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ABSTRACT

Credible projections of future local climate change are in demand. One way to accomplish
this is to statistically downscale General Circulation Models (GCM’s). A new method for
statistical downscaling is proposed in which the seasonal cycle is first removed, a phys-
ically based predictor selection process is employed and principal component regression
is then used to train the regression. A regression model between daily maximum and min-
imum temperature at Shearwater, NS, and NCEP principal components in the 1961-2000
period is developed and validated and output from the CGCM3 is then used to make fu-
ture projections. Projections suggest Shearwater’s mean temperature will be five degrees

warmer by 2100.
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CHAPTER 1

INTRODUCTION

1.1 Overview of Climate Change

Anthropogenic emissions of greenhouse gases (GHG’s) and their climatic effect have
been the subject of much debate within the scientific community in recent years. Although
it is agreed that GHG’s alone have a surface warming effect, that is not the only factor
influencing our climate. We live on a planet that has an unstable climate system with
highly non-linear positive and negative feedbacks. In order to make projections about
future climate, General Circulation Models (GCM’s) must be used. GCM’s solve the full

non-linear system of equations that govern the atmosphere for a prescribed forcing.

For the Intergovernmental Panel on Climate Change (IPCC) 2007 exercise, the pro-
jected change in global mean temperature was calculated from a suite of GCM’s of vari-
ous complexity. Based on the A2 scenario of the Special Report on Emission Scenarios
(SRES - see below), global mean temperature is projected to be 2.0 to 5.4 degrees Celsius
warmer by the end of the 21st century (Solomon et al., 2007). As Figure 1.1 demon-
strates, a global mean temperature change does not imply the globe will warm uniformly.
Although most locations will likely warm, some locations show no warming at all or even
cool slightly. The three emission scenario results shown in Figure 1.1 are SRES B1, A1B
and A2 and clearly produce different results. The scenarios differ by population growth,
economics and other variables and are story lines about how the future will unfold in terms
of emissions of GHG’s (Nakicenovic and Swart, 2000). The fact that the average temper-
ature in the lowest eight kilometers of the troposphere has risen in the past four decades,
snow and ice cover has decreased globally, and global ocean levels and heat content have

risen are consistent with the view that climate change induced by anthropogenic forcing



is real.
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Figure 1.1: GCM ensemble average of change in annual mean temperature (degrees Cel-
sius) for two different periods in the future for three different emission scenarios (SRES
B1,A1B,A2). From Solomon et al., 2007

A way to quantify the climate change associated with a warming planet is illustrated
with basic statistics in Figure 1.2. An increase in the mean of a normal distribution of tem-
perature, without change of variance, clearly results in warming temperatures. However,
the variance of a distribution can also change. Instead of shifting the whole distribu-
tion, the variance controls the shape of the distribution. The shape of the distribution
determines how much probability occurs in the tails, which is directly related to extreme
events. Figure 1.2 suggests that, if the mean and the variance of temperature increase
in a future climate, the result could be much more frequent extreme temperatures. The
magnitude of the extremes could increase as well. Earth’s climate could become drasti-
cally different compared to the climate that currently sustains our way of life. Humans

can adapt to a slowly changing mean temperature. However, we can not easily adapt to
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Figure 1.2: The figure demonstrates how normally distributed temperature, defined by the
mean and variance, changes if the mean and/or variance changes. The top panel shows
the climate change due to increase in mean. The middle panel shows how climate changes
when the variance increases. The bottom panel demonstrates the change in climate when
both the mean and variance increase. From Solomon et al., 2007



frequently occurring new extreme events.

1.2 The Case for Downscaling

A rise in global mean temperature is not sufficient to say anything about future climate at
a specific location on the globe. GCM’s have a low spatial resolution, with a typical grid

spacing of 300 by 400 km, as shown in Figure 1.3.

Figure 1.3: Grid boxes from a general circulation model (CGCM3), about 300 km by 400
km are plotted over Atlantic Canada. This thesis takes its observations from Shearwater
Airport, NS (latitude 44.63N,longitude 63.5W) which is used as a proxy for Halifax.
Shearwater airport (red dot) is about 4 km east of Halifax’s downtown core.

GCM’s are unable to resolve local climate forcings such as detailed topography or land-
sea interfaces, which have a strong influence on climate at specific locations. The need
for local climate change information leads to the following statement: “In order to best
assess expected climate change impacts on a species, ecosystem or natural resource in a
region, climate variables and climate change scenarios must be developed on a regional
or even site-specific scale” (Wilby et al., 2002). The coarse resolution of GCM’s leads
to another statement: “To provide these values, projections of climate variables must be
downscaled from the general circulation model (GCM) results, utilizing either dynamical

or statistical methods” (Houghton et al., 2001).
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One way to overcome the GCM resolution problem is dynamical downscaling. Dy-
namical downscaling inserts a high resolution regional model inside the coarse resolu-
tion global circulation model. An example is provided by the Canadian Regional Climate
Model (CRCM; see Laprise et al., 2003). The CRCM inserts a high resolution nested grid
over the area of interest. The higher resolution model with grid length of about 50 km
is then driven by time-dependent boundary conditions taken from the coarser resolution
GCM. The higher resolution grid allows for better representation of the local forcing such
as topography. The main advantage of dynamical downscaling is it allows projections
of climate variables from the evolution of the full non-linear equations that govern the
atmosphere. The main disadvantage is the vast amount of computational power required.

A second method is through Statistical Downscaling (SD). SD involves the develop-
ment of a regression between observations of a local climate variable (predictand) and the
larger scale atmospheric variables (predictors) over a specific site or region. SD is based
on the view that local climate is forced by the large scale climate, and local forcings such
as the land sea-interface. GCM derived predictors can then be used in the regression to
make future projections. In statistical downscaling, the regression coefficients are de-
veloped from observations, and should therefore include realistic local effects. SD has
been applied using many different regression procedures. These include linear regression
(e.g. Cheng et al., 2008), canonical correlation analysis (e.g.von Storch et al., 1993) and
artificial neural networks (e.g.Schoof and Pryor, 2001).

The main advantage of SD is the relatively low computational requirements. The major
disadvantage of SD is the assumption that the regression will hold under future climatic
conditions. The main argument for using SD has two parts. First, it has the benefit
of the GCM predictors which evolve through the full atmospheric equations of motion
responding to the prescribed forcing. Second, SD includes statistics through a regression
that should have realistic local climate forcing contained within it, since it was derived

from observations.

1.3 Motivation

This thesis was primarily motivated by large differences between the observed distribu-
tions of maximum and minimum daily temperature at Shearwater Nova Scotia airport

compared to the distribution generated by the Canadian general circulation model version
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3 (CGCM3) as shown in Figurel.4. Clearly the CGCM3 produces the distributions of
temperature (Tmax and Tmin) differently from observations. The main goal of statistical
downscaling is to produce a regression model using observed, large-scale atmospheric
variables (predictors) to capture the distribution of the observed Tmax and Tmin. This
carefully developed regression model allows use of the same predictors, in this case pre-
dictors produced from the CGCM3, to predict a more realistic distribution for Tmax and
Tmin than is provided by the raw CGCM3 Tmax and Tmin distributions. The regression
model can then be used to make future projections for Tmax and Tmin in a future climate
using CGCM3 future predictors.

Environment Canada has been using statistical downscaling since 2003 through soft-
ware known as the Statistical Downscaling Model (SDSM) (Wilby et al., 2002). This
software, although very useful in providing relatively quick climate change projections
at a location, has a number of limitations. The SDSM is largely a black box to the user
with a problematic predictor selection process. The author of the SDSM alludes to this
problem when he states that, “there is also a real problem to use or apply SD methods
uncritically as black boxes, particularly when employing regression based modeling tech-
niques” (Wilby et al., 2004). Since the most important part of statistical downscaling is
the development of the regression with observations, some of the limitations of SDSM
are addressed in this thesis.

Since climate and atmospheric variables (predictands and predictors) have a large amount
of variance in the seasonal cycle, it is suggested in this thesis that the seasonal cycle be re-
moved from both the predictands and predictors before constructing the regression model.
Without removing the seasonal cycle, the regression model focuses on fitting the seasonal
cycle and not the day-to-day variability. However, for predicting extremes in daily max-
imum and minimum temperature in a future climate, it is the day-to-day variability that
matters. Another issue to consider is the predictor selection process. In addition to hav-
ing predictors with a strong correlation with the predictand, a physically based predictor
selection process should be carried out. Since the goal is to use GCM predictors in the
regression, it is essential to compare the observed predictor distributions with the GCM
predictor distributions.

In general, these issues are not addressed in studies conducted in the past. However,
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there are numerous studies that used statistical downscaling to get local climate projec-
tions. Noteworthy is the study on downscaling surface temperature in Central Europe
by Huth et al. (2002). Huth et al. (2002) compared the statistical downscaling at sites
in Europe using various methods, such as canonical correlation analysis, multiple linear
regression, and singular value decomposition. Huth et al. (2002) found that the best tem-
poral structure was achieved by stepwise multiple linear regression. Another important
finding by Huth et al. (2002) was that using one circulation variable (vorticity for exam-
ple) and one temperature related variable (geopotential for example) produced the best
regression.

The authors of the SDSM conducted a study by comparing downscaling methods for
rainfall (Wilby et al., 1998). Wilby et al. (1998) compared weather generators, various
regression techniques and artificial neural networks. Wilby et al. (1998) found that dif-
ferent methods produced significant differences in regression skill. Wilby et al. (1998)
determined that the downscaling methods generally produced smaller changes in pre-
cipitation (historical vs. future) than the GCM. Since mainly atmospheric circulation
variables were used as predictors in the downscaling, the hypothesis is that precipitation
changes predicted by GCM’s are not likely caused by circulation changes.

A study on temperature in northern Canada by Gachon and Dibike (2007), found that
statistical downscaling models are able to capture the low frequency climate change sig-
nal. This was done with two different GCMs (HADCM3 and CGCM?2). The SD models
showed strong convergence in the timing and magnitude of the mean change, compared
to observed.

Dibike et al. (2008) examined downscaled maximum and minimum daily temperatures
in northern Canada. Dibike et al. (2008) found that all downscaling results reveal that
the regression-based statistical downscaling methods driven by accurate GCM predictors
are able to reproduce the climate regime over highly heterogeneous coastline areas of
northern Canada.

These studies certainly give confidence that statistical downscaling can be a skillful
tool to produce local climate projections. However, none of the previous studies tackles
the problems mentioned with the SDSM (seasonal cycle and predictor selection). After
an exhaustive literature search, no example was found that explicitly removes the average

seasonal cycle in the historical and future periods, as proposed in this thesis. Again,
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removal of seasonal cycle takes autocorrelation out of the data and forces the regression
analysis to predict the variance in the anomalies instead of focusing on the deterministic
part of the data. It was found that some downscaling studies use a mathematical technique,
to account for autocorrelation, such as in Cheng et al. (2008). However, we argue that
that explicit removal of the seasonal cycle is more physical and important for credible
downscaling.

This thesis work also subjectively compares each NCEP predictor against the respec-
tive CGCM3 predictor to ensure they have similar distributions. This explicit distribution
comparison has not been done previously. A more common technique discussed in the
literature is just to remove surface and moisture variables, since some studies demon-
strated that GCM’s do not represent them properly (Dibike et al., 2008). The SDSM
for example, does not make any NCEP/GCM comparison. We will show in this thesis
that comparison between observations and model predictor distributions is an essential
step for downscaling, and must be done at all sites independently. Differences between
the NCEP and CGCM3 predictor distributions will cause undesirable results when the
CGCM3 predictors are used in the regression (trained with NCEP predictors). For clarity,
undesirable means that a regression trained with predictor distibutions from NCEP will
not give a good prediction of temperature (Tmax or Tmin), when using the same CGCM3
predictors, if the CGCM3 predictor distributions are very different from NCEP.

A final motivation for this thesis work comes from the need to address important scien-
tific issues in the many technical documents on statistical downscaling. In house technical
documents like Lines et al. (2005), Pancura and Lines et al. (2005), and Swansburg et al.
(2005) use the SDSM for downscaling but do not consider any of the issues associated
with it, especially to do with predictor selection. Although it cannot be proved the results
in these technical documents are wrong, it can be said with certainty that they could be
improved. Since so many researchers use statistical downscaling to get future projec-
tions to make decisions on adaptation, the credibility of the projections is most important.
Credibility comes from a repeatable scientific method that addresses the issues discussed

previously.
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Figure 1.4: The left panel shows daily minimum temperature (Tmin) distributions from
the raw CGCM3 (grid box containing Shearwater, NS) versus observations of Tmin at
Shearwater Airport, both for the 1961 — 2000 period. The right panel is similar to the
the left panel except it is for maximum daily temperature (Tmax). Both panels are distri-
butions for winter (DJF). Note the distributions are created by binning the data in three
degree Celsius intervals, counting the occurrences in each bin, and finally dividing each
of the total occurrences in each bin by the total number of observations to give the prob-
ability.
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1.4 Objective and Approach

Accurate climate change projections are needed to make intelligent decisions about adap-
tation. The main objective of this thesis is to develop a method that is both statistically
robust and has a physical motivation. Since there is no crystal ball to tell us about the fu-
ture climate, it becomes even more important to have a scientifically defendable method
to obtain the climate projections. Statistical downscaling that has a method with coherent
defensible steps, is much more important than the projection itself. The focus of this the-
sis thus remains with the method rather than the future warming projection for Tmax and
Tmin at Shearwater Nova Scotia. In other words, the goal is to develop the best regres-
sion model using observations in the historical period. It is not the primary objective to
produce future projections. However, two methods for producing the future projections
are explored. It is not stated with certainty which is best.

To address the problems noted in the motivation with SDSM and the literature in gen-
eral, the following approach is used in this thesis work. Our approach begins with an
exploratory analysis. This involves examination of the predictors in terms of the domi-
nant physics in each season. An investigation of the predictand is made to decide what is
deterministic (e.g. repeats annually) and should be removed before the regression model
is developed. The predictor selection process is carried out by selecting predictors that
have a physical relationship with the predictand. The steps necessary to choose predictors
relevant for principal component analysis are carefully considered. It is also necessary to
choose predictors that the GCM can represent in a reliable way.

The structure of this thesis begins with a review of the math and statistics necessary for
SD in Chapter 2. Chapter 3 contains a discussion on the predictors and predictands used
in the downscaling process. Chapter 4 discusses the main steps to develop the regression.
Chapter 4 also contains a discussion on producing the future projections and the problems
associated with producing them. Finally the thesis closes in Chapter 5, with a summary
of the downscaling method and a comparison of the thesis downscaling results to SDSM

results.



