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ABSTRACT

This work investigates long term trends in observed monthly maximum 24-h precipitation
for Boulder, Colorado, which experienced a historic 24-h rainfall in September, 2013. The long
term precipitation trends for four cities (Fort Collins, Evergreen, Lakewood, and Greeley) in
the area around Boulder are also analyzed, yet the historic event observed in Boulder was
not observed in those cities. The maximum precipitation trends for Fort Collins, Lakewood,
and Boulder, which have presumably similar geographic features, showed increases in the
mean, variance, and probability of experiencing certain rainfall thresholds over time. Each of
the aforementioned values were decreasing over time in the city of Evergreen, which appears
to be geographically dissimilar from the other cities investigated. Lastly, the trend lines for
Greeley were highly variable, yet have an increasing trend since the mid 1900s. The trend
lines for individual months showed that these increasing trends are not spread among the 12
months. Certain months are experiencing greater maximum rainfall on average, while others
are experiencing less.
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CHAPTER 1

INTRODUCTION

1.1 FOREWORD

I believe one of the most important components of a statistician’s work is the story they
tell. If no one can understand the results and conclusions, an insightful analysis can fall
on deaf ears. One afternoon Dr. Lynne Seymour and I discovered we could expedite my
graduation if I were to complete a thesis, as opposed to taking the qualification exams and
two extra classes. From there, I was given five datasets containing maximum precipitation
values for five cities in Colorado and told to find the climate signals for each. This thesis tells
the story of the insights I gained into the motivation behind the analysis of these datasets
(and similar analyses), what I uncovered about the rainfall component of the climate signal

in the cities, and ways to make use of this exploratory data analysis moving forward.

1.2 MOTIVATION

Climate change is a well-documented component of the Earth’s history. The Earth and its
many systems function on natural cycles. The natural global warming cycle is unavoidable
and has a direct impact on the global hydrological cycle. Since the hydrological cycle is a
closed system, meaning that water cannot be created or destroyed on a large scale, water
shifts from one area to another as the climate changes (Doodge 1968). This can lead to
less rainfall in previously arid locations and an increase in rainfall for more lush climates.
The greater concern is that areas receiving additional precipitation tend to experience more

severe storms (Marvel and Bonfils 2013).



In the absence of human inhabitants the shifts in the hydrological cycle associated with
the global warming cycle might go unnoticed. As of 2008, it is estimated that 95% of the
world’s population lives on 10% of the land (JRC 2008). The inhabited areas range from
arid to tropical, which can leave respective locals without access to fresh water or an over
abundance of water and potentially hazardous rainfall conditions. The latter situation has
wrought havoc on American states such as Colorado, Texas, and South Carolina in recent
years. Three separate flood periods in these three states since 2013 have resulted in an
estimated $6 billion in damages and the loss of 65 lives (NOAA 2016).

Colorado was the first of the aforementioned states to experience a historic level of
rainfall (in excess of 15 in) in September 2013 (HDSC 2013). The unprecedented surge in
rainfall caused an estimated $1.5 billion in damage and claimed 9 lives (NOAA 2016). In the
immediate wake of the flooding in Colorado, the National Weather Service (NWS)/National
Oceanic and Atmospheric Administration (NOAA) Hydrometeorological Design Studies
Center produced a paper sharing the geospatial probabilities that precipitation of this mag-
nitude occurred in the affected area (HDSC 2013). The probability plots illustrate that the
event was extremely improbable, but the paper does not offer results or conclusions for the
analysis.

The intent of this report is to identify, analyze, and explore elements of the climate
signal for select cities (Fort Collins, Boulder, Evergreen, Lakewood, and Greeley) in Colorado
through exploratory data analysis (EDA) of monthly maximum precipitation. The amount
of data available differs by city. For instance, Fort Collins and Boulder have observations
as far back as the 1890’s, while Evergreen and Lakewood date back to only the 1960s. The
information from each city’s weather station is subset and referred to as observed monthly
maximum 24-h rainfall data, where 24-h refers to a calendar day. The subset data is created
by selecting the highest value of observed rainfall in a 24-h period (recorded 11—0 mm) from a
qualifying month. In order for a month to qualify, at least 80% of the days need to have a

record for rainfall. The observed maximum 24-h rainfall for months that do not have at least



80% of the days recorded are treated as missing and coded as NA. Ideally, this is necessary
for producing the most informative and representative subset for maximum value analysis
since false maxima could underestimate trends, distribution parameters, and probabilities
that are calculated in this report.

The climate signals for the select cities aid in understanding if the storms in the analyzed
region of Colorado are increasing in intensity (i.e. experiencing greater precipitation in a
24-h period), or if the precipitation has remained relatively constant over time. Specifically,
the maximum precipitation trends are analyzed to provide a more in depth understanding
of the probability of the September 2013 event. Finally, an analysis is done to understand

the probability of exceeding 1 in, 2 in, and 3 in of rainfall in a day for the select cities.

RLEr

Hr ogadabko
- N
(DEED e
(5t
L2 ()
WeincEL
40.4
Juhnslosn 3 Ei‘.]
£
w
@ KRRARS AU
g Forl Lugtan v A @
—1 400 L
L)
78
Tharmton ]
9o
w =
VET  Aurora watkins g '.-l.'zﬂ:shl.:l;':|
() s
=
i certennial
s Farker
e
< e’ ; e Map dala 3:2015 Gacgl
-105.5 -105.0 -104.5

Longitude

Figure 1.1: Relative locations of cities/weather stations investigated



The less complex approaches in the analysis involve investigating changes to the distri-
bution of monthly maximum observed 24-h rainfall over time, changes to the means and
variances of estimated distributions for maximum 24-h rainfall over time, changes in the
maximum observed 24-h rainfall by month, and geospatial comparisons of observed rainfall
thresholds. The more complex approach utilizes estimated distributions to obtain the prob-
abilities that observed precipitation exceed the defined rainfall thresholds, and examines the
change in those probabilities over time.

The structure of this investigation is to introduce methodology in detail as it arises in the
context of the analysis, then provide only the results for subsequent applications of previously
introduced methodology. The bulk of the methodology is explained in the Climate Signal
EDA introduction and the analysis of the first city/weather station (Boulder, Colorado).
The report itself primarily relies on EDA methods and does not make firm inferences based

on statistically significant results at this time.



CHAPTER 2

CLIMATE SIGNAL EXPLORATORY DATA ANALYSIS (EDA)

A pre-project EDA on observed monthly maximum 24-h rainfall performed by Dr. Lynne
Seymour revealed that many decade long intervals appeared to follow a gamma distribution
(with many intervals following the exponential distribution, which is a special case of the
gamma distribution - see Figure 2.1, page 6) (Mattingly et al., 2016). The time intervals were
created by starting at the first year in a dataset, selecting all valid monthly 24-h maximum
rainfall data points (as defined in the Introduction) for a decade, then incrementing by one
year and repeating. For example, the first time interval for Fort Collins was 1896 to 1905,
followed by 1897 to 1906. The conjecture was, given recently observed impacts of climate
change on the hydrological cycle discussed in Chapter 1, these gamma distributions would
shift to the right and flatten as time passed (indicating that the mean and variance were
slowly increasing over time). This could indicate that the area of Colorado, which experienced
the historic rainfall, is affected by a shift in the hydrological cycle - if the hydrological cycle
is in fact shifting at this time.

The first step to assess the conjecture was to estimate the distributions for the time
intervals. The gamma distribution is defined as

e
[(a)

Estimating the distributions means estimating the o and [ parameters that control the

2P for x > 0, and «, 8 > 0.

f(zle, B) =

distribution from the available data. The « parameter is responsible for the shape of the
distribution while g controls the scale of the distribution. The conjecture implies that the «

and (8 parameters are both subtly increasing over time. The increase in the a parameter yields



the shift from the exponential distribution shape to the unimodal gamma distribution, and
the increase in the g parameter pulls the height of the unimodal hump lower while flattening
and widening the distribution (increasing the variance which leads to more probable extreme

rainfall values).

LAKEWOOD CO US LAKEWOOD CO US
24 Hour Max Rainfall Obs 10 years following 1993 with Gamma Fit 24 Hour Max Rainfall Obs 10 years following 1994 with Gamma Fit

0.004 0.005 0.006 0.007
1 1 1 1
0.004 0.005 0.006 0.007
1 1 1 1

Density
Density

0.002 0.003
1

0.003
1

0.002

0.001
1
0.001
1

0.000
1
0.000
1

T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

24 Hour Max Rainfall Observed Each Month 24 Hour Max Rainfall Observed Each Month

Figure 2.1: Estimated Gamma (left) and Exponential (right) Distributions from Lakewood
Colorado in 1993 (left) and 1994(right)

The parameters for all intervals from all cities were estimated using maximum likelihood
estimation with the fitdistrplus package in R (Delignette-Muller and Dutang 2015). The z;
values referenced below are the observed maximum 24-h rainfall for the i month. The
maximum possible number of x values for any parameter estimation is 120. This occurs
when the decade long interval, for which the distributions is being fit, has at least 80% of
the daily rainfall totals recorded for all 120 months.

The maximum likelihood estimates for the gamma distribution are found by determining

the values of the parameters that maximize the likelihood function

L(a’ 5‘1‘) = <Fﬁ(:) ) ' . (.iEle_.,xn)a_le_ﬁ(x1+x2+,..+xn)‘

This is achieved by determining the log likelihood function and taking the partial derivatives

for a and B. The partial derivative functions are then set to 0 and solved to find the value



that corresponds to the unimodal maximum where the slope is 0:
InL(c, B|z) = n(alnf — Inl'(a)) + (a — 1) Z Inx; — Z x;,
i=1 i=1

0 d R
alnL( ,Blz) = n(lnf — —lnF (&) + ;a:z =0,

%lnL( ,Blz) = sz = 0.

Solving the partial derivative of /3 yields the relatlonshlp

KU
|

Qﬂ o>

Plug into the partial derivative for « to yield
n(lna — Inz — —lnF )+ Z x; = 0.

Similarly, and more simply, the exponential distribution parameter J is estimated by
maximizing the likelihood function where the o parameter is equal to 1. Maximum likelihood
estimation of the exponential distribution parameter is done with the derivative of the log-
likelihood function with respect to 8 instead of partial derivatives with respect to a and f3
separately (Watkins, 2011).

