Lab 3: Fun With Numbers, or

Empowerment through Approximations
ESS 203
22-24 January 2008

This lab will serve as an introdudion to and review of some general conaepts used in many
sciences. The lab is broken up into three sections exponential notation, units and estimation
exercises. For many of these problems, you have not been provided al of the information you
need. In such cases, you mug make some reasonable assumption or guess and be able to defend
your choice.

The main god of this lab is to show you how ssimple algebra and a few order-of-magnitude
numbers can hdp you ansver questionstha you may have about the world aroundyou. This
aso hdpsyou evaluae how reasonable an answer to a question may be If someone asked you
how many jellybeanswere in atypical cookie jar, you could take oneof two approaches: (1) You
could simply guess a number, or (2) you could estimate the number based on your knowledge of
the volumes of the jellybean and the cookie jar. In choosng the latter approach, our aim hereis
not to frudrate you, but rather to hdp you to gan confidence in your ability to use nunmbers to
hdp you make better decisions

In the earth sciences, we often aim for a (hig pictureOundestanding as to how our planet works.
A consequence of this approach is tha we are often not too concerned with minor details of an
individud problem. For example, if we wanted to calculate the volume of all the fresh water on
the plangt, we wouldn't worry abouttha pondin your backyard. One or two significant figures
are often adequae for a satisfactory answver. Keep this god in mind while you are completing
these exercises because it will hdp you to complete them more quickly and less stressfully!
When doing an estimation problem, you mug also be willing to disregard all the digits tha a
calculator gives you beyond the first oneor two digits. Therest of thos digits on the display
make a negligible difference in your answver when all you are looking for is aroughnumber.

1. Exponential Notation

Exponentia, or scientific, notation is a shorthand method for keeping track of very large or very
small numbers. Often in science, we deal with numbers tha would be difficult to manipulate if
we wrote out all the digits. Exponential notation also makes operations such as multiplication
and divison much easier. See the attached handout for a table of large nunbers and ther
commonly used names.

987000000000006 9.87! 10“

0.00345=3.45! 10°



5555567653567788998 766443564 5.56! 107

(Since it is not likely that all 29 digits are well known, tha othe numbers in your
problem are known to similar precision or that anybody actudly cares aboutknowing the
answer to that precision))

Mog of you probably have been introduced to these ideas at some point in the past, but you may
have forgotten how to use exponential notation in arithmetic. For that reason, here are a few
exercises to hdp refresh your memory.

Addition

To add or subtract numbers in exponential notation, first convet both numbe's to the same
power of 10, then add or subtract theleading coefficients and reduce the answer as appropriate.

3500+ 9200 =351 160+92! 1¢°
=127! 10°
=127! 10

0.000978+ 0.00006 =9.78! 10%+6! 10°
=978! 10°+6! 10°
=1038! 10°
=1.038! 10°

! 910000+ 27500 =

! 0.0045- 0.00087=

Multiplication and division

An important strength of exponential notation is how it smplifies multiplication and division of
very large and very small numbers. When multiplying numbers usng exponential notation, we
simply multiply the leading nunmbers and then add the powers of 10. Similarly, when dividing
numbe's expressed in exponential notation, we divide the leading numbers and subtract the
powers of 10. Some produds and quoients tha would be tediousto write out in longhand are
ingead easily evaluaed usng exponantial notation.

400! 5000000 =41 10°! 5x10°
=41 51 107*°
=20! 1¢°
=21 10



360000000.0002 =36! 102! 10*
=3602! 1¢¢" "4
=18! 10%°

! 1500! (5000000.003) =

! (0.00402000 ! (300! 1800Q =

2. Units

Units are an important but often overlookad aspect of the sciences. We often seek a numerical
answer to a problem, but withoutknowing the proper units the result might be meaningless. One
easy way to convert between units is dimendond andysis. Here@ an example of conveating a
speed in kilometers per hou (km/h) into meters pe second (m/s):