CHAPTER 2

MATHEMATICAL AND STATISTICAL
BASIS

Multiple linear regression, hypothesis testing, and principal component analysis to ac-
complish credible statistical downscaling are reviewed in this chapter. The main focus
here is on the the results rather than the derivations. A full treatment of the theory behind

these techniques can be found in various textbooks referenced throughout the chapter.

2.1 Multiple Linear Regression

The simplest case of linear regression is a model that has one dependent variable (predic-
tand, Y) and one independent variable (predictor, X). The desired regression model is in
the form of a linear equation where the predicted value of Y at any time i (Y3) equals the
Y intercept ((3,) plus the slope (/3;) multiplied by the value of X at time i (X;) which is

written as follows:

Y = Gy + A X; (2.1)

In order to formulate an expression to get (3, and 1, a best fit line through the data is
sought after. Figure 2.1 shows a scatter plot of one variable (Y) against another variable
(X). A best fit line plotted through the data can be defined as the line that minimizes the
sum of the squares of the errors (¢;) where

e =Y~ Vi (22)

Minimization of the sum of the squared errors is accomplished by taking the derivatives

11
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Figure 2.1: A scatter plot (blue) of the dependent (Y) variable versus the independent (X)
variable highlights the linear relationship between Y and X. The red line is the best fit and
is placed in such a location to minimize the sum of the length of the error lines (black)
squared.
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of the sum of the squared errors with respect to both 3, and 3; and setting them to zero.

0 — o 0 — A W2
_850(;:1 €)= % (;:1 (Y= (Bo+ 41 X;))" =0 (2.3)
9 (En &) = 9 (En Vi — (Bo+ 1 X:))> =0 (2.4)
op =" 0B = ‘ ’

This leads to two equations with two unknown parameters in (3, and J;:

Y Yi=nb+ 6 ) X 2.5)
i=1 i=1
NXYi=05Y Xit+ by X} (2.6)
i=1 i=1 i=1
From these two equations 3y and 3; can be solved for
XXY — X2Y
XX — X2
XY - XY
XX —X?
where any variable (Q) with an overbar (@) is defined as
g=- Z Q (2.9)
N n =1 : .

0Bo and (3; fully characterize the best fit line defined in Eq. (2.1). This of course is
a special case where one independent variable (predictor) and one dependent variable
(predictand) are being used.

In general, there can be more than one predictand variable and more than one predictor
variable. This leads to a multiple set of regression coefficients. There would be one set of
coefficients for each predictand variable. It can be shown that the matrix equation for the

regression coefficients 3 in general is
B =(XTX)'xXTY. (2.10)

The bold font in Eq. (2.10) refers to a matrix. The predictor variables, X has p + 1
columns, where each column (except the first column) is a predictor variable. The first

column is always a column of ones, which allows the regression to calculate the mean

(Bo)-
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The predictor matrix (X) has the form

1 Xll le
1 Xy ... X

X = o o @2.11)
1 X o X |

Clearly X has dimensions of n X (p+1), where n is the number of measurements, and p is
the number of predictors. Y is a matrix that has the same number of columns (q) as pre-
dictand variables. The dimensions of Y is n X g, where n is the number of measurements

and ¢ is the number of predictands.

Yll )/1q
Yo ... Y

y=| * o (2.12)
Yo oo Yag |

Following through with the dimensions in Eq. (2.10), 8 has dimensions of (p+1) x
q. In general 3 will have a set of regression coefficients for each predictand. In other
words each column of 3 gives the associated regression coefficients (associated with each
predictor variable) for each predictand variable.

For clarity, we consider a simple case in which the number of predictors (p) and pre-
dictands (g) is the same and equal to one. In this case X will have two (p+17) columns. Y
will have one (g) column. This leads to 3 (Eq. (2.10)) having one column (g), containing
two regression coefficients (3, and 3;). Similarly if there were two predictands, Y would
have two (g) columns. Assuming there is still one predictor variable p, then X would have
two (p+1) columns. This would lead to 3 having two rows and two columns ((p+1) x
q). In other words two regression coefficients (3, and (3;), for each of the two predictand
variables.

The generalized case, where Y has more than one (¢> 1) variables is known as mul-
tivariate linear regression. Multiple linear regression is a special case where Y has only
one variable (g=1) in which case, 3 in Eq. (2.10) will have one column. Once 3 has
been determined the multiple linear regression with one predictand and more than one
predictor variables (p> 1) can be written as an extension of Eq. (2.1), where 1 refers to

the individual elements in time and ranges from 1 to n.

Y = Bo+ 51Xi1 + B2 Xio + B3 Xis + ... + BpXsp (2.13)
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The goal of any regression is to determine regression coefficients (3) to allow Y (the
predicted values) to explain (predict) optimally the variance in the predictand (Y") around
the mean of Y (Y). The variance in the predictand, the variance predicted by the regres-

sion and the error variance are written as follows:

Total Sum of Squares
SST =Y (YV;-Y) (2.14)
i=1
Regression Sum of Squares
SSR=> (Y;i-Y) (2.15)
i=1
Error Sum of Squares
SSE =Y (Y; - i)’ (2.16)

i=1
The total variance (SST) can always be written as the sum of two variances. That is the
variance of the regression (SSR) and the variance of what is left over which is the variance
of the errors (SSE).

SST =SSR+ SSE (2.17)

This relationship can be proved mathematically by writing out Eq. (2.17) in terms of the
mathematical definitions from Equations 2.14, 2.15 and 2.16,

SST =) (Y, —Y) =SSR+ SSE=> (Y;-Y)’+> (;-Y)* (2.18)

=1 =1 =1
which can be rearranged to be

n n

Sw-vr=Y |-+ w1 (2.19)

=1 =1
Further expansion and allowing the error term € to be defined as in Eq. (2.2), Eq. (2.19)

can be written as

n n n

> (Yi-Y) :Z(fi—Y>2+2Zei(ﬁ—Y>+anm—E>2. (2.20)

i=1 i=1 i=1 i=1

An important property of linear regression is that the errors (¢;) are uncorrelated with the
predicted values (Yi). This means that the second term on the RHS in Eq. (2.20) is zero.
Eq. (2.20) then becomes the desired relationship shown in Eq. (2.17). Eq. (2.17) can
be viewed graphically for clarity. A contribution to the sum in SST, SSR and SSE for a
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particular X is shown in Figure 2.2. Note the length of the lines in Figure 2.2, need to be
squared to obey Eq. (2.17). The length’s are actually the square root of SST, SSR, and
SSE.

The explained variance is the fraction of observed variance that is explained by the
regression. Mathematically, this is the ratio of the regression sum of squares (SSR) to the
total sum of squares (SST).

,  SSR
- SST

r

2.21)

This expression is directly related to the correlation between the predicted values from
the regression and the predictand values used to create the regression. It can be shown

that the correlation squared is the explained variance shown in Eq. (2.21).
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Figure 2.2: A scatter plot (blue) of the dependent (Y) variable versus the independent (X)
variable highlights the linear relationship between Y and X. The mean of Y is shown in
black. The contribution to the total sum of squares (SST) is the length of the magenta
line squared (SSR) and the length of the green line squared (SSE) added together. The
magenta line length represents the square root of the contribution to SSR. The green line
length is the square root of the contribution to SSE.
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It is important that the predictors are linearly related to the predictand (linearity). Lin-
earity ensures a linear line can be fit through the predictand and is a major assumption
of linear regression. Furthermore linear regression is based on three other major assump-
tions. They are normality of errors, homoscedasticity and independence of errors. Once
the line of best fit (}A/) has been found, each assumption should be checked to ensure it
has not been violated. The first assumption (normality of errors) can be checked by plot-
ting a histogram of the errors to ensure they are approximately normally distributed. The
second assumption (homoscedasticity) can be verified by plotting the errors against each
predictor used in the regression. The plot should look random and not have any pattern,
such as larger errors for larger predictor values. Finally, independence of errors could be
validated by a plot of errors versus time. Again the errors should be random and not be
all positive or negative.

Data containing autocorrelation may produce a regression that violates the indepen-
dence of errors assumption. Autocorrelation means that data at different points in time
are correlated with each other. Thus some future value could be predicted from past val-
ues. In other words, realisations at different times are not independent and this causes
problems with the independence of errors assumption. A good example of this is hourly
temperature data. The rise and fall of solar radiation during the day causes temperatures
to increase over half the day and then decrease for the other half. Removal of the diurnal
cycle from the hourly observations may be necessary before fitting a regression.

A good general introduction to regression can be found in “Applied Statistics for Sci-
entists and Engineers” (Levine et al., 2001). A more advanced mathematical explanation

can be found in “Applied Multivariate Statistical Analysis” (Johnson and Wichern, 2002).

2.2 Confidence Intervals and Hypothesis Testing

In any statistical analysis, the need arises to make statements about a population (assumed
to be infinite in size) of data with limited information, the main limitation being that you
only have a sample of the larger population. The two main population parameters of
interest are the mean (u) and the variance (¢2). Inferences can be made by assuming the

data are normally distributed. Data that are normally distributed have a Gaussian (bell
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shaped) probability curve, defined by an exponential function.

P(X) = 217m exp (- (%) {X; ‘T) (2.22)

The probability density function in Eq. (2.22) for a variable X is defined by the mean (1)

and the standard deviation (o) of X. Since a normal distribution is symmetric about the
mean, the area below and above the mean both represent fifty percent of the probability.
In reality, various datasets have many combinations of means and variances. This makes
finding probabilities tedious because the various combinations of means and variances
define different probability density functions. A simplification can be made by standard-
izing the data set. Removing the mean of X from each X value and then dividing by the

standard deviation of X, transforms each X value (X;) into a Z value (7).
Xi—p
o

Z; = (2.23)

The Z values define the standardized normal distribution known as the Z-distribution.
The Z-distribution is a normal distribution with a mean of zero and a standard deviation
of one, and is shown in Figure 2.3.

Inference about the mean of a population is chosen to introduce the idea of confidence
intervals. A 95 percent confidence interval implies that of all possible samples of size n,
95 percent will have the true mean (;+) within their confidence intervals. The percent level
of confidence is written mathematically as (1 — «)x100, where « is the total probability
that 1 will not lie inside the confidence interval. « of 0.05 is usually chosen in practice
which would be a 95 percent confidence interval. In general, it is desirable to have the
sample mean at the center point of the confidence interval. Since a normal distribution is
2-sided as shown in Figure 2.3, the probability of the actual mean being above or below
the confidence interval is « divided by two. Therefore there would be a 2.5 percent chance
of the actual mean either being above or below the confidence interval window.

To find the confidence interval associated with the population mean y, from the sample
means (X), we first define Z for the sample means. This is done by replacing X with X

and o with \/iﬁ in Eq. (2.23) where n is the sample size.

_ X

vn
The /7 is necessary because o is the standard deviation of the sample means. The sample

z (2.24)

means will have less variance than the actual data due to the averaging used to obtain the
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sample mean. As n becomes large, the confidence interval will shrink to the limit that the
sample mean becomes the true mean as can be seen in Eq. (2.25). Z is now effectively
measuring how many standard deviations the sample mean is from the true mean. Eq.
(2.24) can be used to express the 95 percent confidence interval for the population mean.
As discussed, the Z-distribution is two sided with the true mean in the center. The critical
values shown in Figure 2.3 are used for Z and are associated with the ninety five percent
confidence interval. This means the confidence interval will include the true population

mean (x4) ninety five percent of the time.

X -1.96-2 < <X +1.96-2
n

— 2.25
N v 222
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Figure 2.3: A standardized normally distributed probability function. The arrows point to
the critical values of Z. They are -1.96 and 1.96 for a 95 percent confidence interval. The
critical values define the shaded regions which encompass /2 (0.025) of the probability.
Values in these regions are outside the confidence interval. The shaded regions are also
known as the region of rejection in hypothesis testing.

Eq. (2.25) assumes that ¢ is known. In reality, o is usually unknown. Therefore an-
other confidence interval has to be developed to allow for the fact that only the sample
standard deviation (s) is known. The distribution used in this case is called the Student’s

t-distribution. This t-distribution for a given sample size (n) has more area in the tails and
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less in the center than the normal distribution as shown in Figure 2.4. The t-distribution
tends toward the normal distribution as the sample size increases. Mathematically the
confidence interval statement is the same as Eq. (2.25), where Z has been replaced by the
t-distribution with n— 1 degrees of freedom with n being the sample size and o is replaced
by the sample standard deviation (s). Note ¢,,_; is the critical value of the t-distribution as-
sociated with the ninety five percent confidence interval similar to the Z-distribution (See
Figure 2.3). Figure 2.4 demonstrates the difference between the Z-distribution and the
t-distribution. A ninety five percent confidence interval in a t-distribution with a sample
of six (n) values (5 degrees of freedom, n — 1) dictates t-values must lie between —2.57

and 2.57, as discussed in Figure 2.4.

X —tyo—— < p<X by — (2.26)
n

Vn Vn
where ?,,_; equals 2.57 in this case.

In practice, the t-distribution is well approximated by the normal distribution once the
sample size becomes large. This is because the sample variance (s?) approaches the
population variance (02). This is typically the case in statistical downscaling. Therefore
equation 2.25 can be easily applied without the complication of the t-distribution in most
statistical downscaling applications.

The idea of confidence intervals leads directly to hypothesis testing. Hypothesis test-
ing is a good statistical inference technique for asking questions about the similarity of
population parameters. In statistical downscaling the question one should ask is: Is the
predicted historical distribution statistically similar to what was observed? Hypothesis
testing is one way of answering this question. In hypothesis testing you formulate the
question in terms of the null hypothesis and the alternative hypothesis. As in confidence
intervals, Z in equation (2.24) can be used to formulate a hypothesis test to compare the
means of the two distributions. If X is the mean of the sample distribution, s is the true
mean, and o is the true variance, then a 95 percent hypothesis test can be constructed.
This means that there is 95 confidence that the null hypothesis will not be rejected when
it is true and should not be rejected. The null hypothesis (H,) is known as the status quo.
In terms of the mean, it says the sample mean is statistically the same as the true mean.
The alternative hypothesis (/) will be the opposite case, which is the sample mean is
not equal to the true mean.

Null = H,: X = 1 (2.27)
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Figure 2.4: The normal distribution with a mean of zero and standard deviation of one
(dashed) versus the t distribution (solid) of the data with 5 degrees of freedom (sample
size n = 6). Note the t distribution has more area in the tails and less in the main body
than the normal distribution. Note ¢,,_; has critical values of —2.57 and 2.57 in this case,
for a ninety five percent confidence interval.