The test for the fit of the distribution for each decade interval was also performed using
the fitdistrplus package in R. The Kolmogorov-Smirnov (K-S) Goodness of Fit (GoF) Test

uses the empirical distribution function (ECDF),

EN_@

=N
where n(i) is the number of points less than ;. This is a step function that increases by + ¥

at the value of each data point. The K-S test statistic is:

?
D= ma$1§i§N|F(xi) — N',
with the hypotheses:

H, : Data follows specified distribution,



H, : Data does not follow specified distribution.

The K-S Goodness of Fit test was chosen because it works with continuous distributions,
it does not depend on an underlying cumulative distribution (which is important since that
distribution is what was estimated in the previous step), it does not require large sample
sizes, and because the lack of power was not a concern since there was little-to-no negative
implications of rejecting the fit of a distribution (Chakravarti et al. 1967). A caveat that is
not addressed is the K-S GoF test requires a custom critical value for testing when the tested
distribution’s parameters were estimated from the data. Empirically, this was not a concern
for evaluating the conjecture since the observed distributions for the data were similar to
estimated density curves.

The initial behavior, assessed by plotting the estimated distributions and animating the
changes over time, did not adhere to the conjectured pattern. As the time windows pro-
gressed, few subsequent intervals demonstrated a visual shift in the distribution that would be
associated with an increase in the mean and/or variance. Instead, the patterns in Figure 2.1,
page 6, in which the preceding interval follows a gamma distribution and the subsequent
interval follows an exponential distribution (the opposite pattern of the conjecture) were
present.

The next stage was to investigate the individual weather stations in terms of means and
variances over time. Since the prior stage had shown the distributions were not changing
as conjectured, there were no expectations for how the mean and variances would change.
Additional subsections of analysis include time series for observed monthly maximum 24-
h rainfall, which involves smoothing to expose trends that the noise in the full time series
mask, looking at any time points of interest (such as September 2013), and examining further
subsets of the data such as time series for observed maximum 24-h rainfall in January
throughout the time range vs. in July throughout the time range. The analysis for each city
is iterative and guided by what is found in the previous stage(s). Therefore, the structure of

the analysis across the cities is not identical.



2.1 BOULDER

The city of Boulder experienced 9.08 in (23.1 mm) of rain on September 9, 2013. It was
one of the greatest amounts of rainfall ever recorded in Colorado in a single day, making
Boulder the ideal starting point of these analyses. This historic rainfall will henceforth be
referred to as the 9/13 Event. Subsequent investigations of the surrounding cities will aid in

understanding the climate signal of the area involved in the 9/13 Event.
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Figure 2.2: Observed monthly maximum 24-h rainfall for Boulder Colorado 1898-2012 (left)
and 1898-2014 (right)

The maximum rainfall trend for a station is initially investigated by creating univariate
time series plots. Univariate time series, which are used throughout this report, are ordered
pairs of the observed data points and the time that corresponds to the observation (e.g.
{zy = (x5, t)]i = 1,2,...,n}).

Boulder requires two time series plots to assess the initial behavior of the maximum
values being studied. The left plot (see Figure 2.2) shows the time series for Boulder prior
to the 9/13 Event experienced in September 2013. Looking at the highest points from 1898
to 2012, it appears that the maxima are increasing over time. Recall, the plotted values for
precipitation are the maximum observed 24-h rainfall values recorded in qualifying months.

An increase in these peak values could indicate an increase in the variance of precipitation,
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but does not guarantee an increase in mean rainfall. The right plot shows the time series for
the entire time range of the data for Boulder (1898-2014). The pattern of increasing peaks
also appears evident in this plot. Looking at both plots, it appears the 9/13 Event is an
outlier and could not have been predicted - this is investigated further.

Building from Figure 2.2 the smooth trend lines and highest observed values have been
indicated in Figure 2.3, page 10. The trend lines are generated using a centered moving

average (runmean() in R),

i+3
,n/—i_].kiA_H n+1

which reduces the noise to better represent the underlying trend. The smoothing window
used is the same size as the intervals considered for the distributions in the prior section

(i.e. 120 months or 10 years). The red dotted line at the top marks the highest observed
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Figure 2.3: Observed monthly maximum 24-h rainfall for Boulder, Colorado 1898-2012 (left)
and 1898-2014 (right) with smoothing trend and highest observed value indicated

values. The blue trend lines at the bottom are the centered moving average time series.
These plots show that precipitation observed during the 9/13 Event was 2.55 times higher
than any qualified monthly maximum 24-h rainfall record dating back to 1898. Additionally,

these plots do show a subtle increase in the trend line over time. For certain analyses moving
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forward, the 9/13 Event will be omitted as an outlier. The omission of that event will be

explicitly noted in context.

2.1.1 TREND ANALYSIS FOR BEHAVIOR OF MEAN

The trend lines calculated using the centered moving average in the previous section are
the basis for the trend analysis. In Figure 2.4, page 11, only the trend line from Figure 2.3,
page 10 (left) is shown. Rescaling the trend line plot adds information that was not easily
observed before. For example, the left plot indicates that there are stable long term changes

in the trend line (i.e. the mean appears to be changing over time).
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Figure 2.4: Centered moving average trend line for monthly observed 24-h maximum precip-
itation for 1898 to 2012 and group means (15.60 mm, 18.24 mm) from change point analysis
(left); Box Plot for pre-change point and post-change-point group (right)

Focusing on the point just beyond 1981 in the left plot (Figure 2.4), it appears there is a
significant increase in the smoothed time series precipitation values. Based on the information
gained from the time series plot a change point analysis was performed using the changepoint
package in R (Killick and Eckley 2014). The changepoint package performs a likelihood ratio

test to determine if there is a point in which the mean prior to the test point is significantly
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different from the mean after the test point. The hypotheses are:
H, : No change point was detected,

H, : A single change point was detected.

The change point is formally defined as the existence of a time, ¢ € {1,...,n — 1} such
that the statistical properties of {z1,...,z;} and {z;;1,...,x,} are different (e.g. the mean
is significantly different between the group before and after some point in time, t). The
smoothed values are assumed to be normally distributed to satisfy the distribution needs of
the likelihood ratio test approach. Per the likelihood ratio test, the log-likelihood is maxi-
mized under the null and alternative hypotheses. The maximum under the null hypothesis
is logp(x1 : n|f), which is the probability under the normality assumption that the data
is observed given the parameters estimates 6. The alternative hypothesis has to consider a
time ¢t where the change point is believed to exist. Therefore, the alternative hypothesis is
maximized by

ML<ti> = lng(Ilzti|é1) + logp<x(ti+1):n’é2>a

where 6; refers to the parameter estimates for the data left of the change point and 0y
refers to the parameter estimates for the data right of the change point. The test statistic
incorporates information for all possible change points by maximizing M L(t;) for all time

points. The statistic is provided as

A = 2[maz, ML(t;) — logp(aclm|é)}.

It is not stated in Killick and Eckley’s referenced Journal of Statistical Software article,
but this appears to be the Wilk’s lambda form (—2In())), which is presumably tested against
the Chi-square distribution (per Wilk’s Theorem) (2014).

In addition to the normality assumption, change point detection requires an assumption
of independence. Due to the nature of rolling means, these values are dependent since each

data point is calculated with overlap from points preceding and following it. Figure 2.4 shows
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the situational robustness of change point detection (note the underlying trimodal symmetric
distribution in Appendix Figure B.1) with both the time series on the left and the box plot
on the right. Both assumptions, normality and independence, are violated, however, it is

clear that a change point exists and that it was accurately detected (Appendix B.1).
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Figure 2.5: Left: Centered moving average trend line for monthly observed 24-h maximum
precipitation prior to the 9/13 Event (black), and the full data (blue); Right: Information
from left plot for only the last decade of the data with third time series in which the 9/13
Event has been omitted (red)

Once the change point (November 1981) was determined, the trend line was divided
into two groups. The first group contains all observations prior to and including the change
point (January 1898 to November 1981). The second group contains all observations after the
change point (December 1981 to December 2014). The red line added to the plot on the right
is the mean of the first group (15.60 mm) and the mean of the second group (18.24 mm).
The vertical portion of the line is the transition from the prior mean to the current mean (at
the change point). The change point analysis is helpful in understanding the climate signal
for Boulder, and potentially adds insight about the 9/13 Event as well (which could be a
new change point 33 years after the previous change point). The right plot in Figure 2.4
shows the box plots of the two groups. It aids in understanding the impact of the change

point as well as contrast what it means to detect a statistically significant change point in a
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univariate time series instead of determining statistically significant differences between two
groups. Due to the variance in the actual data (see Appendix Figure B.2), a valid statistical
test is highly unlikely to detect a difference between the groups.

Investigating the data prior to the 9/13 Event provides insight, but a key feature of trend
analysis is that trends can change over time. This was observed and noted in the change
point analysis where a shift in the mean of monthly maximum 24-h rainfall in excess 2.6 mm
occurred. In many applications the most recent changes in a trend are the most valuable to
understand. To this end, Figure 2.5, incorporates the full range of the data in attempt to
learn about the most recent changes to the trend line.

The left plot in Figure 2.5 contains two smoothed time series: the time series prior to
the 9/13 Event year (black), and the time series for the full data range (January 1898 to
December 2014) (blue). Looking at that last decade, the blue trend line appears to signifi-
cantly increase. This could be the result of another shift in the climate signal, as previously
observed around November 1981, or the 9/13 Event could be an outlier pulling the trend

higher than the true climate signal.

190

— Smoothing with Event

— Smoothing without Event

170 180

Smoothed Precipitation (1/10mm)

160

150

1900 1920 1940 1960 1980 2000

Time (years)

Figure 2.6: Smoothed time series for long term trend

The right plot focuses only on the last decade of the data (2004 to 2014). In order to

help determine the effect of the 9/13 Event on the true climate signal a third time series
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has been added (red). The new time series is a smoothed trend line (also 120 month window
size) for the entire range of the data, however, the 9/13 Event itself has been omitted as
an outlier. Examining the time series simultaneously, the conclusion is similar to what was
shown in Figure 2.3: the 9/13 Event appears to be a clear outlier. The red time series in the
right plot does show a slight increasing trend toward the end of data range (2010 to 2014),
but nothing of the same magnitude as the data with the 9/13 Event included or the shift in
the means around change point from 1981. Therefore, a change point detection will not be
performed for 2007 and the 9/13 Event will continue to be removed as needed.

