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Estimation of gridded precipitation is a major point of interest in climatological and hydro-
logical research. Using a novel approach based around kernel density estimation we attempt to
improve on a currently available estimators of gridded precipitation in both accuracy and under-
standing uncertainty in prediction. The method is constructed and validated using the United
States Historical Climatology Network dataset covering the continental United States with sparse
and irregular observation stations and accurate probability distributions that capture seasonally
variance in the data are generated. Spatial estimates of local models at arbitrary locations, both
in and out of the observational network, are analyzed and an accurate method using generalized
additive models is developed. Finally a preliminary analysis of gridded estimation is discussed and

serves as a motivation for further research.
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Chapter 1

Introduction

Motivation

Precipitation is a major factor in the study of climatology and has immense importance as a
social and economic driver, with some regions of the United States obtaining over 75% of drinking
water from high alpine runoff [5]. The particular issue of estimating high alpine water availability
has been approached by a number of methods including spatial interpolation of local precipitation
models and more recently airborne laser altimetry (lidar) has served as a method for empirical
data collection [4, 6]. Issues have arisen for both of these methods as spatial interpolation can be
dependent on a dense set of collection site with which to start from and lidar collection is unfeasible
for collection at the watershed scale which can be 100’s of square miles in size. These issues with
common methodologies motivate the need for precipitation models that can be accurately esti-
mated across fine-resolution grids. Examining the locations of sites in the United States Historical
Climatology Network (USHCN) in Figure 1.1 (the dataset used here) it is clear that these grids
must be able to estimated from a sparse sampling of points.

Overall precipitation modeling presents a number of challenges, but due to the importance
of reliable and accurate understanding of water resources as a driving factor in events such as
wild fires, droughts, and floods it has long been studied from a statistical perspective. Among
these challenges are the difficulties in modeling precipitation with any parametric distributions,
and although some success has been made with mixed distributions many past successful models

have revolved around the use of nonparametric models, namely kernel density estimators [9] [16].



USHCN Stations

Figure 1.1: A spatial map of where data is recorded in the USHCN

Additionally precipitation recording sites are typically unavailable in climatologically significant
regions, such as at high altitudes or remote mountains meaning that for inference to be made about
these regions models must be estimated at spatial locations outside of the original observational
network.

The natural issue is that parametric models that can be captured in a small number of
significant parameters, and are thus ideal for spatial estimation, suffer in terms of accuracy, and
more accurate nonparametric models for local estimation may not have a form that is possible to
be estimated at new spatial locations [9]. This means that a new method of estimation is necessary
that is able to combine the strength of local predictions of nonparametric models and the spatial

significance of parameters that are observed in parametric models.

Comparison to Alternative Products

There are a number of extant climatology products for which near-continuous estimates are
able to be generated, with two of the most popular being PRISM and TOPOWX [4, 12]. A
shortcoming with these two products, and most others in the space of statistical climatology, is
that spatial estimates are generated only as point estimates. There is a calculation of uncertainty in
the estimates, but few current products in this domain are able to produce estimates of probability

distributions at arbitrary spatial locations.



By generating estimates of densities rather than point estimates of precipitation we are able
to generate a much broader range of statistics, including all quantiles. One area in which the use of
this difference in estimation may be apparent is in estimating the risk for extreme precipitation, i.e.
determining the 99% quantile at an arbitrary location. Given point estimates this is a challenging
task; however given a full estimate for the distribution of precipitation this problem becomes rather
straightforward.

Much of the work outlined here is ultimately done in the specific pursuit of this goal of gen-
erating distributions at arbitrary locations. The inferential advantages of having full distributions
rather than point estimates are significant and we hope that this increased flexibility and utility of
the model will provide new avenues of precipitation estimation for locations outside of observational

networks.

Outline

Here we propose and develop a novel “low-rank kernel density estimator” for estimation of
daily precipitation in the continental United States that combines the useful inclusion of spatially,
temporally, and climatologically significant parameters while achieving the accuracy that has been
previously been found with nonparametric estimators. Parameters for this model are estimated at
the daily scale and regressed using a small number of harmonic terms leading to local models for
which the parameters are significant both spatially and temporally.

With the local model in place an exploration of methods (including linear models, generalized
additive models, and kriging) for spatial estimation at new locations is conducted and each is
analyzed. Ultimately a spatial model using generalized additive models is constructed and the
accuracy of spatial estimates using hold-one-out cross validation is discussed. This allows local
models to be estimated at arbitrary locations for any point in the continental United States.

One major focus of precipitation studies has been the estimation and simulation of gridded
precipitation, i.e. generating simulations at a fine grid of points covering a domain. Using the

spatial model mentioned above, gridded simulation is covered briefly, and is included primarily as



a motivation for further research that we hope will stem from this project.
In conclusion the aims of the project are evaluated, a few directions for further research are

covered, and the potential applications of the model as it stands are discussed.

1.1 The Data

The data presented here are provided by the United States Historical Climatology Network
(USHCN) [11]. Data are recorded at 1218 precipitation stations distributed across the continental
United States and are taken as daily measurements in units of 0.01 inches. We use data sourced over
all days of the year (leap days excluded) during the years from 1900 through 2014. Data are flagged
with quality and measurement controls to ensure accuracy. The quality flags include flags for failures
in spatial and temporal consistency, and duplication and gap checks among a number of other outlier
controls (more information available through the USHCN [11]). The measurement flags indicate
the type of measurement recorded as well as indicating the presence of a ”trace” precipitation event

that was non-zero but below the 0.01 inch threshold of recording positive precipitation.

1.1.1 Quality Control

Prior to processing the data are scrubbed of any observations that failed any of the quality
control metrics included in the dataset. The number of removed points for each station is shown in
Figure 1.2, there are a small number of outliers but typically the number of points removed does
not significantly change the number of observations in the data. This is a small enough change to

not dramatically alter the data, and ensures that all observations are reflective of true precipitation.

1.1.2 Trace Precipitation

Among the measurement flags is the encoding of trace precipitation events. The threshold
cutoff to record any positive precipitation is 0.01 inches and anything below that registers as 0
inches [11]. If there is any precipitation at all these 0 inch recordings can be accompanied by a

trace flag indicating that some precipitation between 0 and 0.01 inches (recorded as 1 in units of
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Figure 1.2: Number of observations removed for quality control from each recording site.

hundredth inches in the data) did occur. With only this information on the data we impute all
trace precipitation events as independent Uniform(0,1) (in hundredth inches) random variables.

The number of trace events per station is spatially structured and can be upwards of 10% of the

total number of observations for any given recording site (Figure 1.3).
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Figure 1.3: Number of trace precipitation events per recording site.

This imputation is motivated as a simpler version of more complex data correction processes
that are common in precipitation literature [17, 18]. Without any knowledge of the distribution of
trace precipitation, using uniform random variables to impute data requires the least number of
assumptions to be made while still correcting for these important precipitation events.

From Figure 1.3 it is clear that these trace events are quite common for some regions of
the United States, and in total reflect a major factor in precipitation as a climatological process.
Constructing a model without the inclusion of these trace events would greatly reduce the accuracy
of any simulations as they relate to true precipitation beyond the collection scale of the data.

A Note on Notation

Much of the work presented here revolves around generating estimators of precipitation for
a “given day” of the year. In this context we assume that there are no larger trends in the data
and that all observations of precipitation observed at a location for a day of the year are from the
same distribution regardless of the year in which they were observed. Therefore all references to
precipitation observed on a given day generally refers to all instances of precipitation on that day

of the year across all recorded years of observation.



Chapter 2

Parametric Precipitation Models

The model presented here utilizes a more complex and intricate non-parametric density func-
tion than common and well-defined parametric distributions, thus to show the necessity of such a
model we first discuss the drawbacks associated with using parametric distributions to model pre-
cipitation, namely the inability to fully capture local climatology and inaccuracies upon simulation.

There are a number of current precipitation models which are based on well-known para-
metric probability distributions with one of the most common choices of distributions for positive
precipitation being the gamma, which is focused on here as the predominant candidate for a para-
metric precipitation model [9]. Dependent on the shape («) and rate (/) parameters the density of

a gamma random variable is defined as

flz) = 15;:(:0‘_16_5“3, (2.1)

in which I'(+) is the standard gamma function. The gamma distribution is flexible, and when x is

used to represent log-precipitation the gamma distribution is heavy-tailed, which is necessary for

accurate estimators of precipitation [16].

2.1 Maximum Likelihood Estimates

Proposed gamma distribution estimators are produced in multiple ways, all dependent on
maximum likelihood estimation. Maximum likelihood estimators (MLESs) are produced by choosing

the parameters of a distribution such that the likelihood of sampling the observed data (in this case



strictly positive precipitation) is maximized. Here two approaches to generating MLEs for daily

precipitation for gamma distributions are examined and ultimately rejected.

