual layers called tree rings (Figure 
2-9C). These rings are alternations between thick layers 
of lighter wood tissue (cellulose) formed by rapid growth 
in spring and thin, dark layers marking cessation of 
growth in autul1U1 and winter. Because most individual 
trees live no more than a few hundred years, the time 
span over which t1lis dating technique can be used is 
limited, but in some areas distinctive year-to-year varia-
tions in tree ring thickness can be used to splice records 
from younger trees witll records from ol.der trees whose 
fossil trunks can still be found on the landscape. 

In tropical oceans, corals record seasonal changes in 
the texture of the calcite (CaCO j ) incorporated in their 
skeletons (Figure 2-90). The lighter parts of the coral 
bands are laid down in summer, during intervals of fast 
growth, and the darker layers are laid down during win-
ter, when growth slows. Individual corals dated in this 
way rarely live more than a few decades or at most a few 
hundred years, but older records may be spliced into 
younger ones (as with tree rings). 

Correlating Records with Orbital Cycles Anotller 
way to date climate records is to use the characteristic 
imprint of variations in Earth's solar orbit in a "tuning" 
exercise. Changes in Earth's orbit around the Sun alter 
the amount of solar radiation received by season and by 
latitude. The timing of these orbital variations is known 
very accurately from astronomical calculations (Part II!), 
and the physical processes that link t1lese orbital changes 
to climatic responses on Eartll have become reasonably 
well understood in recent decades. The two most 
prominent examples are changes in the strength of low-
latitude monsoons and tile cyclical growth and decay of 
high-latitude ice sheets. Because of these relationships, 
climate scientists can date many of Earth's climatic 
responses by linking them to the well-dated external dri-
ver provided by the orbital variations. This technique 
provides scientists with absolute dating of Earth's cli-
matic responses over many millions of years . 

Internal Chronometers In specific instances, the 
techniques of counting annual layers and orbital tuning 
can serve a similar purpose much further back in time. 
Even in the absence of radiometric dates of absolute age 
(in years before the present), some climate archives con-
tain internal chronometers with which climate scientists 
can measure elapsed time (duration in years). 

For example, annual varves deposited in lake sedi-
ments millions of years ago still survive today in a few 
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FIGURE 2-9 Annual layering Four kinds of climate archives have annually deposited layers 
that can be used to date the climate records they contain: (A) ice, (B) varved lake sediments, (C) 
trees , and (D) corals. 

protected regions . Determining the actual age of these 
sequences by counting varves back in time from the 
present is impossible because varves were not con-
tinuously deposited up until the present. However, the 
varves supply an internal chronometer with which to 
count the years that elapsed during the inten1al when 
they were deposited . This information can aid climatic 
interpret,ltions. 

2-3 Climatic Resolution 

The extent to which the details of climatic in formation 
can be resolved depends m'1inly on the interpby between 
two factors: (I) the processes that initially disturb the cli-
mate record during and soon after deposition and (2) the 

rate at which the record is buried bene<nh additional 
sediments and protected from further disturbances. 

Sediment Archives Most sedimentary archives used 
for climate studies form in /ow-mergy marine environ-
ments undisturbed by turbulent waves and storms. The 
primary disulrbance after particles settle out on the 
seafloor is physical stirring by deep-dwelling organisms 
(Figure 2-10). Organisms living on the sediment surface 
thoroughly mix the uppermost layers. A much sn1<!iler 
number of ,mirnals burrow deep into the sediments, but 
they do so only infrequently, and subsurface sediments 
are increasingly protected fi'Olll most disrurbances as 
they ,Ire buried. Evenrually the sediments pass beneath 
the region of active mixing and become P,Jr( of the 
permanent sediment<1ry record. 
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FIGURE 2-10 Climate resolution  
The degree of resolution of climate  
records in sediment archives is related 
to the rate of deposition (and burial) 
of sediment and to the amount of 
activity of organisms burrowing into 
the sediments. 

Typical rates of sediment deposition range from as 
much as meters per rear in coastal marine sequences 
and millimeters per year in lakes to millimeters per 
thousand years in some deep-sea sediments. Rates can 
vary locally around these average values by a factor of 
10 because of factors such as the amount of sediment 
supplied locally by rivers or redistributed by currents. 