The final point to examine for the mean climate signal can be seen in Figure 2.6. The
figure shows two time series; each smoothed with a window size of half the number of data
points (702). Increasing the window size of the smoothing function reduces the noise in an
attempt to expose the true trend line and change to maximum rainfall. The two lines in the
plot show that regardless of the 9/13 Event, there is a long term increase in mean observed
monthly 24-h maximum rainfall. The only notable impact the 9/13 Event has on the long
term behavior of the trend line is a vertical shift; the behavior /pattern in the tail of the time
series are essentially identical otherwise.

Based on the trend analysis for the behavior of mean maximum precipitation in Boulder,
Colorado, from January 1898 to December 2014, there is evidence to support that mean
maximum precipitation has primarily been increasing since the early 1900’s. The rate of
increase appears to be around 3 mm (or 0.12 in) over the last one hundred and fifteen years.
Given that the data points are smoothed observed monthly 24-h maximum precipitation, an
increase in the mean of these values indicates that larger amounts of rain are being observed

in 24-h periods.

2.1.2 TREND ANALYSIS FOR BEHAVIOR OF VARIANCE

The context of the data makes the mean signal, which was examined in the previous

section, more intuitive and interpretable, than the variance signal, when drawing conclusions.
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In learning that the mean of the maximum values has increased, it is evident that the amount
of rain seen in a 24-h period is also increasing. The variance tells a different, less intuitive,
story unless further investigation is done. The variances can be inflated due to missingness
during a time interval since less qualifying months would create a higher weight for larger
observed values. The variances can also increase due to a higher amount of large 24-h monthly
maximum rainfalls observed in a time interval, which is the desired explanation for an increase
in variance. The most informative investigation for the behavior of variance over time would
come from the original dataset and not from the monthly observed 24-h maximum rainfall

investigated in this report.
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Figure 2.7: Observed variances and smoothed trend lines

With that in mind, Figure 2.7 depicts the aspects of the variance that will be focused
on. First, the observed variances for each 10 year interval were plotted as the black line in
the background. Without smoothing, it is difficult to determine if the observed variances
have a constant mean over time or if the signal slightly increases over time. Focusing on
the medium smoothing window used, 25 years (red line), it is a little clearer to see that the
variance is increasing over time, yet has seemingly cyclical behavior that causes it to decrease
after steady periods of increase. The largest smoothing window (blue line - half a century)

exposes the true trend of the variance over time. The observed variances, if converted to
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standard deviations (see Appendix Figure D.1), increase over time at an overall rate that is
roughly the same as the observed increase in the mean signal - approximately 3 mm or 0.12

n.

2.1.3 SEASONAL EFFECT AND CLIMATE SIGNAL

The focus of the seasonal exploration is not on the traditional quarterly seasons (Fall,

Winter, Spring, Summer), but on the months over time. The intent is to discover if any
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particular months have contributed to the observed change point, or if the observed shift
in the smooth trend line can be attributed to increased rainfalls in some months (implying
a decrease in rainfall for other months). Similar to the previous sections, where trend lines
were utilized to understand the underlying behavior, the trend lines can be used to inves-
tigate trends for the individual months over time (see Figure 2.8). The plot shows that in

general the behavior of the individual time series are within reason. There is some interesting
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behavior among the months March (solid black line), June (solid purple line), and September
(dotted black line). Note that March and September appear to behave opposite of June; in
particular March and September appear to have sharp increases in their previously stable

mean maximum rainfall around the change point.

[} ) = Winter = Winter
° ) o ® Spring ® Spring
o | ° o |
& ° o o = Fall 8 = Fall
o
o
° o
o
o o °
-~ 8 ° ° -~ 8
E © o o E ©
£ EE o E T
S H o o S H
=l 0 ' ° o ° o |
= o : : T 9 8 2 : T T
£ 8 o8 T £ Pl
s 84 : : T T s 84 : : .
a v - : . ' i . . o a v o ;
S o : ' . : S [ : :
g ‘ A 2 K P
& o | I T & mll e
g e Lo : D
o - I HQ | II o ‘ |
S - — _ S - He)
N - H N H ‘
o4 4 4L L N T N T o Ll

1 2 3 4 5 6 7 8 9 10 11 12 10 30 50 70 90 110 11 31 51 71 91 111
Month (1=Jan,..., 12=Dec) Month (1=Jan,..., 12=Dec)
1 2 3 4
.
300 mpy 800 T 750 )
200~ . 1 °
. q s
2004 4007 o so- ]
100-
100~ 200-] 2504
0- 0- 0- . 0-
5 6 7 8
& 5 800-
E - 7s0- ° .
5750 L . o 600- 600~
s H i e . goup2
E 500~ 500~ 400~ 400~ q B3 BeforecP
g B8 Postcp
8 250~ 280 200- 200~
8
a
0- 0- 0- 0-
9 10 1 12
800~ 600

. e 300~ . .
L .

600- ® 7 300- o o
400- 200- H

400~ 200~ .
200~ 100~

200-] 100-

0- 0- 0- 0-

Month (1=Jan ..., 12=Dec)

Figure 2.9: Left: Box plot of each month over the full range of the data (1898 to 2014), Right:
Split into groups (before and post-change-point), Bottom: Each month by group

The box plot in Figure 2.9, page 18, provides a box for each month for the full time range
of the data (i.e. panel one is a box plot for the data points January 1898, January 1899, ...,
January 2013, January 2014). Practically speaking, there are observable differences in the

behavior of the each month and of the quarterly seasons. For instance, the mean rainfall for
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April and May appears higher than the other months, the highest observed rainfalls appear
to occur only between April and September, and the Winter months appear to be, relatively,
the driest time of the year. The highest observed rainfall in the winter months would not be
considered outliers in the other months. Looking at the right plot, the variability observed
during the mean Climate Signal EDA is visible in the before-change-point group. Focusing
on the inner quartile ranges (not the outliers and whiskers) there does appear to be some

shifts in the maximum rainfall behaviors. Post-change-point, rainfall in June appears fairly
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Figure 2.10: Left: Box plot for the smoothed values for each month over the full range of the

data (1898 to 2014), Right: Split into groups (before and post-change-point), Bottom: Each
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consistent around the mean while rainfall in September appears more variable. Directly
comparing the months in the bottom plot confirms the observed behavior in the right plot
in which the inner quartile range of June has notably decreased and the inner quartile range
has ballooned in September (after the change point).

The smoothed trend line values can also be used to generate box plots to further investi-
gate the seasonal behavior pre and post-change-point. In Figure 2.10 the plots are provided
in the same layout as Figure 2.9, but these plots were generated using the smoothed trend
line data to gain insight about the underlying trends. The left plot in Figure 2.10 shows
similar behavior to the left plot in Figure 2.9, but the underlying differences in the behavior
of the months is more apparent. Splitting the smoothed data into pre-change-point and
post-change-point leads to the right and bottom plots in 2.10. Focusing on the bottom plot,
it appears the underlying signal for each month could differ pre and post-change-point.
For instance, the average maximum 24-h rainfall for January, March, April, July, August,
September, October, and November appears to have increased. Meanwhile, February shows
a potential decrease, and the other months appear relatively stable. The information gained
by looking at the individual months is that the observed 24-h maximum rainfall shows a
steady increase over time - that increase is potentially explained by 8 of the 12 months.
The implication is if 24-h maximum rainfall is increasing on average and that increase is not
evenly spread across the months, then the peak rainfall observed in a 24-h period is arguably

becoming more extreme.

2.1.4 PROBABILITIES OF EXCEEDING SELECT RAINFALL THRESHOLDS OVER TIME

FroM ESTIMATED DISTRIBUTIONS

This section focuses on understanding how the probabilities of exceeding certain rainfall
thresholds have changed with the climate signal. It is important to note that while flooding
and rainfall are often related, flooding can occur in the absence of rain. In the presence

of rain, there are still several considerations as to whether or not floods will occur such as
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the distribution of rain coverage (how evenly spread over an area the rainfall is)(Stewart
2010), and covariates that can be time dependent such as soil characteristics, vegetation
cover (including forest density), slope, land use and urbanization, and seasonal effects like
wildfire (Clark et al. 2014). Since the data in this investigation pertains to precipitation, the
Urban Drainage and Flood Control District in Colorado was able to provide a table that
relates the two for the area of interest (see Table 2.1). The table provides the rainfall values
that will be examined here (1 in, 2 in, and 3 in), however, these values are guidelines intended
for urban areas and change under conditions as described above (Stewart 2010)(Clark et al.
2014). The last row of the table states that the flood potential guidelines are for rainfalls
observed within one hour. Since the data used are observed 24-h calendar day values, we
cannot make direct statements about flood potential; however, we can look at the trend lines
for the probability of exceeding the values for forecast rainfall within the 24-h calendar day.
The significance here is days that do not exceed 1 in of rainfall in total did not exceed 1 in
of rainfall within one hour.

Table 2.1: Table I1I-2 Urban Flash Flood Guidance from Urban Drainage and Flood Control
District in Colorado

RECOMMENDED
FORECAST RAINFALL FLOOD POTENTIAL ACTIONS
. Streets, low-lying areas | Prepare for routine

Prepare for flooding of
frequent problem areas
Prepare for street closures

All of the above plus small
streams, bankfull
All of the above plus flood-
plain inundation

Total Amt = 1.0 to 2.0 in

Total Amt = 2.0 to 3.0 in

guidance information apply
to short duration storms
(<=1— hour)

warning plans for site spe-
cific data

Major overbank flooding | Prepare for floodplain
Note: Rainfall amounts and | Note: refer to basin flood | Note: wuse judgment on

when to warn public,
maintain contact with
meteorologist

The Kolmogorov-Smirnov GoF test rejected a proportion of the distribution fits estimated

using the maximum likelihood method as described in the introduction to Chapter 2 Climate
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Signal EDA (see Appendix Table A.1). Due to the observed distributions of the data, it
seemed best to utilize an alternative estimation method to see if the distributions that
failed the testing could be retained (since the failed distributions looked similar to many
distributions that did not fail - see Appendix Figure A.1 and note the gamma shape in
the histograms). Each distribution estimated with the alternative method (also provided by
the fitdistrplus package in R), Maximum Goodness-of-Fit with Anderson-Darling right-tailed
distances (MGoF with ADR), passed the K-S GoF test (see Appendix Table A.1).