2.1.1 Linear Models of Maximum Likelihood Parameters

The R library fitdistrplus allows for easy computation of maximum likelihood estimators
(MLEs) for various distributions given a set of data. Using this library estimates for the rate and
shape parameters for gamma distributions are generated at all stations for each day of the year.
The seasonal dependence exhibited by these parameter estimates, seen in figure 2.1 motivate the
use of a linear regression models based on sine on cosine terms. In order for the parameter estimates
to be guaranteed to be non-negative (as is needed for both the rate and shape parameters of gamma
distributions) linear regression is performed on the logarithm of the MLEs for both parameters.
This method allows for exponentiation of the predicted log-valued parameter, generating a positive
estimate for the true parameter; this is an extremely useful tool when strictly positive estimates
of parameters are needed and will be used repeatedly throughout the development of this model.

The assumed form of the log parameters is then

I ( ) n . 2rt n 27t n . 47t n 47t n 2 2)
= in{ — — in(— .
ogl ago 018 365 092 COS 365 g3 8 365 04 COS 365 €
27t 27t 4rt 4rt
log(B) = o5 + 06 sin <376r5> + o7 cos <3g5> + og sin <3g5> + o9 cos <376rS> +e (2.3)
where t = 1,2,...,365 represents the day of the year, and ¢ is assumed to be a mean zero normally

distributed random variable. These regression models allow estimates of o to be generated using
least-squares regression and reduce the number of coefficients to a few meaningful values, which is
necessary when producing a model that can be predicted at new locations for which observations
have not been recorded since all parameters will need to be predicted spatially.

The daily resolution MLEs and associated regression coefficients can be rapidly generated for
all locations however upon sampling from the distributions produced it is clear that the gamma
distributions are not representative of the empirical distributions of the data. This is shown for

randomly chosen days for multiple recording stations.
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Figure 2.2: Simulated and Observed Precipitation for Boulder, CO and South Lincoln, VT

The estimators resulting from this method produce distributions whose means often agree

with observed data, but whose distributions are not representative of the observed process.

2.1.2 Nonlinear Optimization of Log-Likelihood

As an alternative to estimating regression coefficients from maximum likelihood estimates
of parameters to gamma distributions we attempt to estimate the full array of o coefficients in
equations 2.2 and 2.3 simultaneously by minimizing the negative log-likelihood using built in non-
linear minimization functions in R [13]. In this method we assume that the optimal rate and shape

parameters for a gamma distribution take the form

- n . 27t n 27t n . 47t n 47t (2 4)
o = exp< og + o1 sin 365 09 COS 365 3 sin 265 04 COS 365 .
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. (2wt 27t . (4wt 4rt
B =exp {0'5 + 06 sIn <365> + o7 cos <%5> + og sin (365) + o9 cos (3%) } (2.5)
and the negative log-likelihood of observing the recorded precipitation data given rate and shape
parameters « and (8 is minimized over the vector of coefficients o simultaneously. This has the
benefit over the method described in section 2.1.1 that all necessary coefficients are found at once
rather than needing to calculate MLEs of o and 8 and perform linear regressions.
The estimators produced in this fashion are more closely matched to the data, however there
are still substantial shortcomings that prevent moving forward with this approach. Figure 2.3
shows histograms of simulated and observed data for a given day of the year. The two main areas
of shortcoming seen in these plots are the inability of the estimators to capture the inclusion of trace
precipitation events and the tails of the gamma distributions that cannot capture the heavy-tail of
precipitation [16].

Observed and Simulated Precipitation Observed and Simulated Precipitation
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Figure 2.3: Simulated and Observed Precipitation for Boulder, CO and South Lincoln, VT

This parametric exploration serves as an anchoring for the research and to increase famil-
iarity with the data. Furthermore, with the shortcomings of the most common parametric models

identified the development of a novel model for estimating precipitation is motivated and justified.



Chapter 3

Locally Generated Precipitation Model

The first step in the development of framework for large-scale precipitation estimation and
simulation is to develop a local model that accurately reflects the observed data and is comprised
of meaningful parameters that can be used to predict estimators at new spatial locations. We pro-
pose the use of a “low-rank kernel density estimator”, a modified kernel density estimator (KDE)
constructed using a reduced number of weighted kernels rather than placing one kernel function at
each data point. Here we refer to the location of these kernel functions as “knots”. This low-rank
estimator provides increased computational efficiency over traditional kernel density estimation and
is constructed with statistically and climatologically significant parameters which make the devel-
opment of a spatial model of these estimated distributions in later chapters a tractable problem.
An outline of kernel density estimators and their formulation here is covered in appendix A.

The model in developed in this chapter estimates only positive observations of precipitation
transformed to log-space. Thus, unless otherwise noted, the units for precipitation moving forward
are in log 1/ 100" inches. This transformation follows from past precipitation models that make
the same transformation and is particularly useful in handling extreme precipitation observations
and tail densities as the transformation forces extreme events occur nearer to the centers of the

estimated distributions [9].
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3.1 Low-Rank Kernel Density Estimation

The form of the proposed kernel density estimator using a small number of knots takes the

form,

F(2) x gak[( <”’ _hf""“) . (3.1)

In this formulation we use the following definitions:
e 1 ~ quantity to be estimated (log 1/100*" inches),
e n ~ number of knots used,
e 0}, ~ weight attached to the k" knot,
e K(-) ~ the Gaussian kernel function,

xj, ~ the k" knot,

e h ~ the bandwidth parameter.

The discussion of how these parameters are estimated and which are dependent on space and time
in which ways and which are independent follows below. Note that a brief discussion of the selection
of kernel function and bandwidth parameters is included in appendix A.

The generation of a low-rank KDE is a primarily a two-fold problem: determining the location
and number of optimal knots and the optimal weights to attach to these knots (as is shown below
there are other details to handle but these two are of principal importance). We claim that the
optimal combination of weights and knots are those that minimize the integrated quadratic distance
between the proposed cumulative distribution function (CDF) of the estimator and the empirical
cumulative distribution function as determined by the data [15]. Thus, with F () as the proposed
estimator and Fep,p(-) as the empirical CDF we attempt to minimize

0o

4i0(F, Fory) = [ (B(®) = Fomglt) Pt (3.2)

—0o0
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The empirical CDF is calculated in the standard way, where

1
Femp(t) = ﬁ Z ]-a:iSt- (33)
i=1

There is an underlying chicken-and-egg problem here; portions of the model must be devel-
oped (i.e. formulation of the weights and bandwidth parameters) before the sets of knots to be
used can be robustly selected, however sets of knots must be selected upon which estimates of these
parameters can be generated (since a weight is necessarily “attached” to a specific knot). Some
trial and error and experimentation with fully formed kernel density estimators as described in
equation A.1 allows us to make a reasonable estimate as to a set of knots to be broadly applied to
all stations and days of the year to begin constructing the model in full. It is found that choosing 9
knots evenly spaced between 0 and 6 in the log 1/100"" inch precipitation space is a dense enough
set of points that high degrees of accuracy can be achieved, but is small enough in number that
computations are not hindered. Upon building a model that satisfies the basic needs of accuracy

and efficiency we return to the issue of knot selection (section 3.1.2) to determine a method of

choosing optimal low-rank knots.

3.1.1 Model Construction

This section outlines the procedure that is followed to generate the final form of the estimator
used in further aspects of the project. Following this discussion the model is restated formally and
the pipeline of methods that could be used to generate similar estimators for any application is

explained.

3.1.1.1 Bandwidth Parameter

As described in appendix A.1, we employ pre-made methods for determining the bandwidth
for a given day and location via minimizing the asymptotic mean integrated squared error. To do
this we take 15 day rolling windows of data (one week to before and after the date being examined)

for all observed years and calculate the optimal bandwidth, hgmise as the bandwidth that will
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be used in the low-rank approximation to the KDE. These optimally computed values are highly
seasonally structured, and thus least-squares linear regression on a small number of harmonic
functions can be used to capture a substantial amount of the variation and greatly reduces the
parameter space of the model over the course of a year. It is assumed that the optimal bandwidth

parameters for a given location behave according to the following;:

2rt

hamise(t) = Bo + P1 sin <365> + B9 cos <§g§> + B3 sin <§g§> + B4 cos (;Lg;) + €. (3.4)
In 3.4 t represents the day of the year and € represents a Gaussian error term. This form allows
estiamtes of the § parameters to be calculated using least-squares regression. Examples of the
resulting optimally calculated bandwidths and fitted bandwidths from the regression model above

are shown in Figure 3.1.