.The degree of disturbance by organisms that move 
,lCross and burrow into the sediment surface ,1 lso varies 
with environment. In highly productive co,lstal regions, 
hlrge org,misms burrow tens of centimeters or even meters 
down into the sediment. Relatively unproductive deep 
ocean basins have fewer and smaller bottom-dwelling 
organisms that typically burrow down no more than a few 
centimeters. Most lakes also have fewer and sh,lllower 
burrowers. As a result, the resolution of sedimentary 
records varies with environment. Lakes usually h,lVe the 
best resolution and deep-ocean sediments the poorest, 
although locally rapid deposition can improve resolution 
In some ocean areas . 

After particles pass through the upper layers , no fur-
ther mixing occurs unless erosion reexposes the sequence 
back at the sediment-water interface. Increased pressure 
and loss of water caused by deep burial of sediments 
gradually compact the sediment layers and turn them 
into soft rock, but do not dramatically reduce the resolu-
tion they can provide. 

Ice Cores Annual layers of snow are visible at the 
surfaces of many Illountai n glaciers and rapidly deposited 
ice sheets (see Figure 2 -9A). As the snow is buried and 
slowly recrystallized into ice, annual layers remain resolv-
able to a depth that depends on their initial thickness at the 
time of deposition. Below this level, the layering is .Iost. In 

cores from the ice sheet on Greenland, where deposition 
of snow is rapid , the annual layering may remain detectible 
tens of thousands of years into the past. In the polar ice 
sheet covering eastern Antarctica, where only a slllall 
amount of snow accumulates each year, ,ml1u31 layering 
may not occur even at the ice surface. 

Tree Rings and Corals At middle and high lati-
tudes where trees produce annual la ye rs, tree rings 
become a permanent record of annual climate change 
unless they are later disturbed by fire or by sporadic bor-
ing by insects or excavation by birds. Similarly, CaC01 

bands in corals form a permanent record of scasonal to 
annual climate change. 

The types of climate archives, the maximum time 
span of the records they contain, and the highest resolu-
tion achievable in each archive are summarized in 
Figure 2-11 in ,1 log time scale that changes by powers 
of 10. Also shown at the top are the time spans covered 
by the major parts of this book. 

Climatic Data 
Climate archives contain Illany indicators of P,lSt climate 
referred to as climate proxies. Climate scientists use the 
term "prm.)," (meaning "substitute") because the process 
of extracting climate signals from these indicators is not 
direct, like reading temperature from a thermometer. 
Inste,ld , scientists IllUSt first determine the mechanism 
by which climate signals are recorded by the pro>.)' indi-
cators in order to decipher the climate changes. (Of 
course, even a typical thermometer relics on a "proxy" 
measurement-the height of a column of mercury cali-
brated to indicate temperature.) 
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FIGURE 2-11 Resolution of climate records Climate 
archives vary widely in the length of the records they concain 
and in the degree of resolution they yield. A log scale 
(changing by powers of 1 0 ) is needed co show all geologic time 
in a single plOL (Adapted from J. c. Bernabo, Proxy Data: Nature 's 
Record orPast Climates [Washingcon, DC: National Oceanic and 
Armospheric Adminisrration, 1978].) 

The two climate proxies that are most commonly 
used are (1) biotic proxies, which ,1re based on changes 
in composition of plant and animal groups , and (2) 
geological-g'eochemical proxies, which are measure-
ments o f 1l1 ,)SS movements of materials through the 
climate system, either as discrete (physical) particles or 
in di ssolved (chemical) form. 

2 - 4 Biotic Data 
Bec,llIse no seafloo r older than 170 million years exists , 
broad-scale reconstructions of earlier oceanic environ-
ments are not possible. As ,) result, fossil remains from 
the continents are the main climate proxy for older tec-
tonic-scale intervals. Most of the organisms that have 
ever existed on E,)rth are now extinct, and the further 
back in time we look, the less recognizable the fossils 
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are. Using biotic proxies to reconstruct past climates 
over longer tectonic time scales often requires a reliance 
on the resemblance of past forms to their modern coun-
terparts either in general appearance or in specific fe a-
tures that can be measured . 

