
Earth 362

Data analysis for Earth and Planetary 
Sciences

“Whenever I hear ‘everybody knows’ I wonder: 
how do they know it, and is true?”

Seismologist David Jackson
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How safe is shale gas extraction?

Guardian
11/28/14
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Global warming 
predictions

IPCC 5
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Japan’s earthquake 
hazard map

2011 M 9.1 Tohoku, 
1995 Kobe M 7.3 & 
others in areas mapped 
as low hazard 

In contrast: map 
assumed high hazard in 
Tokai “gap”

Geller 
2011
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Tsunami runup 
approximately twice fault 

slip (Plafker, Okal & 
Synolakis 2004)       

M9 generates much larger 
tsunami

Planning assumed maximum magnitude 8 
Seawalls 5-10 m high

CNN

NYTStein & Okal, 2011 NYT
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http://www.coastal.jp/tsunami2011/index.php?
FrontPage

http://www.geol.tsukuba.ac.jp/
~yagi-y/EQ/Tohoku/

Tsunami radiates energy perpendicular to fault
Thus largest landward of highest slip patches
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Didn’t consider 
historical record of 

large tsunamis

NYT 4/20/11 11
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Buildings should be built to same standards (FEMA)

Frankel et al., 1996

U.S. Geological Survey  
Does this make sense? 

New Madrid shown as hazardous as California
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2008���
���

Hurricane 
Ike “hits” 

Miami
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Ike’s actual track
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Ike brings 
certain 
death
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Actual 
deaths:���
~50 of 
40,000���
���

Error     
800 x
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K. Emanuel CNN 8/26/11

NYT 8/28/1118
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Economic loss ?

What if weekday?

2010 Maule, Chile 
earthquake 19
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Science News

6/15/91

The local economy collapsed, said Glenn Thompson, Mammoth Lakes' 
town manager. Housing prices fell 40 percent overnight. In the next few 
years, dozens of businesses closed, new shopping centers stood empty 
and townspeople left to seek jobs elsewhere. (NYT 9/11/90) 20
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Predicted disaster 
probabilities are 

often very inaccurate

P(sinking) = 0

P(loss) = 1/100,000

“Apocalytic claims do not have a 
good track record. And arguments 
that statistics support such claims - 
particularly arguments that simple, 

easily understood numbers are proof 
that the future holds complex, 

civilization-threatening changes - 
deserve the most careful 

inspection .”

J. Best: More Damned Lies and 
Statistics: How Numbers Confuse 

Public Issues 21

21



Experts thought that large ships couldn’t run into 
each other, because radar let them see in night and 

fog. Moreover, modern ships were unsinkable 
because they were divided into watertight 

compartments and designed to float even if two 
compartments filled with water. 

Sinking of the ocean liner Andrea Doria in 1956 
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Collapse of Long 
Term Capital 
Management
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http://money.cnn.com/2009/02/17/pf/experts_Tetlock.moneymag/index.htm?postversion=2009021816
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Annual GDP growth: predicted vs actual

Orrell, 2007 25
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”” “All models are wrong. Some models are 
useful."

George Box, statistics pioneer

"There are known knowns. These are things we 
know that we know. There are known unknowns. 
That is to say, there are things that we know we 

don't know. But there are also unknown 
unknowns. There are things we don't know we 

don't know."
     Secretary of Defense Donald Rumsfeld
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“As  individuals,  most  of  us  intuitively  understand 
uncertainty in minor matters. We do not expect weather 
forecasts  to  be perfect,  and we know that  friends are 
often late.   But,  ironically,  we may fail  to  extend our 
intuitive  skepticism to  truly  important  matters.   As  a 
society,  we  seem to  have  an  increasing  expectation  of 
accurate  predictions  about  major  social  and 
environmental  issues,  like global  warming or the time 
and place of the next major hurricane. But the bigger 
the prediction, the more ambitious it is in time, space, or 
the  complexity  of  the  system  involved,  the  more 
opportunities there are for it to be wrong.  If there is a 
general claim to be made here, it may be this: the more 
important  the  prediction,  the  more  likely  it  is  to  be 
wrong.” Oreskes (2000) 27

27



Much ado made 
that on   
January 1, 2000 
computer 
systems would 
fail, because 
dates used only 
two digits 
U.S. 
government 
established 
major programs 
headed  by 
FEMA

Estimated $300    
billion spent on 
preparations

Y2K

Few major problems occurred, even among 
businesses and foreign countries who made 

little or no preparation 28
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CDC reported "strong possibility" of 
epidemic. HEW thought "chances 

seem to be 1 in 2” and “virus will kill 
one million Americans in 1976."  