Optimal il and Fitted Reg ion Model Optimal il and Fitted Reg ion Model
Boulder, CO Cut Band, MT

<
~ 7| * Bandwidth . *  Bandwidth .
|===Fitted Value . | Fitted Value
. .
: LI .

Bandwidth Parameter
Bandwidth Parameter
1

Day of Year Day of Year

Figure 3.1: Optimally calculated bandwidth and fitted values from regression model

Not only does this regression provide a great reduction in the number or parameters required
for each recording location, but the regression coefficients from 3.4 exhibit good spatial structure
which is necessary for generating estimators at new locations once the local models are completed.
Note that these are not exceptionally good regression predictions, however the models are not
exceptionally sensitive to bandwidths and the variation over the course of a year is not large

enough to cause unacceptable errors.
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3.1.1.2 Optimal Weights

With temporary knots in place and bandwidth parameters calculated we move to determining
the optimal weights, the o terms in equation 3.1. Using the built-in R method optim we minimize
3.2 using a quasi-Newton iterative method under the constraint o > 0 VEk, ensuring that the
resulting PDF is nonnegative, for each day and each location (more specific information on the
optimization method can be found under optim in the R documentation)[13]. This is one of the most
computationally expensive components to the development of the model, thus some simplifications
are necessary to compute optimal weights for each location.

We produce PDFs at the daily resolution for each location, thus 365 sets of weights must
be produced for each recording station. As with the bandwidth parameters in section 3.1.1.1 we
consider 15 day rolling windows of data with which to construct the empirical CDF. Performing
this optimization for a single station and examining one of the weights over the course of the year it
is evident that there is strong seasonal structure which can be captured in a few regression terms,

this is shown for the first weight for the Boulder, CO recording station in Figure 3.2.
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Figure 3.2: Optimal weights for the first knot for Boulder, CO

This structure motivates simplifications to both increase the speed with which models can

be constructed for new recording locations, and another decrease in the parameter space that will
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be necessary in the development of an efficient spatial model. By capturing the seasonality of the
weights in a simple regression model the optimal weights need to be calculated for only a sparse
sampling of days over the course of the year, thus decreasing the time to compute the full set of
weights for a location and allowing the full year of weights for each knot to be contained in a small
set of meaningful regression parameters rather than 365 weight terms.

Additionally the weights are constrained to be positive, so we form the regression on the
logarithm of the parameters; this accentuates the the seasonal variance and typically leads to
slightly better model fits as determined by R? values. Calculating weights for only every fifth day

and assuming a seasonal model on all the weights according to,

log(o) = Bo + B sin (;65) + B2 cos (;65) + B3 sin (;65) + B4 cos <§6;> +e (3.5)

where t is the day of the year and € is a Gaussian error term leads to the result shown in Figure

3.3 where the g terms are calculated via least-squares regression.

1st Knot Weights for Boulder, CO

® Calculated Weight ®e
—— Regression Fit .

0.40

Weight
015 020 025 030 035
Il Il 1 Il 1

0.10
L

T T T T T T T T
0 50 100 150 200 250 300 350

Days of Year

Figure 3.3: Sparsely sampled optimal weights and regression line (exponentiated fitted values) for
the first knot for Boulder, CO

This procedure is done for all 1218 recording locations, and with the bandwidth regression
coefficients calculated (equation 3.4) we have preliminary estimates for distributions of positive

precipitation for all recording locations for all days of the year. These estimators are generally
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very accurate, however discussion of this is avoided here as more alterations will be made prior
to final forms of the estimators being decided upon and analyzed. With the model parameters
determined and methods of estimation in place the process of selecting the optimal sets of knots

for each location can begin in earnest.

3.1.2 Selection of the Knots

With preliminary estimates for all space-time combinations generated, we move to considering
the quadratic divergence (equation 3.2) as a function of both the knots and weights in equation
3.1. As is shown below the choice of knots is a much less sensitive problem than that of selecting
the values of the weights. This turns out to be fortunate since there is a far less useful formulation
for determining knots than there is for determining weights given sets of knots.

The optimal weights for each knot can only be found once the optimal knots are fixed.
With knots fixed and optimal weights found the quadratic divergence (equation 3.2) between the
theoretical estimate of the CDF and the empirical distribution function as generated by the data
is calculated for each day of the year. Data to calculate the empirical CDF are taken from a
15 day window centered at the day being investigated over all years of observation (i.e. if the

0" we include data from July 13" through July 27" from all years

date of investigation is July 2
of observation). Without a well defined “cost function” with which to optimize knots we resort
to proposing sets of knots, building estimators, and taking the set of knots that minimizes the
quadratic divergence between the estimator and the empirical CDF. Through investigation and
trial and error we find reasonable estimates for the location of the knots in log-precipitation space

(1/100*" inches) to form initial proposal sets of knots with which to fit models for a sampling of

locations.

3.1.2.1 Number of Knots

Initially an acceptable number of knots to include in the model is determined using the

following procedure. For a variety of potential values for the total number of knots in the model
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(4, 5, 6, or 7), potential sets of knots are constructed (approximately 7 sets of equispaced knots
with differing values for the maximum knot), the optimal weights that minimize the divergence in
equation 3.2 for each set of knots are found, and the average divergence over the course of a year
for each potential model is stored. Then for each station and each potential number of knots we
extract the model with the minimum average divergence over the course of a year.

Upon comparison we see that the number of knots does not have a major impact on the
accuracy of the model as quantified by quadratic divergence. A boxplot comparison of quadratic
divergences by the number of knots used is shown in Table 3.1. Seen in this Figure is that using
4 knots produces slightly less accurate models, but there is little increase in accuracy moving to
more complex models. In the interest of accuracy and computational efficiency we move forward

using 5 knots for all stations.

Number of Knots ‘ Mean Quadratic Divergence

4 511.33
5 447.76
6 433.40
7 438.70

Table 3.1: Mean yearly divergence for a sampling of stations by number of knots

3.1.2.2 Location of Knots

With the number of knots chosen we turn to determining the optimal sets of knots across
all spatial locations. This is a computationally challenging problem and a number of simplifying
assumptions are taken here; improvement in the choice of knots for each station could be a po-
tentially rich inroad for future development of this model. To make the problem computationally
tractable we assume that the knots will be equally spaced in the domain, thus, given that 5 knots
are used, we can construct a full set of knots given just two values: the last knot, and the distance
between the first and last knots.

We begin by assuming that knots do not vary over time. Since a set of knots must be proposed,
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then a model built around it and evaluated for accuracy, letting the knots vary seasonally would
increase the space of potential sets of knots too greatly to be computationally feasible. Thus we
turn to first determining if the knots should be fixed distances apart or if different stations should
have knots spread different distances apart.

Since calculating divergence for a a number of proposed knot combinations is a time intensive
process, a random sample of 200 stations is taken and divergence is calculated for sets of knots. The
proposed sets of knots are all comprised of 5 equispaced knots (as per section 3.1.2.1) with maximal
knots of 2, 2.5, 3, 3.5, 4, 4.5, and 5, and with the distances between the maximum and minimum
knots of 3, 3.5, 4, 4.5, and 5. There are 7 options for maximum knots, and 5 options for total
spreads, giving 35 sets of knots per station total. It is found that the value of the maximum knot
has a much more significant impact on the goodness of fit as determined by quadratic divergence
than the overall spread between knots.

What is found is that by averaging the best case divergence for each potential spread of knots
(i.e. the spacing between the largest and smallest knots) over all stations the average divergences
ranges between about 550 and 470. However, when averaging the best case divergence for each
potential maximum knot over all stations the divergences range between almost 4700 and about
500. This, along with the computational issues that come with permitting an additional degree
of freedom in allowing the spread of the knots to vary spatially, motivates fixing the spread of
the knots for all recording stations and reduce the calculation to only computing the value of the
maximum knots for each location.

From these samplings it is found that using a distance of 5 units of log-precipitation between
the maximum and minimum knots produces the best results, so moving forward all local models
are built using 5 equispaced and spatially varying knots {z1(s), z2(s), z3(s), z4(s), z5(s)} such that
x5(s) — x1(s) = 5. Thus all that must be computed to determine the full set of knots for a given
location is the value of the maximum knot.

Calculating Maximum Knots

An ad hoc method is used to calculate the values of the maximum knots, which is the only
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parameter that is needed since knots are fixed by location and the spread of the knots is constant.
Even with the simplifying assumptions from above there is not currently a useful formulation to
properly optimize this parameter in terms of distribution matching, therefore again sets of knots
are proposed and evaluated, and the best of these sets are taken. From inspecting the results of
the above process it is found that the span of the best maximum knots can typically be bound
between 1.5 and 5.5 (in units of log-precipitation), thus the sets of proposed knots are taken using
maximum knots in this space.

