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The rainfall process at local stations in the area of the South-East US is analyzed

both in its occurrence and intensity components. The goal of the analysis is to

assess how much information is contained in measures of large scale circulation

over the area, that may be of value in modelling and describing the statistical

characteristics of the rainfall process. Exploratory Data Analysis (EDA), chain

dependent processes and homogeneous and nonhomogeneous HiddenMarkov Models

(HMM) are used to measure the strength of the signal in the rainfall occurrence and

amounts. The results hint at the necessity of considering contemporaneous, high

frequency information (i.e. daily pressure �elds as predictors of daily rainfall) in

order to achieve substantial explanatory power, for both components of the process,

consistently at all the 8 locations analyzed. The analysis by means of monthly

measures of pressure and other teleconnection indices (SOI, NAO, BH) reveals how

the daily variation overcomes any signi�cant contribution from the lower frequency

signals. We conclude this analysis by discussing potential ways of improving the

modeling e�ort.
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1 Introduction

The relation between large scale circulation patterns and daily rainfall precipitation is of

interest when hydrologists tackle the question of predicting droughts or oods or simply

the day-to-day management of water supply, having as input coarser (in time and space)

forecast of atmospheric quantities.

Another area sensitive to the issue of correctly and e�ectively modeling such relation is

the assessment of climate change consequences. Studies of the impact of climate change may

want to look at the translation into daily process statistics of lower frequency changes in the

circulation. Such changes in fact are believed to be well forecasted by General Circulation

Models, when varying initial conditions and inputs like greenhouse gases production (Grotch

and MacCracken,1991). Conversely, General Circulation Models have failed to reproduce

the high frequency, smaller scale processes in a reliable fashion, and that is where statistics

can help by modeling the dependence of the latter, poorly reproduced quantities on the

former, more exact and realistic ones.

In particular this study was initiated in connection to a larger study concerned with

the impact of changes in the frequency and intensity of teleconnection patterns (i.e. el

ni~no) on crops' yield. For such study an input in terms of a realistic rainfall process has to

bridge the gap between what the General Circulation Model predicts in terms of large scale

changes and what the agricultural sector would see as a consequence. The rainfall process

parameters may or may not be inuenced by large scale/low frequency variations and our

analysis wants to address this issue.

A preliminary analysis, not reported in this paper, ruled out the existence of a signif-

icant signal in either processes (intensity and occurrence) of such patterns like SOI, NPA,

NAO, when considering a number of isolated stations in the South East of the US. This

paper presents results from a subsequent choice of explanatory variables, found to be more

signi�cantly related to the precipitation statistics in the area.

Section 2 describes the data on which the results of our analysis are predicated. Section 3

briey �lls in some notational details and presents results from a nonparametric exploratory

data analysis stage and di�erent �ts of chain dependent processes to the local stations' data,

comparing the performance of several choices for the dependence of the parameters on a

dicotomous index of pressure over the area. Section 4 lists the results from �tting the same

process parameters in a way that allows dependence on monthly/daily values of the index,

this time letting the index assume values in a continuous interval. Section 5 reports the

results of �tting hidden Markov models using no circulation information, monthly or daily

pressure indices. Discussion and further directions follow.
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Figure 1: The 8 stations under analysis.

2 Data Speci�cations

The rainfall data span the period 1949-1996. Daily time series of precipitation occurrence

and amounts at 8 stations in the South-East region of the US have been recorded. Our

analysis isolates the three winter months of each year (December, January and February),

the period when the precipitation mechanisms are less inuenced by local, convective phe-

nomena, and rather respond to larger scale circulation features over the area. The total

number of daily observations for each station - not accounting for a few missing values - is

4242. The rainfall process constitutes our predictand. As predictor(s) we choose summary

values of the mean sea level pressure (mslp) �eld over the area. The pressure data come

from a coarse grid of nodes over the globe, and monthly or daily mean values at each grid-

point are available for the period under study. The gridbox size is roughly 1 by 1 degrees.

We choose a subregion of the grid that covers a large area over and around the stations'

locations (we refer to Figure 1 for the stations' location and to the contours of correlations

in Figure 2 for the extent of the pressure �eld under analysis), due to the fact that previous

studies (Wilby, 1998) have found the centers of higher correlation between circulation and

rainfall to be sometimes far removed from the areas where the precipitation is recorded.