Alternative => H, : X # (2.28)

In confidence intervals, the critical values of Z are —1.96 and 1.96 for a 95 percent con-
fidence interval as in Figure 2.3. If Z in Eq. (2.24) is less than —1.96 or greater than
1.96 the null hypothesis will be rejected. Similarly, if Z is greater than or equal to -1.96
and less than or equal to 1.96 then we accept the null hypothesis. Again, a 95 percent
confidence interval is associated with an v of 0.05 which is divided equally in the tails
of the distribution shown in Figure 2.3. The shaded regions in Figure 2.3 are the regions
that the null hypothesis is rejected and the remaining unshaded area is where the null hy-
pothesis would be accepted. In this thesis, hypothesis testing will be used to compared
the mean of a predicted distribution (X) against the observed mean (u) to see if the Z
value found from Eq. (2.24) will pass the ninety five percent confidence hypothesis test.
If the null hypothesis is accepted, it suggests the means of the observed distribution and
the predicted distributions are statistically the same.

Another important question is whether the variances of two distributions are statisti-

cally the same. If the data are normally distributed then the ratio of the variances is
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known to follow the F-distribution (shown in Figure 2.5). The F-distribution is ratio of

the variances of the two distributions being compared.

=21 (2.29)

Again, a 95 percent confidence interval (o« = 0.05) defines the critical values in the F-
distribution as shown in Figure 2.5. This is almost identical to the hypothesis test for the
mean, the difference being the F-distribution is used instead of the Z distribution. The

hypothesis test can be stated as follows.

Null = H, : 0} = 03 (2.30)

Alternative = H, : 0% # 03 (2.31)
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Figure 2.5: The F-distribution plotted with both the lower (F,,0.41) and upper (£77,2.18)
critical values for two samples with 17 and 39 degrees of freedom respectively. Values of
F from Eq. (2.29) greater than the Fy; or less than F7, will prompt a rejection of the null
hypothesis in favor of the alternative in Equations 2.30 and2.31. The shaded blue areas
each have a probability of 2.5 percent and are known as the regions of rejection. The
unshaded region is the region of non-rejection.

This thesis will use the F-test for variance to see if the ratio of the two distribution
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variances (Eq. (2.29)) produces an F value within the confidence limits (see Figure 2.5),
the two distributions being the observed distribution and the predicted distribution. If the
null hypothesis can be accepted, the variances are said to be statistically the same.

One of the best references for the topic of statistical inference, including confidence in-
tervals, and hypothesis testing is “Applied Statistics for Scientists and Engineers” (Levine

et al., 2001).
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2.3 Principal Component Regression

Climate data can be overwhelming because there is so much in terms of space and time
that it is difficult to make sense of it. Another issue is that there is often not a long enough
record to say anything statistically significant about trends and patterns (Wunsch, 1999).
Principal Component Analysis (PCA) is a powerful data analysis technique to find the
independent linear combinations of variables within a data set that explain the variance in
the data.

In statistical downscaling, the researcher usually has time series of multiple atmo-
spheric variables at one point. Atmospheric variables have a large covariance among
themselves. This causes problems in terms of using the predictors in a linear regression,
since independent predictors are needed. Principal component analysis transforms the
multivariate predictor set into a new predictor set known as principal components. The
principal components will all be linearly independent, and thus have zero covariance be-
tween them.

The first step is to take the multivariate predictor set and transform it into Z-scores
(see Eq. (2.23)). This means subtracting the mean from each predictor value respec-
tively and dividing each predictor value by its standard deviation. This has the desirable
effect of making the predictors non-dimensional. This is an important step in statistical
downscaling because atmospheric variables have different units. Once each predictor has
been transformed into its respective Z-score, a matrix (Z) of all the predictors Z-scores

measured over time can be constructed.

ZH . le le
Zan Za;j Zop

72— ° (2.32)
Zoi oo Zny o Ty

Each column j (valued one through p) of Z is a predictor (Z-score of geopotential
height for example) measured over all times (¢ = 1 through ¢ = n). The rows (i) of Z
correspond to measurements of the Z-scores (j) at a given time (z). Note that ¢ equals n
just refers to the last row in Z, where n is the total number of predictor measurements in

time. For example, if column one (j=1) of Z is the Z-score values of geopotential height,
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then the value in any particular row (z, 2 = 1...n) will be the measurement of geopotential
height (Z-score) at time 7. To avoid confusion, it should be noted that when referring to a
particular predictor, the reference is to all the realisations of that predictor over time.

The next step is to calculate the correlation matrix (R) of Z. Each element of the

correlation matrix can be determined with the following equation:

1 &= (Zij — pzy)(Zie — piz,)

(2.33)

i=1 02,02,

where the means (1) and standard deviations (o) are zero and one respectively for Z-
scores. The index j and k in 12, refers to the correlation between the predictors (Z-scores)
that exist in columns j and k of Z (see Eq. (2.32)). Again, the sum over ¢ is referring
to the sum over time of predictor measurements (rows in Z). Note that n in Eq. (2.33)
refers to the total number of measurements in time. If for example there are 25 columns
in Z (twenty five predictors), then both indices j and £ would be valued one through
twenty five. Using Eq. (2.33), each element of the correlation matrix R can be found. It
should be noted that the correlation matrix is symmetric (125, equals I?; except for k=7).
The diagonal values of R are the elements when j equals &, which is the variance of a

predictor. Note that the diagonal is all ones, as expected for Z-scores.

1 ng Rlp
Ry 1 ... R
R=| " 2 (2.34)
| Ry Ry ... 1|

It is easy to verify that the correlation matrix (R) is identical to the covariance matrix.
In Eq. (2.33), the mean (1) and standard deviation (o) are zero and one respectively
because the means and standard deviations are from Z-scores. The off-diagonals of the
correlation matrix (R), derived from Z, will be non-zero and vary between one and minus
one. This is because the predictors are not independent and have covariance between
them. Thus the goal of the PCA is to create a predictor set that has a correlation matrix
for which all elements are zero everywhere, except along the diagonal. The diagonal
values will be the variances of each new independent predictor.

As previously stated, R is a symmetric matrix, which means it is square, and switching

the rows and columns yields an identical matrix. In mathematical terms, R is equal to
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the transpose of R (R = RT). A result from linear algebra says, given a real symmetric

p X p matrix R, there exists an orthogonal matrix E such that
E'RE =A (2.35)

where A is a diagonal matrix with all elements equal to zero except for the diagonal ele-
ments. An orthogonal matrix has rows that are orthogonal (perpendicular) to each other.
The columns are also orthogonal to each other. Finally, the transpose of an orthogonal
matrix, is equivalent to the inverse of the matrix (E~1 = ET). The diagonal values are
known as the eigenvalues, which quantify how important the eigenvectors are in explain-
ing the variance in the data set. E is a matrix in which all the columns are the orthonormal
eigenvectors of R. All the eigenvectors are orthogonal to each other, and have unit length.
In other words, Eq. (2.35) transforms the predictor (Z-scores) correlation matrix (R) into
a diagonal matrix (A). Again, the diagonal matrix (A) is a new correlation matrix which is
zero everywhere off the diagonal. The eigenvector matrix (E), has size p x p, where each
column (eigenvector) is made up of a linear combination of the original predictors. New
independent predictor variables (principal components, PC’s) can be found by projecting
the original predictors (used to create R) onto the eigenvectors in E. This is done at each
observation time making the PC’s uncorrelated since they are derived from a projection
onto the orthogonal eigenvectors.

It is common in atmospheric science to exclude the eigenvectors associated with little
variance in the data set. This essentially removes the noise in the data set and also reduces
its dimensions. However, in statistical downscaling, a common mistake made is to drop
the principal components associated with the smallest variance eigenvectors before devel-
oping the regression. Since the PCA only deals with the variance within a data set, it does
not give any information on which predictors are good for predicting the predictand (the
predictand has not been used yet). As a result, there is no guarantee that the PC’s associ-
ated with the largest eigenvalues are the best predictors for a given predictand. Therefore,
in principal component regression it is essential to keep all the principal components and
determine which are the best predictors.

The principal components P themselves are created by projecting the original predic-

tors (Z scores) onto the orthonormal eigenvectors as follows:

P =ZE (2.36)
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Note that Z is the multivariate predictor set in Eq. (2.32). P turns out to be of the
same dimensions of Z as expected. Graphically, the eigenvectors represent a coordinate
transformation. The eigenvector associated with the most variance (largest \) points in
the direction of the largest variance within the data set. The second eigenvector associated
with the second largest A points in the direction of the next largest variance constrained
to be orthogonal to the first eigenvector and so on. This can be easily visualized in two
dimensions, as in Figure 2.6. The same thing occurs for p dimensions, but is impossible

to visualize.

N

Data 2

Figure 2.6: A scatter plot of two data sets (Z scores) is plotted in blue. It is clear that there
is a linear relationship between the two variables. The original coordinates are shown by
the black lines. The eigenvectors found from the covariance matrix of the data are plotted
in red. The first eigenvector (E1) points in the direction of largest variance of the data and
the second eigenvector (E2) is orthogonal to the first. The PC’s are the new coordinates
of data with respect to the eigenvectors. The PC’s are found by projection of the data onto
the eigenvectors shown in green.

Principal components are very useful in terms of regression, since they are orthogonal
and covariance among the predictors has been eliminated. The regression coefficients (3)
requires the inverse of a matrix to be calculated (see Eq. (2.10)). Since an inverse requires

taking the determinant, predictors that have a large covariance will result in a matrix that
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is ill-conditioned for taking the inverse. This will inflate the regression coefficients and
result in over fitting. Consider a special case in which two predictors which are exactly
the same are used. The least squares estimate will not ignore one of the predictors. It will
actually split the predicted variance between the two regression coefficients. The first
coefficient will be large and the second one will be large in the opposite sense to compen-
sate. This is the main reason why principal component regression (linearly independent
predictors) is so desirable.

If it turns out that the smallest eigenvalue PC’s are the best predictors then it is neces-
sary to be cautious. The PC’s that explain the least variance in the data set can represent
interdependencies or conserved quantities in the original data. Since PC’s are a linear
combination of the original predictors, sometimes when looking at the eigenvector asso-
ciated with the smallest A\, you will see two or three of the variable weightings add to
zero. This essentially means that these three variables are roughly a conserved quantity
since the PC’s variance is almost zero. This also suggests there is a linear dependence
in the data set and you should consider removing one of the variables that makes up that
eigenvector. The PC’s explaining the lowest variance in the data set is discussed further
in Chapter 4 in relation to the thesis downscaling.

A good reference on the topic discussed in this section is the book entitled “Applied

Mutivariate Statistical Analysis” (Johnson and Wichern, 2002).



CHAPTER 3

DATA INVESTIGATION

Statistical Downscaling (SD) often uses large data sets to determine the regression coeffi-
cients from observations over a historical period. Once the best regression coefficients are
found, the same suite of predictors (same as reanalysis predictors which we call observa-
tions) from a General Circulation Model (GCM) can be used in the regression to make
future projections of the predictand. In multivariate statistical analysis it is important to
become familiar with the data sets which can help with interpretation of the results. The

sources of the data and an investigation of the data are the essence of this chapter.

3.1 The Predictands

The climate variables chosen for making the projections in this thesis are maximum and
minimum daily temperatures (Tmax and Tmin, respectively). Forty years (1961 — 2000)
of homogenized maximum and minimum temperatures (Vincent et al. (2002)) were taken
from Shearwater International Airport shown in Figure 1.3 of Chapter 1. Homogenized
implies the data have been corrected for instrument and location changes. Any years that
were leap years required the removal of February 29. Therefore all years will have 365
days which makes the analysis less complicated. The total number of predictand values
is 14600 days for both Tmax and Tmin.

3.2 Maximum Daily Temperature

Observed Tmax has a positive linear trend of 0.047°C per year (i.e. 0.00013°C per day) in

the 1961 — 2000 period. This trend leads to an increase in the mean maximum temperature

29
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of about 1.9°C over the forty year period between 1961 — 2000. It is unknown how much
of this warming can be attributed to anthropogenic forcing, since climate varies due to
natural forcing as well. Several patterns of temporal variability can be seen in a plot of
Tmax (Figure 3.1). The largest variance in the data is the seasonal cycle which is the long
repeating sinusoidal like pattern that repeats every year. There is also temporal variability
at lower frequencies (longer period), with typical periods longer than a year, which is
known as the interannual variability. Finally the high frequency variability can be seen as
the quickly fluctuating pattern around the seasonal cycle, which can be considered as the
weather.

A power spectrum of Tmax reveals a dominate peak at a period of one year. This means
most of the observed variance in Tmax comes from the annual cycle. The seasonal cycle
is a combination of the annual cycle and other harmonics with periods less than one year.
The annual cycle (first harmonic) is the most important part of the seasonal cycle. The
6-month and 4-month harmonics are very small in comparison to the annual cycle. Going
beyond three harmonics is not necessary because they have little influence. The seasonal
cycle has a similar amplitude to the annual cycle, but it is distorted from the shape of a
true sine wave. The origin of the harmonics are of interest, but beyond the scope of this
work. The annual cycle is caused by our orbit around the sun. Less certain is the origin
of the six and four month harmonics.

From a statistical downscaling point of view, the average seasonal cycle in the 1961 —
2000 period is deterministic in comparison with variability at other frequency bands. Thus
the seasonal cycle should be removed before developing the regression. This is because
the regression will try to predict the most variance in the data. If the seasonal cycle is not
removed, the regression will try to predict the seasonal cycle instead of the weather related
variability. The average seasonal cycle plotted in Figure 3.1 can be determined using
the following regression of sines and cosines with the associated regression coefficients
shown in Table 3.1. The regression coefficients (u, (31 ...3s) reveal the importance of each

harmonic.
S(t) = p+ Bisin(wt) + Pacos(wt) + ... + Pssin(3wt) + Fecos(3wt) 3.1

Note that w is defined as 27 divided by 365 days, and ¢ = 0 represents January 1st 1961
in this thesis.

The bottom panel of Figure 3.1 shows the variance of Tmax throughout the year. This
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was done by calculating the variance of each day throughout the forty years (1961 —2000).
For example, the value on the vertical axis associated with the first value on the x-axis
in the bottom panel of Figure 3.1 is the variance of the forty values of January l1st in
the 1961 — 2000 period. The observed variance of Tmax is much higher in winter than
summer, which is expected, since baroclinicity makes weather stronger in the winter than
the summer. Since the main function of weather is to transport heat and momentum, it
makes sense to have larger Tmax swings in winter than summer. This also fits in with our

experience as the large swings in weather and temperature occur in the winter months in
Atlantic Canada.
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Figure 3.1: The top panel shows 10 years (1961-1970) of observed Tmax from Shearwater
Airport, NS. Shown in black is the observed data. A fitted three harmonic seasonal cycle
(fitted over 1961-2000) is plotted over the observed data in red. The middle panel is the
daily anomaly. This is found by subtracting the red line from the black line in the top

panel. The bottom panel gives the variance in Tmax for each day of the year over the
forty years of data (1961-2000).