50kTm N 1000 m h

X = II.3.9m
km 3600 s S

The two conveasion fractions (1000 meters pe kilometer, 1 hour pe 3600 secondg are both
equivalent to 1. When you multiply these fractions by the units of kilometers and seconds
respectively, the kilometers and hours cancel out you end up with the different units that you
want, which in this case are meters and seconds Wha followsisashott list of basic and derived
units that we will use in this class. The Systeme Internaiond d@nitZs (Sl) isthe set of standard
units that are mos commonly used in the sciences, with some exceptions

Time

We dl have an intuitive undestanding of wha time is and how it is measured. In this class, we
will consgder severa different periodsof time, ranging from secondsto hundeeds of thousndsof
years. The Sl unit for time is the second (s) and the other unit that we will often useistheyear,
which is abbreviated either as @rOor as @ from the Latin word Ginnum® When we need to
indicate thousinds of years, we often use the abbreviations ka, where GiloOmeans @ne
thousndO A useful rule of thurmb for convating time between secondsand years is:

1year (8) #$! 10" seconds(s), where $ # 3.14
Mass and weight
Massistheintrindc propaty of an object tha describes its resistance to an acceleration. The S|
unit for massis thekilogram (kg); related units are the gram (g) and milligram (mg). Theweight

of an object is equd to its mass times the acceleration dueto gravity, i.e. weightis theforce tha
gravity exerts on the mass. Since gravity is approximately condant on the Earth@ surface, we



can freely use units such astons and pounds and convat between those units, which are weights,
and thekilogram, which isamass.

1 kilogram (kg) = 1000grams (g)
1 g = 1000milligrams (mQ)
1 kg = 2.205poundglb) on Earth

! There are severa stores aroundtown tha sell foodin bulk. The other day while at Cogtco
| saw agoodprice ona5 kg (11 1b) bottle of garlic cloves. If each clovein thebottle has
amass of 2 g, how many cloves are in the bottlle? Why might anyonewant this many
galic cloves?

Density

A derived quantity tha we will use frequently is dendty, which is defined as the ratio of the
mass of an object to the volume tha it occupies. The Sl unit for densty is kilograms per cubic
meter (kg/m®) and density is often abbreviated by Greek letter ®hoG%).

Yaer = 1000kg/m* = 1 glem?®
Y%e = 917 kg/m®= 0917 g/cm?®
Yranite = 2650kg/m?* = 2.65 glom’®

Speed and velocity

Speed is another derived quantity. Speed describes the rate at which an object is moving, or
changein postion per unit time. Familiar units of speed are miles per hour (mi/h), but the Sl
unit for speed is meters pe second (m/s). A familiar expression of speed is miles per hour,
althoughonecan use any measure of length over any measure of time and still express the same
rate of motion. Many speedoneters in cars have markings for both miles per hour as well as
kilometers per hour, althoughthey could jug as easily have meters per second. Thedefinition of
velodty isdightly different from speed: velodty is a speed with a specified direction of motion.
Althoughthey don®mean the same thing, speed and velodity are often used interchangesbly in
the same way as mass and weight

Distance = speed ! time

1 kilometer pe hour(km/h) = 0.62 miles per hour(mi/h)
1 km/h = 0.28 meters pe second (m/s)

! The current mean rate of globd sea-level rise is about 2.8 mm/a. An average tsunani
might have a run-up on land of about 10 m. Assuming tha the current rate of sea-level
rise remainscongdant, howlongwill it take for sea level to reach therun-up of an average
tsunami?



! During a storm, a container full of Nike shoes spilled overboad from a cargo ship near
Kodiak Idand, Alaska. The ocean currents in this region of the Pacific are roughly 0.2
m/s and travel towardsthe California coastline When did the shoes arrive on the shores
of Cdifornia?

Force

Force is another derived quantity. It is generally defined as an influence, such as a push or pull,
on an object tha tendsto cause the object to changeits velodty. We use Newton(@© Second Law
to calculate force:

Force=mass! acceleration,orF=m! a

From Newton® Second Law, it is clear that we need to learn more about acceleration before we
can undestand force. Changesin the velodty of an object over time are accelerations in other
words acceleration is the rate of changeof velodty and the Sl unit of acceleration is meters per
second per second (m/s?)