Using five proposal sets models are constructed and evaluated for accuracy (in terms of
quadratic divergence, equation 3.2) for all stations sampled every 5 days through the year. From
here it is easy to say which of these proposed sets of knots is optimal for a given location, however
this essentially discretizes the maximum knot parameter since it can only be drawn from one of
five potential values.

To combat this a smoothing process is applied to each station in which a linear regression
model of the discrete maximum knots from above is constructed without the station’s parameter

and a new value is predicted using the model. The predictions take the form

9§ = Bo+ P1-lon. + Bs - lat. + B3 - lon. x lat. + B4 - elev. 4+ G5 - slope + (g - aspect (3.6)

in which the £’s come from the standard least-squares regression model. Note that there is fur-
ther discussion on the specific formulation of the elevation, slope, and aspect values in chapter
4. This produces both smooth and continuous estimates of the maximum knots, which is how
precipitation is expected to behave. From these estimates of maximum knots full sets of knots are
constructed, and all weighting terms and least-squares seasonal regressions according to equation
3.5 are recalculated for the final time.

This is not an ideal process, however this is a novel issue in estimation and there is no
established method of solving for the knot parameters in 3.1 efficiently. With this in mind it is
worth pointing out that the selection of the knots is far from the most important consideration in

this process and the accuracy of this method (discussed below) is impressive and motivates that
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this formulation of the knot parameters is sufficient to move forward with model development.
To clarify before moving forward a few plots are displayed. Shown in Figure 3.4 is the update

from discrete draws to continuous estimates.
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Figure 3.4: The initially found knots drawn from a discrete set of options (right) and the updated
continuous knot estimates (left). Note the scale changes between plots to make differences more
visible on the continuous scale.

These plots serve to clarify the process through which the maximum knot estimates are found,
and although this process is not ideal the knots generated are capable of highly accurate estimation
and the maximum knots exhibit significant spatial structure which is useful in the development of

the spatial model in chapter 4.

3.2 Bandwidth Alteration

Upon simulation from the model outlined above, with optimal weights and optimal knots
chosen, we see substantial over-estimation of density in the tails of the distributions. This issue
arises as an artifact of estimating log-precipitation then transforming back to standard precipitation
space; the tail density is dominated by the greatest knot in the low-rank KDE (equation 3.1). With

the standard bandwidth chosen and a Gaussian kernel function the tail of the log-precipitation esti-
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mator decays too slowly and this issue is exaggerated upon exponentiation to the full precipitation
space.

This is most readily seen in quantile-quantile plots comparing simulations drawn from the
proposed estimators and data taken from 15 day rolling windows of data. Examples of these
quantile-quantile plots are shown for random locations and random days in Figure 3.5.
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Figure 3.5: Quantile-quantile plots showing over-simulation of large-scale precipitation.

In these Figures the shaded region represents the area covered by 95% of quantiles of simulated
precipitation taken from the modeled estimator. This trend is consistently seen across recording
stations, and causes the mean simulated precipitation to be over-estimated. A comparison of
observed and simulated means for the same stations shown in Figure 3.5 is shown in Figure 3.6.
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Figure 3.6: Mean estimates by day exhibiting over-simulation of precipitation in the model.

This motivates decreasing the magnitude of the bandwidth used to calculate the kernel func-

tion at the largest knot. Seeing Figure A.1 it is seen that decreasing the magnitude of this bandwidth
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will cause the density in the tail of the distribution to decay more quickly and will remedy the issues
seen in Figures 3.5 and 3.6. Thus a term is added into the bandwidth formulation that acts as
a decay term on the terminal bandwidth to remedy the issues seen in the tail of the distribution.

The new form of the estimator becomes

Ti(s)
f(z|s, t,m) Zak s, t) K (Uk:(St)h(t)) , (3.7)

where all the definitions from equation 3.1 hold, and 7, ...,74 = 1 and 73 is a decay applied

to the bandwidth of maximum knot kernel function.

3.2.1 Calculating Bandwidth Decay

Motivated by the behavior seen in Figure 3.5 the integrated distance between quantiles of
the data and the low-rank kernel density estimator is used to calculate the decay term applied to

the bandwidth of the largest knot. The optimal weight for the last bandwidth is then

1
e (5:0) = avguin [ (B el t.m) = Foh (als, 1) P (38)
n>0 0
where F~1(-) is the quantile function of the low-rank estimator in equation 3.7 and emp(-) is the

estimated quantile function as calculated from the empirical CDF of observed data over a 15 day
rolling window of data. m represents the vector {n1,...,n5} where, as above, n1,...,n74 = 1 and 75
is the decay multiplier of the last bandwidth.

Calculating the values of 7 is costly, and we follow the same practice in section 3.1.1.2 in
which values are calculated for a sparse sampling over the course of a year and a linear regression
over a four harmonic terms is performed. This leads to a decrease in model parameters and an
increase in the spatial significance of terms that will be predicted at new locations. We assume the

decay terms follow the model,

47t

)+ B3(s )8111(47T 365

) + Ba(s )(:os(27T 365

n(s,t) = Bo(s) + Pu(s )Sln(% 365

o )+ Bu(s)cos( 5

)+e (3.9)

where s and t represent spatial location and time of year respectively and € is a Gaussian error
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term. This allows the 8 parameters to estimated by least-squares linear regression. These models

are typically extremely accurate, an example of which is shown in Figure 3.7.
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Figure 3.7: The calculated decay terms (shown as points) and the associated regression line from
equation 3.9

With these parameters calculated for all recording stations the local models the development
of the local models is complete, and the results of including these decay terms in the estimators

are shown and discussed in section 3.4.

3.3 Final Form of the Estimator

With all decisions made regarding the calculation of the weighting terms, and the knots, and

the inclusion of a decay term in the bandwidth the proposed form of the estimator then become,

5
flals,t) o< Y op(s, K <”H“”“(S)> : (3.10)

— Nk (s, t)h(s,t)
where s represents a spatial location and ¢ represents time (in terms of day of the year), and the

parameters are as follows:

e 04(s,t) is the weight attached to the k" knot, seasonally and temporally dependent, cal-

culated from regression coefficients,

e 1;(s) is the k™ knot for location s, calculated from the maximal knot,
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e n;(s,t) is the decay attached to the k** bandwidth (only the 5% is not 1), varying over

space and time and calculated from regression coeflicients,
e h(s,t)is the bandwidth for a given location and date, calculated from regression coefficients.

It is also worth noting at this point that we do not include a discussion of the normalization
constant for this estimator. For simulation from these estimators (which is ultimately the primary
use) it suffices to numerically calculate a CDF from an estimated and normalize so that the CDF
has 1 as its maximum value. From there simple inverse CDF methods can be used to draw samples.
Recap of Procedure

To clarify the process with which to construct this model for future reference this is the basic

outline of the procedure undertaken:

o h(s,t): Calculate the bandwidth parameters for all days and all locations (section A.1)
and fit regression models (equation 3.4) to estimate all bandwidths for all days with only

5 regression parameters at a given station. Section 3.1.1.1

e x1(s): Here the number of knots and the spread between the knots is held constant for all
locations and for any given station the knots are held constant for all days. Thus the knots
are fixed in the log-precipitation domain based on the location of the maximum knot by
considering potential models and selecting the one that minimizes the integrated quadratic

divergence (equation 3.2). Section 3.1.2.2

e z;(s): Use these found discrete samplings of knots and hold-one-out regression models to
generate continuous and spatially smooth estimates of the maximum knot values at all

locations. Section 3.1.2.2

o 0i(s,t): With the final values of the knots for each station fixed calculate optimal weights
(quadratic divergence minimizers) for each day and each location, fitting 5 parameter re-

gression models to the logarithm of the weights (equation 3.5). Section 3.1.1.2
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e 7x(s,t): By minimizing the divergence of the quantiles of the estimators and the empirical
quantiles of the data calculate a decay for the bandwidth attached to the last kernel function
to prevent over-estimation of tail probabilities and form 5 parameter regressions according

to equation 3.9. Section 3.2

3.4 Accuracy Verification

This model is capable of robust local estimation that captures a significant amount of clima-
tological information and is highly accurate upon resampling. Shown below are comparable Figures
to 3.5 and 3.6, generated for the same recording stations, but for the model after the inclusion of

a dampened bandwidth in the last kernel function.
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Figure 3.8: Quantile-quantile plots comparing the model to observed positive precipitation (95%
confidence intervals shaded).
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Figure 3.9: Mean estimates by day of both the model and observed positive precipitation.