The MGoF estimation is performed using a random sample from a distribution function
F(z;0), where 0 is an unknown parameter. Let F),(z) represent the empirical distribution

function based on the data. If there exists a § = (X1, ..., X,,) in R¥(k > 1), such that

A

d[F(z;0), F,.(z)] = infd[F(z,0), F, ()],

it is called a minimum distance estimate of 6, where d[F(z;6), F,(z)] is any non-negative
“distance” function that measures “how far apart” are the CDFs (Drossos and Philippou,
1980). The distance function used for the remainder of the probability related analyses is

the Right-tail AD (ADR), which is defined as
>~ ([ _ 2
[ B,
o 1 —=F(x)

The distances are calculated using the form

n

n " 1 _

i=1

These distances put more weight on the right tail of the data when fitting the distribution,
which makes the distribution fit robust against gaps in the histograms seen in Appendix
Figure A.1. Examples of optimal and suboptimal fits that passed the K-S test can be found
in Appendix Section A.1 (Figures A.2 and A.3). The fit plots show that even when the
original test of the MLE parameter estimate failed, the estimate is still a decent fit of the
data. The worst fits produced using MGoF-ADR were quite good (as determined by Figure
A.2), which lends confidence to the accuracy of the trends detected for probabilities related

to the rainfall thresholds.
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The change in the parameter estimation method, and all estimates passing a statistical
test of significance, enables the generation of full trend lines for the probabilities of interest
(since the trend line is the primary focus of the analysis, not the individual probabilities them-

selves). The top left plot in Figure 2.11 shows the probabilities of meeting and/or exceeding
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Figure 2.11: Top Left: All probabilities (meeting and/or exceeding 1 in, 2 in, or 3 in of
rainfall), Top Right: Probability of meeting and/or exceeding 1 in of rainfall with smoothing
lines, Bottom Left: Same with 2 in, Bottom Right: Same with 3 in

the rainfall levels of interest (1 in, 2 in, and 3 in). Looking at the probability of exceeding
1 in and 2 in (black and red lines, respectively) there appears to be a slight increase in the

probability of these rainfall amounts since the change point (1981). The accompanying plots
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in Figure 2.11 show the individual trend lines with smoothing to determine the underlying
behavior of the probabilities over time. Starting with the top right plot, it is apparent that
the probability of meeting and/or exceeding 1 in of rainfall has been increasing since the
change point (all lines), and the 50 year smoothing line (blue) shows that the probabilities
has been steadily increasing since the 1940s. The bottom plots show similar behavior with
one exception: the most recent years show a slight decline in the probability of exceeding 2
and 3 in of rainfall in a 24-h calendar day (with the probability of exceeding 3 in of rainfall

decreasing more dramatically than the probability of exceeding 2 in).

2.2 Fort COLLINS

The data for the city of Fort Collins ranges from January 1896 to December 2014. Fort
Collins is 65 miles from Boulder, yet it does not have an outlier from the September 9, 2013

event. The greatest amount of rainfall observed in the data is 117.6 mm (approximately 4.63
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Figure 2.12: Observed monthly maximum 24-h rainfall for Fort Collins, Colorado 1896-2014

in), which was recorded in July 1997 (see Figure 2.12). If this point were to be treated as an
outlier, the next highest peak, just prior to 1980, is reported as 112.5 mm (approximately
4.43 in). If both points were removed, the third and fourth highest peaks are 89.9 mm

(approximately 3.54 in) recorded in September 1938 and June 1949. Unlike Boulder, where
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it was of interest to investigate the possibility of a trend that could have indicated the

9/13 Event was approaching, we do not have an interest in the trends leading to the peaks

observed in 1980 and 1997.

2.2.1 TREND ANALYSIS FOR BEHAVIOR OF MEAN

The overall behavior of the trend line for observed 24-h maximum rainfall for Fort Collins
appears to be increasing over time (see black in Figure 2.13), however, it is not as obvious

as the increase noted during the investigation of Boulder’s rainfall trend. Looking at the 50
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Figure 2.13: Centered moving average of 24-h observed maximum rainfall (black line)
smoothed with 25 year window (green), 50 year window (red), 75 year window (blue)

year smoothed trend line, the increase in mean maximum rainfall seems to have a relatively
constant rate of change from around 1940 to 2000. In the most recent years, there appears
to be a decrease in mean maximum rainfall (as noted by the 25 year (green) and 50 year
smoothing lines (red)). The data required a 75 year smoothing window to see that the mean
maximum 24-h rainfall has steadily increased over time.

Similar to the trend line for maximum rainfall in Boulder, there is a statistically significant
change point in the smooth trend line for Fort Collins (see Appendix B.1). The change point

occurs in April of 1977 and, like Boulder, is an increase in the mean. The similarity of
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the change points between Boulder and Fort Collins, juxtaposed with the difference in the
rainfall received during the September 2013 event, is interesting. If there is a shift in the
area’s climate signal, we can attempt to identify the rainfall component as we move through
the investigations of the remaining cities (Evergreen, Lakewood, and Greeley). Like Boulder,
this change point in Fort Collins is an intuitive separator for the two groups (as noted by the
vertical shift in the time series pre and post-change-point). It is difficult to fully understand
the significance of the change point in the smoothed data; however, it is a visible positive shift
in the mean of the maximum values. This means that more rain is recorded in 24-h calendar
days, on average, than prior to 1977. Appendix Figure B.4 is provided as a reminder that
these shifts and trends do not carry the same weight as a statistically significant difference

between two groups when considering the full dataset.
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Figure 2.14: Centered moving average trend line for monthly observed 24-h maximum precip-
itation for 1896 to 2014 and group means (13.31 mm, 15.03 mm) from change point analysis
(left); Box Plot for pre-change-point and post-change-point groups (right)

2.2.2 TREND ANALYSIS FOR BEHAVIOR OF VARIANCE

The variance for the intervals in Fort Collins have some interesting behaviors. Looking
at Figure 2.15 it appears there are somewhat evenly spaced peaks throughout the entire

time range. The width of the base of the peaks appears to be around 15 years, where the
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base is considered to start at a low value, climb to the peak, then return to a low value.

There are no statements that can be made about the peaks at this point, yet this pseudo
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Figure 2.15: Observed variances smooth with window sizes of 15 year, 30 year, and 50 year

periodicity is present in several time series plots throughout the investigation. Overall, the
variance appears to periodically increase since the 1920’s. This results in an overall increase
in the variance of observed 24-h maximum rainfall for Fort Collins (as noted by the 50
year smoothing window (blue line)). The smaller smoothing windows are more sensitive to
the pseudo periodicity and show a decline in the variance of these maximum values over
recent years. Based on the time series, we expect that the decrease will be followed by a
sharp increase in the variance until it hits a peak point and starts to decrease (following the

observed pattern throughout the time range).

2.2.3 SEASONAL EFFECT AND CLIMATE SIGNAL

The time series for the individual months (Figure 2.16) exhibit quite different behaviors.
Months such as May and June show a decreasing trend since the 1960s while May, July, and
August show an increasing trend since the 1940s. In recent years (since the 1980s), smoothed

time series such as November, December, and January are relatively constant.
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The observed 24-h maximum rainfall values are used to generate the plots in Figure 2.17.

The left plot shows, similar to Boulder, the Winter months have much less extreme observed
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Figure 2.16: Seasonal time series (by month)

rainfall since the values are close to the means and the highest recorded rainfalls are in within
the box and whiskers of most other seasons. The right plot shows the box plots for all of
the values split into the pre and post-change-point groups. This plot shows that many of the
previous peak rainfalls were pre-change-point; however, the highest observed rainfalls were
both in July post the change point. It is not evident from the right plot that an increasing
trend in mean observed 24-h maximum rainfall was identified during the investigation of the
mean trend line. The bottom plot shows little difference between the pre and post-change-
point groups by month. The full data box plots show much less information than the box
plots based on the smooth data. Having addressed the full data box plots for Boulder and

Fort Collins, the box plots will be referenced from the Appendix for subsequent analyses.
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The smoothed trend line values from Figure 2.16 are used to generate the plots in Figure

2.18. The left plot shows that average 24-h maximum precipitation increases from January

8
S o = Winter
o = Spring
8 | = Fall
S
S
o o o
o
_ 84 8
T ® o o
£ o o
g o °
S
T 84 ° ° °
s © T 98 o g °
K § ° o ° °
s ° 8
% o H — 8 8
g g | o T 4 i & g 8 o
e g : b T °
- b b T o8
o i i R
3 T
81 o 8 4 _ e
: *. B..‘ H
L ! .
-- R : . T : :--
o | TN I e N e .
T T T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10 11 12

Month (1=Jan,..., 12=Dec)

Precipitation (1/10mm)
a
8
8

200-

1000 1200
1 1

800

Precipitation (1/10mm)
600
|

200
1

o

o = Winter
o m Spring
= Fall

1.BeforeCP

Month (1=Jan ...., 12=Dec)

6.BeforeCP  11.BeforeCP

Month (1=Jan

group
B3 BeforecP
B8 Postcp

12=Dec)

4.PostCP  8.PostCP  12.PostCP

Figure 2.17: Left: Box plot of each month for full dataset (1896 to 2014), Right: Split into

groups (before and post-change-point), Bottom: Each month by group

to May, then decreases from May to December. Looking at the right plot it appears that

many months in the Spring and Summer have higher average maximum rainfall after the

change point than before the change point, and that the smoothed values after the change

point deviate much less from the means of their group (where the groups referred to this time

are the months). The bottom plot helps tie the story together: here, it can be seen that the

general increase in the mean trend line is most related to the increases in mean maximum
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rainfall in March, April, July, August, and November, while months such as February and
May show relatively large decreases in average maximum rainfall. Similar to Boulder, it
appears that certain months are experiencing an increase in average maximum values, which
could imply that rainfall is becoming more extreme in some months while rainfall in other

months is becoming less extreme.
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2.2.4 PROBABILITIES OF EXCEEDING RAINFALL THRESHOLDS OVER TIME FrROM ESTI-

MATED DISTRIBUTIONS

The top left plot in Figure 2.19 shows less obvious increases to the probability trend

lines than the investigation of the rainfall thresholds for Boulder. Overall, each of the three

time series (for meeting and/or exceeding 1 in (black), 2 in (red), and 3 in (blue) of rainfall)

show a subtle increase in the probability of meeting and/or exceeding the rainfall thresholds.