 
President Ford launched program to 
vaccinate entire population despite 

critics’ reservations  
 

40 million vaccinated at cost of 
millions of dollars before program 

suspended due to reactions to 
vaccine  

 
 About 500 people had serious 

reactions and 25 died, compared to 
one person who died from swine flu 

1976 SWINE FLU  
“APORKALPSE”
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50%              30% 20%
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Precise, inaccurate

Imprecise, inaccurate

Precise, accurate

Imprecise, accurate

Taylor, 1997

Precision vs accuracy

Taylor31
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Taylor, 1997 
`1

Precision vs accuracy

Taylor32
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Efforts have been made to identify
ground deformation preceding earthquakes. 
The most famous was the report in 1975 of 
30-45 cm of uplift along the San Andreas 
Fault near Palmdale, California. This highly  
publicized "Palmdale Bulge" was interpreted 
as evidence for an impending large 
earthquake and was a factor in the U.S. 
government's decision to launch the National 
Earthquake Hazards Reduction Program 
aimed at studying and predicting 
earthquakes. 

Davidson et al  2002

USGS director McKelvey expressed his 
view that a great earthquake would occur 
in the area possibly within the next 
decade that might cause up to 12,000 
deaths, 48,000 serious injuries, 40,000 
damaged buildings, and up to $25 billion 
in damage.

Palmdale ���
Bulge
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Davidson et al  2002

34

34



Some of the (generally small) discrepancies 
between plate motion rates found from space 
geodesy & from magnetic anomalies result 
from errors in the paleomagnetic timescale

Robbins et al., 1993
Uyeda, 1978 35
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Systematic 
errors often 

exceed 
measurement 

errors  
 

Uncertainties 
are hard to 
assess and 
generally 

underestimated

Underestimated 
uncertainty and 

bias 
(bandwagon 

effect) in 
measured speed 

of light

1875-1960

40
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Millikan’s measurement of electron charge

Although R. Millikan reported using all the observations in his Nobel prize-winning (1910) 
study of the charge of the electron, his notebooks show that he discarded 49 of 107 oil drops that 
appeared discordant, increasing the apparent precision of the result.  Millikan's exclusions enabled 
him to quote that he had calculated the charge of  to better than one half of one percent; in fact, if 
Millikan had included all of the data he threw out, it would have been within 2%. While this 
would still have resulted in Millikan having measured the charge better than anyone else at the 
time, the slightly larger uncertainty might have allowed more disagreement with his results within 
the physics community, which Millikan likely tried to avoid.
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Robbins et al., 1993

Number of human chromosome 
pairs

1921-1955: 24            Now: 231921-1955 24; now 23 42
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Spatial sampling of 
stream gauges

43
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Limitations of global data coverage

IRIS

DeLaughter et al, 2005 44
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Define area of hurricane

45
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Measurement 
uncertainty in C/

T age

46
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Raup, 1991

Systematic (geological) uncertainty in stratigraphic boundary age
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Stratigraphic ages
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December 2004

Mw 9.3

Stein & Okal 2007

Sumatra 
earthquake 

aftershock zone

49

45



Number of Muslims in the world: significant digits

http://www.religioustolerance.org/isl_numb.htm

http://islamicweb.com/begin/results.htm
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Integer &
 floating point 

precision &
 range

n n

51
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Stein &Wysession, 2003

http://www.geocities.com/howcompworks/memory2.htm

Roundoff error arises from representation of floating point 
numbers

52
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Precision & roundoff in Excel

53
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Explosion of Ariane 5 
On June 4, 1996 an unmanned 
Ariane 5 rocket launched by the 
European Space Agency exploded 
40 seconds after lift-off. The rocket 
was on its first voyage, after a 
decade of development costing $7 
billion. The destroyed rocket and its 
cargo were valued at $500 million.

 

54
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Explosion of Ariane 5 
On June 4, 1996 an unmanned 
Ariane 5 rocket launched by the 
European Space Agency exploded 
40 seconds after lift-off. The rocket 
was on its first voyage, after a 
decade of development costing $7 
billion. The destroyed rocket and its 
cargo were valued at $500 million.