3.3 Minimum Daily Temperature

Observed Tmin from 1961 —2000 also has a linear trend of 0.058°C per year (i.e. 0.00016°C
per day). This leads to a warming of the average minimum temperature of 2.3°C over the

forty year period. Again it is not clear how much of this warming is due to anthropogenic
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Variable | Coefficient
7 10.8249

061 -10.1219
65 -5.6479

03 -0.0966

04 0.1851

Os -0.0197

O -0.2274

Table 3.1: Numerical regression coefficients for the seasonal cycle of observed Tmax.
Units of degress Celsius

Variable | Coefficient
1 3.0680

1 -9.4681

65 -5.7860

03 -0.4993

04 0.0566

Os -0.2056

O -0.7212

Table 3.2: Numerical regression coefficients for the seasonal cycle of observed Tmin.
Units of degress Celsius

forcing. The same patterns of temporal variability including the seasonal cycle, interan-
nual variability, and the weather can be seen in the Tmin data as in Tmax. A seasonal
cycle with three harmonics can be removed via Eq. (3.1), similar to Tmax with the asso-

ciated regression coefficients shown in Table 3.2.

3.4 Tmax and Tmin Differences

As mentioned previously, the observed Tmax and Tmin both have positive linear trends
defined over the 1961 — 2000 period. These trends dictate Tmin has warmed more than
Tmax over the forty year period. The minimum mean (Table 3.2) is lower than the maxi-
mum mean (Table 3.1) as expected. The seasonal cycle regression coefficients associated
with the annual cycle (5, and ;) from Table 3.1 and Table 3.2 are dominant (much
larger) compared the other regression coefficients. The Tmax seasonal cycle has a similar

amplitude to the Tmin seasonal cycle as would be expected.
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Figure 3.2: The top panel shows 10 years (1961-1970) of observed Tmin from Shearwater
Airport, NS. Shown in black is the observed data. A fitted three harmonic seasonal cycle
(fitted over 1961-2000) is plotted over the observed data in red. The middle panel is the
daily anomaly. This is found by subtracting the red line from the black line in the top

panel. The bottom panel gives the variance in Tmin for each day of the year over the forty
years of data (1961-2000).
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The daily variance shown in Figure 3.1 and 3.2 reveals that Tmin varies more than
Tmax in the winter, but varies less than Tmax in summer. In winter, the sun is a sec-
ondary factor to advection when it comes to temperature. The amount of sun reaching the
ground and Tmax are anticorrelated, on a daily time scale. Sunny days in winter are usu-
ally associated with cold advection and falling temperatures. Atlantic Canada is subject
to frequent rapidly intensifying low pressure systems and strong high pressure systems in
winter. Intensifying low pressure systems have stronger cold advection than warm advec-
tion. At night, cold advection leads to cold clear nights. Cloudless skies, caused by the
subsidence associated with cold advection, leads to more radiative cooling (positive feed-
back). Winter Tmax usually occurs in the daytime where the sun has little influence due
to snow cover. Also, radiative heating from the sun in winter makes the boundary layer
unstable and induces low clouds which is a negative feedback on Tmax. These are some
reasons why Tmax does not vary as much in winter as Tmin. In summer, the influence
of large scale advection on day-to-day weather is relatively weak. However, the relative
influence of the amount of sun reaching the ground on day-to-day weather is stronger. At
night in summer, Tmin is forced by radiative cooling which is usually slow and steady.
Tmax is defined by the amount of radiation, cloud cover and soil moisture. These again

are some of the reasons Tmax varies more in summer than Tmin.

3.5 The Predictors

The predictors used in this thesis were created by an independent source referenced be-
low. The predictors were all downloaded from the Canadian Climate Change Scenarios
Network (CCCSN) website (www.cccsn.ca). No choice in the predictors to be down-
loaded was available. There are two types of predictor data sets downloaded for the
statistical downscaling in this thesis. The first is reanalysis data produced from the Na-
tional Center for Environmental Prediction (NCEP, Kistler and Kalnay, (2001)) and the
second from a GCM of choice, in this case the Canadian General Circulation Model Ver-
sion 3 (CGCM3). Twenty five predictors (see Table 3.3) from NCEP for 1961 to 2000
were obtained from the CCCSN website (www.cccsn.ca). Details on the NCEP predic-
tors creation are found in Gachon et al. (2008). Note that the geostrophic winds are used
as predictors instead of the real winds. It was determined in Gachon et al. (2008) that

the CGCM3 was poor at producing a realistic real wind distribution compared to NCEP.
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However, the CGCM3 was skillful in producing the geostrophic wind distribution. Since
the goal of this thesis work is to use CGCM3 predictors in the regression, it was necessary
to use the geostrophic winds as predictors instead of the real winds.

A quick review of the major steps in creating these predictors follows (Gachon et al.
(2008)). The predictors, which we refer to as NCEP predictors, are loosely referred to
as observations since they are used to train the downscaling regression. However, NCEP
predictors are not really observations. They come from running a general circulation
model (resolution 2.5°lat x 2.5° lon) with observations assimilated into the model. It
is assumed that NCEP predictors are representative of the state of a predictor at a given
time and space. Since the goal of this thesis is to use the CGCM3 predictors in the
trained regression, the NCEP predictors were interpolated onto the larger (3.75°1at x 3.75°
lon) CGCM3 Gaussian grid. This is necessary to ensure the predictors are representative
of the same geographic space. A daily predictor value was derived by averaging the 6
hourly (four per day) values. The reason for the daily average predictors is because Tmax
and Tmin have one daily value, and the same number of measurements in time of the
predictors and predictand is required for regression. One further step of standardizing
the predictor values (Z scores) with respect to the 1961 to 1990 means (X) and standard
deviations (o) was done with the following expression:
_ Xi — Xe1-00

061—-90

Z; (3.2)

The 1961 to 1990 period was chosen as the standardization period because it was consid-
ered a base climate period used in other SD work. The Z-scores are created separately
for each data set (CGCM3 and NCEP). This is a necessary step to remove any biases
between the predictors from CGCM3 and NCEP. Finally the predictors had the seasonal
cycles removed from each predictor via Eq. (3.1) to obtain the daily anomalies.

The same set of twenty five predictors (see Table 3.3) from the CGCM3 were also
used. Again these predictors were downloaded from www.cccsn.ca. More details on
there creation can be found in Gachon et al. (2008). The CGCM3 is a general circulation
model with the same ocean component as the CGCM2 (Flato and Boer, 2001)). However,
the CGCM3 uses a substantially updated atmospheric component known as the AGCM3
(McFarlane et al. (2006)), of which the major improvements are in the treatment of
land processes, water vapor transport and cumulus parameterization. The CGCM3 has a

resolution of 3.75°lat x 3.75° lon with 31 vertical levels. Predictors from the CGCM3 are
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daily mean variables. The daily value is achieved by averaging the 6 hourly (4 per day)
values similar to NCEP. Daily values from 1961-2100 were standardized using Eq. (3.2)
where X and ¢ are the mean and standard deviation of the respective CGCM3 predictors
from 1961 — 1990. The CGCM3 predictors were divided into two parts. The historical
CGCM3 predictors are the predictors from 1961 — 2000 and the future CGCM3 predictors
refers to the 2001-2100 period. Again the seasonal cycle for the historical period was
removed via Eq. (3.1) from each of the predictors as discussed previously.

Removal of the seasonal cycle from the future predictors needs to be treated more care-
fully. The mean (1) removed via in Eq. (3.1) was added back on to the future predictors
due to the fact the predictors were standardized with respect to the 1961 — 1990 means
and standard deviations via Eq. (3.2). Using a 1961 — 1990 standarization period will
create a non-zero mean in the future predictor Z-scores, since the future predictors likely
have a different mean than the 1961 — 1990 reference period. Removing the mean (via Eq.
(3.1)) from the future predictors would eliminate the trend in the predictors maintained
by the consistent standardization period. It is important to retain the trend in the predic-
tors if the trained regression is to be used with future predictors. The predictor trends are
what contains the information on the climate change signal and allows for projections of
Tmax and Tmin. This is discussed further in chapter 4. For full details on the predictor
creation see the document entitled Predictor Datasets derived from the CGCM3.1 T47
and NCEP/NCAR Reanalysis (Gachon et al. (2008)) on the Canadian Climate Change
Scenarios website (Www.cccsn.ca).

Surface processes like heat flux in the CGCM3 depend on whether its numerical grid
is an ocean box or a land box. Figure 3.3 shows the land-sea scheme from the CGCM3.
The detailed geography in the figure is for reference, but does not represent the actual
geography seen by the CGCM3. The CGCM3 would have much less geographical detail
due to its coarse resolution. The main purpose of Figure 3.3 is to be able to determine
how specific geography and locations are represented by the course grid of the CGCM3.
Shearwater, Nova Scotia for example, is the chosen site to be downscaled and is repre-
sented by an ocean box within the CGCM3. In fact, all of Nova Scotia is in an ocean

box.



Number | Name

1 Mean sea level pressure

2 1000hpa wind speed

3 1000hpa zonal wind

4 1000hpa meridional wind
5 1000hpa vorticity

6 1000hpa wind direction

7 1000hpa divergence

8 500hpa wind speed

9 500hpa zonal wind

10 500hpa meridional wind
11 500hpa vorticity

12 500hpa wind direction

13 500hpa divergence

14 500hpa geopotential height
15 850hpa wind speed

16 850hpa zonal wind

17 850hpa meridional wind
18 850hpa vorticity

19 850hpa wind direction

20 850hpa divergence

21 850hpa geopotential height
22 500hpa specific humidity
23 850hpa specific humidity
24 1000hpa specific humidity
25 Surface mean temperature
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Table 3.3: The names of the twenty five predictors used from both NCEP and the CGCM3.
It should be noted that the winds are the geostrophic winds.
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Figure 3.3: A mercator projection of the planet is shown. Overlaid is the lat-lon grid
(square boxes). The geographic locations that the CGCM3 sees as land is in red. The
blue represents where the CGCM3 has an ocean box.



CHAPTER 4

METHODOLOGY AND RESULTS

The steps in the statistical downscaling process and the associated results are the subject
of this chapter. The first step in any statistical downscaling process is to choose predictors
through an effective predictor selection process. The second step is the development of
the regression using historical observations (NCEP predictors and observed temperature).
This involves a validation process and a check that the final regression makes physical
sense. Once the best historical regression is created from observations, the same predic-
tors from the CGCM3 are used in the regression to ensure the statistical properties of the
historical predictand distribution can be captured. Finally, the future CGCM3 predictors

are used in the regression to make future projections of the predictand distributions.

4.1 The Predictor Selection Process

As described in Chapter 3, there are two predictor sets used in this study. The first is the
daily NCEP predictors from 1961 — 2000. The second is the daily CGCM3 predictors
which is divided into the historical (1961 — 2000) and future (2001 — 2100) predictors.
The process begins with the 25 predictors shown Table 4.1. Each had their seasonal cycles
removed to produce the daily anomaly. We also eliminated predictors that are either not
useful or redundant.

The goal of principal component analysis is to find the directions of greatest variance,
so it makes sense to remove total wind speed and direction in favor of the zonal (U)
and meridional (V') wind, since they are mathematically directly related to each other as

follows:

Speed = |U] = VU? + V2 4.1)
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Direction = § = arctan (E) 4.2)

The total wind speed and direction are predictors at three levels (500 hpa, 850 hpa and
surface). Removing them amounts to a reduction of six predictors from the initial 25,
leaving 19 predictors.

It was found that the divergence and the meridional wind speed had a correlation of
negative one at all three levels. This is because the winds are geostrophic. It can be easily
verified that the geostrophic meridional wind, and its divergence are related by a constant
on a 3 plane (Holton,2004) as follows

V.U, = (}5) v, (4.3)

The constant is the derivative of the Coriolis parameter with latitude (3 = g—i) divided by
the Coriolis parameter at a given latitude (f,).

Since the goal is to develop a regression, either the meridional wind or the divergence is
redundant. From a prediction point of view they are identical and have identical predictive
power. Failure to remove one of them would lead to inflation of the regression coefficients
as discussed in Chapter 2. It was decided to remove the divergence at all three levels (500
hpa, 850 hpa and surface). This amounts to a further reduction of three predictors, for a
total of 16 remaining candidate predictors.

One final important step was taken to ensure the predictors are appropriate for the
downscaling process. Predictors should be chosen based on both their physical relevance
to the predictand, and their accurate representation by the climate model used for the cli-
mate change simulation (Wilby and Dawson,2004). Validation of climate model output
(such as the CGCM2 and HadCM3) has shown that GCM’s have problems represent-
ing the distribution of near surface variables, such as specific humidity and temperature
compared to the NCEP reanalysis (Dibike et al.,2008).

It is known that different physics operate in different seasons, and the GCM may have
different biases in different seasons. Therefore, the regression analysis was done in each
season independently. The remaining sixteen predictors from the CGCM3 and NCEP
for the historical period (1961 — 2000) were separated into the following seasons; win-
ter (DJF), spring (MAM), summer (JJA), fall (SON). Next, predictor distributions were
viewed in terms of their Probability Density Function (PDF). Each predictor (CGCM3 vs
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NCEP) in each season was subjectively compared. It is not meaningful to compare di-
rectly the time series of the CGCM3 and NCEP predictors because the CGCM3 is not data
assimilated and cannot reproduce the so-called observed predictors from NCEP. However,
the GCM should be capable of representing the distribution of NCEP predictors. CGCM3
variables that were viewed to have major differences in distributions compared to NCEP
were omitted as a predictor, to reduce the set further.

For clarity, Figure 4.1 shows a Probability Density Function (PDF) of surface specific
humidity in summer (JJA) from both NCEP and the CGCM3. NCEP specific humidity is
shown in black and the CGCM3 specific humidity is shown in red. The CGCM3 has a
very different distribution of surface specific humidity than NCEP reanalysis and, there-
fore, is not useful for statistical downscaling. It should be noted that any PDFs included
in this chapter are created from binning the data. This means the data was separated into
bins that were three degrees Celsius wide over the range of the data. The probability on
the vertical axis (of all PDF plots) refers to the number of occurrences within a particular
bin divided by the total number of observations. The exception is Figure 4.1, where the
binning is done in intervals of 0.3 of a Z-score, since this figure is the PDF of predictor
Z-scores.

Two sets of predictors were obtained, one for spring and summer and the other for
fall and winter. It should be noted that after filtering (comparing NCEP/CGCM3) the
surface predictors had large differences in their PDF’s, and needed to be removed. This is
consistent with the previous study made by Dibike et al.(2008) who indicated that GCM’s
do not reproduce surface variables in a realistic manner, compared to observed. Table 4.1
for fall and winter, and Table 4.2 for spring and summer, show the original 25 predictors
on the left. The right column in each table is the final subset after removing the total wind
speed, wind direction, and divergence at all three levels. The right column also includes
the reduction following the subjective distribution comparison of the NCEP and CGCM3
predictors, for the years 1961 — 2000.