The 75 year smoothing window used in the top right plot (blue) confirms the long term
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Figure 2.19: Top Left: All probabilities (meeting and/or exceeding 1 in, 2 in, or 3 in of
rainfall), Top Right: Probability of meeting and/or exceeding 1 in of rainfall with smoothing
lines, Bottom Left: Same with 2 in, Bottom Right: Same with 3 in
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increase, however the 25 year smoothing window (green) shows a steady increase from the
1940s to 1990s followed by a recent decrease in the probability of meeting and/or exceeding
1 in of rainfall in a 24-h calendar day. The bottom left plot shows similar behavior, but
required a larger smoothing window to expose the same underlying trends. The 50 year
smoothing window (red) shows the relatively steady increase in the probability of meeting
and/or exceeding 2 in of rainfall from the 1950s to the 2000s where a slight downward trend
is currently occurring. Finally, the probability of exceeding 3 in of rainfall (bottom right
plot) has been steadily increasing over time, yet in the most recent years (1980 to present)
the probabilities appear to be much more variable. This behavior is also visible in the lower
left plot. It appears the 24-h maximum rainfalls are becoming more extreme in recent years

leading to an increase in the probability of subsequent maximums.

2.3 EVERGREEN

The data for the city of Evergreen ranges from January 1962 to December 2014. Evergreen

is 40 miles south (in the semi-opposite direction from Fort Collins) from Boulder, yet it does
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Figure 2.20: Observed monthly maximum 24-h rainfall for Evergreen, Colorado 1962-2014

not have an outlier from the September 9, 2013 event. The greatest amount of rainfall

observed in the data is 93.7 mm (approximately 3.69 in), which was recorded in May 1969
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(see Figure 2.20). If this point were to be treated as an outlier, the next highest peak, June
1960, is reported as 65.3 mm (approximately 2.57 in). From the initial time series Evergreen
appears to have much lower maximum rainfalls and, as the data is defined, the city has not
experienced any rainfalls on the magnitude of the potential outliers seen in the Boulder and
Fort Collins investigations. Looking at the relative terrain in Figure 1.1, Evergreen is in the
lower left of the plot behind the line delineating the national forest/mountain range. The
Evergreen area is gray while the rest of the range/forest appears green/lush. The delineating
line in the plot could indicate a barrier in which the flood plain regions to the east of the

line experience more extreme rainfalls than the forest regions to the west.

2.3.1 TREND ANALYSIS FOR BEHAVIOR OF MEAN

The underlying signal for Evergreen shows a decrease in the smoothed trend line over

time unlike the trend lines for Boulder and Fort Collins, which increased over time and
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Figure 2.21: Centered moving average of 24-h observed maximum rainfall (black line)
smoothed with s10 year window (green), 20 year window (red), 50 year window (blue)

showed prominent change points that were detectable by visual inspection or change point
detection. Looking at Figure 2.21 the largest smoothing window (50 years - blue) shows a

slow decreasing trend in the mean over time. The medium smoothing window (20 years -
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red) shows a decline in the mean over time starting around 1980, but more interestingly
the signal is relatively stable since 2000. The smallest smoothing window (10 years - green)
confirms some behavior of the red line, which is helpful since the green line best parallels
the mean trend line’s behavior while still denoising the data to help expose certain trends.
It also shows a slight increasing trend since 2000. Both of the smaller smoothing windows
indicate that the long term decline in the mean trend does not appear to represent the most

recent mean maximum rainfall trend in Evergreen.
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Figure 2.22: Centered moving average trend line for monthly observed 24-h maximum precip-
itation for 1962 to 2014 and group means (15.41 mm, 14.22 mm) from change point analysis
(left); Box Plot for pre-change-point and post-change-point group (right)

A change point detection was performed even though the maximum rainfall trend line
does not indicate the existence of an obvious change point (unlike Boulder and Fort Collins).
The results for the change point test can be viewed in Appendix B.1. The left plot in Figure
2.22 shows the group means on either side of the change point plotted over the mean trend
line. This change point is much less obvious than the two prior change points in which clear
vertical shifts were present in the time series plots for the mean signal. The plot on the right
shows the difference in means for the smoothed data groups and helps confirm the change
point detected by the change point analysis. The box plot for the full data can be found

in the Appendix as Figure B.6. The appendix figure clearly shows that a difference in the
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original data would not be statistically significant, however, the trend line data does indicate

a difference.

2.3.2 TREND ANALYSIS FOR BEHAVIOR OF VARIANCE

The variance of the observed distributions has been steadily declining for the full range
of the data. Figure 2.23 confirms that regardless of the smoothing window size used, the
observed variance decreases over time. The smallest smoothing window (15 years - green

line) does show a slight stabilization of the variances since the 1990s.
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Figure 2.23: Observed variances with smoothed trend lines

2.3.3 SEASONAL EFFECT AND CLIMATE SIGNAL

The decreasing trends in the previous sections could indicate the time series for the
individual months are all decreasing as well. Figure 2.24 shows that this is not the case.
Many of the months have had stable mean rainfall or experienced slight increases over time.
The decrease in the mean signal appears to be associated with sharp decreases in mean
maximum rainfall for the months of May, June, and November.

The box plot on the left in Figure 2.25 shows a greater contrast among the months than

the previous box plots for Boulder and Fort Collins (where the variability is much lower in
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this plot than the others). The smaller boxes and lower perceived variability is due to the

smoothing used for the mean trend line in the seasonal effect section. The smoothing uses a
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Figure 2.24: Seasonal time series (by month)

40 year window for all the weather stations regardless of the amount of data available from
the weather station. This leads to smaller boxes with values clustered around the means for
Lakewood and Evergreen - as compared to the weather stations with data as far back as the
1890’s (Boulder, Fort Collins, and Greeley).

The right plot in Figure 2.25 shows some interesting behaviors between the pre and post-
change-point groups. It appears months like June and November have far greater variability
in the smoothed data, and that the peak Spring and Summer month’s values, which were
higher than the rest in the left plot, have decreased to a point where all the Spring and
Summer months post-change-point are relatively similar. Looking at the comparisons of the
individual months in the bottom plot confirms some of the sharp decreases in mean values for

May, June, and November in Figure 2.24, but adds the information that the decline happens
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post-change-point. It also shows increases in mean maximum rainfall for January, March,

and August beyond the change point.
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Figure 2.25: Left: Box plot of each month for smoothed data (1962 to 2014), Right: Split
into groups (before and post-change-point), Bottom: Each month by group

2.3.4 PROBABILITIES OF EXCEEDING RAINFALL THRESHOLDS OVER TIME FrROM ESTI-

MATED DISTRIBUTIONS

The top left plot in Figure 2.26 shows the shape of the probability plots are similar to that

of the mean and variance plots (as expected due to the declines in both values over time).

The individual rainfall threshold plots show the same long term behavior (each blue line) in
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which the probability of meeting and/or exceeding the rainfall threshold has been decreasing

over time. Focusing on the top right plot (which is the probability of recording at least 1 in
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Figure 2.26: Top Left: All probabilities (meeting and/or exceeding 1 in, 2 in, or 3 in of
rainfall), Top Right: Probability of meeting and/or exceeding 1 in of rainfall with smoothing
lines, Bottom Left: Same with 2 in, Bottom Right: Same with 3 in

of rainfall in a 24-h calendar day at least once in a month) the smaller smoothing windows
(red and green) show that in the most recent years, mid 2000’s to 2014, the probabilities
have stabilized, or increased, counteracting the steady decrease in the estimated probabilities
since approximately 15 years prior. The bottom left plot shows the same behavior, but the

recent years show more of stable/relatively constant trend than a possible increasing trend
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(as seen by a flattening of the red and green lines). Lastly, the bottom right plot shows a
stable probability for at least 3 in of rainfall being recorded in a 24-h calendar day for the

last 20 years.

2.4 LAKEWOOD

The data for the city of Lakewood ranges from January 1963 to December 2014. Lakewood
is 34 miles from Boulder, yet it does not have an outlier from the September 9, 2013 event.
The greatest amount of rainfall observed in the data is 88.9 mm (approximately 3.5 in),
which was recorded in March 2003 (see Figure 2.27). If this point were to be treated as an
outlier, the next highest peak, October 1984, is reported as 74.4 mm (approximately 2.93
in). From the initial time series Lakewood appears to have an increasing mean maximum
rainfall over time (blue line), similar to Boulder and Fort Collins - even though it is the

closest city (in miles) to Evergreen.
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Figure 2.27: Observed monthly maximum 24-h rainfall for Lakewood, Colorado 1963-2014

2.4.1 TREND ANALYSIS FOR BEHAVIOR OF MEAN

The trend lines in Figure 2.28 confirm that the mean signal appears to increase over time.

Now, the rainfall trends among the three cities investigated so far (Boulder, Fort Collins,



40

and Lakewood), not in the national park area, have shown similar increasing trends. It is
clear in the plot that there is a change point in the climate signal, around the time of the

previous two change points (not including Evergreen). The behavior of the mean signal for
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Figure 2.28: Centered moving average of 24-h observed maximum rainfall (black line)
smoothed with 10 year window (green), 20 year window (red), 50 year window (blue)
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41

Lakewood is similar to the mean signal for Boulder such that after a certain point the mean
appears relatively stable for a period of time. Another similarity between the two signals is
the peak in the last couple years of the data.

The change point analysis determined the location of the change point is November 1982
(see Appendix B.1). The plots in Figure 2.29 show the difference in the means of the pre
and post-change-point groups. Looking at the left plot, the vertical shift in the early 1980s
is very similar to Boulder in both the point in time they occur and magnitude (~2.7 mm for
Boulder vs. ~2.3 mm for Lakewood). Fort Collins did exhibit relatively similar behavior as
well; however, the greater similarity between Lakewood and Boulder could be due to closer

proximity of the two cities (which possibly means greater geographically similar features as
well).
2.4.2 TREND ANALYSIS FOR BEHAVIOR OF VARIANCE

The behavior of the observed variances for Lakewood also mirror the behavior of the

variances observed for the time intervals in Boulder (see Figure 2.30) such that there appear
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Figure 2.30: Observed variances smooth with window sizes of 10 year, 20 year, and 50 year

to be distinct peaks in which the variances consistently climb to a point then decrease as

sharply as they rose. Unfortunately, the range of the data for Lakewood is much shorter
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than Boulder (starting in 1963 vs. 1898), so only three peaks of this pseudo periodicity are
observed. The long term smoothing window (50 years - blue line) shows a subtle increase
in the variance over time, but the green smoothing window is of the most consequence here
since the behavior of the observed variances appears to be so extreme. Based on the pseudo
periodicity present in the observed data we would expect a continued decrease in the observed
variances until a low point in reached, then a sharp increase for approximately 10 years -

assuming the recent trends will hold over the next 12-20 years.