A naive approach to the computation of an index of mslp could proceed as follows:
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� compute the correlation between the time series of mslp values at each grid point and

the precipitation time series at a single station;

� repeat for all the grid points and all the stations;

� locate the two areas on each contour map (one map for each station) showing the

highest and lowest correlation values;

� use the value of pressure in those areas at each time step to build a summary of the

relevant features in the pressure �eld, with regard to the precipitation process.

In our case the results of computing the 8 correlation maps are shown in Figure 2.

Clearly, two areas of low and high correlation (both in absolute value roughly 0:3) are

located in the Carribean and New Orleans regions, consistently for all the 8 stations. We

can thus choose two points in these two geographic regions and use the values of pressure

at those points to build an index by subtracting the value in the lower correlation region

from the value in the higher correlation region.

A more rigorous approach is in fact taken, by computing a singular value decomposition

of the 260�8 matrix of correlations (260 grid points, 8 stations). and using the �rst few left

eigenvectors of the matrix as loadings (coeÆcients of a linear combination) to be applied

to the values of the pressure �eld at each time. This is done for the �rst four eigenvectors

(accounting for 99% of the total variance), thus computing 4 scalar indices from the 20�13

grid of pressure values at each time.

We do this for both monthly and daily mean pressure values.

Figure 3 shows the linear relation between the index computed by the naive approach

and the �rst index computed by the singular value decomposition technique.

We will be using the �rst index computed by the svd approach both as a discrete factor

(below or above its climatological mean), and as a continuous variable (once standardized

to mean zero and variance one). Both the monthly mean values and the daily values will

be separately considered as predictors in order to quantifying the gain in the explanatory

power of including high frequency information rather than just the lower frequency signal,

which was the original focus of the analysis.

The single index models will be compared to those using 4 indices, again in order to

quantify the gain in adding dimensions to the pressure �eld summary.
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Figure 2: The 8 plots show contours of correlation values between each station { in the

order: Atlanta, Augusta, Birmingham, Charlotte, Memphis, Nashville, Raleigh, Tallahassee

{ and each point of the grid at which the pressure values are observed. These correlations

are computed between daily rainfall values (0 or positive), and the monthly values of pressure

replicated for each day of the month.
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Figure 3: The naive pressure index's values plotted against those of the �rst svd-derived

monthly index.

3 First Results from Exploratory Data Analysis and AIC/BIC

model selection

3.1 Chain Dependent Processes

We give here the de�nition of a chain dependent process (Katz and Parlange, 1996), which

is implicitly chosen as the paradigm of reference in the EDA part of the analysis and will

be explicitly �tted in the next section, using generalized linear models estimation.

The precipitation process is divided into two components

� the occurrence process - i.e. the time series of 0/1 corresponding to dry/wet day

occurrence;

� the intensity process - i.e. the sequence of amounts in wet days.

If we call St; t = 1; 2; : : : the occurrence process, St = 0 if the tth day is dry, St = 1 if

it is wet. This process follows a �rst-order Markov chain, and can be characterized by the

2� 2 transition matrix fpij; i; j = 0; 1g, where pij = P (St = jjSt�1 = i) or equivalently by

the following two parameters: � = P (St = 1) and � = Corr(St�1; St). These parameters

have the following relation to the transition probabilities:

� =
p01

p01 + p10

and

� = p11 � p01:
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Figure 4: Quantile-quantile plots of the distributions of amounts in wet days. Compared

are the empirical distribution and the Gamma distribution whose parameters are estimated

from the data by the method of moments. One plot for each station. Roughly, each plot

shows 1400 points, 95% of which assume values lower than 40

The intensity process Xk; k = 1; 2; : : : is assumed to have a distribution independent of

k, conditionally on Sk = 1

The Gamma distribution is a popular choice for modeling wet days amount (...), and

we adopt it, since a simple comparison of the empirical quantiles to the quantiles of the

gamma distribution with mean and variance estimated from the data show good agreement.

Figure 4 shows such plots.

3.2 Exploratory Data Analysis

The �ndings from an exploratory data analysis are limited to considering monthly values

of the single index, in their discretized version and in their original continuous version. We

looked at several statistics of the daily and monthly rainfall process and their dependence

on the index, by conditional distributions and nonparametric �ts. Figure 5 through 8

show that a weak signal may be detected in the occurrence process, when looking at the
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Figure 5: Each pair of plots (proceeding row by row) correspond to an individual station.