It is clear from these Figures that the adjustment of the terminal bandwidth corrects the
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biases in the model seen in Figures 3.5 and 3.6. Examining all quantile-quantile plots, for all
locations and all days we find that over 85% of the empirical quantiles fall within the 95% intervals of
quantiles of the estimators. Plots showing quantile comparisons of climatologically diverse stations
for a set of days over the course of the year are shown in Figure 3.10. This Figure shows that not
only are local estimates of climatology accurate, but there is a high degree of seasonality seen in
precipitation data that is captured by the estimators. With acceptable accuracy at both the daily
and yearly resolution we move forward in developing a spatial model for which localized models

can be predicted at new spatial locations.
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almost all of the observed quantiles. (Quantiles are in 1/100th inches)



Chapter 4

Predicting Local Models at New Locations

With a model for producing individual estimators on the daily scale for each recording location
developed using parameters exhibiting significant spatial structure, a sufficient spatial model is
constructed to predict distributions of positive precipitation at new locations for which data have
not been recorded. For the construction of these models there are a number of selections that
must be made, including the modeling of the underlying mean trends, the covariance functions and
behavior, and how these will be used to predict parameters, and thus distributions, at new locations.
Multiple spatial models are constructed and examined, ultimately resulting in the selection of using
generalized additive models (GAMs) to model parameters and excluding the use of any covariance
function or kriging process.

We begin here with a brief discussion of the predictor variables used in the regression models
below, explaining the heuristics behind the methods used and pointing to further reading along the

way.

4.1 Predictor Variables and Assumptions Made

As can be seen below in Figure 4.1 there is significant structure to the model parameters that
is able to be captured in a variety of linear models. The constraints on the selection of variables
upon which regression can be performed is that the information must be available at locations for
which data have never been observed. This makes geophysical traits such as longitude, latitude,

elevation, slope, and aspect ideal predictors as these are data that are readily available across the
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United States.
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Figure 4.1: Examples of spatial plots of the maximum knot parameters (top left) and weight
parameter regression coefficients.

Current precipitation models make use of these features alone and in combinations, specifi-
cally in the case of mountainous domains, and here the same protocol is followed [4]. Latitude and
longitude of maintained stations are provided in the USHCN dataset, while elevation is taken from
the United States Geological Survey’s Global 30 Arc-Second Elevation dataset (GTOPO30, data
available from the U.S. Geological Survey) and is used to calculate slope and aspect. Elevation,
slope, and aspect are retrieved at the 1km resolution which must be upscaled to produce mean-
ingful results as related to precipitation. Shown in Figure 4.2 we upscale to a 25km resolution,
which captures sufficient information about the location while being on a large enough scale to be
meaningful on the scale of precipitation.

This upscaling becomes an important consideration when the aspect of terrain (direction
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Figure 4.2: Elevation in meters at a 1km resolution (left) and 25km resolution (right)

faced in radians) is considered as a regression parameter. With a resolution too fine a map of
aspect over the United States is extremely rough and does not reflect the portion of aspect that
is relevant when considering precipitation, namely orographic effects in mountainous regions [3].
Aspect over the United States can be seen in Figure 4.3 as it is calculated from elevation at both
the 1km and 25km resolutions. The upscaled plot (25km resolution) shows aspect that reflects

prominent mountain ranges in the United States which are major drivers of precipitation.
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Figure 4.3: Aspect in radians from south, calculated from elevation at a 1km resolution (left) and
25km resolution (right)

The standard physiographic predictors employed here are then: longitude, latitude, and the
pairwise product (longitude x latitude), as well as elevation, slope, aspect, and the three associate
pairwise products. One additional predictor is also included; the distance from the Gulf Coast of

Mississippi (discussed in section 4.1.1). For the duration of this chapter we use the notation

X = [lon., lat., lon. x lat., elev., slope, aspect, elev. X slope,

elev. x aspect, slope x aspect, distance from gulf],
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for the matrix of predictor variables to be used in regression and additive models. As can be seen
in Figure 4.1 multiple model parameters exhibit radial symmetry as distance increases from the
northern Gulf of Mexico. This is consistent with literature relating to the "warming hole” as a

driving force of precipitation.

4.1.1 The Warming Hole

Recent climatological research has shown a strong relationship between sulfate aerosol release
and both cooling trends in temperature and variation in seasonal distributions of precipitation over
the United States [10]. As sulfate aerosol is released in larger quantities in the eastern United States
this trend is exacerbated regionally and is most densely observed surrounding the Gulf of Mexico.
These findings are consistent with the model parameters shown in Figure 4.1 where many of the
parameters that dictate seasonal behavior of the estimated distributions of positive precipitation
show symmetry radially outward from this region.

To examine these trends in the model parameters more robustly we look specifically at the
200 stations nearest to the gulf coast of Mississippi and apply two-dimensional interpolation to the
fields of model parameters and look for extrema in the Gulf of Mexico, examples of the generated
interpolating surfaces with highlighted extrema can be seen in Figure 4.4. This gives estimates for
the centers of the observed radial symmetry, from which distances to each station can be calculated
and used as predictor variables in the regression models to follow below. Doing this process for
each of the model parameters corresponding to the weights of the knots and averaging across the
locations of the found extrema produces an estimate for the center of radial symmetry, or the gulf
coast predictor, seen in Figure 4.5, which is consistent with the literature on the warming hole in

the United States [10].

4.2 Kriging

The first attempt to produce a robust spatial model capable of accurately estimating distri-

butions at new locations is to perform kriging. This first attempt at producing spatial estimates
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Figure 4.4: Interpolated fields of model parameters with extrema highlighted in blue, these serve

as estimates for the center of radial symmetry from which distance is measured to be used as a
predictor variable.
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Figure 4.5: Average Location of the extrema found over interpolating fields.

uses a linear regression model (with the predictor variables from equation 4.1) to capture the un-

derlying mean trend in the data, then kriging is performed on the residuals of the regression model

via employment of binned semivariograms.

4.2.1 Kriging Residuals Using Binned Semivariograms

The assumed form of the predicted parameter at a new location is

y(s0) = p(s0) + 2(s0) (4.2)

in which p(-) represents the mean trend of the process, and z(-) is a mean zero gaussian process

with some non-trivial covariance function cov(si, s2) [7]. We can consider u(-) as the product of
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a regression model, and z(-) as the residuals of said process, which are mean zero. Predictions
at location sg are formed by summing the predicted mean function at sg and an estimate for the

kriged residual Z(sg), that is
§(s0) = p(s0) + 2(s0) = p(s0) + LG5 2. (4.3)

The matrices ¥ and 3 are the covariance matrices where ¥ is nx 1 with entry 7 being cov(y(s;), z(so)) =

cov(s;, so) and X is n x n and is the covariance matrix between all observed locations s1, ..., s,. The

product EgE_l describes the “kriging weights” which are applied to z to produce new estimates.
Thus with an estimate of the mean trend (equation 4.4) and a model for z(-) (equation 4.5),

all that is needed is an estimate of the underlying covariance function and kriging (equation 4.3)

can be performed.

The regression model assumption is that the model parameters follow the form

in which X is the matrix of predictors defined in equation 4.1, 3 are the regression weights, and y
is the vector of the model parameters for each spatial location, and € is a vector of error terms. The
mean trend is then defined by g = X ,3 where ,@ represents the standard least squares regression
coefficients, and the residuals,
W=y - p, (4.5)
should be mean zero with nontrivial covariance.
We build a covariance model by fitting a variogram function (from which a covariance function
follows) to a binned semivariogram (equation 4.8) for all model parameters, and use these to predict
the parameters at new locations via kriging. The two variogram functions employed here are the

exponential,

v(r)=0?(1—e"a),r>0 (4.6)

and the Matern,

—A%AE»T>O. (4.7)
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In 4.6 and 4.7 r is the distance between spatial locations, 2 is the variance for any individual
station, a is a range parameter determining how correlated the process is over space, v is the
smoothness of the process, I'(+) is the Gamma function, and «,(-) is a modified Bessel function of

the second kind [7].

The form of the binned semivariogram is,

W) = g D () — ()’ (48)

llsi—s;lleN(r)
where N (r) is a neighborhood of radius r (i.e. a bin around r), and |N(r)| is the number of points
in that neighborhood. Intuitively, the values of ’y(r) serve to represent how decoupled parameters
get as they become further apart in space, as this is the idea behind spatial covariance we model
variogram functions (and associated covariance functions) off of these approximations.
Variogram functions are fit by minimizing a weighted sum of squared errors between the

binned semivariogram and variogram function evaluated at the bin centers. The parameter sets, @,

that define the variogram and covariance functions are selected as,

K
6 =argmin Y B 505) 5y 0))? (19)

where ~y(r|@) is a variogram function with parameters @ and 9(ry) is the estimate drawn from
the binned semivariogram, both evaluated at binned distance r,. This formulation puts increased
weight on bins with both more observations (|N(rx)| term) and at smaller distances (W term)
[7].