2.4.3 SEASONAL EFFECT AND CLIMATE SIGNAL

The full time series plot, Figure 2.31, shows a sharp decline in the mean trend with the
greatest precipitation (June - purple) while several signals are increasing (March, April, July,

and August), and the remaining are relatively constant.
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Figure 2.31: Seasonal time series (by month)
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The box plots for the smooth trend lines shows the similar behavior to what has been

seen throughout the report (see Figure 2.32). The separation due to the change point in the

right plot shows similar behavior to the same plot in the Evergreen investigation in which

the Spring and Summer months have comparable mean rainfall after the change point (even

)
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Figure 2.32: Left: Box plot of each month for smoothed data (1963 to 2014), Right: Split
into groups (before and post-change-point), Bottom: Each month by group

though Lakewood’s climate signal is much closer to Boulder’s). Looking at the bottom plot,

the box plots add the change point information to the trends noted in Figure 2.31, which

shows that June does have an unexpectedly lower mean for the post-change-point group
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while several other months have increased means for the post-change-point group (such as

January, February, March, July, and December).
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Figure 2.33: Top Left: All probabilities (meeting and/or exceeding 1 in, 2 in, or 3 in of
rainfall), Top Right: Probability of meeting and/or exceeding 1 in of rainfall with smoothing
lines, Bottom Left: Same with 2 in, Bottom Right: Same with 3 in

2.4.4 PROBABILITIES OF EXCEEDING RAINFALL THRESHOLDS OVER TIME FROM ESTI-

MATED DISTRIBUTIONS

The top left plot of Figure 2.33 (which is the probability of recording at least 1 in of rain

in a 24-h calendar day during a qualifying month) is similar to the mean maximum rainfall
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trend line. The probability signal, while increasing over the full range of the data (blue line),
appears to be relatively stable over the last 20 years (red) (or subtlety decreasing - green).
The bottom plots show extremely similar behavior. Both the probability of at least 2 in and 3
in of precipitation are increasing over time. The medium size smoothing window (red) shows
a relatively stable probability of meeting and /exceeding these rainfall thresholds since around
2000, yet the observed data and the smallest smoothing window show a decrease in those
probabilities over the last five years of the data. Due to the observed variance in the bottom
plots, the green smoothing line provides better information since the peaks and valleys are
so extreme. If the previous trends hold, there should be an increase in the probabilities of

seeing at least 2 and 3 in of rain shortly after 2014.

2.5 GREELEY

The data for the city of Greeley ranges from January 1893 to December 2014, making it
the weather station with the greatest time range of data available. Greeley is 64 miles from

Boulder, and it does not have an outlier from the September 9, 2013 event. The greatest
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Figure 2.34: Observed monthly maximum 24-h rainfall for Greeley, Colorado 1893-2014

amount of rainfall observed in the data is 88.4 mm (approximately 3.48 in), which was

recorded in July 2001 (see Figure 2.34). If this point were to be treated as an outlier, the
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next highest peak, September 1902, is reported as 74.4 mm (approximately 3.21 in). The
figure shows a large chunk of data missing before 1920, which will have a marginal affect
on the overall trend, and is outside the range of the largest smoothing window considering
when looking at recent trends (which is a 75 year window). The most recent points affected

by the missing data will be in the mid 1950s.

2.5.1 TREND ANALYSIS FOR BEHAVIOR OF MEAN

The mean signal for Greeley is the most variable throughout the range of the data (see
Figure 2.35). The overall trend of the data (blue line) appears to show an increase over time,
but given the missingness in the data, and the length of time available it is best to focus
on a practical time range. The plot shows that if we consider from the 1950s on, then all
3 levels of smoothing show that the mean signal has been increasing over the last 60 or so
years. The smoothed trend line for the observed data does show a severe drop at the end
of data (2014), however, this is such a short time period that the most sensitive smoothing

window (25 years - green) was seemingly unaffected by the down turn.
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Figure 2.35: Centered moving average of 24-h observed maximum rainfall (black line)
smoothed with 25 year window (green), 50 year window (red), 75 year window (blue)
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An obvious change point does not appear in Figure 2.35 because it is challenging to visu-
ally assess the impact of the variability on the mean signal before 1960 and after. A change
point analysis was performed (see Appendix for Change Point Detection) that determined
December 1965 is a statistically significant change point. This change point happens before
all of the previously presented change points, and at the beginning of the data range for
Lakewood and Evergreen. The change point and the box plot for the groups it creates are in
Figure 2.36. The left plot shows that the data before 1960 does confound the change point
since the peak that occurs between 1900 and 1920 shifts the change point to the right of
where it would be in the absence of the peak. The box plot on the right shows that the

magnitude of the difference in the smoothed means is higher than suspected (~2 mm).
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Figure 2.36: Centered moving average trend line for monthly observed 24-h maximum precip-
itation for 1963 to 2014 and group means (11.67 mm, 13.66 mm) from change point analysis
(left); Box Plot for pre-change-point and post-change-point group (right)

2.5.2 TREND ANALYSIS FOR BEHAVIOR OF VARIANCE

The observed variances are equally challenging when it comes to assessing the long term
change in the variance of the observed distributions. Overall, it appears the variance has
roughly the same average value from the beginning of the time range to the end. The overall

information also does not help understand this signal since a lack of change in the variance
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over the time range does not accurately express how the data varies throughout the time

range. The relevant information is there appears to be an increasing trend in the observed
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Figure 2.37: Observed variances smooth with window sizes of 10 year, 20 year, and 50 year

variance since the 1950s, and the variance reached its highest peak just before the end of the

data set (after 2010), which could indicate the long term increasing trend will hold.

2.5.3 SEASONAL EFFECT AND CLIMATE SIGNAL

The individual time series for the months in Figure 2.38 show that the months with higher
values of precipitation have similar behavior to the mean maximum trend line. Given the
similarities between the mean trend lines for the individual months and the mean maximum
trend line, the only month that stands out is August, which over doubles in mean value from
the starting point (1893) to the ending point (2014).

The right plot in Figure 2.39 shows some relatively similar behavior between the pre
and post-change-point data (which is atypical behavior for this report). The similarities are
related to the quadratic (bowl) shape present in the mean maximum trend line. As observed
in Figure 2.38, August appears to be quite different pre and post-change-point. The bottom
plot shows a slightly more balanced comparison of the months than the previous weather

stations, such as the increases in June and November and the decreases in February and
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December. The lack of change in the variance for the entire time range is best reflected in

the right plot and Figure 2.37.
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Figure 2.38: Seasonal time series (by month)

2.5.4 PROBABILITIES OF EXCEEDING RAINFALL THRESHOLDS OVER TIME FROM ESTI-

MATED DISTRIBUTIONS

The top right plot in Figure 2.40 shows that the probability of at least 1 in of rain being
recorded for a calendar day in a qualifying month is close to constant on average. Observing
the variability in the plot shows that the overall change in the probability is not practically
informative for understanding recent rainfall trends. Focusing on the lines generated from the
25 and 50 year smoothing windows it appears the probability of meeting and/or exceeding
the 1 in rain threshold had increased since the 1950s to about the 1990s where the signal
appears comparable to the average probability estimated over the first couple decades of

the data. The tail end of the data shows a large increase in the probabilities for meeting
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and/or exceeding all three rainfall thresholds. The probability time series for the both the

probabilities of at least 2 in and 3 in of rainfall exhibit almost identical behavior. Both time
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Figure 2.39: Left: Box plot of each month for smoothed data (1893 to 2014), Right: Split
into groups (before and post-change-point), Bottom: Each month by group

series show some of the lowest probabilities from the 1990s to the earlier 2000s, until the

probabilities sharply increase at the end of the dataset. The estimated probabilities for both

thresholds are currently at one of the highest points for the entire range of the data, but not

that dissimilar from the previous peaks.
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CHAPTER 3

GEOSPATIAL EXPLORATORY DATA ANALYSIS

The area investigated for this report showed varying behavior for the climate signals,
as they relate to rainfall, of the investigated cities. The intent of this section is to examine

maximum rainfall in a way that could be more insightful in context. The plots were generated
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Figure 3.1: Density and frequency for 1 in of rainfall observed in the data set from 1963 to
2014
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using ggmap (Kahle and Wickham, 2013). Figure 3.1 shows that the weather station in
Boulder has recorded 119 months in which the rainfall for one calendar day was at least 1 in.
The information does not carry the same weight as also knowing that Evergreen recorded 33
fewer such months since 1963 and/or that Boulder has the most such months on record, in
the qualifying data set, among the five cities in the investigation. The data for this section
was a subset of the observed monthly 24-h maximum rainfall values after 1962 since 1963
was the shortest time ranged observed among the cities (Lakewood). Comparing the data on
the longest time range available dilutes the information gained by direct comparisons since
dating back to 1898 the city of Boulder had over 200 months satisfying the criteria, yet the
number of months for Lakewood does not change.

The information provided in Figures 3.1, 3.2, and 3.3 relates the number of qualifying
months since 1963 that each of the cities had at least 1 one calendar day in which 1 in
(25.4 mm) of rainfall was recorded. Additionally, a relative density gradient is provided. The
gradient is the richest/brightest shade of red for a high density of points as well as relatively
higher density than the surrounding cities. The gradient fades to gray for low density of
points and relatively low occurrences. The gradient is also used in Appendix Figures E.1,

E.2, E.3.