The �rst shows estimated values (over a month) of the probability of a dry day following

a dry day, plotted against the value of the pressure index that month. The second shows

values of the probability of a dry day following a wet day. Superimposed are nonparametric

estimate of the underlying relation obtained by the loess() routine in S-PLUS (Cleveland

et al. 1994).



3 FIRST RESULTS FROM EXPLORATORYDATA ANALYSIS AND AIC/BICMODEL SELECTION8

•

•

•

•

•
•

•

•

•
•

•

•

•
•

•
•

•

•

•
• •

•

•

•

•

•

•
••

•

•

•

•

•
•

•

•
• •

•

•

•

•

•

•

•
•

•

•

•

•
•

•

•

•

••
•

•

•

•

•

•

•

•

•

•••

•

•

•

•

•

•
•

•

•

• • •

•
••

•

•
•

•
•

•
•

•

•
•

••

•

•

•

•
•

•

•
••

•

•

•

•

•

•

•

•

•

••

new.pres.ind.monthly

m
ea

na
m

ou
nt

.m
on

th
[, 

1]

-10 0 10

5
10

15
20

25

•

•

•
• •

•

•

•

•
•

•

•

• •

•

•

•

• •

•
•

•
•

•

•
•

• •
•

•

•

•

•

•••• •
•

•

•

•

•

•

•

•

•

•

•
•
•

•

•

•

•

•

•
•

• •

•

•

•

•
•

•

•

•

••

••

•

•

•

•

•

•

•

•

•
•

•

•

•

•
•

•
•

•
•

•

•

•

••

•

•

•

•

• •
• •

•

•
•

•

•

•

•

•

•

•

•

•

new.pres.ind.monthly

to
ta

m
ou

nt
.m

on
th

[, 
1]

-10 0 10

50
10

0
20

0
30

0

•

•

•

• •

•

•
•

•

•

•

•

• •

•

•

•

•

•

•
•

•

•

•

•
•

•
••

••

•

•

•

•

•

•

•
•

• •

•

•

•

••

•

• •

•

•

•

••

•

•

•

•

•

•

•

•
•

•

•

•

•

•

••

••

•

•

•

•
•

•

•

•

•

•

•

•

•

••

•
•

•

•
•

•

•

•

•

•

•

•

•

• •

•
•

•

•

•
•

•

•

•

•

•

•

•
•

new.pres.ind.monthly

m
ea

na
m

ou
nt

.m
on

th
[, 

2]

-10 0 10

5
10

15
20

••

•
•

•

•

•

•

•
•

•

•

•
•

•

•

•

•

•

•

•

•

•

•

•

•

• •
•

•

•

•

•

•
•

•

•
•

•
•

•

•

•

•

•• •

•

•

•

•
•

•
•

•

•

•

•

•

•

•

• •

•

•

•

•

•

••

•

•

•

•
•

•

•
•

•

•

•

•

•

••

•

•

•

•

•

•

•

• •

•

•

• •
•

•

•
•

• •

•

•

•
•

• •

•

•
•

• •

•

new.pres.ind.monthly

to
ta

m
ou

nt
.m

on
th

[, 
2]

-10 0 10

50
10

0
15

0
20

0

•

•

•

•

••
•

•
•

•

•

•

• •

•

•

•

•
•

•
••

•

•
•

•

•

••

•

•

•

•
•

•

•

• • ••

•

•
•

•

•

•

•

•

•
•
•

•

••
•

•
••

•

•

•
•

•

•
•

•

•

••
•

••
•

•

•

•

• •

•

•

••

••

• •

•

•

•• •
•

•

• •

•

•

•

••
•

•

•

•
•

• •
•

••

•

•

•

new.pres.ind.monthly

m
ea

na
m

ou
nt

.m
on

th
[, 

3]

-10 0 10

5
10

15
20

25
30

35

•

•

•

• •
•

•

••

•

•

•

•

•

•

•

•

• •
•

•

•

•

•

•

•

• •

•

•

•

•

• •

•

•

• •
••

•

•

•

•

•
•

•

•
•

•
•

•

•
••

•

•
•

•

•

•

•

••
•

•

•

•
••

•
•

•

•

•• •

•

•
• •

• •

•
• •

•

• •

•

•

••

• •
•

• •

•

•
• ••

•
•

•

•
•

• •
• •••

•

•

new.pres.ind.monthly

to
ta

m
ou

nt
.m

on
th

[, 
3]