Figure 4.6 shows spatial plots of the residuals once the mean trend is removed from two
randomly chosen model parameters.

Looking at Figure 4.6 we see that there is still a substantial amount of spatial structure left in
the residuals that has not been sufficiently captured by the mean model. Using the linear models of
equation 4.4 as a basis point we attempt to form a more sophisticated estimate of the mean trends

of model parameters p in equation 4.5 using generalized additive models.
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Residuals of Mean Model Residuals of Mean Model

Figure 4.6: Example of a spatial plot of residuals for randomly chosen model parameters.

4.2.1.1 Generalized Additive Models

Generalized additive models (GAMs), as used here, are likelihood based regression models in
which the regressors are formulated as smoothed functions of the predictor variables. Formally we
estimate p by

p
p=so+ Yy s;(X;) (4.10)

j=1
where s;(-) are smooth functions; here we use a range of first to third degree splines. For further
reading on the theory behind generalized additive models see Hastie and Tibshirani, 1990 [8]. In
principle this gives a much greater amount of flexibility to the models of the mean trends and allows
us to more sufficiently capture the smaller scale variability that is seen in the residuals of Figure

4.6.

The trends seen in Figure 4.6 indicate that an increase in flexibility surrounding longitude
and latitude terms, as well as the secondary geophysical predictors like slope and elevation would
lead to overall decrease in residuals. Using this as motivation we construct a generalized additive
model using smoothing splines for all predictor variables. Observing the p-tests for significance of
the predictors we find that the majority of the predictors are significant a the standard 0.05 level
across all parameter regressions and that all are significant in at least some cases. In the interest
of generality we accept the use of this model for all parameters. The average p-test values across
all parameters for each third degree smoothed predictor is shown in table 4.1.

Using the intercept term attached to the weight of the largest knot, since this is a major

driver of tail probabilities and mean precipitation as a whole, the significance values upon cross
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Predictor Variable Average F-Test Value

Longitude 0.0052
Latitude 0.0140
Latitude x Longitude 0.0227
Elevation 0.0579
Slope 0.1230
Aspect 0.1011
Elevation x Slope 0.2031
Elevation x Aspect 0.1710
Slope x Aspect 0.1945
Gulf Parameter ~ 0

Table 4.1: Average F-Test values across all model parameters for the GAM predictors.

validation at each station are recorded for all parameters and a selection are displayed in Figure
4.7. What is seen in these plots is that even for predictors that are not significant in average have
predictive significance for a number of stations and thus they are kept in the model for generating

spatial predictions.

Signifcance Test Values Signifcance Test Values
Aspect Gulf Parameter
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Figure 4.7: Examples of spatial plots of significance tests of GAM predictors, note that all points
that are displayed as triangles are significant at the standard 0.05 level.
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The specific model used here is then the same as 4.10 where the s(-) functions are cubic
smoothing splines and the predictors are the same as those in 4.1. Moving forward all references
to the mean model refer to this GAM formulation of the model.

Back to Variogram Estimation

With the coefficients in the variogram function estimated we construct a covariance function
with which kriging is performed according to equation 4.3. We first re-estimate all model parameters
for each location according to hold-one-out cross validation. Looking at the kriging residuals in
Figure 4.8 we see that there is still spatial structure that is failing to be captured by the kriging
model. Additionally the matrix computations involved in equation 4.3 are particularly expensive,
and looking towards generating estimates across gridded domains any meaningful resolution would
become challenging to compute in a reasonable amount of time.

Kriging Residuals (Knot Weight) Kriging Residuals (Bandwidth Decay)

—

Figure 4.8: Residuals for a randomly chosen weight coefficient (left) and a randomly chosen band-
width decay coefficient (right)

4.2.2 Non-Stationary Kriging

By considering the data as non-stationary (i.e. non-constant variance over space) we can
perform the same procedure outlined in section 4.2.1 but only use information from a subset of
neighboring stations in the generation of both the linear model of the mean trend (equation 4.4)
and the binned semivariogram (equation 4.8). This leads to not only improved prediction and
increased capturing of spatial trends, but dramatically reduced compute times needed to produce

estimates.
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In choosing the number of neighboring stations used to produce hold-one-out cross validation
we look at both the R? values of the linear models of the mean trends and the prediction errors
of these means. Figure 4.9 shows how mean R? and mean prediction errors across all hold-one-out
cross validations change according to the number of neighboring stations used to build the mean

model trend.

R”2 by Neighboring Stations Used Prediction Errors by Neighboring Stations Used

L
0.11
1

0.10
|

Prediction Errors
0.09
Il

R"2 of Mean Model

055 0.56 057 058 059 060
0.08
|

T T T T T T T T T T
100 200 300 400 500 100 200 300 400 500

Neighboring Stations Used Neighboring Stations Used

Figure 4.9: R? (left) and absolute prediction error (right) according to number of neighboring
stations used to build mean trend model.

We see that in terms of variance explained the optimal number of stations to use is about
300, however prediction errors decrease using smaller numbers of neighbors. Given the bias towards
smaller sample sizes for increased computational performance and the small gains and losses seen
in these statistics (note the scales in Figure 4.9) we move forward using the nearest 200 stations
to perform a localized version of kriging and check the accuracy of this model using hold-one-out
cross validation on all stations. Note that all measurements are done in the great circle distance as
found using longitude and latitude coordinates.

Accuracy of Non-Stationary Kriging

The corresponding plots to Figure 4.8 for this localized method are displayed in Figure 4.10.
It is immediately clear that improvements have been made in capturing the spatial structure of
the model parameters. Unfortunately even with the increase in captured information the products

of non-stationary kriging are insufficient estimators and do not accurately reflect the data. An



40

Kriging Residuals (Knot Weight) Kriging Residuals (Bandwdith Decay)

Residuals

Residuals
2
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Figure 4.10: Residuals for a randomly chosen weight coefficient (left) and a randomly chosen
bandwidth decay coefficient (right) for localized (non-stationary) kriging.

overlayed comparison of quantile-quantile plots of both the local model and the predicted model
via kriging against the observed data for randomly selected space-time pairs is shown in Figure

4.11. This figure shows that alterations will need to be made before we can move forward to gridded

estimation.
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Figure 4.11: Quantile-Quantile plots of local and kriged models for randomly sampled locations
and days (units of 1/100th inches).
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4.2.3 Maximum Likelihood Estimation of Covariance

Noting the inaccuracies associated with kriging using binned semivariograms and exponential
covariance functions we make two modifications in an attempt to generate more accurate spatially
predicted estimators: using maximum likelihood estimation of the covariance function, and using a
Matern covariance (equation 4.11). The Matern covariance is analgous to the variogram function

in equation 4.7, and is defined by the distance r between two locations as

_ 22
y(r)=o0o F(l/)(a) /-@,,(a),r>0 (4.11)

with the same definitions as equation 4.7. Note that a Matern with smoothness (v) of 1/2 is
equivalent to an exponential, thus we are just using a more generalized assumption about the
underlying covariance of the process.

Since we expect the residual terms from 4.4 to form a mean zero gaussian process with some
associated covariance we can estimate the parameters v and a in equation 4.11 by selecting those
that would produce the greatest likelihood of observing the found residuals. Similar to the process
in section 2.1.2 we minimize the negative log-likelihood using nonlinear minimization techniques
built into R [13].

The resulting process is not only more computationally efficient than the methods outlined
in section 4.2.1 but the predicted estimators via kriging are much closer to the local estimates
developed in chapter 3. Figure 4.12 shows a similar set of plots to Figure 4.11, and it is clear that
the kriged estimators are in much closer agreement with the established local estimators with the
use of maximum likelihood estimates and non-stationary kriging.

What we see at this point is that much of the processing done to produce these spatial
estimates is unnecessary. Typically it is seen that the prediction of the mean of the process is many
orders of magnitude larger than the kriged residual coming from any of the methods described here.
In a standard case we may have a mean model prediction that is on the order of 10~! or 1072 and

a residual predicted through kriging that is < 10710,
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Figure 4.12: Quantile-Quantile plots of local and kriged models for randomly sampled locations
and days (units of 1/100th inches).

4.3 Predictions Without Kriging

Having exhausted kriging as a potential method for spatial prediction, generating spatial
predictions using only the generalized additive models outlined in section 4.2.1.1 is investigated.
Provided that we cannot glean further information through more robust statistical models such as
kriging, and that predictive inference does not suffer from simplifying the spatial model, we gain
significant benefits through this reduction in complexity in terms of both model simplicity and
computational efficiency.