Table 3.1: Number of times at least 1 in of rain was recorded for qualifying months
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Boulder 1 1 10 19 20 15 14 11 11 13 2 2

Fort Collins 0 0 8 15 21 15 10 10 8 6 1 2
Lakewood 1 0 8 13 17 22 19 12 9 4 4 1
Evergreen 0 0 7 12 14 14 10 8 D 8 4 4

Greeley 0 0 5 12 20 15 11 9 8 6 3 1

Figure 3.1 shows that Boulder has the most months with 1 in of rainfall (with conditions
described above and throughout the report). Preliminarily, from this viewpoint, it seems
that it would be more likely to observe the September 2013 event in Boulder than the other

cities - this conjecture is addressed throughout the section. The same geospatial approach
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was applied in Figure E.1 to decompose the information in Figure 3.1. The decomposed
information is summarized in Table 3.1. The information in Table 3.1 also shows that Boulder
could be the most likely to experience the 9/13 Event with the most occurrences in September
among the cities, however, the table shows that late Spring and early Summer have far more
qualifying months across the cities. The table also shows that only 3 qualifying months
among all the cities recorded at least 1 in of rain in January and February. Without those 3

months, January and February would not have made it into this portion of the summary.
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Figure 3.2: Density and frequency for 2 in of rainfall observed in the data set from 1963 to
2014

Increasing the rainfall threshold from 1 in to 2 in (50.8 mm), Figure 3.2 shows Boulder
and Fort Collins now have the same number (20) of occurrences (Lakewood has just 1

less). Boulder, while having more frequent occurrences of breaking the 1 in rain threshold,



95

appears to have a comparable number of more extreme rainfalls. The other important piece
of information in the plot is the relative shift in the proportion of occurrences. There appears
to be two clusters of rainfall densities with Boulder, Fort Collins, and Lakewood recording

almost double the occurrences of Evergreen and Greeley.

Table 3.2: Number of times at least 2 in of rain were recorded for qualifying months
Mar Apr May Jun Jul Aug Sep Oct

Boulder 2 4 5 5 2 1 1 0
Fort Collins 2 3 3 5 3 4 0 0
Lakewood 2 2 2 5 2 3 2 1
Evergreen 2 1 2 4 1 0 0 0
Greeley 0 1 3 3 2 2 0 0

Decomposing the information to produce Appendix Figure E.2 and Table 3.2 shows that
at least 2 in of rainfall in a calendar day was recorded only in non-Winter months since
1963. The only rainfall to exceed 2 in during September for Boulder was the September 2013
event.

Lastly, Figure 3.3 shows the number of occurrences for the largest rainfall threshold of
interest (3 in). Boulder and Fort Collins have the highest number of occurrences. Evergreen
and Lakewood only have a single qualifying occurrence each. If the September 2013 event
is omitted from the geospatial investigation then Fort Collins and Boulder have the same
number of occurrences. Looking at Table E.3 it appears rainfall of this magnitude occurs
only in Spring and Summer months because the only occurrence in September was for

Boulder in 2013, which is an outlier based on this investigation.
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Figure 3.3: Density and frequency for 3 in of rainfall observed in the data set from 1963 to
2014

Table 3.3: Number of times at least 3 in of rain were recorded for qualifying months
Mar Apr May Jun Jul Aug Sep

Boulder 0 2 2 1 0 0 1
Fort Collins 2 0 1 0 2 0 0
Lakewood 1 0 0 0 0 0 0
Evergreen 0 0 1 0 0 0 0
Greeley 0 0 0 1 1 1 0




CHAPTER 4

CONCLUSIONS

4.1 CLIMATE SIGNAL EDA

The climate signal investigation yielded some interesting similarities from a data view-
point. It is possible the insights gained in this report are less novel to climatologists and/or
those familiar with the climate of the area. The primary conclusions of the climate signal
EDA is Boulder, Lakewood, and Fort Collins exhibit similar trends that might be explained
by geographic features. Each of the cities borders the national forest present on the map
in Figure 1.1, has a significant change point around 1980 that results in difference in the
average of the pre and post-change-point groups of at least 2 mm of precipitation, and each
had a general increasing trend in the mean maximum monthly 24-h precipitation over their
respective time ranges. Had only these three weather stations been analyzed, it would be
possible some change in the precipitation collecting, recording, and/or cataloging could be
responsible for the increases across the cities, however, considering the analyses performed
on Evergreen and Greeley, this scenario is unlikely. The two cities that did not border the
eastern edge of the national forest had vastly different behaviors in the areas analyzed. Ever-
green, which is west of the border and resides in a gray portion of the national forest in the
map, experienced a decrease in the mean trend line, observed variances, and probabilities
of meeting and/or exceeding all of the precipitation thresholds. The overall trends for Ever-
green are negative; however, in the most recent years Evergreen appears to have hit a stable
low point for all values of interest. The data for Greeley, which is a city east of the border,
showed great variability over the time range, however, the values of interest for Greeley do

not appear to have any long term increase or decrease to their trend. The signal is essentially
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as variable as it has been since 1893 and the averages of the values is essentially the same as
they were then as well. If the earlier years of the data are ignored (before 1950s), the trend
lines for Greeley’s values of interest have similar behavior to the trends of the same values
for Boulder, Lakewood, and Fort Collins.

The seasonal effect of each city shows that if there was an increasing trend present
(Boulder, Fort Collins, and Lakewood), then that change was not evenly spread across the
mean trend lines for the individual months. This implies that as the signal has increased, and
continues to increase, some months are experiencing a higher mean of maximum precipitation
while others are remaining the same or decreasing. This could have negative implications

such as more extreme storms during the wetter months.

4.2 GEOSPATIAL EXPLORATORY DATA ANALYSIS

The geospatial investigation helped provide a way to standardize an element of the climate
signals. Boulder has the most months, in the qualifying data set, that have at least 1 in of rain
recorded - followed by Lakewood, then Fort Collins. Interestingly, the second precipitation
threshold (2 in) shows that these three cities, with similar climate signals and that all border
the national forest line, have almost the same number of months in which at least one day
recorded 2 in of rainfall or more. The other two cities, Evergreen and Greeley, are about half
that. The third rainfall threshold (3 in) shows that Boulder and Fort Collins have the most
occurrences while Lakewood and Evergreen have only seen rainfall on that magnitude in one

month each since 1963 (for the qualifying data).

4.3 SHORTCOMINGS

The immediate shortcoming is also a strength. The EDA performed in this report was
primarily done by a statistician with little-to-no direction from a climatologist. The insights

and implications, which are data driven, should be largely unbiased in context.
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The method used for the change point analyses required both the normality and indepen-
dence assumptions. The application of the method yielded the expected results, but should
be additionally verified and/or compared to alternative method (perhaps a non-parametric
method).

Since the focus of this report was EDA, which yielded interesting results, little was done
to claim and support statistical significance at many points. An argument can be made
about the validity of determining statistical significance from the smoothed data provided in
Chapter 2 - as compared to the full data primarily referenced in the appendix. For instance,
had a client provided the smoothed data set and wanted inferential analysis performed on
the change points and the time series, most (if not all) the results could be statistically

significant in the absence of the original data.

4.4 FUTURE WORK

If deemed worthy, the discoveries in this study can be published after some statistically
sound review and debate. Additionally, partnerships with climatologists would aid to remove
information trivial to climatologists and emphasize significant results (if any exist from a
climatological viewpoint).

The specific topics we would like added, improve upon, solidified, hear conclusions about
in context by a subject matter expert, and/or have a conclusive measure of statistical sig-

nificance attached to are:

e The location of the change points identified. The change points presented in this report
were detected using statistical tests that were not technically valid. The resulting points
in time seemed logical and intuitive, however, there could be room for improvement
in the accuracy of the points themselves. Better identification of the points could lead
to more informative conclusions. For instance, if the true change points are closer
together (temporally speaking), there might be an informative climatological element

that simultaneously explains the change points.
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e The shifts in seasonal patterns over time, especially as they relate to the change points.
Direct conclusions about the probability, location, and magnitude of flooding cannot
be made in this report; however, an intent of the report is to investigate elements
of rainfall that could be helpful in reducing and preventing the severity of future
floods. One of the more telling aspects of this investigation was shifts in seasonal mean
monthly 24-h maximum observed rainfall. The fact that long term increasing trends
were detected for maximum rainfall is potentially problematic for flooding on its own.
Coupled with the information that these increases in time appear to be concentrated
in certain months, while other months show decreasing trends, implies that greater
and more severe rainfalls are in store for Boulder, Fort Collins, Lakewood and Greeley.
The components of flood prevention that relate to rainfall would need to improve
accordingly to maintain the status quo and/or reduce the frequency and magnitude of

floods (as they relate to rainfall).

e Bayesian updated distributions. An unachieved research goal was to compare the prob-
abilities of exceeding the established rainfall thresholds from the estimated distribu-
tion to Bayesian updated distributions. One benefit of this approach is stability in the
parameter estimates over time, since the updated distribution would be robust to the
variability among observed distributions throughout the investigation. Another benefit
could be estimating the probability that precipitation exceeds the established thresh-
olds using the full range of the data, as well as looking at the changes in the probabilities
with the Bayesian approach. This approach should yield smoother probability trend
lines than those presented in this report. Similar to the overall investigation, the robust
distribution over time and the robust probability trend lines could provide conservative
information akin to the smoothing procedures that were applied. What information
can be added remains to be seen. It should be noted that while smoothing proved
informative in this report, the greater variability presented throughout carries more

contextual weight since conservative results have greater negative implications (loss
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of lives, greater property and community damage, etc.) than less conservative results
(overspending on maintenance and/or infrastructure that would still prove useful for

future extreme rainfalls).

Investigating the definition of the data. As was mentioned, when the data was defined
in the introduction, not all months qualified for this data set. The perceived intent was
that this helps prevent against including maximums that were not the true maximums
for that month, leaving only data that provides the best attempt at working with the
true maximums over time. It might lead to more conservative results, but the data used
for this investigation could be augmented with a semi-subjective look at the original
data in which reasonable extremes are added to this dataset regardless of how many
days were observed that month. Adding data points could potentially stabilize elements
of the analysis, specifically the observed variances over time. In some cases this would
lead to conservative results while the best case result is that the observed maximum is
the true maximum for that month. Using the original data is recommended since the
imputation attempted during this investigation produced results that were below the

observed maximums for months that did not qualify.

Quantifying the trends. Several approximations about the magnitude of the change in
the trends were stated throughout this investigation. The approximations were based
on visual inspection and have room for improvement. Rigorous approximations for the
rate of change in the trends and overall changes in the trends should be calculated
for all cities and values of interest. Once better approximations have been obtained,
simultaneous comparisons, perhaps geospatially, could prove useful in understanding

how the climate signal for the region is changing.
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APPENDIX

A.1 DISTRIBUTION TESTING WITH FITDISTRPLUS IN R

This portion of the appendix contains the results from fitting the distributions for the
decade long intervals from each weather station/city. The maximum likelihood estimation
method is described in the introduction to Chapter 2 Climate Signal EDA, while the max-
imum goodness-of-fit (a.k.a. minimum distance estimation) with Anderson-Darling distance

with right tailed weights (ADR) is described in Section 2.1.4.