-10 0 10

0
10

0
20

0
30

0
40

0

•
•

• •

•

•

•

•

•
•

•

•

•

•
• •

•
•

•

• •
• •

•

•

•

• •

•

•

•
•

• •

•

•

•

•

•

•

•

•

•

•

•
•

•

• •
•

•

•

•

•

•
•

•

• •

•

•

•

•
•

•

• •
•

••

•

•

• •
•

•

•
•

•

•
•

•

•

•

•

•

•

•
•

• •

•

•

•

•
•

•

•

•

•

•

•

• •
•

•

•
• • •

•

•
•

•

•
•

new.pres.ind.monthly

m
ea

na
m

ou
nt

.m
on

th
[, 

4]

-10 0 10

5
10

15
20

•

• • • ••

•
•

•

•

•
•

•

•

•
•

••

•

•

•

•
•

•

•

•

• •

•

•
•

•

•
•

•
•

•

•
••

•

•

•

•

•

•
•

• •
•

•

•

•
•

•

•

•

•

•
•

•

•

•

•

•

•

•

•
•

•

•

•

•
•

•

•

•

•

•

•

•

•

•

•• •

•

•
•

• •

•
• •

•

• •

•

•

•

•

•
•

•

•

•

•
• •

•

•

•
•

•

•

•

new.pres.ind.monthly

to
ta

m
ou

nt
.m

on
th

[, 
4]

-10 0 10

50
10

0
15

0
20

0

•

•

•

•
•

•

•
•

•

•

••

•
•

• •

•

•

•
•

••

•

•
•

•
•

••

•

••

•

••

•

•

• •

•

•

•
•

•

•• •
•

•

•

•
••

•

•

•

•
•

•
•

•

•

•

• •

•

••

•

•

•

•

•

•

•

• •

•

•
• ••

•

•

• •

•

•

•

•

•
•

• •

•

•

•

••

•

•

•

• •• •

•

•

•

•

•

•

•

•

••

new.pres.ind.monthly

m
ea

na
m

ou
nt

.m
on

th
[, 

5]

-10 0 10

10
20

30

•• •

•
••

•
•

•

•

•

•

• •

• •

•• ••

•

•

•

•

•

•

•

••

•

•

•

•

••

•

•

• •

•

•
•

•

•

•

•
•

•

•

•• •
•

••

•

•
•

•

•

•

•

•

• •
•

•

•
••

•

•

•

•

•

• •

•

•

• •
• •

•

•

•

•

•

•

•

•
•

•

•

•

•

•

•

•

•

•
•

• •
• •

•

• •
•

•
•

•

• •

•

new.pres.ind.monthly

to
ta

m
ou

nt
.m

on
th

[, 
5]

-10 0 10

10
0

20
0

30
0

•

•
•

• ••
•

••

•

•••

•

• •

•
•

•• •
•

•

•

•

•

•

•

•

•

•

•

• •

•

•

•

• •
•

•

•
•

•

•
• •

•

•

•
•

•
•

•

•
•

••

•

•

•

•

•

•

•

•

•
•

••

•

•

•
• •

• •

•

•

•
•• •

•
•

••

•

•
•

•

•

•
•

•

•
•

•

•

•

•

•
•

• •

•

•

•

•

•

•

•
• ••

new.pres.ind.monthly

m
ea

na
m

ou
nt

.m
on

th
[, 

6]

-10 0 10

5
10

15
20

25

•
• •

•

••

•

•

•

•

•
••

•

• •
•

•

••

•

•

•

•

• •

•

••

•

•

•

•

••

•

•

•
•

•

•••

•

•

• • •

•

••

•
•

••

••
•

•
•

•

•

•

•

•
•

•
•••

•

•

•

•

•

• •

•

•
• •

• •

•
•

••

•

•
•

•

•

•
•

•

•
•

•

•

•

•

•

• •• •
•

•

•

•

•

•

•
•

•

•

new.pres.ind.monthly

to
ta

m
ou

nt
.m

on
th

[, 
6]

-10 0 10

0
10

0
20

0
30

0

•

•

•

•

•

••

•

•
•

•
•

•

•
•

•

•

• •
•

•

•

••

•

•

•
•

•

•

•

•

•
•

••

•

•

•
•

•

•
•

•

•

•

•

•

•

••

•

•

•
•

•

••

•

•

•

•

•

•

•

•

•

••
•

••
•

•
•

•

•
•

•

•

•

•

•

•

•

•

•

•

•

•
•

••

•

••

•

•

•

•

•

•

•

•
•

•

•

•
•

•

•

••

new.pres.ind.monthly

m
ea

na
m

ou
nt

.m
on

th
[, 

7]