Because fossil remains of plants tend to be more 
numerous than those of animals in geologic records 
from continents, vegetation plays a central role in the 
reconstruction of ancient climates. Often the presence 
of a single critical temperature-sensitive form is useful as 
a climate indicator. For example, warmer climates tens 
of millions of years ago are inferred from the presence of 
palmlike b-ees at high northern latitudes (Figure 2-12). 

For the younger continental record, climate scien-
tiSts more commonly use the relative abundance of 
climate-sensitive vegetation indicated by pollen assem-
blages deposited in sediments (Figure 2-13). Minute 
pollen grains are produced in vast numbers by vegeta-
tion, distr ibuted mostly by wind, and deposited in lakes, 

FIGURE 2-12 Past vegetation For older geologic incerval s,  
climate on the continencs can be inferred from distinctive  
vegetation . The remains of trees similar co modern palms are  
found in rocks from Wyoming dating co 4S million years ago.  
Today frigid w inters in Wyoming would kill palm trees .  
(Chip Clark.)  
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Sunflower 
Oak 

FIGURE 2-13 Pollen: a proxy indicator of climate on land 
For younger inrervals, climate on land can be reconstructed 
from changes in the relative abundance of distinctive rypes of 
pollen . For scale , small grains of sand are 60 )-1m or larger in 
diameter. (Courtesy ofAlan Solomon, Environmental Protection 
Agency, Corvallis, OR.) 

where they are preserved in oxygen-poor waters . Pollen 
can be identified initially by major vegetation type 
(trees, grass, and shmbs) and then further subdivided 
(spmce trees indicate cold climates; oak trees indicate 
warmth). Larger remains of vegetation that cannot have 
been carried far from their points of origin are also 
examined to make sure that the pollen in a lake sequence 
is representative of the nearby vegetation. These larger 
macrofossils include cones, seeds, and leaves. 

In the oceans, four major groups of shell-forming 
animal and plant plankton are used for climate recon-
structions (Figure 2-14). Two groups form shells made 
of calcite (CaCO,). Globular sand-sized animals called 
planktic foramicifera (upper left) inhabit the upper 
layers of the ocean, Small spherical algae called Coccol-
ithophoridae secrete tiny plates called coccoliths 
(lower left) in sunlit waters. Two other groups of hard-
shelled plankton secrete shells of opaline silica (SiO l . 

H,O) and tend to thrive in productive, nutrient-rich 
waters. Diatoms (upper right) are silt-sized 

plant plankton usually shaped like either pillboxes or 
needles. Radiolaria (lower right) are sand-sized animals 
witll ornate shells often shaped like premodern military 
helmets. 

Sediments rich in CaCO; fossils occur in open-ocean 
waters at depths above 3500-4000 meters (Figure 2 -15). 
Below that level, corrosive bottom waters dissolve calcite 
shells. SiO,-shelled diatoms inhabit deltas and other 
coastal area"s and extract silica from river water flowing 
off tlle land, but their abundance along the coasts is 
masked by the inHlLx of mud eroded from the land. 
Radiolaria and diatoms are abundant in Antarctic and 
equatorial regions where highly productive waters upwell 
from below. 

Plankton and pollen share traits that make them 
especially useful as climate proxies. Both are widely dis-
tributed : plankton live in all oceans, and pollen are 
produced everywhere on continents except under ice 
sheets. Also, because fossil remains of these two groups 
are so abundant in sediments (usually thousands in a 
tablespoon-sized sample), their relative abundances can 
be determined \¥ith a much higher degree of accuracy 
than those fossil types that show up only sporadically. 
Populations of plankton and pollen in different areas 
also tend to be dominated by a small number of species 
with well-defined climate preferences. The only other 
organisms with comparable ranges and abundance are 
insects, which rarely leave fossil remains. 