First let us discuss a brief refresher to clarify this final form of the method for spatial pre-
dictions of model parameters. We wish to predict the model parameters outlined in chapter 3 at
some new location ly. After rejecting kriging as a productive method of forming this estimator
GAMs alone are used to generate spatial models of each parameter. As discussed in 4.2.2 we see
gains in the accuracy of estimations by assuming a non-stationary model and using only a number

of nearest neighbors, here decided to be the nearest 200 recording stations.
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Thus for some parameter at location [y with associated predictor variables z1,...,z, (geo-
physical traits of location ly) we have the mean prediction of that parameter as fi(ly) is estimated

as

n

illo) = si(x) (4.12)

=1

where s;(-) are found as the smoothing functions in the GAM as constructed using the 200 nearest
stations to lg, and x; are the predictor variables at those locations.

The issue then becomes the lack of small scale variability of predictions. Using only GAMs
produces estimates that are far “smoother” spatially than we know precipitation behaves by looking
at spatial plots of both data and the optimal model parameters. To combat this a small amount
of noise is added to the predicted parameters upon calculation. This gives a small element of
randomness to the model for a given space-time pair each time it is constructed, accounting for the
over-certainty that accompanies using GAMSs as the only avenue for spatial prediction.

The process for adding noise to parameter predictions is as follows: perform hold-one-out cross
validation for a parameter at all locations to get the initial estimates of parameters fi (denoted
as such because after randomness is added this is considered the mean of the prediction), then
assuming the same form of non-stationarity from the mean model generation above estimate the
standard deviation for a given location based on the residuals of the spatially predicted parameters
&(lp), then the new parameter pg for a given location becomes po(ly) = N(ji(lp), 5 (lp)?). This noise
represents the uncertainty of prediction and upon repeated sampling of parameters according to
this procedure, models generated from these parameter sets have a broader range of potentially
simulated precipitation leading to an increase of agreement in the comparison of observed quantiles
and 95% confidence intervals of simulated quantiles.

Estimates of standard deviations are calculated via the standard method for sample variance,

200, _ o 1/2
&(lo) = [W] (4.13)

in which the z;’s are sampled from the nearest 200 stations to Iy and the mean of these is T.
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We validate this method using hold-one-out cross validation on all recording stations then
move to generating local models for gridded sets of locations across the United States. Initially
we look at a plot similar to Figure 3.10 but with 95% confidence intervals for spatially predicted
models superimposed on the locally generated models. This is shown in Figure 4.13, in which
it is clear that the predicted models accurately reflect the locally generated models and have an
overall tendency to capture the observed quantiles of the data over the two weeks surrounding the
indicated dates.

With a local model for climatology in place (chapter 3) and a spatial model capable of
estimating these local models at new locations developed in this chapter the next step is to move
towards estimation of precipitation across a grid of points covering the United States. This is a
complex problem and is by no means covered in full here, rather a cursory investigation is discussed
and used as motivation for further applications of this model and its potential deployment as a

predictive tool.
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Figure 4.13: This plots show 95% confidence intervals of quantiles for both locally generated models
and hold-one-out predicted models against the quantiles of data observed over two week windows
centered at the indicated dates (units in 1/100th inches).



Chapter 5

Assessment

A major benefit of a model such as this is the ability to estimate the precipitation climatologies
at locations for which recordings have never been taken. Chapter 4 developed the methods for this
prediction primarily using cross validation, but only examined recording locations. In this chapter
a brief examination of the ability of the product of Chapters 3 and 4 to estimate climatologies at
new location with particular focus on generating gridded estimation of precipitation, ultimately
moving in the direction of simulating precipitation events across a near-continuous gridded set of

points over the United States.

5.1 Gridded Model Estimates

Before large scale precipitation events can be simulated a set of gridded model estimates for
the parameters of the estimator outlined in equation 3.10. Note that for any reasonable resolution
of grid this is computationally expensive, but is highly parallelizable reducing the burden greatly.
For investigation a grid of points spaced at every half degree of latitude and longitude are generated
with estimates produced at each point; estimates are generated in the same way that hold-one-out
cross validation seen in section 4.3.

With these estimates, and working from the assumption that the spatially estimated model
parameters are reflective of local climatology, inference about precipitation processes can be drawn
from from parameter estimates, i.e. if a large maximum knot is predicted at a given location, this

implies that heavy precipitation is more likely at this location than others for which the maximum
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Figure 5.1: Predicted maximum knots for gridded points

knot is small. For reference to this specific idea Figure 5.1 shows the predicted maximum knots
for the set of gridded points. As a sort of sanity check this figure is not only consistent with the
findings of this work, but what is intuitively known about precipitation: that heavy precipitation
events are more common in places like Louisiana and Florida and less likely in high elevation and
arid climates such as the Rocky Mountains and New Mexico.

As a point of comparison to other gridded precipitation products we include median simulated
precipitation on January first and July first. These results are displayed in Figure 5.2 and when
compared to established gridded precipitation products are typically well aligned [4].

Using the sets of parameter estimates PDFs can be generated for all gridded points for a
given day of the year. This enables patterns and structure in the estimated distributions to be seen
over space and is displayed for January 1 in Figure 5.3. The curves displayed on the map in this
figure represent the PDF's estimated at each location (note that the PDFs have been truncated for
clarity). From this it is seen that there are regions for which precipitation has an overall “flatter”
distribution and there are regions with much more pronounced “spikes” in density with faster
decay into the tail densities. Comparing this to the median simulated precipitation on January 1
in Figure 77 it is seen that the areas with slower decay into the tail densities (west coast and the

Gulf of Mexico) observe higher median precipitation upon simulation. This is expected, but further
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Figure 5.2: Median simulated precipitation for January 1 (top) and July 1 (bottom).

indicates the use of having full estimated densities for gridded sets of locations rather than point

estimates alone.

5.2 Simulation of Precipitation

With gridded estimates of distributions of precipitation determined a major area of interest
can begin to be investigated: the simulation of fields of precipitation for the United States. This
process or the model outlined here is not complete and is therefore not discussed in great detail, it
is merely discussed to give a general sense of the direction of the project and where this model may

be taken with further research. The general outline of the process by which simulation of gridded
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precipitation is simulated is:

(1) Use a probit model and censoring field to determine a set of stations for which positive

precipitation occurs

(2) Simulate a mean zero Gaussian process (the precipitation field) across stations with positive

precipitation

(3) Transform this Gaussian process to positive precipitation according to estimated density

functions.

Thus it is necessary to determine the probability of observing positive precipitation for a given
location on a given day of the year according to a probit model and a covariance model with which

the censoring and precipitation fields can be generated.

5.2.0.1 Determining Covariance

As mentioned in Chapter 4 the exponential covariance function is common in geostatistical
applications such as precipitation and is employed here as a method of determining the covariance
of the above Gaussian process, Z [1]. Formally, the covariance between two points in the field is

estimated as,

cov(Z(s1),Z(s2)) = exp{—w} (5.1)

a
in which a is a range parameter that serves to indicate how quickly the covariance between two
points decays with distance (i.e. larger ranges mean that points far away are more correlated), and
Z(s;) is the observation of the standard normal random process Z(-) at location s;. Note that here
the norm represents distance between points s; and so as calculated by the great circle distance.
To calculate this range parameter, a, maximum likelihood estimates (MLEs) are employed in
the same fashion as seen in Chapter 4. To generate these estimates the data must be transformed

to normality. The transformation from precipitation Y to normal random variables is,

2= &7 (Fyy(log(y))) (5.2)
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and the back transformation from normality to precipitation is done as

y=exp {1 (@)} (5.3)

In both 5.2 and 5.3 z is an observation of a standard normal random variable, y is an observation
of precipitation, ® is the CDF of a standard normal, and Fs,t is the estimated CDF of precipitation
for location s and day t.

What these transformations are useful for is that for any single day of observation (not accu-
mulated over all 115 years of recording, just a single day of a single year), all positive observations
are transformed to normality and a maximum likelihood estimate for a in 5.1 can be generated.
This process is repeated for all 365 days of all 115 years and estimates of range parameters for all
41975 single days of observation are found and thus for any randomly selected date over the 115

years of observation a Gaussian field with covariance reflective of the data can be generated.

5.2.1 Probit Model and Censoring Field

To determine the probability of observing positive precipitation a probit model is used. Probit
modeling is a method of regression similar in scope to logistic regression in that it serves to model
the probability of some binary event, in this case the observation of positive precipitation. The

specific model for a given location is such that
P(Y(s5,1) = 1) = D(XA(s)) (5.4)

where Y is the event that positive precipitation has occurred, 8(s) is the vector of regression coef-
ficients, X is the predictor matrix, and ® represents the CDF of the standard normal distribution
[1]. The (s are estimated using generalized linear regression in R with the probit link function,

®~!(p), and where the i’" row of the predictor matrix X is of the form,
X . 27t 27t . 47t cos 47t
= |sin [ — s|{ =— ) ,sin| — —
17 P 365 )\ 365 ) M 365 ) \ 365 )
. 67t ot . 8t 87t
ont L IR ont
"M 365 )\ 365 ) " 365 ) T \ 365
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where t is day of the year of recording 7 and the response variable is either 1 or 0 indicating observa-
tion of positive precipitation for that recording. Examining the empirically calculated probabilities
of positive precipitation by day (i.e. the number of positive observations divided by the total number
of observations) for a number of locations indicates that the inclusion of the additional harmonics
in equation 5.6 as compared to similar models discussed in Chapter 3 and 4 was necessary and even
the higher order terms are typically found to be statistically significant.