-10 0 10

5
10

15
20

••

•

•

•

•

•

•

•

•

•

•

•

•
•

•
••

•
• •

•

•

•

•
•

•

•

•

•

•

•

•

•

•
•

•

•

•

•
•

•
•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

•

• •

•

•

•
•

•

•

•

•

•

•

•

•
•

•

•

•

•
•

•

• •

•

•

•

• •

•

•
•

•

• •

•

•

•

•

•

•

••

•

•

• •
•

•

••

• ••

new.pres.ind.monthly

to
ta

m
ou

nt
.m

on
th

[, 
7]

-10 0 10

0
50

10
0

15
0

•

•

•

•

•

•
•

•

•

•

••

•
••

••

•

•
•

•

•

•

•
•

•

• ••
•

••

•

•

•
•

•

•

•
•

•

•
•

•

•

•

• •

••

•

•

•

••

••

• •
•

•

•

•
•

•

•

•
•

•

•

•

•
•

•
•

•

••

•

•

•
•

•

•

•

•

•
•

•

•

•

•

•
•

•

•
•

•

•

•

•

•

•
•

•

•

•

•

•

••

•

•

new.pres.ind.monthly

m
ea

na
m

ou
nt

.m
on

th
[, 

8]

-10 0 10

10
20

30

•
•

•

•
•

•
•

•

•
•

•
•

•
••

••

•

•

•
•

•

•

•

• •

•

•
• •

•
•

•

•

••
•

•
••

•
•

••

••

• •

••
•

•

•

•

•

•

•

•

•

•
•

• •

•

•
•

•

•
•

•

•

•
•

• •
•

••

•

•

•
•

•

•

•

•
•

• •

•

•

•

• •

•
•

•

•

•

•

• •

• •

•

•

•
•

•

•• ••

• ••

new.pres.ind.monthly

to
ta

m
ou

nt
.m

on
th

[, 
8]

-10 0 10

0
10

0
20

0
30

0
40

0
50

0

Figure 6: Same as in Figure 5, but now the values correspond to monthly mean amounts in

wet days (�rst plot of each pair) and monthly total amounts (second plot). The values have

been log-transformed, and the superimposed lines are estimated by least squares.
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Figure 7: Similar to Figure 5, but discretizing the index into below (1) or above (2) its

long-term mean and looking at the conditional distributions of the values of the probability

of a dry day, following a dry (�rst plot of each pair) or a wet day (second plot).
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Figure 8: Similar to Figure 7, but here the conditional distributions are of the amounts in

wet days.
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Table 1: AIC and BIC choices among di�erent models for the occurrence and intensity

process at each station. The parameters indicated at the right of each stations are the ones

that according to the model selection criteria should be allowed to vary with the two-level

pressure factor.

station AIC BIC

Atlanta � �

Augusta �; �; � �

Birmingham �; �; � �

Charlotte �; � �

Memphis � �

Nashville � �

Raleigh � none

Tallahassee �; �; � �

distribution of the monthly estimates of probability of a wet day following a dry or a wet

day. It is a weaker signal when it comes to the intensity process, i.e. when looking at mean

amounts in wet days or monthly total amounts.

3.3 AIC/BIC model selection

To substantiate these qualitative �ndings we estimate the parameters of the chain dependent

process at their climatological values (by the method of moments applied to the entire series,

unconditionally) and conditionally on the monthly index value being above or below its

climatological mean. We then apply AIC (see for example Encycl. of Statistical Sciences,

1982) and BIC criteria (Kass and Raftery, 1995) to choose among di�erent models obtained

by letting subsets of the parameter vector vary with the pressure factor. Table 1 reports the

choice for each station of the model by indicating which parameter of the process should be

allowed to vary with the pressure factor. Notice that

� � is the mean of the distribution of amounts in a wet day, hypothesized to be a Gamma

distribution

� � is its standard deviation

and of course � and � are just an alternative parametrisation with respect to the more

traditional Gamma parameters (shape � and scale �), i.e. � = �=�, � =
p
�=�

2. The table

indicates that overall the part of the process that seems to be more consistently dependent

on the pressure index is the occurrence (�) and only AIC - inherently the least conservative
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between the two criteria - in four cases prescribes varying the intensity parameters with the

pressure factor.