FIGURE 2-14 Plankton: a proxy indicator of climate in the 
ocean Four rypes of shelled remains of plankron are common in 
ocean sedimenrs: CaCO) shells are represenred by sand-sized 
planktic foraminifera (upper left) and small clay-sized coccolith s 
(lower left); Si02 shells include silt-sized diaroms (upper right) 
and sand -sized radiolaria (lower right). For scale, small grains of 
sand are 60)-lm or larger in diameter. (Modified from W. F. 
Ruddiman, "Climate Studies in Ocean Cores," in Paleoclimate Analysis 
and Modeling, ed. A. D. Hecht [N ew York: John Wiley, 1977 1.) 



FIGURE2-15 Distributionofocean 
sediments The predominanr rype of 
sedimenc on rhe seafloor of rhe world 
ocean raday varies regionally, wirh 
ice-raFred sedimenc in polar areas, 
Si02-rich sedimenc in producrive 
areas, CaC03-rich sedimenr on higher 
rises and ridges, and windblown deep-
sea silr and clay in basins Far from 
conrinenrs. Coasral regions concain 
mainly debris from rhe land . 
(Modified from W. H. Berger, "Deep-Sea 
Sedimenrarion," in The Geolow of 

• Deep-sea Continental Margins, ed. C. A. Bu rke and 
clay C. L. Drake [New York: Springer-Verlag, 

• Land margin 1974] .) 
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NIost of the species of plankton and vegetation that 
live tOday have been present on Earth for hundreds of 
thousands to millions of ye,1rs. The climatic preferences 
of these modern species can be accurately determined by 
comparing their present distributions to measurements 
of current climate. These modern climate preferences 
can then be used to reconstruct past climates from fossil 
assemblages with great accuracy in sediment archives as 
old as ,1 few million years or more. 

2 - 5 Geological and Geochemical Data 

Mass movements of materials tlu-ough the climate system 
are tied to processes of erosion, transport, and deposition, 
mainly by water but also by ice and wind. Most climate 
studies of the older parts of Eartll's history rely on physi-
cal debris deposited in sedimentary archives on the conti-
nents as the main prm.y for inferring past climates. For 
example, sediment textures can tell us about erosion and 
subsequent deposition of unsorted debris by ancient ice 
sheets in cold environments, sand dunes moving across 
deserts under extremely arid conditions, and deposition 
by water in moist environments. Although these sediment 
types are useful for drawing broad inferences about cli-
mate, poor dating cono'oJ and the prevalence of erosion 
make detailed study of many older continental records 
difficult, and alteration of tile deposits increases with the 
passage of time. 

In contrast, ocean sediments from the last 170 million 
years provide relatively continuous deposition, better 
dating, and wide geographic coverage. As a result, the dis-
tribution of sediment types that cany distinctive informa-
tion about climate can be mapped, and changes in their 
patterns of deposition can be quantified as burial fluxes 
(measures of the mass of sediment deposited per unit area 
per unit time). 

Sediment is erocled from the land and deposited in 
ocean basins in two forms. One is debris eroded and 
transported as discrete particles or grains as a result 
of physical weathering, the process by which water, 
wind, and ice physically detach pieces of bedrock and 
reduce them to smaller fragments . One ex,lmple shown 
in Figure 2-16 is coarse ice-rafted debris (sand and 
gravel) eroded by ice sheets and delivered by icebergs 
that melt in ocean waters. Other examples include finer 
eolian sediments (silts and clays) lifted from the conti-
nents and blown to the ocean by winds and fluvial sed-
iments carried in a wide range of grain sizes by rivers to 
the ocean. 

FIGURE 2-16 Sediment particles Deep-ocean sedimenrs 
conca in granular debris from land rhar reveals rhe climare of 
rhe source region. For example, sand-sized grains of quara 
and orher minerals rafred in from ice sheers by icebergs 
indicare cold climares. (CourresyofGerard Bond, Lamonr-
Doherry Earrh Observarory of Columbia Universiry.) 
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Geologicll and geochemical techniques can unr3vel 
the origin31 sources of sediments formed by physic31 
weathe ring. Microscope counts of sand-sized grains 
from marine sediments can distinglJish different SOllfces 
on the basis of distinct mineral types. In recent years, 
geochemical analyses of distinctive elements and iso-
topes have become an additiona l method of tracing 
mineral grains back to specific source regions o n the 
continents. 