It is interesting to note that surface mean temperature is not a valid predictor for down-
scaling in this case. Even though it is a good predictor in reality (Tmin, Tmax and Tmean
have a high daily correlation), it cannot be included because the CGCM3 does not re-
produce it realistically, compared to NCEP. Although the best regression is sought after,

predictive power is not the only consideration. If variables that have predictive power
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Figure 4.1: Probability density function (NCEP, black and CGCM3, red) of surface spe-
cific humidity in summer (JJA) between 1961 and 2000. Note that the distributions are
from the CGCM3 grid box that is over Shearwater, NS. The NCEP distribution is from
the NCEP predictors for Shearwater that were mapped onto the CGCM3 grid as discussed
in Chapter 3. It should be noted also the predictors are Z-scores described in Chapter 3.

were included despite the ability or inability of the GCM to represent them, then the pro-
jections are not credible. This is because the downscaled Tmax or Tmin generated using
NCEP predictors will be different from the downscaled Tmax or Tmin generated using

CGCM3 predictors, if NCEP and CGCM3 have different predictor distributions.

4.2 Regression Development

As discussed in Chapter 2, it is desirable to have independent predictors for a regression.
Following the mathematics in Section 2.3, the final predictor subsets from NCEP (Tables
4.1 and 4.2) were transformed into their principal components (PC’s). This resulted in
twelve PC’s for fall and winter and ten PC’s for spring and summer. The principal com-
ponents were the predictors used to train the regression in each season, instead of the
predictors themselves. Once the principal components were determined, their correlation
(see the discussion in next paragraph) with both Tmax and Tmin for each season was
determined to see which PCs were useful predictors. The results of the PC analysis and

regression training are shown in Tables 4.3 through 4.10. The regression training was
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Number | Original Predictors Final subset Predictors

1 Mean sea level pressure Mean sea level pressure

2 1000hpa wind speed 1000hpa zonal wind

3 1000hpa zonal wind 1000hpa meridional wind
4 1000hpa meridional wind | 1000hpa vorticity

5 1000hpa vorticity 500hpa zonal wind

6 1000hpa wind direction 500hpa meridional wind
7 1000hpa divergence 500hpa vorticity

8 500hpa wind speed 500hpa geopotential height
9 500hpa zonal wind 850hpa zonal wind

10 500hpa meridional wind 850hpa meridional wind
11 500hpa vorticity 850hpa vorticity

12 500hpa wind direction 850hpa geopotential height
13 500hpa divergence

14 500hpa geopotential height

15 850hpa wind speed

16 850hpa zonal wind

17 850hpa meridional wind

18 850hpa vorticity

19 850hpa wind direction

20 850hpa divergence

21 850hpa geopotential height

22 500hpa specific humidity

23 850hpa specific humidity

24 1000hpa specific humidity

25 Surface mean temperature

Table 4.1: The names of the original twenty five predictors used from both NCEP and the
CGCM3 and the reduced subset used in the downscaling process for fall and winter. Note
the winds are the geostrophic winds.



Number | Original Predictors Final subset Predictors

1 Mean sea level pressure Mean sea level pressure
2 1000hpa wind speed 1000hpa zonal wind

3 1000hpa zonal wind 1000hpa meridional wind
4 1000hpa meridional wind | 500hpa zonal wind

5 1000hpa vorticity 500hpa meridional wind
6 1000hpa wind direction 500hpa vorticity

7 1000hpa divergence 500hpa geopotential height
8 500hpa wind speed 850hpa zonal wind

9 500hpa zonal wind 850hpa meridional wind
10 500hpa meridional wind 850hpa vorticity

11 500hpa vorticity

12 500hpa wind direction

13 500hpa divergence

14 500hpa geopotential height

15 850hpa wind speed

16 850hpa zonal wind

17 850hpa meridional wind

18 850hpa vorticity

19 850hpa wind direction

20 850hpa divergence

21 850hpa geopotential height

22 500hpa specific humidity

23 850hpa specific humidity

24 1000hpa specific humidity

25 Surface mean temperature
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Table 4.2: The names of the original twenty five predictors used from both NCEP and the
CGCM3 and the reduced subset used in the downscaling process for spring and summer.
Note the winds are the geostrophic winds.
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done on the data from 1961 — 1990.
Correlation between a predictor X (one of the developed PC’s from the original pre-
dictors) and a predictand Y (Tmax or Tmin) is defined mathematically as:

n

I (X = px) (Vi — py)
Ryy =3 (4.4)

- 0x0y
i=1

where ¢ refers to an individual element and o refers the standard deviation of X and Y.
n refers to the total number of observations. Recall that the means (ux and py) have
already been removed from X and Y. The predictors are Z-scores (then their seasonal
cycle was removed from the Z-score) so by definition their means are zero. The seasonal
cycle was removed from the predictands (which are not Z-scores) which removed their
means as well. Since the means of the predictands and predictors are zero, Eq. (4.4) is
even simpler because the means drop out (are zero).

A critical correlation value was chosen, such that if the correlation between the predic-
tor (PC) and predictand (Tmax or Tmin) was greater than or equal to that value, then that
predictor was used in the regression. If the correlation was less than that critical corre-
lation value, that predictor was not used in the regression analysis. This is known as a
correlation cut-off. The absolute value of 0.1 was chosen as the correlation cut-off, based
on a parameter known as v after Thompson and Sheng (1997). Gamma squared defined
below is the ratio of the variance in the errors of the regression (See Eq. (2.2)) to the vari-
ance in the predictand. Referring to Section 2.1, it can be easily seen that gamma squared
is equivalent to SSE in Eq. (2.16) divided by SST in Eq. (2.14). The terms defining

Eq. (2.17) show that gamma squared is equal to one minus the explained variance of the

SSE _ | _ SSR

regression (7> = 237 o

). Gamma squared is a measure of regression accuracy

and is defined mathematically as follows:

V2 = S (Y — }?;)2
> (Yi)?

where ¢ is the index referring to each time measurement of the observations (Y;) and the

4.5)

prediction (). Again, n is the total number of observations. Also, it should be noted
the mean is assumed to be zero in Eq. (4.5), which is true in this thesis work. Clearly if
the variance in the errors is zero (numerator of Eq. (4.5)), then the regression can predict
the predictand perfectly. In other words, as Gamma squared decreases, the prediction

accuracy increases. Gamma squared was calculated using various correlation cut-offs
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PC | PC percent explained variance | Correlation | Regression Coefficients ((3)
Bo=0.03

1 135 0.12 0.32

2 126 0.54 1.66

3 122 -0.14 -0.48

4 16 0.39 2.57

5 |5 0.06

6 |3.1 0.15 1.16

7 |13 0.05

8 |0.74 0.32 5.80

9 10.53 -0.28 -5.58

10 1 0.2 -0.01

11 0.1 0.07

12 1 0.03 0.27 22.09

Table 4.3: The percentage of total variance explained by each of the twelve principal com-
ponents in the original twelve possible predictors (NCEP) used in the regression analysis
for winter Tmin. Each PCs correlation with Tmin is also shown in winter. The last col-
umn on the right shows the regression coefficients (units of degrees Celsius), using the
principal components. Note that PCs with a correlation less than 0.1 were not used in the
regression and therefore have no regression coefficient displayed.

and it was subjectively determined that an absolute value correlation of 0.1 allowed a
sufficient accuracy. That is, increasing the number of predictors used in the regression
did not decrease the gamma squared significantly. The values of gamma squared for each
regression in the training period are shown in Section 4.4 (Tables 4.14 and 4.15).

In Tables 4.3 through 4.10, the percentage of total variance explained in the original
predictor data set by each principal component used in the regression and its correlation
with both Tmax and Tmin are shown. Note that the percent explained variance of the PCs
sums to one hundred percent since the original predictors and the new predictors (PCs)
have the same information. Note that only predictors (PCs) that a had an absolute value
correlation of 0.1 (determined from +?) or greater with Tmax and Tmin have an associated
regression coefficient in Tables 4.3 through 4.10. PCs that had a lower correlation were
not used in the regression.

As discussed at the end of Section 2.3, caution should to be taken when using the PCs
that explain the least variance in the predictor set in the regression. Some of these PCs can
be representative of interdependicies among the predictors. It is well known that these PCs

can sometimes lead to over fitting the regression. In each season, the PC that explained



PC | PC percent explained variance | Correlation | Regression Coefficients ((3)
ﬂo =-0.05

1 135 0.23 0.55

2 126 0.62 1.72

3 122 0.07

4 16 0.40 2.28

5 |5 0.11 0.66

6 |3.1 0.21 1.55

7 1.3 0.01

8 10.74 0.20 3.25

9 1053 -0.23 -4.07

10 [ 0.2 -0.01

11 | 0.1 0.08

12 1 0.03 0.18 13.41
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Table 4.4: The percentage of total variance explained by each of the twelve principal com-
ponents in the original twelve possible predictors (NCEP) used in the regression analysis
for winter Tmax. Each PCs correlation with Tmax is also shown in winter. The last col-
umn on the right shows the regression coefficients (units of degrees Celsius), using the
principal components. Note that PCs with a correlation less than 0.1 were not used in the
regression and therefore have no regression coefficient displayed.

PC | PC percent explained variance | Correlation | Regression Coefficients ()
By =-0.09

1 |31 -0.29 -0.55

2 129 -0.01

3 |24 -0.31 -0.63

4 16 0.31 1.32

5 |38 -0.17 -0.79

6 |29 -0.02

7 123 0.20 1.22

8 106 0.40 4.86

9 103 0.01

10 | 0.1 0.03

Table 4.5: The percentage of total variance explained by each of the ten principal com-
ponents in the original ten possible predictors (NCEP) used in the regression analysis for
spring Tmin. Each PCs correlation with Tmin is also shown in spring. The last column on
the right shows the regression coefficients (units of degrees Celsius), using the principal
components. Note that PCs with a correlation less than 0.1 were not used in the regression
and therefore have no regression coefficient displayed.



PC | PC percent explained variance | Correlation | Regression Coefficients ((3)
Bo=-0.11

1 |31 -0.23 -0.52

2 129 -0.16 -0.33

3 |24 0.13 0.36

4 |6 0.31 1.63

5 |38 -0.12 -0.74

6 |29 -0.06

7T 123 0.21 1.55

8 106 0.35 5.04

9 103 0.01

10 | 0.1 0.12 2.84
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Table 4.6: The percentage of total variance explained by each of the ten principal com-
ponents in the original ten possible predictors (NCEP) used in the regression analysis for
spring Tmax. Each PCs correlation with Tmax is also shown in spring. The last column
on the right shows the regression coefficients (units of degrees Celsius), using the prin-
cipal components. Note that PCs with a correlation less than 0.1 were not used in the
regression and therefore have no regression coefficient displayed.

PC | PC percent explained variance | Correlation | Regression Coefficients ()
By =-0.09

1 |31 0.18 0.32

2 129 0.30 0.53

3 122 0.01

4 |55 -0.15 -0.67

5 |45 -0.22 -0.99

6 |38 -0.29 -1.54

7 |3 -0.03

8 105 0.42 5.99

9 104 0.02

10 | 0.3 0.05

Table 4.7: The percentage of total variance explained by each of the ten principal com-
ponents in the original ten possible predictors (NCEP) used in the regression analysis for
summer Tmin. Each PCs correlation with Tmin is also shown in summer. The last col-
umn on the right shows the regression coefficients (units of degrees Celsius), using the
principal components. Note that PCs with a correlation less than 0.1 were not used in the
regression and therefore have no regression coefficient displayed.



PC | PC percent explained variance | Correlation | Regression Coefficients ((3)
By =-0.09

1 |31 -0.07

2 129 0.12 0.35

3 122 -0.46 -1.62

4 |55 -0.14 -0.99

5 |45 -0.11 -0.79

6 |38 -0.30 -2.56

7 13 -0.16 -1.50

8 105 0.28 6.41

9 104 -0.03

10 | 0.3 0.03
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Table 4.8: The percentage of total variance explained by each of the ten principal com-
ponents in the original ten possible predictors (NCEP) used in the regression analysis for
summer Tmax. Each PCs correlation with Tmax is also shown in summer. The last col-
umn on the right shows the regression coefficients (units of degrees Celsius), using the
principal components. Note that PCs with a correlation less than 0.1 were not used in the
regression and therefore have no regression coefficient displayed.

PC | PC percent explained variance | Correlation | Regression Coefficients ((3)
By =-0.03

1 |36 0.04

2 126 0.55 1.27

3 120 -0.13 -0.30

4 |6 0.33 1.50

5 |5 0.07

6 |3 0.08

7T 2 0.04

8 108 0.05

9 106 0.43 6.67

10 1 0.3 -0.04

11 102 -0.06

12 | 0.1 -0.28 -17.90

Table 4.9: The percentage of total variance explained by each of the twelve principal com-
ponents in the original twelve possible predictors (NCEP) used in the regression analysis
for fall Tmin. Each PCs correlation with Tmin is also shown in fall. The last column on
the right shows the regression coefficients (units of degrees Celsius), using the principal
components. Note that PCs with a correlation less than 0.1 were not used in the regression
and therefore have no regression coefficient displayed.
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PC | PC percent explained variance | Correlation | Regression Coefficients 3
Bo =-0.05

1 |36 0.12 0.22

2 |26 0.52 1.15

3 120 0.15 0.38

4 |16 0.41 1.89

5 |5 0.17 0.97

6 |3 0.07

7T 12 0.05

8 1038 -0.01

9 106 0.38 5.68

10 { 0.3 0.04

11 1 0.2 0.05

12 | 0.1 -0.22 -13.43

Table 4.10: The percentage of total variance explained by each of the twelve princi-
pal components in the original twelve possible predictors (NCEP) used in the regression
analysis for fall Tmax. Each PCs correlation with Tmax is also shown in fall. The last
column on the right shows the regression coefficients (units of degrees Celsius), using the
principal components. Note that PCs with a correlation less than 0.1 were not used in the
regression and therefore have no regression coefficient displayed.

the least predictor set variance was checked in this thesis work. If an interdependence was
observed in the eigenvector, then a predictor was removed, and the regression was trained
again. We found that this made no difference in the regression results suggesting this step
is not necessary, which is consistent with the finding in Huth (2002). Huth (2002) found
that the PC explaining the least variance in the predictor set did not cause over fitting if
used in the regression. In this research, an example occurs in winter where the PC that
explains the least predictor set variance (see Tables 4.3 and 4.4) is used in the regression.
The associated eigenvector shows that mean sea level pressure along with 500 hpa and 850
hpa geopotential height sum to zero. This PC has little variance and sums to a constant
(zero), which suggests there is a relationship among the variables. However, removing

mean sea level pressure and doing the regression training again yielded the same results.