 The cause of the failure was 
software error in the inertial 
reference system. A 64 bit floating 
point number relating to the 
horizontal velocity of the rocket 
with respect to the platform was 
converted to a 16 bit signed integer. 
The number was larger than 
32,768, the largest integer storeable 
in a 16 bit signed integer, and thus 
the conversion failed. 55
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Taylor, 1997

Hooke’s law 
for spring

F = kx

mg = kx

x = mg/k

Linear fit

56
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Davidson 7.1

BEND ?

Diamond Head, Oahu
~200,000 yr

GEOLOGIC UNCERTAINTYHotspot tracks
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Davis et al, G3, 2001

Line Islands: age 
progression?
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Taylor, 1997

Fitting a parabola
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Square root of age

Square root works 
to about 70 Myr

Stein &Wysession, 2003Uncertainties are range within 
age bins

Ocean depth versus square root of age
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Taylor, 1997

Stein &Wysession, 2003

Uncertainties 
in both 

variables

61

57



Finding mean & standard deviation with Excel
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San Andreas 
Fault near 
Palmdale, CA
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Sieh, 1989

 (years)

 (years)

Mean & standard 
deviation of San 
Andreas Fault 

earthquake history
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Stein &Wysession, 2003

Gaussian distribution

Mean 0
Standard deviation 1

66

62



http://www.aoml.noaa.gov/hrd/tcfaq/E11.html

11968-2015    mean annual 6.2   standard deviation 2.9  6.21/2  = 2.5 
67
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Trends in data

Used to develop policies 
in applications including 
warfare & crime control

Churchill, 1951

68

64



Taylor, 1997

Graphical view 
of error 

propagation
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MISSING CARBON SINK?

http://www.whrc.org/carbon/missingc.htm 70
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FIND FAULT & PLATE MOTIONS USING 
GPS GLOBAL POSITIONING SYSTEM 

Find site position to few mm

Change in position 
over time gives motion 
to precision of mm/yr

17 mm/yr 

TIME (years) 

2000                   2002                  2004 

PO
SI

TI
O

N
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GPS

Calais et al, 2006

Expect error

proportional 
to

  1/Timespan

GPS velocity estimate uncertainty vs measurement timespan
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GPS SHOWS LITTLE OR NO MOTION

Motions with respect to rigid 
North America < 0.2 mm/yr & 
within error ellipses.  Data do 
not require motion, and restrict 
any motion to being very slow. 

 Very long time needed to 
store up slip needed for a 
future large earthquake 

For steady motion, M 7 at 
least 10,000 years away: M 8 

100,000

Calais & Stein, 2009 
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Stein &Wysession, 2003

Gaussian distribution
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Taylor 
Appendix A
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Taylor, 1997

Integral for Gaussian
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Taylor 
Appendix B

82
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EXCEL ���
CDF & PDF for 

Gaussian
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A B C D E F G

GAUSSIAN

CDF= NORMSDIST(A6) STEP

PDF= (B(7)-B(6))/$E$3 0.2

z CDF PDF

-3 0.001 0

-2.8 0.003 0.006

-2.6 0.005 0.011

-2.4 0.008 0.018

-2.2 0.014 0.029

-2 0.023 0.044

-1.8 0.036 0.066

-1.6 0.055 0.094

-1.4 0.081 0.130

-1.2 0.115 0.172

-1 0.159 0.218

-0.8 0.212 0.266

-0.6 0.274 0.312

-0.4 0.345 0.352

-0.2 0.421 0.381

4E-16 0.500 0.396

0.2 0.579 0.396

0.4 0.655 0.381

0.6 0.726 0.352

0.8 0.788 0.312

1 0.841 0.266

1.2 0.885 0.218

1.4 0.919 0.172

1.6 0.945 0.130

1.8 0.964 0.094

2 0.977 0.066

2.2 0.986 0.044

2.4 0.992 0.029

2.6 0.995 0.018

2.8 0.997 0.011

3 0.999 0.006

0.000 

0.200 

0.400 

0.600 

0.800 

1.000 

1.200 

-4 -3 -2 -1 0 1 2 3 4 

CDF & PDF FOR GAUSSIAN DISTRIBUTION 

CDF 

PDF 
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http://www.geokem.com/earths_average_composition.html

Basalt generally has a composition of 
45-55 wt% SiO2, 2-6 wt% total alkalis, 
0.5-2.0 wt% TiO2, 5-14 wt% FeO and 14 
wt% or more Al2O3. Contents of CaO are 
commonly near 10 wt%, those of MgO 
commonly in the range 5 to 12 wt%.