The second major way of removing sediments from 
the land is by chemical weathering and subsequent 
tr,msport of dissolved ions (charged ions or compounds) 
to the oceans in rivers (Figure 2-17). Chemical weath-
ering occurs mainly in two ways: (I) by dissolution, in 
which carbonate rocks (such as limestone, made of 
CaCO) and evaporite rocks (such as rock salt, mad e of 
NaCl) are dissolved in water, ,md (2) by hydrolysis, in 
which weathering adds water to minerals derived from 
continental rocks made of silicates, such as basalts and 
granites. Both proccsses depend on the fact that atmos-
pheri c CO] ,1ncl rain (E-J]O) combine in soils and rock 
crevices to form carbonic acid (I-I]CO), a weak acid 
that attacks rocks chemically. After weathering, rivers 
carry off man y dissolved materials, including ions (Ca+] , 

Mg+2, Na+ l , K+I , Sr+2, Cd+2, AI+4, and CI-I) , and ion 
complexes (HCO)-, CO;-2 , and SiO(OH». 

Some of the dissolved ions (Si+4, Ca+], and CO/) 
are used by plankton to form their shells (see Figures 
2-14 and 2-17). A small fracti on ends up in the shells 
of benthic foraminifera, sand-sized ,m imals that live 
on the seafloor ,1ncl form calcite (CaCO) shells from 
Ca+] and CO,-2 ions in deep waters. Because all the 
shells made of calcite and opal (SiO, . H,O) that are 
preserved in ocean sediments are the products of chem-
ical weathering on land and of ion transport in rivers, 
they are useful for tracking changes in large-sca le fluxes 
of calcium, silicon, carbon, and oxygen over time. 

Because it takes a long time in the lab to anal yze the 
chemical properties of individual samples taken from 
thick sedimentary sequences, many recent smdies have 
mrned to logging techniques that quickly cletect and 
record key physica l or chemical properties of the sedi-
men ts. Sediment cores are moved through ,1 detection 
unit that uses sound waves or other nondestructive 
techniques to sense the sed iment properties at a rapid 
rate without dismrbing them. 

A wide range of important climatic data is also stored 
in the isotopes of elements in the ca lcite shells of planktic 

Chemical weathering 
ofcontinental rocks 

in moist climates 

River transport 
of dissolved ions 

and ion complexes 
to the ocean 

Dissolved ions taken 
up in shells of ocean 

plankton and deposited 
on seafloor 

Deposition of 
evaporite salts 
in shallow seas 
in arid regions 

H20 + CO2 
(rain) (gas) 

Cations: K+, Mg+2 
Ca+2 Na+ H+ 

AI:4 , 
Anions: HC03-, C03-2 

CI-,504 -
2 

Si02 
plankton 

(river mouths 
and coastal 
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CaC03 
plankton 

(noncoastal ocean) 

FIGURE 2-17 Chemical weathering. transport. and deposition Chemical weathering slowly 
attacks rocks on land and sends di sso lved ions into rivers fo r transpon to the ocean. Ocean 
plankton incorporate some of the dissolved ions in their shells, which fall to the seafloor and 
form part ofche geologic record. Some dissolved ions are also deposited in shallow evaporating 
pools on cominemal margins where the climate is dry. 
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organisms and benthic foraminifera. Cases that will be 
examined in detail in later chapters include isotopes of 
oxygen, which record changes in the global volume of ice 
and in local ocean temperatures (Chapters 6 and 9); and 
isotopes of carbon, which trace movements of organic 
material among resen'oirs on the continents, in the air, 
and in the ocean (Chapter 10). 

Additional geochemical proxies gradually become 
available over the younger part of Earth's long clim,Hic 
history. At orbital time scales, ice cores contain samples 
of air from past atmospheres, including concentratjons 
of the greenhouse gases carbon dioxide (C02) and 
methane (Chapter 10). Other important proxies in 
ice cores include changes in the thickness of snow 
deposited (related to the temperature and moisture 
content of the air), in the amount of dust delivered by 
winds from various continents; and in isotopes of oxy-
gen and hydrogen that measure air temperatures over 
the ice sheet. 