4.3 Predictor Physics

As mentioned earlier, it is an important step to check whether the most important pre-

dictor in the regression has a known physical relationship with the predictand. This step
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helps give confidence in the skill of the regression analysis. The highest correlated PC
with the predictand (Tmax or Tmin) was examined in each season in this thesis. Since
principal components are a linear combination of the original predictors, the importance
of a particular predictor in making up a particular PC comes from the size of the coeffi-
cient or weight of that predictor in the linear combination making up that PC. Tables 4.11
through 4.13 show the correlation of the highest correlated PC with both Tmax and Tmin
in each season. Also shown are the most important original predictors making up that PC
chosen from their associated weights. Since the PCs are non-dimensional, an individual
PC’s associated weights from the original predictors squared must sum to one (similar
to the components of a vector). Their actual weights can be interpreted as their relative
importance in constructing that PC.

The largest fraction of the variance (Tmax or Tmin) is accounted for by the same PC
in winter (Table 4.11). This PC explains about forty percent of the total variance in Tmax
and roughly thirty percent of the total variance in Tmin. The dominant original predictors
in this PC are meridional wind at all three levels, which is expected since temperature
advection from the north/south causes Tmax and Tmin at Shearwater to decrease/increase
in winter.

Before discussing the predictor physics in summer, caution is needed when considering
physical processes, like the sea-breeze circulation. The predictor winds used in this thesis
are geostrophic and therefore do not directly contain the sea-breeze. If we were using
the real winds, it is likely that the effect of the sea-breeze on surface temperature would
show up in the regression. As discussed in Chapter 3, when the predictors were created,
it was determined that the real winds could not be used as predictors. This is due to the
fact that the distribution of real wind produced by the CGCM3 is significantly different
from the real wind distribution from NCEP in the grid box corresponding to Shearwater.
The large grid-spacing in the GCM is likely to be the culprit of this major difference.
This makes the GCM incapable of resolving boundary layer effects like the sea-breeze
which have a large influence on the real wind. Similarly the large grid-spacing likely
does not resolve the large accelerations from baroclinic storms that put the atmosphere
out of geostrophic balance and influences the real wind in the upper atmosphere. We
can anticipate that onshore geostrophic winds in the summer should bring down day time

temperatures, due to the ocean influence. Offshore winds will bring day time temperatures
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up, due to sensible heating as air parcels cross the land mass. This is similar to the sea-
breeze, but is not actually the sea-breeze due to the fact the predictor winds used in the
regression are geostrophic.

In spring, the same leading PC is found for both Tmax and Tmin (Table 4.11). The
dominant predictor explains roughly ten to fifteen percent of the total variance in Tmax
and Tmin. It is not surprising that this predictor is dominated by geopotential height,
since it is related to thickness (difference in geopotential height between two pressure
surfaces). The connection between thickness and mean layer temperature is easy to derive
from hydrostatic balance. However, it should be noted that this PC does not explain a very
large fraction of the observed variance in either Tmax or Tmin in spring. Temperature in
spring depends also on other factors, such as ocean temperature and cloud cover, which
are not considered here.

Summer is the only season that has a different leading PC for Tmax and Tmin (Table
4.12). Tmin depends on a PC similar to that which is important in spring. Roughly fifteen
percent of the total Tmin variance is explained by geopotential height (related to thick-
ness), which is not a large fraction of the total variance. Again Tmin in summer, which is
similar to spring, is probably related to predictors not considered here. Tmax in summer
has a leading PC that explains over twenty percent of the total variance in Tmax. This PC
is negatively correlated with Tmax. In other words as the PC values go up, Tmax goes
down and vice-versa. The combination of zonal and meridional wind with a negatively
correlated PC is directly related to the influence of onshore/offshore wind on temperature.
For example, as it can be seen in Table 4.12 a northerly 850 hpa wind (negative merid-
ional wind, northerly) decreases the PC’s value (all else being equal) which means Tmax
would increase. The opposite is true for a southerly wind (positive) where Tmax would
decrease. The zonal wind has a negative weighting. Therefore an easterly wind (negative)
will increase the value of the PC which suggests Tmax would go down. A similar anal-
ysis shows that a westerly wind (positive zonal anomaly) increases Tmax. In summary,
the sun makes a strong land/ocean temperature contrast, which is why onshore/offshore
winds are more important in the day than night in influencing temperature.

Finally the leading PC for Tmax and Tmin in fall (Table 4.13) is very similar to winter.
The same PC is important for both Tmax and Tmin. This PC is dominated by meridional

wind, which suggest again that temperature advection is the most important forcing in
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Winter Tmin and Tmax Spring Tmin and Tmax
Tmin correlation = 0.54 Tmin correlation = 0.40
Tmax correlation = 0.62 Tmax correlation = 0.35

Important associated weights Important associated weights
surface meridional wind = 0.52 | 500hpa geopotential height = 0.81
850hpa meridional wind = 0.57 | 500hpa vorticity = 0.41

500hpa meridional wind = 0.48

Table 4.11: List of predictors with the largest weighting (greater than 0.35) associated
with the leading PC in winter and spring. The leading PC is the PC that accounts for the
largest fraction of total variance in the predictand. The correlation between the predictand
and the leading PC is shown also.

Summer Tmin Summer Tmax

Tmin correlation = 0.42 Tmax correlation = -0.46

Important associated weights Important associated weights

500hpa geopotential height = 0.76 | 500hpa meridional wind = 0.46

500hpa vorticity = 0.38 850hpa meridional wind = 0.42
850hpa zonal wind = -0.41
surface zonal wind = -0.40

Table 4.12: List of predictors with the largest weighting (greater than 0.35) associated
with the leading PC in summer. The leading PC is the PC that accounts for the largest
fraction of total variance in the predictand. The correlation between the predictand and
the leading PC is shown also.

the fall (and winter). Again this makes sense because temperature advection is the main

influence when solar insolation is reduced.
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Fall Tmin and Tmax
Tmin correlation = 0.55
Tmax correlation = 0.52

Important associated weights

surface meridional wind = 0.52
850hpa meridional wind = 0.58
surface meridional wind = 0.52

Table 4.13: List of predictors with the largest weighting (greater than 0.35) associated
with the leading PC in fall. The leading PC is the PC that accounts for the largest fraction
of total variance in the predictand. The correlation between the predictand and the leading
PC is shown also.

4.4 Validation of Regression and Regression Results

Validation is an important step in any regression analysis. We assess the performance
of the newly developed statistical downscaling method in predicting Tmax and Tmin
at Shearwater during two periods: the training period between 1961 and 1990 and the
validation period between 1991 and 2000. The trained regression (trained on 1961 — 1990
data) was used with the predictor data (PC’s) from 1991 — 2000 to predict Tmax and Tmin
for that period (1991 — 2000) in each season. The predicted Tmax and Tmin were then
correlated with what was observed in the 1991 — 2000 period to ensure the regression
had predictive skill. This is known as cross validation, which confirms the regression
can predict Tmax and Tmin data that is independent of the training period. Tables 4.14
and 4.15, one for Tmin and one for Tmax, show the percent explained variance of the
regression found from training the regression in the 1961 — 1990 period. The Tables also
show the percent explained variance of the independent validation period (1991 — 2000).
Again, as discussed in Section 2.1, the percent explained variance is the square of the
correlation multiplied by 100, between the predicted Tmax or Tmin in a given period and
what was observed during the same period. Also shown in Tables 4.14 and 4.15 is the
regression accuary of the training and validation periods, measured by gamma squared

(7?) as discussed in Section 4.2.
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Season | Training Period | Validation Period | 7§ | 73

Winter | 78 77 0.22 1 0.23
Spring 51 49 0.49 | 0.51
Summer | 45 45 0.55 | 0.55
Fall 69 68 0.31 | 0.32

Table 4.14: The percentage of total variance explained by the regression for Tmin during
the training period (1961-1990, second column) and the validation period (1991-2000,
third column). ~# and 2 shows the gamma squared (see Section 4.2) associated with the
training period (7?) and the validation period (73).

Season | Training Period | Validation Period | 77 | 3

Wanter | 75 74 0.25 | 0.26
Spring 40 40 0.60 | 0.60
Summer | 45 46 0.55 | 0.54
Fall 71 69 0.29 | 0.31

Table 4.15: The percentage of total variance explained by the regression for Tmax during
the training period (1961-1990, second column) and the validation period (1991-2000,
third column). +? and 72 shows the gamma squared (see Section 4.2) associated with the
training period (v?) and the validation period (72).

As shown in Tables 4.14 and 4.15, the explained variance and ~? in the training and val-
idation period are almost identical in each season. Therefore the developed regression is
capable of predicting Tmax and Tmin with predictors independent of the training period.
One final step of validating the regression assumptions was done. As discussed in Chapter
2, three major assumptions in linear regression are Normality of Errors, Homoscedasticity
and Independence of Errors. In each season, the distribution of the regression errors was
checked to make sure it looked normal. The errors were plotted against each predictor in
the regression to ensure no patterns were observed. Also, the errors were plotted versus
time to ensure no pattern was observed. From there it was determined that the regressions
developed in the historical period between Tmax and Tmin and the NCEP predictors were
not overfit and had no major violations of the assumptions on which they were based. Ta-
bles 4.14 and 4.15 show that the best regression occurs in the winter season, with fall
being a close second. Spring and summer have significantly less regression accuracy than
fall and winter. Spring and summer require the use of different predictors than the ones

considered in the predictor selection process to get a higher explained variance.
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The explained variances in Tables 4.14 and 4.15 show the regression itself does not
predict one hundred percent of the total variance in the daily anomalies (predictand). To
address this problem, a step is taken to try and account for the variance not explained
by the regression. This is done by multiplying the predicted daily anomaly values by an
inflation factor. This inflation factor is defined as the reciprocal of the correlation (R)
between the observed daily anomaly and the predicted daily anomaly (Huth,2002)

I=4. (4.6)

The inflation factor (I) can be easily found for Tmin and Tmax for all seasons with the
explained variances shown in Tables 4.14 and 4.15. For example, the explained variance
for winter Tmax is 0.78. This means the correlation between observed Tmax and pre-
dicted Tmax in winter is 0.88 (i.e. v/0.78). Therefore the inflation factor is 1.14 (i.e.
Tgs)' Similarly spring, summer, and fall have inflation factors of 1.40, 1.49 and 1.20
respectively.

It needs to be stressed that the inflation does not improve the regression fit. It can
be shown that if gamma squared were calculated after inflation was completed, gamma
squared would increase compared to the non-inflated prediction. Inflation is just a tech-
nique to allow the prediction to have a similar variance to what was observed. This issue
is discussed in Karl et al. (1990) where they discuss the application of an inflation fac-
tor reduces the prediction accuracy, but ensures the variance of the prediction matches
observations. Since the prediction error on any given day is not important, but the cor-
rect variance of the projections for climate studies are important, inflation is desirable for
statistical downscaling.

Once the predictions for Tmax and Tmin have been inflated, a time series plot can be
made to assess the performance of the statistical downscaling. Figures 4.2 and 4.3 are
plots of two years of the time series for Tmax and Tmin. The first year is part of the
training period (1990), the second year is part of the validation period (1991). These two
plots show similar skills in both the training and validation period when predicting the
predictand. Along with the values in Tables 4.14 and 4.15, these plots (Figures 4.2 and

4.3) are pretty convincing that the regresion has predictive skill.
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Figure 4.2: Top panel shows time series for two years (1990 — 1991) of observed Tmax
daily anomalies for winter (black). The inflated NCEP prediction of the daily anomaly
for the last year of the training period (1990) is shown in red. The blue line represents
the inflated NCEP prediction of the daily anomaly for first year of the validation period
(1991). The bottom panel is identical to the top except it is for Tmin
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Figure 4.3: The top panel shows time series for two years (1990—1991) of observed Tmax
daily anomalies for summer (black). The inflated NCEP prediction of the daily anomaly
for the last year of the training period (1990) is shown in red. The blue line represents
the inflated NCEP prediction of the daily anomaly for first year of the validation period
(1991). The bottom panel is identical to the top except it is for Tmin

To recover the total predicted values of Tmax and Tmin, the observed average seasonal
cycles (see Chapter 3) needs to be added back on to the inflated prediction of the daily
anomalies. Before doing that, hypothesis testing was employed to check that means and
variances of the inflated predictions (daily anomalies) were similar to that of the observed
daily anomalies. A Z-test (see Section 2.2) for the mean and an F-test (see Section 2.2)
for the variance were used to test if the first two moments (mean and variance) of NCEP
predicted Tmax and Tmin daily anomalies in each season were statistically the same as
what was observed from 1961 — 2000. In all four seasons, for both Tmax and Tmin, a
ninety five percent hypothesis test was passed for both the mean and the variance. In other
words, the developed regressions (NCEP predictors) with associated inflation factors are
capable of predicting the statistical properties of the observed distributions. However it is
noteworthy that the inflation factor was needed to pass the hypothesis test for variance.

As the explained variance of the regression goes down, the inflation factor goes up.
Large inflation factors are required for spring and summer. As mentioned earlier, spring
and summer depend on other factors (predictors) not considered in this thesis. Although

the CGCM3 and NCEP predictor distributions were checked to ensure they are similar
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(Section 4.1), they are not identical. Seasons that have large inflation factors could mag-
nify relatively small predictor distribution differences, when the CGCM3 predictors are
used in the NCEP trained regression. Predictor distribution differences could lead to un-
desirable results in your projections as previously discussed. This is why the comparison
between NCEP and the CGCM3 distributions is essential.

Finally, adding back on the observed average seasonal cycles removed previously to
the inflated predictions, the following four PDFs (Figures 4.4,4.5,4.6,4.7) are plotted for
inspection. Shown are PDFs of the NCEP predicted (downscaled) total Tmax and Tmin
against what were observed in the 1961 — 2000 period. These predictions (NCEP predic-
tions) are created from predicting the daily anomaly via the regression then inflating the
variance and finally adding back on the observed average seasonal cycle. Note that NCEP
predicted refers to the regression predicted Tmax or Tmin using the NCEP predictors.