Oceanic crust variability

84

80



Calais et al, 2006

GPS sites in eastern US���
Expect little or no motion
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Men

Women

Distribution of 
heights: men 

vs women
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EXCEL: normal 
distribution

88
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Deffeyes, 2001

One scenariohttp://www.theoildrum.com/node/2697/205752

Gaussian resource depletion curves
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http://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=MCRFPUS2&f=A90
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Davis, 1986

Lognormal distributions in earth science
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Singh et al, 1997

Properties of lognormal distributions
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Sum of two-point averages

Sum of 3-point averages Sum of 16-point averages
http://www.statisticalengineering.com/central_limit_theorem.htm

Starting nonnormal distribution
Numerical demonstration of Central Limit Theorem

httpwww.statisticalengineering.com/central_limit_theorem.htm 94
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Normal (additive) Lognormal (multiplicative)

Limpert et al May 2001 / Vol. 51 No. 5 . BioScience 341
96
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Power law distribution: WWW site usage

http://www.hpl.hp.com/research/idl/papers/ranking/ranking.html 97
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Earthquake b 
values

98

93



Mo has units of       
dyn-cm or Nt-m

(Nt-m = 107 dyn-cm)

“the big one” 99
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Power law distribution

http://www.advancednflstats.com/2009/04/earthquakes-kevin-bacon-financial.html
101
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80/20 concept

http://www.faculty.fairfield.edu/faculty/hodgson/courses
/so11/stratification/income&wealth.htm

http://www.imf.org/external/pubs/ft/
fandd/2001/12/wade.htm
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Sella et al., 2007

OUTLIER

GPS shows glacial isostatic adjustment (GIA)
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PARKFIELD, CALIFORNIA SEGMENT OF SAN ANDREAS 

In 1985, expected next in 1988; U.S. Geological Survey                    
predicted 95% confidence by 1993

M 5-6 earthquakes about every 22 years:  1857, 1881, 
1901, 1922, 1934, and 1966

104
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PARKFIELD, CALIFORNIA SEGMENT OF SAN ANDREAS 

In 1985, expected next in 1988; U.S. Geological Survey                    
predicted 95% confidence by 1993
Occurred in 2004  (16 years late)

M 5-6 earthquakes about every 22 years:  1857, 1881, 
1901, 1922, 1934, and 1966

Discounting misfit of 
1934 quake 

predicted higher 
confidence
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Borges et al 
GRL 2005

Weighted average for CO2 flux
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Constant volume of gas
T temperature (y)
P pressure (x)
T=A+BP

At P=0, get absolute zero =A
P

T

Regression using 
Excel B       A
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Regression in radiometric dating
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Stein et al., 1986 Lopez et al., 2006

Lopez, 2006

Regression for GPS site velocity
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http://www.cmar.csiro.au/sealevel/ 111
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http://scrippsnews.ucsd.edu/Releases/?releaseID=1155

Tide gauge data at Seattle, San Francisco and San Diego show sea level along the Pacific 
coast rising at about the global rate from 1930 to about 1980, but scant rise or even a 
lowering of sea level over the past three decades that is consistent with altimetry. Large 
interannual fluctuations in the trends are associated with El Niño. 
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These graphs show how the rates of ice mass loss 
on the Greenland Ice Sheet (top) and the Antarctic 
Ice Sheet (bottom) have been increasing rapidly. 
Rates of ice loss are shown in gigatons per year. 
Data are from the Gravity Recovery and Climate 
Experiment (GRACE). (Courtesy I. Velicogna, 
Geophysical Research Letters)

http://earthdata.nasa.gov/featured-stories/featured-
research/un-ice-age 114
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Regression for hotspot track
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Stein & Wysession 2003

Stein & Okal 2007

Sumatra 2004 earthquake

Least square line fit to log of data
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Numerical fit: finding 
parameters that give 

lowest misfit

Stein & Wysession 2003

a
a
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http://www.bls.gov/emp/ep_chart_001.htm
http://http://www.bls.gov/emp/ep_chart_001.htm

The alternative is 
argued based on 
these data shown. 
What’s your 
assessment? How 
would you test 
these alternative 
hypotheses? 