We can use the conaept of accelerationto gan intuition aboutforces. The Sl unit for forceisthe
Newton (N), which can be broken down into units of kg m/s, following Newton® Second Law.
For example, suppo® tha your mass was 50 kg. Knowing the acceleration due to Earth®
gravity, which is 9.8 m/s?, or approximately 10 m/s’, and knowing Newton® Second Law, you
could estimate your weight as 500 N. If you could apply a force equd to your weight towards
pushing a 10 kg block on a dlippey table, its acceleration would be 5 m/s®. In other words, the
block would increase its speed by 5 m/sfor every secondtha your bodyforce was applied.

! Wha is the magnitude of the force of gravity acting on a 6 oz lead weight? We've
broughtin some lead weights and rubbe bandsto hdp give you a feel for the size of a
Newton.

Pressure

Anothe deived quantity tha we will use this quater is pressure, which is defined as a force per
unit area tha the force is acting upon The Sl unit of pressure is the Pascal (Pa), which can be
broken down into units of N/m?. Y ou have encountered many examples of pressure, such as air
pressure, or the water pressure you feel in your ears when swimming deep below the water
surface.

In practice, we are often not conaerned abouttheforce on some specific area, such as theingde
of a bicycle tire, but rather with the overburden pressure due to gravity acting upon a fluid



medium, such as water, air or ice. The overburden pressure is the weight of the overlying
material tha presses down on an object at any depth. We can calculate this pressure (P) from
Newton® Second Law by multiplying the mass of materia resting on a paticular area, for
example, a squae meter, by the acceleration dueto gravity (g).

P=% g! H

1 Pascal (Pa) = 1 N/m?

1 atmophee (atm) = 1.013! 10° Pa(mean sea-level pressure)

1 bar = 10° Pa; 1 millibar (mbar) = 107 Pa (millibars are a common unit in weather maps)
1 poundper squaeinch (ps) = 6900Pa

! An important pressure in glaciology is the overburden, pressure at the base of a glacier.
Ogg the caveman died on the surface of a glacier and, as time passed, Ogg became
progressively buried by snow andice so tha heisnow buried at the bottom of the glacier.
If theglacier is 150 m thick and has a mean density of 900kg/m®, what is the overburden
pressure in atmosphees exerted on Ogg at the base of theglacier?

! A useful measure of huricane intengty is its lowest recorded sea-level pressure, which
usudly occurs in the eye of the storm. When atmopheic pressure on the sea surface is
reduced, it is equivalent to applying suction to the ocean surface there. The sea surface
rises as water flows into the area unde the hurricane eye. Thisrise is caled a storm
surge. In Augug 2005, Hurricane Katrina@® lowest recorded sea-level pressure was 902
mbar, which is the sixth lowest value ever recorded. What is the difference between
Hurricane Katrina lowest pressure and mean sea-level pressure? What is that pressure
difference equivalent to as a water thickness?

Temperature

The temperature of an object is a measure of the average kinetic energy, or motion, of the
paticles tha congitute the object. The Sl unit of temperature is the Kelvin (K); a changein
temperature of 1 K is equivalent to a changeof 1 degree Celsius(jC) and 273K =0 i C.

degrees Kelvin (K) = degrees Celsius (jC) + 273
iC=5/9! (degrees Fahrenhat (jF) B32)

! Typical summertime-high surface temperatures for inland Greenland are about™ 5;C. For
rapid melting of the Greenland ice sheet to occur, inland summertime high temperatures
would need to be about+5jC. What is such atemperature changeequivaenttoin jF and
wha would such atemperature changecause herein Seattle?