The NCEP predicted total Tmax and Tmin using the newly developed statistical down-
scaling method have similar PDFs the observed Tmax and Tmin PDFs, especially in terms
of the general shape. This is true for all seasons for both Tmax and Tmin. The main caveat
is that spring and summer require large inflation factors to do this. Although the shape
comparisons appear similar, close inspection reveals differences around the center peak
of the PDFs for Tmin (Figure 4.4). This also occurs in the other seasons for both pre-
dictands. The peakedness of a PDF is related to the fourth moment known as kurtosis.
A way to address this is to have a more objective predictor selection process that consid-
ers the higher moments of the distributions. The distributions could be more objectively

compared through hypothesis testing of the first four moments of the data.
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Figure 4.4: Probability density functions of observed and NCEP predicted in winter at
Shearwater, NS. Tmin is in left panel, Tmax is in right panel.
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Figure 4.5: Probability density functions of observed and NCEP predicted in spring at
Shearwater, NS. Tmin is in left panel, Tmax is in right panel.
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Figure 4.6: Probability density functions of observed and NCEP predicted in summer at
Shearwater, NS. Tmin is in left panel, Tmax is in right panel.
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Figure 4.7: Probability density functions of observed and NCEP predicted in fall at Shear-
water, NS. Tmin is in left panel, Tmax is in right panel.
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4.5 CGCMa3 Hindcasting

Once the regression coefficients are determined from the observations (ie. NCEP re-
analysis in this thesis), the CGCM3 predictors can be used in the regression analysis.
Since a careful predictor selection process was used to ensure the CGCM3 predictors
have similar distributions to the NCEP distributions, the CGCM3 predictors should be
capable of hindcasting Tmax and Tmin with similar skill to NCEP. Since it is assumed
that NCEP eigenvectors are the true directions of variance, the first step is to project the
CGCM3 predictors onto the NCEP derived eigenvectors in each season. This gives the
CGCM3 version of the principal components to be used in the regression analysis. Next,
the NCEP seasonally derived regression coefficients were used with the CGCM3 PC’s to
predict Tmax and Tmin in each season. The predicted Tmax and Tmin are then multiplied
by the appropriate inflation factor derived in the previous section (Section 4.3) from the
NCEP data. Finally the observed average seasonal cycle which includes the annual mean
removed previously from the observations (see Chapter 3) is added to the prediction. The
result is the total Tmin and Tmax values predicted from the CGCM3 predictors.

As previously mentioned, it is not meaningful to compare time series of Tmax and
Tmin predicted using predictors from the CGCM3 with observed Tmax an Tmin because
the CGCM3 is not data assimilated. As a result, we compare the PDFs of the CGCM3
predicted and observed Tmax and Tmin in each season. Figures 4.8, 4.9, 4.10, and 4.11
are plotted by season for 1961 — 2000. The plots of Tmax and Tmin show the CGCM3
predicted (downscaled) Tmax and Tmin distributions (PDFs) using the CGCM3 PC’s
compared with the actual observed distribution. Also shown is the distribution predicted

by the raw CGCM3 without any downscaling.
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Figure 4.8: Winter Probability Density Function (PDF) of the observed distribution from
1961 — 2000 (black), the PDF from the CGCM3 predicted (downscaling prediction) for
the same period (red) and the PDF from the raw CGCM3 for the same period (blue). The
left panel is Tmin and the right panel is Tmax, both for Shearwater, NS.
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Figure 4.9: Spring Probability Density Function (PDF) of the observed distribution from
1961 — 2000 (black), the PDF from the CGCM3 predicted (downscaling prediction) for
the same period (red) and the PDF from the raw CGCM3 for the same period (blue). The
left panel is Tmin and the right panel is Tmax, both for Shearwater, NS.
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Figure 4.10: Summer Probability Density Function (PDF) of the observed distribution
from 1961 — 2000 (black), the PDF from the CGCM3 predicted (downscaling prediction)
for the same period (red) and the PDF from the raw CGCM3 for the same period (blue).
The left panel is Tmin and the right panel is Tmax, both for Shearwater, NS.
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Figure 4.11: Fall Probability Density Function (PDF) of the observed distribution from
1961 — 2000 (black), the PDF from the CGCM3 predicted (downscaling prediction) for
the same period (red) and the PDF from the raw CGCM3 for the same period (blue). The
left panel is Tmin and the right panel is Tmax, both for Shearwater, NS.

A subjective comparison (Figures 4.8, 4.9, 4.10, 4.11) of the CGCM3 predicted (down-
scaled), observations and the raw CGCM3 prediction PDFs reveals the following: In gen-
eral, the statistical downscaling (CGCM3 predicted) is closer to observed than the raw
CGCM3. The largest improvement occurs for Tmin in winter, where the downscaled ver-
sion of Tmin has a very different shape than the raw CGCM3 Tmin, and is much closer
to the observed Tmin. The downscaled Tmax PDF in winter shows marked improvement
as well compared to the raw CGCM3. The spring Tmin downscaled version is also much
closer to observed than the raw CGCM3. Tmax in spring shows improvement as well
from the downscaling; however the raw CGCM3 appears to do a better job for Tmax
than Tmin when comparing with observed Tmax. Tmin in summer shows improvement
from the downscaling as well. It is interesting to note that the summer Tmax downscaling
shows little improvement. In other words, the raw CGCM3 seems to be doing a good job
with summer Tmax compared to observations. Again, caution needs to be taken with the
accuracy of the downscaling in spring and summer because the inflation factor is large
(regression has low explained variance). Finally, the downscaling in fall shows marked

improvement for Tmin, but CGCM3 predicted Tmax only shows marginal improvement
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since the raw CGCM3 appears to do well when compared to observed.

These PDFs may not be a fair comparison for the downscaling accuracy, since the av-
erage observed seasonal cycle is included in the observed data, and the same average ob-
served seasonal cycle has been added onto the CGCM3 predicted inflated daily anomaly
(downscaling prediction). Similarly, the raw CGCM3 temperature prediction includes the
seasonal cycle predicted by the raw CGCM3 which is different from the observed aver-
age seasonal cycle. For a fair comparison, the variance of the daily anomalies (Tmax and
Tmin) was compared with hypothesis testing (F-test, see Chapter 2) in each season. Since
the daily anomaly is what the regression predicts, the observed anomaly and the inflated
CGCM3 predicted anomaly should be compared with the raw CGCM3 anomaly. To get
the raw CGCM3 anomaly, a seasonal cycle was fit to the raw CGCM3 (same as described
in Chapter 3) and then removed.

After doing the hypothesis testing (F-test, see Section 2.2), which compares the vari-
ances of the two predicted anomalies (CGCM3 predicted, and raw CGCM3) with the
observed anomalies, the same result as the initial subjective comparison was found. That
is: compared to observed, the statistical downscaling CGCM3 prediction anomaly has a
variance statistically the same as observed. However, the raw CGCM3 anomaly does not.
This is true with ninety five percent confidence (19 times out of 20). This result certainly
suggests that the downscaling does lead to an improvement in the representation of Tmax
and Tmin compared to observed. From here we are now ready to use the regression with
future predictors from the CGCM3 to make future projections.

In closing this section, we argue that variance is not the only consideration, when trying
to predict a distribution’s shape. The hypothesis testing employed above considers only
the variance. The inflation factor (see Section 4.4) forces the CGCM3 predicted variance
to match the observed variance. The only way to eliminate the inflation factor is to have
predictors that explain one hundred percent of the variance in the predictand. The higher
moments of the data (skewness and kurtosis) are not addressed by the inflation factor.
In fact, they are not considered explicitly in this thesis. It may be useful in the future
to explicitly consider them to create an objective method of comparing the GCM/NCEP
predictor distributions in the predictor selection process to replace the subjective approach
taken here (see Section 4.1 . This could improve the shape of the predicted distribution,

which is the main goal of statistical downscaling, as discussed in the motivation (See
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Section 1.3).

4.6 Future Projections

Once it was clear the predictors from the CGCM3 were capable of hindcasting the his-
torical Tmax and Tmin, future projections can be generated using future (2001 — 2100)
CGCM3 predictors. As discussed in Chapter 3, all the predictors were normalized with
respect to the 1961 — 1990 means and standard deviations. This consistent standardization
period preserves the trend in the predictors, since all predictors have the same mean re-
moved from them. However, part of the downscaling process required the removal of the
seasonal cycle. The removal of the fitted seasonal cycle was done carefully in the future,
as to not remove the future means.

Similar to Chapter 3, a seasonal cycle was fitted to each future predictor (2001 — 2100).
This was done via a regression of sines and cosines over the 100 years of future data
(2001 —2100) based on Eq. (3.1). The seasonal cycle fit also included the mean (1) of the
future 100 year period as in Eq. (3.1). Note that the mean of the future 100 years is not
zero because the data are normalized with respect to the 1961 — 1990 period (See Chapter
3). After the determined future seasonal cycle, including ., was found and removed, p
was added back on to the resulting predictor anomalies. Note, removal of the seasonal
cycle and the mean in the historical period did not have this problem because it was
normalized with respect to that period (giving a zero mean). However, future predictors
have a non zero mean with respect to the 1961 — 1990 reference period. Thus to preserve
the trend in the predictors, the future predictor means have to be added back on after
the seasonal cycle was found and removed. This allows continuity of the trend in the
predictors.

It is expected that the future predictors will have a different mean in the future than the
historical mean. This change in the mean is part of the climate response to the forcing
imposed in the model. The future period (2001 — 2100) was split into three periods (tri-
decades), which are 2011 — 2040, 2041 — 2070 and 2071 — 2100. The CGCM3 predictors
from each of these periods were used in the regression for Tmax and Tmin in each future
period. In each season, the CGCM3 predictors were projected onto the NCEP derived
eigenvectors to make the future PC’s and then used in the regression for Tmax or Tmin.

The average observed seasonal cycles removed in the 1961 — 2000 period were added
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back on to the future inflated predicted anomalies to give the total Tmax or Tmin in the
future. The mean and standard deviation of the prediction (including the addition of the
observed seasonal cycle) for each season and period is shown in Tables 4.16 and 4.17. It
should be noted that the change in the mean from the 1961 — 2000 reference period is
calculated from the CGCM3 predictors using the regression model. Also shown are the
historical (1961 — 2000) mean and standard deviation (including the seasonal cycle) for
each season. The change in mean can be found through the difference between the future
period mean and the historical mean. The mean and standard deviation in Tables 4.16
and 4.17 are defined as usual; the mean is the arithmetic mean of the temperatures in that
period and the standard deviation is the square root of the variance of the temperature in

that period.
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Period Season | u o Historical p | Historical o
2011 — 2040 | Winter | -5.7 | 6.40
2041 — 2070 | Winter | -4.2 | 6.31 | -6.96 6.11

2071 — 2100 | Winter | -2.0 | 5.74
2011 — 2040 | Spring 1.6 |5.40
2041 — 2070 | Spring 2.7 1529044 5.06
2071 — 2100 | Spring 39 |538
2011 — 2040 | Summer | 13.6 | 3.59

2041 — 2070 | Summer | 15.2 | 3.67 | 12.54 3.08
2071 — 2100 | Summer | 16.9 | 3.69
2011 — 2040 | Fall 74 | 5.89
2041 — 2070 | Fall 8.1 [579|6.10 5.58
2071 — 2100 | Fall 9.7 |6.15

Table 4.16: Results for each period in each season for Tmin. The mean of the predicted
future distribution and its standard deviation are shown. Also shown are the historical
observed distribution mean and standard deviation. The units in this table are in degrees
Celsius.
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Period Season | u o Historical p | Historical o
2011 — 2040 | Winter | 1.6 | 5.67
2041 — 2070 | Winter | 2.7 | 5.70 | 0.67 5.47

2071 — 2100 | Winter | 4.3 | 5.35
2011 — 2040 | Spring | 9.3 | 6.32
2041 — 2070 | Spring 10.8 | 6.08 | 8.16 6.07
2071 — 2100 | Spring 12.6 | 6.39
2011 — 2040 | Summer | 22.3 | 4.42

2041 — 2070 | Summer | 24.1 | 4.40 | 20.97 3.99
2071 — 2100 | Summer | 25.9 | 4.40
2011 — 2040 | Fall 14.6 | 6.38
2041 — 2070 | Fall 154 1631 | 13.34 5.91
2071 — 2100 | Fall 17.1 | 6.58

Table 4.17: For each period in each season for Tmax, the mean of the predicted future
distribution and its standard deviation are shown. Also shown are the historical observed
distribution mean and standard deviation. The units in this table are in degrees Celsius.

4.7 Alternative Future Projections

In this method, the regression coefficients determined in the past (Section 4.2) were
again used with the future CGCM3 predictors. However, the future and historical pre-
dictand/predictors were detrended before the regression was developed. In the historical
period the results of the regression development are all identical to the results from the
method described in the main method of this thesis (all the work previous to this). This
is because the trends in the 1961-2000 period are small, so removing them makes little
difference. However, there are significant differences when moving into projection mode.
The detrended future predictors have lost their information on how their mean changes
with time since that is defined by the removed trend. In this case, the regression captures
the shape of the distribution only. The shift in the mean is taken directly from the trend in
the grid box from the raw CGCM3. The mean of each future year is found by taking the
observed mean of the historical distribution (1961 — 2000) and following the trend taken
from the raw CGCM3 to the year in question. The base year is 1980 which is the middle

point of the historical distribution. In mathematical terms, the future mean is defined as:

[tn = pii 4 0y (n — 1980) * 365 (4.7)

where i, is the mean of the year n in question, py is the observed mean of the
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historical(1961 — 2000) distribution for maximum or minimum daily temperature. ¢ is
the slope of the trend line (from the raw CGCM3, 1961 — 2100), which is 0.00013 de-
grees Celsius per day for Tmax and 0.00016 degrees Celsius per day for Tmin. This is
multiplied by the number of days since 1980 (the middle of the historical distribution).
Note the shift in mean is calculated from the trend in daily temperature (Tmax,Tmin)
from the raw CGCM3 to ensure it shifts in a smooth manner. The numerical means and
standard deviations for this alternative methodology can be found in Tables 4.18 and 4.19.
Note that the means for the future periods in Tables 4.18 and 4.19 are actually the means
for the center years of the periods. For example, the mean for the 2011 — 2040 period is
actually the mean of the year 2025. The means are shown as the mean for a tri-decade
for easy comparison to the results of the main method described in this thesis, shown in
Tables 4.16 and 4.17. The mean and standard deviation in the following two tables (4.18,
4.19) are defined as follows; the mean is the mean of the center year of the tri-decades
found from Eq. (4.7) in degrees Celsius. The standard deviation is the square root of the

variance of the temperature in that period (including the seasonal cycle).
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Period Season | u o Historical o | Historical o
2011 — 2040 | Winter | -4.3 | 6.46
2041 — 2070 | Winter | -2.6 | 6.42 | -6.96 6.11

2071 — 2100 | Winter | -0.8 | 5.92
2011 — 2040 | Spring 3.1 | 542
2041 — 2070 | Spring 48 |531 044 5.06
2071 — 2100 | Spring 6.6 | 540
2011 — 2040 | Summer | 15.2 | 3.53

2041 — 2070 | Summer | 16.9 | 3.55 | 12.54 3.08
2071 — 2100 | Summer | 18.7 | 3.59
2011 — 2040 | Fall 8.7 594
2041 — 2070 | Fall 10.5 | 5.83 | 6.10 5.58
2071 — 2100 | Fall 12.3 | 6.19

Table 4.18: For each period in each season for Tmin. The mean of the predicted future
distribution and its standard deviation are shown. Also shown are the historical observed
distribution mean and standard deviation. The units in this table are in degrees Celsius.