Media 
debate

118

113



119

114



Linear 
correlation

Taylor, 1997

r=0.8
N=10
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r2  = 0.78      r = 0.883
For N=8  P(|r| >0.8)= 0.4%
Very unlikely to occur by chance
Result is highly significant

121
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http://www.businessweek.com/magazine/correlation-or-causation-12012011-gfx.html 122
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1985 1990 1995 2000
0
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granted by discipline, 1985 to 2000

YEAR

Japanese park visitors

Cigarette salesIt’s easy to find spurious 
correlations
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http://tylervigen.com/spurious-correlations
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F.J. Anscombe, "Graphs in Statistical 
Analysis," American Statistician, 27 
[February 1973], 17-21)  

Data with 
same 

statistics can 
be very 

different

Anscombe, Amer. 
Statistician, 1973
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Random data have r=0, but r=0 only shows no  linear relation

http://www.statisticalengineering.com/correlation.htm

Linear 
correlation 
shown by r
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Wikipedia

Simpson’s paradox: mislead by unrecognized variable
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Wikipedia

Simpson’s paradox: mislead by unrecognized variable
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Forsyth & Uyeda 1975

Kirby et al., 1996

In earth science, data often 
show complicated relations
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Stock tip
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New Orleans flood 2005
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Hurricane hazard & risk
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Mt Rainier volcanic 
hazard
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Monserrat volcano probability 
tree
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Nonlinearity from 
growth of small 
perturbations

136

130



Coin 
tossing

http://www.dynamicmanagement.me.uk/probability2/index.html

Weaver, 1963
137
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M>7 

Swafford 
& Stein, 
2007

1963-2004Long 
record 

needed to 
see real  

earthquake 
hazard

Short record 
yields spurious 
concentrations 
& gaps

Swafford & 
Stein, 2007 138
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Historical hurricane recurrence

RMS 139
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Geological Hurricane 
recurrence

Liu, 2007 140
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New Orleans flood 
risk modeling

RMS, Inc
141
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New Orleans: effects of flood 
protection, development, & 

subsidence

RMS, Inc 142
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Random walk

1-D 2-D

Wikipedia http://mathworld.wolfram.com/
RandomWalk2-Dimensional.html
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Stock market variability: short & long term

144
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Raup, 1991

Gambler’s Ruin

145
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Raup, 1991

Evolution with vs 
without extinctions
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Eruptive 
history of 
Vesuvius

http://www.ov.ingv.it/inglese/vesuvio/storia/storia.htm 147
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Gaussian 
approximation to 

binomial 
distribution

Taylor, 1997 148
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Poisson distribution

Taylor, 1997
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Earthquake probability models
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Reduced Chi square table

151
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Stein &Wysession, 2003

CDF for chi-squared
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DISTINCT INDIAN AND AUSTRALIAN PLATES

Wiens et al., 1985 153
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Is another plate 
necessary?

Do the data require it?

Is the model too 
complicated?

Separate India & 
Australia pass test

F test

v1 = 3 v2 = n-p 154

148



Rates & directions from transform and 
earthquake slip vector azimuths along 
presumed Pacific-Rivera boundary misfit 
by Pacific-North America and Pacific-
Cocos motion
Improved fit from a distinct Rivera plate 
passes F test, so plate can be resolved

DeMets 
& Stein, 
1990

IS RIVERA DISTINCT FROM NORTH 
AMERICA & COCOS PLATES?

155

149



Deformation in Central Indian Ocean 
shown by large earthquakes and 
widespread basement folding in 
seismic reflection and gravity data 

First attributed to intraplate 
deformation of a single rigid Indo-
Australian plate

Later model has distinct Indian and 
Australian plates separated by diffuse 
plate boundary zone perhaps formed 
in response to Himalayan uplift.

Two-plate model fits focal 
mechanisms and magnetic 
anomalies. Improved fit is statistically 
significant, showing that two plates 
can be resolved. 

Subsequent studies refined model 
and show that India and Australia 
have been distinct for at least 3 Myr 
and likely longer.

Wiens et al., 1985

DISTINCT INDIAN AND AUSTRALIAN 
PLATES
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