3. Estimation and orders of magnitude

We now want to use the above ideas of exponential notation and units to estimate order-of-
magnitude answers. In order-of-magnitudeland, 4.0 ! 10° is virtudly thesame as 65 | 10,
whereas your accounint might be upset if you log track of 2.5 billion dollars!  This is an
important tool for scientific thinking in general and glaciology in particular. Science is not as
formulaic as previouschemistry and physcs classes may have lead you to bdieve. Onereason
why science can be interesting and fun is the fact tha often scientists get to think about a
problem or situaion tha nobodyhas ever thoughtof before. Scientists have to be creative and
able to think outside of the box imposed by everyday common experience, but tha experience
can aso hdp to guidethe evaluaion of new ideas. Often, you can get agoodfeel for a problem
with only agenera grasp of the physcal prindplesinvolved. Estimatingthe size and importance
of thevariousparts of a problem is also a useful way to break alarger problem down into a series
of smaller, easier problems.

Almog every question tha arises in the physcal environmental sciences involves estimating a
mass or volume of GomethingQ such as a materiad, an amountof energy or thetime it will take
to get somethingdore. For example, a cleanup contractor may need to estimate the total amount
of a contaminant at Supefundsite, such as PCBs, based on the PCB concentration in jug a few
soil samples. Alternaively, an earthqu&e engineer may want to know the total energy released
by an earthqué&ke unde Pugd Soundtha uplifts the shoreline of Whidbey I1dand by 1 m, or the
energy present in thetsunami wave racing toward Elliot Bay.

Many issues also center on thethroughput or GluxQ of mass or energy througha naural system;
the flux is mass or enegy passing through a system in a certain time. For example, the
Supeafund cleanup contractor may also want to estimate the flux of PCBs in kilograms per year
(kg/a) from the site into an adjacent stream. Alternatively, a solar power engineer who needsto
determine the size of the solar pand to power a remote navigaion beacon would want to
estimate the flux of solar energy, or QrowerQ received by the pand and expressed as energy
received pe second pe squae meter at the site.

In these exercises, you will work together as a group to identify the major parts involved in the
solution of the problem, and then come up with an order-of-magnitude answer. In any rea
problem, there will always be complicating factors and assumptions, but this type of estimation
often provides a goodfirst guess, which should be close to theright answer. Also consde wha
assumptions you will need to make to produce an answver. Knowing what assumptions were
madeto arrive at an answer is the essence of solving scientific problems in many different fields



Group A Olympians on the rocks

Y our company, |Ice Aged Foods has won the contract to run all the concession standsat the 2010
Winter Olympics in Whistler, British Columbia. To provide an authentic Pacific Northwest
toudh but keep with the Olympic theme, you are going to use glacier ice from Blue Glacier on
Mt. Olympusto make theice cubes used in dl thedrinkstha you serve.

Estimate the volume of ice present in Blue Glacier and how many ice cubes it would make.

Group B Iowa mountaineering

The lowa Touwrism Boad has heard about the success of your company, Ice Aged Foods at
moving large quantities of earth materials, so theyQe asked you to hep them to attract more
tourists to lowa. They@ like you to move Glacier Peak to central lowa, since there are plenty of
other mountainsin Washington State and Washingtoniansare unlikely to missit.

Estimate the volume of Glacier Peak and how long it would take to haul it away to lowa usng
dunp trucks.

Group C Fancy water

Y our company, Ice Aged Foods wants to increase its market share in the iceberg bottled water
bugness. Youwant to melt the unimaginatively named B-15 iceberg in Antarctica, which isthe
largest iceberg ever recorded, into pristine bottled water. 1t3 a floaing iceberg, so melting it
into the ocean won® contribute to sea-level rise; in fact, removing it from the ocean would
actudly lower sealevel. B-15@ dliffs rise about 70 m abovethe sea surface and about 90 % of
the mass of an iceberg lies bdow the water surface. Also, theradius of the Earth is about6370
km.

Estimate the volume of theinitial B-15 iceberg, how much it would lower sea level if removed
from the ocean and how many water botles it would fill.

Writing Assignment

¥  Write up solutionsand show your work for all three estimation problemsin Part 3.

¥ Note which problem your group solved.

¥ State your assumptionsclearly for each problem and comment briefly onwhy you chose
them, since | can®check your work withoutundestanding your assumptions
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