Once the probit coefficients 3(s) are found for all locations in the observational network the
same process of spatial prediction with GAMs from Chapter 4 can be applied and thus precipitation
probabilities can be calculated at arbitrary locations, including on a grid.

To determine the stations for which positive precipitation is observed upon simulation for

day to, let p(s) = X (t0)B(s) from equation 5.4 where X (to) is defined as,
X (to) . [ 2wty 27ty . [ 4mtg 4ty
= |sin | — — ) ,sin | — —
0P = ™\ 365 )\ 365 ) 7\ 365 ) 9\ 365 )

. 67Tt0 67Tt0 . 87Tt0 87Tt0
sm|{ ——),Co8| —— |,smm | ——= ) ,CO8 |\ ——
365 365 365 365

i.e. the predictor variables for day tg, and 3(s) is the vector of probit coefficients for location s.

(5.6)

Furthermore let Z be a mean zero Gaussian process (the covariance of which is discussed above)
with realizations Z(s) at all gridded locations s. Following Berrocal et al. (2009) the Gaussian
field W (s) = p(s) + Z(s) is computed at all locations s € s, and is referred to here as the censoring
field and serves to determine whether or not precipitation at a given location Y (s) is either zero
or positive. Positive precipitation is simulated for all locations where the censoring field is greater

than 0, that is,

0 W(s) <0
Y(s) = (5.7)
>0 W(s)>D0.
5.2.2 Simulation of Positive Precipitation

With a covariance model (section 5.2.0.1) and method for determining which stations observe

positive precipitation (section 5.2.1), positive precipitation can be simulated. This is done by
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simulating field W as described above, then simulating a new Gaussian field Z’ at all locations for
which W > 0 from equation 5.7, then applying the transformation 5.3 to all points in Z’ gives sets
of observations in full (not log) precipitation space.

Figure 5.4 shows plots in which each row signifies a randomly chosen day of the year (one
observation, not aggregated over a rolling window), and the first column is observed precipitation
and the second column is simulated precipitation on a grid. What is significant about these figures
is that the simulations are on the same scale as the observed data, and that the ratio of num-
ber of locations for which the data/simulations are positive to the number of locations for which
data/simulations are zero is approximately the same across observations and simulations. These
plots are included to serve as motivation that these simulations are comparable to observed pre-
cipitation upon simple inspection and that further analysis and development of gridded estimation
of precipitation could lead to robust and useful results.

From this chapter we see that although not covered in full here this work serves as an effective
framework for the development of a robust gridded precipitation product for which a high degree

of confidence can be placed in local estimates.
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L

Figure 5.4: Samples of observed data (left column) and simulated gridded precipitation (right
column) where rows indicate same randomly chosen days of the year.



Chapter 6

Conclusion and Further Research

The aim of this work is to develop an accurate and interpretable method for generating local
estimators of precipitation climatology based on in situ measurements and predict these estimators
at arbitrary locations across the United States including gridded sets of points. Many of the goals
and milestones aimed for have been reached and the resulting models for local estimation and
spatial estimation of local estimates are both accurate and interpretable.

Chief among the developments made here is the validation of the use of low-rank kernel
density estimators as modeling tools; this is a new approach but the accuracy obtained on data as
notoriously difficult to model as precipitation in chapter 3 serves as an indicator of the estimator’s
ability to capture and recreate trends in data effectively. Not only is the estimator accurate but it
has the necessary property of being able to be estimated across any spatial domain for which data
has been observed relatively nearby, making it a promising tool for future climatological research.

We believe that low-rank kernel density estimators will provide a new modeling tool that
could be broadly applied to new domains, and that the work done here will serve as a useful

foundation for further inquiries in the development of gridded precipitation estimation products.

6.1 Further Research

This work contains a number of novel approaches to precipitation modeling as well as the
employment of a new “low-rank kernel density estimator”, as such there are components that have

room for development and are numerous avenues through which this work can be built upon and
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investigated further.
Semi-Parametric Model

The first of these potential sources for improvement, which is currently being investigated, is
to transform the non-parametric estimator seen in chapter 3 into a mixed distribution in which the
portion of the distribution corresponding to negative log-precipitation is governed by an negative
exponential distribution. This arises from the common result that the logarithm of a uniform
random variable is a negative exponential. if we consider Y to be the negative logarithm of U ~

unif(0, 1), representing precipitation it is shown that

Fy(y) = P(Y <y) = P(=1log(U) <y) = P(U >e™")
=1-P(U <e™) =1=Fuo(e’)
and differentiating yields

fy(Y) = funigo1)(e¥)e™? = e (6.2)

giving that Y is an exponential random variable. Using this result and the process of randomly
imputing trace precipitation in (0,1) where trace events were observed we find that the log-
precipitation values less than 0 will directly follow an exponential random variable reflected over
the y-axis.

Since this formulation only effects the negative log-precipitation portion of the estimator
much of the work done in chapter 3, such as knot selection and bandwidth decay, carries over
for positive log-precipitation. Using the model from chapter 3 but truncating the knots to those
residing along the positive log-precipitation axis and implementing a simple exponential mixture
model has led to positive preliminary results.

The form of the PDF of the estimator for log-precipitation in this model is

2N _ T — p(s) z
f(x) = f(x]s,t) x g;o o(s, t) K <W> + XM - 1,<0. (6.3)

Figure 6.1 shows the difference between this model and the model developed through the

body of this thesis. Note the difference in smaller quantiles of the distribution. This motivates
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Figure 6.1: An example of the change seen when moving to a semi-parametric distribution, the
particular interest here is in the smaller quantiles of the distribution where the semi-parametric
model shows improved matching. Units are in 1/100"" inches of precipitation

that there is ground to be gained here and that with further time improvements could be made by
adopting a semi-parametric mixed model.
Knot Selection

Selecting the knots is a particularly challenging component in developing low-rank approxi-
mations to kernel density estimators. It is referenced in section 3.1.2 that in order to move forward
a somewhat ad-hoc approach became necessary for this model, however with further research it
is possible that a computationally tractable way of computing the optimal set of knots could be
developed. Given the accuracy shown for applications of a model like this for precipitation and the
computational efficiency of simulation and prediction once the model is developed there is certainly
potential for low-rank kernel density estimators, and ironing out the details of how to generate

estimators efficiently would be useful in many domains.
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Appendix A

Kernel Density Estimators

Kernel density estimators (KDEs) are a nonparametric modeling tool produced as the sum of
a number of basis functions, which is then normalized to integrate to 1 to form a valid probability
density function. For a given kernel function K(-) and data observations x;, i = 1,2,...,n the

resulting KDE of the density at z, f (z) is generated as

@) = %if((”’f) (A1)

where n is the number of kernel functions summed over, the x; values are the locations of the
kernel functions, and h represents the bandwidth parameter. The bandwidth parameter dictates
the sensitivity to distance between the observations (z;) and the point of evaluation z, a higher
bandwidth will result in estimators that fill in space between observations more substantially and
a lower bandwidth will represent a closer fit to the observations. An example of kernel density

estimation and the effects of the bandwidth parameter can be seen below in figure A.1.

A.0.1 Function and Bandwidth Selection

The two necessary selections that must be made here are the choice of kernel function and
bandwidth parameter. The kernel function is of less importance than the selection of the bandwidth
parameter, and following in similar fashion to established nonparametric precipitation models we

employ the Gaussian kernel function for the entirety of the model development here [9]. The
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Figure A.1: Example of kernel density estimation and the effect of the bandwidth

Gaussian kernel is defined below in equation A.2.

K (255 = e b (A2)

The bandwidth parameter selection is of significantly more importance in the development
of a KDE and must be chosen carefully [9]. A standard method, employed for the remainder of
the development of this model, is to select the bandwidth that minimizes the asymptotic mean
integrated squared error of the estimator [14]. This results in an involved calculation involving the
estimated density, the kernel function, and the order of the derivative of the data to matched, and
is well documented and widely available [14]. Here we utilize the kedd package in R, allowing for

easy computation of the optimal bandwidth hgmise given a Gaussian kernel and a set of data.