Cave deposits contain records of groundwater 
derived from atmospheric precipitation. Ch,mges in the 
chemical composition of this water reHect changes in 
the original sources of the water vapor, in the annos-
pheric transport path to the site of precipitation, and in 
the groundwater environment (Chapter 10). Sedimen-
tary deposits in lakes record not only changes in pollen 
but also climatically driven fluctuations in lake levels 
(Chapters 12 and 13) and other chemical tracers now 
under active investigation. 

Trees record the amount of cellulose deposited 
in each annual layer (determined from the width and 
density oftree rings) as an index of changes in precipita-
tion during the rainy season in dry regions and changes 
in summer temperatures in cold regions (Chapter 16). 
Annual coral bands contain a wide range of chemical 
information, including ratios of isotopes of oxygen 
that record changes in temperature and precipitation 
(Chapter 16). 

Climate Models 
Scientists who extract records from Earth's climate 
archives inevitably discover new trends that were previ-
ously unknown. Usually, their proposed explanations 
for the trends are tested using climate models because 
models put numbers on ideas. But models also simplify 
some aspects of reality, and the results they provide 
have to be critically assessed. 

In this section we examine two kinds of numerical 
(computer) models used by climate scientists. Physical 
climate models emph,lsize the physical operation of 
the climate system, particularly the circulation of the 
atmosphere and ocean but also interactions with vege-
tation (biology) and with atmospheric trace gases 
(chemistry). Geochemical climate models track the 
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movement of distinctive chemical tracers through the 
climate system. 

2 -6 Physical Climate Models 

Most physical models are constructed to simulate the 
operation of the climate system as it exists today. 
The modern climatic system is described on the com-
panion Web site at www.whfreeman .com/ruddiman2e. 
The simulation of modern climate is called the control 
case. Models must simulate modern climate reasonably 
well to be trusted as a tool for exploring past climates. 

Simulations of past climates occur in a three-step 
process (Figure 2-18). The first step is to choose the 
experiment to be run by specifying the input to the 
model. One or more aspects of the model's representa-
tion of the modern world are altered from their present 
form to reflect changes known to have occurred in the 
past. For example, the level of CO, in the model atmos-
phere might be increased or decre:lsed, the height of its 
mountains raised or lowered, ice sheets removed or 
added, or the position of continents moved around. 
These features that are altered to test hypotheses of cli-
mate change are called the boundary conditions. 

The second step is the actual operation of the 
model. Physical laws that drive the flow of heat energy 
through Earth's climate system are incorporated in the 
internal workings of the moclel. \,tVhen an experiment is 
run, these laws come into play in a climate simulation. 

The third step is to analyze the climate data output 
that emerges from the experiment. The data from the 
simulation C,1I1 then be used to evaluate the hypotheses 
being tested. For example, does a specific change in 
boundary conditions cited in a hypothesis (atmospheric 
CO, level, mountain elevation, or continental position) 
affect climate in the W,1y the hypothesis proposed? 

Often climate data output can be tested against inde-
pendent geologic dat,1 that played no part in the experi-
mental design (Figure 2-18). For example, if a model 
run simulates stronger winds in a specific region for a 
particular inten'al of geologic time, scientists can sample 
sediment cores from that area to check whether or not 
larger particles of windblown dust were deposited in the 
locations indicated by the simulation . 

Mismatches between geologic data and climate data 
output from physical circulation models may imply sev-
eral possible problems: key boundary condit.ions were 
specified incorrectly or were omitted from the experi-
ment; the model does not adequately simulate some 
part of the climate system; or the geologic data used for 
comparison to the model output were misinterpreted. 
Despite this range of possible problems, the main cause 
of data-model mismatches is often obviolls enough to 
lead to useful refinements in boundary conditions, in 
data interpretation, or in model construction. The 

www.whfreeman.com/ruddiman2e
Eric L. N. Jensen
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