A.1.1 DISTRIBUTION TESTING: BOULDER

Table A.1: Goodness-of-Fit test results using K-S GoF Test
DISTRIBUTION NULL REJECTED NULL NOT REJECTED

Exponential (MLE) 46 62
Gamma (MLE) 37 71
Weibull (MLE) 15 03
Gamma (MGE) 0 108
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Figure A.1: Distributions of Observed 24-Hour Maximum Rainfall for Intervals that failed
K-S GoF tests with parameter estimates from MLE (Boulder)
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A.1.2 DISTRIBUTION TESTING: FORT COLLINS

Table A.2: Goodness-of-Fit test results using K-S GoF Test

DISTRIBUTION NULL REJECTED NULL NOT REJECTED

Exponential (MLE) 0 110
Gamma (MLE) 18 92
Weibull (MLE) 12 08
Gamma (MGE) 0 110

A.1.3 DISTRIBUTION TESTING: EVERGREEN

Table A.3: Goodness-of-Fit test results using K-S GoF Test

DISTRIBUTION NULL REJECTED NULL NOT REJECTED

Exponential (MLE) 0 44
Gamma (MLE) 10 34
Weibull (MLE) 0 44
Gamma (MGE) 0 44

A.1.4 DISTRIBUTION TESTING: LAKEWOOD

Table A.4: Goodness-of-Fit test results using K-S GoF Test

DISTRIBUTION  NULL REJECTED NULL NOT REJECTED

Exponential (MLE) 14 29
Gamma (MLE) 13 30
Weibull (MLE) 4 39
Gamma (MGE) 0 43

A.1.5 DISTRIBUTION TESTING: GREELEY

Table A.5: Goodness-of-Fit test results using K-S GoF Test

DISTRIBUTION  NULL REJECTED NULL NOT REJECTED

Exponential (MLE) 1 112
Gamma (MLE) 50 63
Weibull (MLE) 2% 87

Gamma (MGE) 0 113
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B.1 CHANGE POINT ANALYSIS IN R

B.1.1 CHANGE POINT: BOULDER
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Figure B.1: QQ plot (left); Distribution of smoothed precipitation values (right)

Change point detection requires both independence and normality assumptions to be
valid. As discussed in the context of the Trend Analysis for Behavior of Mean in the Boulder
section, the independence assumption is violated. As seen in Figure B.1, the normality
assumption is also violated. The Shapiro-Wilk test yields a test statistic of 0.98 and a p-value
less than .0001, which means the null hypothesis that the distribution can be assumed to be
normal is rejected. Although both assumptions were violated, the change point detected by
performing change point analysis on the mean was employed in Figure 2.4. The successful
detection of the change point is presumed to be due to the symmetry and relative bell-shape
of the histogram on the right in Figure B.1, as well as the stark contrast in the means of the
groups before and after the change point (i.e. it did not require a powerful or precise test to
identify). The results of the change point analysis are displayed below as R output, where
Changepoint Location 1007 corresponds to November 1981.

Class ’cpt’ : Changepoint Object
T : 54 class containing 12 slots with names
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Figure B.2: Box plot for pre and post-change-point groups for full dataset (event omitted)

date version data.set cpttype method test.stat pen.type pen.value minseglen cpts ncpts.n
Created on : Tue Sep 13 17:22:34 2016
summary(.)

Created Using changepoint version 2.2.1

Changepoint type : Change in mean

Method of analysis : AMOC

Test Statistic : Normal

Type of penalty : MBIC with value, 21.68952
Minimum Segment Length : 1

Maximum no. of cpts 1

Changepoint Locations : 1007

B.1.2 C(CHANGE PoOINT: FORT COLLINS

As discussed in the context of the Boulder section, the independence assumption is vio-
lated. As seen in Figure B.3, the normality assumption is also violated. The Shapiro-Wilk test
yields a test statistic of 0.99 and a p-value less than .0001, which means the null hypothesis
that the distribution can be assumed to be normal is rejected. Although both assumptions

were violated, the change point detected by performing change point analysis on the mean
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Figure B.3: QQ plot (left); Distribution of smoothed precipitation values (right)

was employed in Figure 2.14. The successful detection of the change point is presumed to

be due to the symmetry and relative bell-shape of the histogram on the right in Figure B.3,

as well as the stark contrast in the means of the groups before and after the change point

(i.e. it did not require a powerful or precise test to identify). The results of the change point

analysis are displayed below as R output, where Changepoint Location 976 corresponds to

April 1977. Like Boulder, this change point will be used since it is detectable without a

formal analysis, so the power/validity of the test is of less consequence.

Class ’cpt’ : Changepoint Object

T : 84 class containing 12 slots with names

date version data.set cpttype method test.stat pen.type pen.value minseglen cpts ncpts.n

Created on : Tue Sep 13 17:22:34 2016
summary(.)

Created Using changepoint version 2.2.1

Changepoint type : Change in mean

Method of analysis : AMOC

Test Statistic : Normal

Type of penalty : MBIC with value, 21.79209

Minimum Segment Length : 1
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Figure B.4: Box plot for pre and post-change-point groups for full dataset

Maximum no. of cpts 1
Changepoint Locations : 976

B.1.3 CHANGE POINT: EVERGREEN
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The Shapiro-Wilk test yields a test statistic of 0.977 and a p-value less than .0001, which
means the null hypothesis that the distribution can be assumed to be normal is rejected.
Although both assumptions were violated, the change point detected by performing change
point analysis on the mean was employed in Figure B.5. The results of the change point
analysis are displayed below as R output, where Changepoint Location 358 corresponds to
October 1991. This change point is less obvious than the change points determined during

the Boulder and Fort Collins investigations, but will be utilized for the EDA purposes of this

paper.
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Group (0O=pre change point, 1=post change point)

Figure B.6: Box plot for pre and post-change-point groups for full dataset

Class ’cpt’ : Changepoint Object
- : 84 class containing 12 slots with names
date version data.set cpttype method test.stat pen.type pen.value minseglen cpts ncpts.n

Created on : Tue Sep 13 17:22:34 2016

summary(.)

Created Using changepoint version 2.2.1
Changepoint type : Change in mean

Method of analysis : AMOC

Test Statistic : Normal

Type of penalty : MBIC with value, 19.3656



74

Minimum Segment Length : 1
Maximum no. of cpts 1
Changepoint Locations : 358

B.1.4 CHANGE POINT: LAKEWOOD

The Shapiro-Wilk test yields a test statistic of 0.952 and a p-value less than .0001, which
means the null hypothesis that the distribution can be assumed to be normal is rejected.
Although both assumptions were violated, the change point detected by performing change
point analysis on the mean was employed in Figure B.7. The results of the change point
analysis are displayed below as R output, where Changepoint Location 239 corresponds to
November 1982. This change point was another sharp contrast between to the two groups
and an obvious shift in the climate signal. Similar to Boulder, this point could have been

manually selected looking at the data and/or plot of the time series.
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Figure B.7: QQ plot (left); Distribution of smoothed precipitation values (right)

Class ’cpt’ : Changepoint Object
T : 84 class containing 12 slots with names
date version data.set cpttype method test.stat pen.type pen.value minseglen cpts ncpts.n

Created on : Tue Sep 13 17:22:34 2016
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Figure B.8: Box plot for pre and post-change-point groups for full dataset

summary (.)

Created Using changepoint version 2.2.1

Changepoint type : Change in mean

Method of analysis : AMOC

Test Statistic : Normal

Type of penalty : MBIC with value, 19.30845
Minimum Segment Length : 1

Maximum no. of cpts 01

Changepoint Locations : 239

B.1.5 CHANGE POINT: GREELEY
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The Shapiro-Wilk test yields a test statistic of 0.975 and a p-value less than .0001, which

means the null hypothesis that the distribution can be assumed to be normal is rejected.

Although both assumptions were violated, the change point detected by performing change

point analysis on the mean was employed in Figure B.9. The results of the change point

analysis are displayed below as R output, where Changepoint Location 876 corresponds to

December 1965. This change point is less obvious than the change points determined during
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the Boulder and Fort Collins investigations, but will be utilized for the EDA purposes of this

paper.

Normal Q-Q Plot Histogram of smoothTS

80
|

oo © —

Sample Quantiles
120 130 140 150 160
| | | | |
Frequency
60

110
1

100
1

T T T T T T T T T T T 1
-3 -2 -1 0 1 2 3 100 110 120 130 140 150 160

Theoretical Quantiles smoothTS

Figure B.9: QQ plot (left); Distribution of smoothed precipitation values (right)
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Figure B.10: Box plot for pre and post-change-point groups for full dataset

Class ’cpt’ : Changepoint Object
T : 84 class containing 12 slots with names
date version data.set cpttype method test.stat pen.type pen.value minseglen cpts ncpts.n

Created on : Tue Sep 13 17:22:34 2016



summary (.)

Created Using changepoint version 2.2.1

Changepoint type : Change in mean

Method of analysis : AMOC

Test Statistic : Normal

Type of penalty : MBIC with value, 21.89127
Minimum Segment Length : 1

Maximum no. of cpts 01

Changepoint Locations : 876

7
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C.1 SEASONAL EFFECTS FOR CLIMATE SIGNAL EDA
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Figure C.1: Left: Box plot of each month for full dataset (1962 to 2014), Right: Split into
groups (before and post-change-point), Bottom: Each month by group (Evergreen)
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Figure C.2: Left: Box plot of each month for full dataset (1963 to 2014), Right: Split into
groups (before and post-change-point), Bottom: Each month by group (Lakewood)
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Figure C.3: Left: Box plot of each month for full dataset (1893 to 2014), Right: Split into
groups (before and post-change-point), Bottom: Each month by group (Greeley)
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Figure D.1:
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STANDARD DEVIATION PLOTS FOR CLIMATE SIGNAL EDA
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Figure D.2: Observed Standard deviations over time (Fort Collins)
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Figure D.3: Observed Standard deviations over time (Evergreen)
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Figure D.4: Observed Standard deviations over time (Lakewood)
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E.1 GEOSPATIAL SUPPORT PLOTS
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Figure E.1: Number of times the weather stations recorded 1 in of rain or more for qualifying
each month in the data set
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Figure E.2: Number of times the weather stations recorded 2 in of rain or more for each
qualifying month in the data set
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Figure E.3: Number of times the weather stations recorded 3 in of rain or more for each
qualifying month in the data set