76

Period Season | u o Historical p | Historical o
2011 — 2040 | Winter | 2.8 | 5.65
2041 — 2070 | Winter | 4.2 | 5.67 | 0.67 5.47

2071 — 2100 | Winter | 5.7 | 5.34
2011 — 2040 | Spring 10.3 | 6.34
2041 — 2070 | Spring | 11.7 | 6.06 | 8.16 6.07
2071 — 2100 | Spring 13.2 | 6.38
2011 — 2040 | Summer | 23.1 | 4.44

2041 — 2070 | Summer | 24.5 | 4.35 | 20.97 3.99
2071 — 2100 | Summer | 25.9 | 4.37
2011 — 2040 | Fall 15.5 | 6.36
2041 — 2070 | Fall 16.9 | 6.28 | 13.34 591
2071 — 2100 | Fall 18.3 | 6.55

Table 4.19: For each period in each season for Tmax, the mean of the predicted future
distribution and its standard deviation are shown. Also shown are the historical observed
distribution mean and standard deviation. The units in this table are in degrees Celsius.

4.8 Future Projections Discussion

Two different ways to get future projections of Tmax and Tmin were presented in the
previous two sections. It is worthwhile to briefly discuss the advantages and shortcomings
of each. A GCM solves the fully non-linear equations in response to a prescribed forcing.
This contains much more physics than the select predictors used in a statistical model. It
is the subject of debate whether a linear statistical model (such as used in this thesis), is
capable of representing the long term climate change signal. It is postulated that only a
GCM is capable of doing this. As shown in Section 4.7, using the GCM to shift the mean
instead of the statistical model (Section 4.6), yields different results. The GCM predicts
close to two degrees Celsius more warming for Tmin and about 0.8 degrees Celsius more
warming for Tmax compared to the main thesis method (regression).

The GCM includes the non-linear physics, which is a plus. However, the large grid
spacing is problematic. The physical processes occurring at each location are probably
misrepresented in the model because the large grid excluded local effects. The statistical
model on the other hand does not contain all the physics, but hopefully has included some
local effects because it was trained with local observations. It should also be noted that
the predictors used in the statistical model evolve from the fully non-linear GCM. Using

predictors like geopotential height (from the GCM) in the regression gives confidence
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that the statistical model should be capable of capturing the climate signal (Huth, 1999).
Even though the seasonal cycle was removed from the future predictors, the trend was
not removed in the main method (discussed in Section 4.6). Recall the removed future
seasonal cycle (2001 — 2100) included the mean removal. The means were then added
back on to ensure the trend in the predictors was continuous.

It is the author’s opinion that the CGCM3 overestimates the response at Shearwater, NS
because the model does not consider local effects such as land/sea temperature contrasts
and topography. It can not be determined with certainty whether the statistical model has
all the necessary physics to represent the change properly. However, there are also many
published studies using the statistical technique of using the regression to shift the mean
(Wilby et al. (2002), Huth et al. (2002), Cheng et al. (2008), and von Storch et al. (1993)).

In support of the author’s opinion is the fact that the main statistical downscaling the-
sis method produces similar results to the Canadian Regional Climate Model version 4
(CRCM4) dynamical downscaling results (He et al.,2010) for Shearwater. This suggests
the regression contains the most important predictors for climate change signal. CRCM4
is based on CGCM3.7.1 (Plummer et al., 2006), in which the dynamical downscaling is
given its boundary conditions from the CGCM3. Note, the CGCM3 also produced the
predictors used in the statistical downscaling in this thesis, which makes the comparison
with the CRCM4 results more direct.

Table 4.20 compares future projections of annual means, for Tmax and Tmin from
the CRCM4, with the two future projection methods described in the thesis (Section 4.6,
4.7). Recall that the main method (Section 4.6) shifts the mean by applying the developed
regression to future predictors, then adding back on the historical observed seasonal cycle.
The alternate future projections (Section 4.7) are found via the trend from the CGCM3
temperature in the grid box containing Shearwater, which is used to shift the mean. The
change in Table 4.20, is the difference in mean between the historical period 1961 — 2000
and the 2071 — 2100 period. The annual means (from Section 4.6) from the 2071 — 2100
distribution are calculated from Tables 4.16 through 4.18, by taking the average of the
four seasonal means of 2071 — 2100.

Table 4.20 demonstrates that the downscaling method described in this thesis is better at
capturing the change in mean for both Tmax and Tmin compared to the alternate method.

Of course this statement assumes that the CRCM4 projected change is representative of
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Seasonal | Dynamical (CRCM4) | Thesis method | Alternate method
0Tmin |5 4.1 6.2
0T max | 4.3 4.2 5

Table 4.20: The annual change (9) in projected means (Tmax and Tmin) for the 2071 —
2100 distribution compared to the historical 1961 —2000 means. This comparison includes
dynamical downscaling from the CRCM4, statistical downscaling via the main thesis
method, and finally the mean change projected by the alternative method is shown. Units
are in degrees Celsius

the truth which is not known. This is not proof that the main thesis method used to shift
the mean is better than the alternate method (GCM trend shifts the mean), but it certainly
adds weight to the previous argument that it is.

In theory, dynamical downscaling is currently the best tool for climate projections be-
cause it can produce higher resolution climate projections with the benefit of solving the
fully non-linear governing equations for the forcing. However, in the past regional climate
model results were not available due to their complexity to produce. The main problem
right now is the relatively small amount of dynamical downscaling completed compared
to GCM’s available to run dynamical downscaling. It is well known that different GCM’s
using the same forcing produce different future results. It takes a large amount of com-
puter power to dynamically downscale one GCM for one forcing. Given this problem,
statistical downscaling can be a computationally quick tool to provide local projections
for a location using various GCMs and forcings. In any climate study, it is best to con-
sider a range of GCMs and forcing scenarios to get a range for climate change at a given

location. Using one GCM with one emission scenario can be very misleading.



CHAPTER 5

CONCLUSIONS

5.1 Summary of the Downscaling Process

The methodology in this thesis can be described in two main parts (Figures 5.1 and 5.2).
The first flow chart below is concerned with creating independent predictors to be used in
the regression. The second flow chart in this section, is concerned with the development
of the regression, and using it to make projections in the future.

The process begins with writing the predictors as Z-scores (Predictor Z-scores, see
Section 3.5). Two sets of predictors were used, the first is the NCEP predictors, and the
second is the CGCM3 predictors. The first step is to take the NCEP/CGCM3 predictors
and remove their seasonal cycles to get the daily anomalies (Seasonal anomalies, see Sec-
tion 3.2 and 3.5). Next, a predictor selection process was applied to the NCEP predictors,
to get the best set of predictors (Predictor subset, see Section 4.1). The final step is to
transform the final predictor set into its principal components to be used in the regression

(PC analysis, see Section 2.3 and 4.2).

Predictor Seasonal . Predictor ! rc
Z-scores anomalies subset analysis

Figure 5.1: Flow chart overview of the first four steps in the statistical downscaling
method described in the thesis.

The second chart is concerned with the regression development, and future projec-

tions. Once the principal components are developed (from NCEP) the regression can be

79
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trained. The regression training is done between the NCEP principal components and
both observed Tmax and Tmin in the historical period (Regress Tmax/Tmin with PC’s,
see Section 3.1, 3.2 and 4.2). The regression is validated via cross validation (Validate
regression, see Section 4.4). Once it was determined that the regression had predictive
skill, the CGCM3 predictors can be used via projecting them onto the NCEP derived
eigenvectors to give the respective CGCM3 PC’s (Use CGCM3 predictors, see Section
4.5). Finally, the CGCM3 PC’s were used to make future projections (Future projections,
see Section 4.6 and 4.7).

It should be noted that the predictands (Tmax, Tmin) were never transformed into Z-
scores. The predictands did have their average seasonal cycles removed to generate the
daily anomalies. The regression (using NCEP or CGCM3 predictors) predicts the daily
anomaly. The variance of the predicted daily anomaly is then inflated via the inflation
factor. Finally, the average seasonal cycle removed from observations is added back on to

the inflated daily anomaly to give the total predicted Tmax or Tmin.

Regress PETII P Future
Tmax/Tmin J‘:g!tff;{’iﬁ i b,;;:‘)c'ggr(()f‘fj OO s
with PC’s sl ' (CGCM3 PC’s)

Figure 5.2: Flow chart overview of the last four steps in the statistical downscaling method
described in the thesis.

5.2 Conclusions

An important question to be addressed is how credible are the future projections? Of
course this is a difficult question to answer with certainty. The future climate is unknown
and depends on many interrelated complicated variables. Since there are no observations
to compare the future projections with, we focus on the downscaling method to comment
on the results.

This thesis took as its starting point, the standard Statistical Downscaling Method
(SDSM) used previously (Wilby et al, 2002), and its known problems. The SDSM takes
the actual predictand data (Tmax or Tmin) and predictor data (NCEP) to create a regres-

sion in the historical period. The standard SDSM does have the capability to create a
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regression by season as done in this thesis, but it is not capable of using different pre-
dictors in each season. Once the predictors are chosen in the predictor selection process,
the same predictors are used in all seasons. Furthermore, the predictors used in SDSM
still contain the seasonal cycle which strongly influences the regression development.
Standard SDSM also has no capability to compare the NCEP predictors to the GCM pre-
dictors, a missing essential step. For temperature, SDSM often has an explained variance
of above ninety percent. This is misleading because the method is predicting the seasonal
cycle as well as the day to day variability and it is the seasonal cycle that accounts for a
large part of the variance in the data.

To address these problems the new method developed in the thesis (hereafter the thesis
method) and was investigated. The main steps in the thesis method include: removal of
the seasonal cycle, comparing the NCEP and the CGCM3 predictors in a careful predictor
selection process, and principal component regression by season using different predictors
in each season.

To gauge the improvement of the thesis method compared to SDSM, the predictors
(NCEP), and the predictand (Tmax) used in this study were used in the standard SDSM
to develop the regression in the historical period. SDSM was given the same suite of
predictors from NCEP used in the main thesis method, to produce the historical NCEP
regression. SDSM determined the set of predictors to be used, then produced a regression
in all four seasons, using the same predictors in each season. It should be noted that
these predictors included their seasonal cycles. SDSM picked different predictors in the
regression than the main thesis method. SDSM typically chooses predictors with a strong
seasonal cycle, since the predictand (Tmax) has a strong seasonal cycle.

Once the SDSM historical prediction was completed, a three harmonic seasonal cycle
(same as discussed in Chapter 3) was fitted to the prediction and then removed, leaving
the SDSM daily anomaly. The thesis method predicts the daily anomaly (thesis method
anomaly), directly as discussed in the thesis. Finally, in each season the correlations
between the observed Tmax daily anomaly from 1961 — 2000 and the SDSM Tmax daily
anomaly for the same period is shown in Table 5.1. Table 5.1 also shows the correlation
between the 1961 — 2000 observed Tmax daily anomaly and the Tmax daily anomaly
predicted via the thesis method for each season.

It is noteworthy to mention that it makes no difference in creating the SDSM anomaly
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Season Thesis method vs Observed | SDSM versus Observed
Winter | 0.86 0.57
Spring 0.62 0.45
Summer | 0.68 0.32
Fall 0.81 0.58

Table 5.1: Correlations between the 1961 — 2000 SDSM predcition Tmax, the thesis
method prediction Tmax and observed Tmax daily anomalies.

whether the observed seasonal cycle was removed or the seasonal cycle fitted to the SDSM
prediction was removed. This is because SDSM has skill in predicting the seasonal cycle.
However it is clear from Table 5.1 that SDSM is poor at predicting the daily anomaly
compared to observations. By comparison, the thesis method produces a more credible
result for predicting the observed Tmax anomaly variance, as compared to SDSM. The
improvement in correlation depends on season and ranges from roughly 0.2 to 0.3. One
thing to keep in mind, is in spring and summer, the thesis method does produce a better
regression than SDSM. However the explained variance is still low and requires a signifi-
cant inflation factor to be able to account for the observed variance. Therefore, spring and
summer are not as trustworthy in terms of projections compared to fall and winter.

It is important to note that if one wants to have confidence in the future projections,
it is essential to have the best regression model possible. The method described in the
thesis does produce a trustworthy regression and is done so in a scientifically defensible
way. The thesis method addresses known problems with SDSM which is a step in the
right direction. It cannot be said with certainty that the thesis method will produce an
improvement for other locations. However, it is concluded that it produces a more credible
result in this case. The most important improvement is the method itself. In the end, if

you want to have confidence in the projections, it is essential to have a defendable method.

5.3 Future Work

The main issue for future work is to determine if the thesis method is valid for other loca-
tions. It is possible that Halifax has a certain type of climate that allows the thesis method
to do a good job. Locations with different climates may not be such good candidates for

this technique. Future work should include downscaling other sites in Atlantic Canada.
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A possible first candidate would be Fredericton, NB. Fredericton has a more continental
type climate and experiences more extremes, since it is further away from the marine
influence.

Another major problem is the limited number of predictors available from the GCM.
This limit on predictor variables comes from the inability of the GCM to represent pre-
dictors in a realistic manner. In seasons when synoptic variability is less important, such
as spring and summer, predictors like ocean temperature would be useful. This is actually
a climate modeling problem. There is not much the statistical downscaling process can
do to fix this problem. As GCM’s improve, so should statistical downscaling. This is
probably the main point on which statistical downscaling can be improved. More realistic
GCM predictors and a predictor selection process that considers higher moments (skew-
ness, kurtosis) of the predictor distributions are essential. This will allow the regression
to capture the realistic shape of the observed predictand distribution.

It would be also worthwhile to make use of other reanalysis data. Some research shows
downscaling is very sensitive to the choice of reanalysis data. Koukidis and Berg (2009)
utilizes ERA-40 and NCEP reanalysis data independently to downscale temperature at
a southern Ontario site. The result was that there are statistically different results in
downscaled temperature. It would be very instructive to use ERA-40 data instead of
NCEP and repeat the work in this thesis.

Although GCM’s and dynamical downscaling are likely to continue to evolve, statisti-
cal downscaling is likely to continue to be a useful technique for a researcher who requires
high resolution climate projections. This thesis addresses some of the known problems
with statistical downscaling and focuses on the development of the regression to achieve
trustworthy projections. Projections of temperature for Shearwater could be used to plan
for health care in Halifax. The impacts of higher temperatures on human health was high-
lighted in recent years in the European heatwave. Even building codes require credible
temperature projections, to ensure structures do not fail and can withstand thermal expan-
sion. Climate change projections are essential to plan for the future. Credible projections
give governments confidence to invest funds in adaptation strategies to help mitigate the

negative effects of climate change.
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