An alternative way of comparing the two models (conditional and unconditional esti-

mation) is to simulate synthetic time series of rainfall according to the estimated process

parameters and compare the resulting statistics to the observed ones. Figure 9 shows the
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Figure 9: Results from 5000 independent simulations of a rainfall process of the same length

as the data set. The chain dependent process parameters are kept �xed at their estimated

\climatological" values (estimated on the basis of the entire time series of observations) in

the left panel, and assume two values conditionally on the pressure index being above and

below its mean, in the right panel. Each plot compares the simulation-based distribution of

a particular statistic of the process to its observed value (the mark on the x-axis). See text

for a list of the 13 statistics shown.

distribution of several statistics derived from simulated series of rainfall occurrence and

amounts at one arbitrary station (results for the other stations are comparable), for both a

chain-dependent process whose parameters are kept �xed at their climatological values and

a process where the parameters are estimated separately for the days when the index was

above its mean, and the days when the index was below its mean. The statistics shown are

� I,II (median) and III quartile of the distribution of dry spells;

� I,II (median) and III quartile of the distribution of wet spells;

� I,II (median) and III quartile of the distribution of monthly total amounts;

� I,II (median) and III quartile of the distribution of monthly number of wet days;
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� variance of monthly total amounts.

Consistently across the 8 stations, the 'weather generator' with �xed parameter repro-

duces well most of the observed statistics (indicated by a mark on the x axis). The only

weak feature may originate from the age-old problem of overdispersion (i.e. a tendency of

the models to underestimate the variance of the monthly totals; Katz and Parlange, 1998).

Adding the dependence of the process on the pressure factor doesn't seem to improve the

mimicking skills signi�cantly. It rather introduces a tendency to overestimate the total

number of wet days in a month and - perhaps as a consequence - the total rainfall amount

in a month.

4 Generalized Linear Models' Estimation

We estimate several alternative models by estimating the parameters' dependence on the

continuous pressure index using generalized linear models (McCullagh and Nelder,1983).

In order to evaluate the amount of information in di�erent predictors, we apply a chi-

square test to the values of the di�erence between null deviance (i.e. residual deviance of

the constant model) and residual deviances of the alternative models. Table 2 compares:

� the model that treats the pressure index as a factor ('0� 1 monthly' in the table),

� the model that uses only monthly means of the index ('continuous monthly' in the

table),

� the model that uses daily values of the index ('daily' in the table),

� the model that uses all four svd-derived, daily indices as predictors (see Section2;

'daily (4svd)' in the table).

It collects the results for both the occurrence process �ts, and the intensity process �ts.

The series of values in the 'occurrence' part of the table shows that for all the stations bu

Tallahassee the inclusion of the pressure index (even in its coarser form of a two-level factor

with monthly frequency) contributes signi�cantly to the regression model. Tallahassee needs

at least the monthly continuous information as a signi�cant regressor. In the 'intensity'

part of the table things are less obvious: Atlanta, Augusta, Charlotte and Raleigh need

daily information to make the regression signi�cantly better than a simple constant �t.

The other four stations respond instead to the monthly index as a two-level factor (and

obviously to the further \higher resolution" predictors). It is true that the p-values are

less \extreme" than the ones computed for the occurrence process, for the indices on a

monthly frequency, con�rming the results from the preliminary analysis that indicated how

the occurrence process 'responds' better to the signal of the large scale circulation than the



4 GENERALIZED LINEAR MODELS' ESTIMATION 14

Table 2: Chi-square test for several models, for occurrence and intensity, each station sep-

arately. Those values not signi�cant at the :05 level are highlighted by an asterisk

Occurrence

0-1 monthly continuous monthly daily daily (4 svd)

Atlanta 2:0e � 07 7:7e � 12 0 0

Augusta 8:2e � 04 8:6e � 07 0 0

Birmingham 1:0e � 05 4:5e � 11 0 0

Charlotte 1:2e � 07 1:7e � 12 0 0

Memphis 3:9e � 08 2:5e � 12 0 0

Nashville 4:8e � 08 2:8e � 12 0 0

Raleigh 4:6e � 06 1:3e � 09 0 0

Tallahassee 2:6e � 01� 3:0e � 02 0 0

Intensity

0-1 monthly continuous monthly daily daily (4 svd)

Atlanta 3:6e � 01� 8:0e � 02� 0 0

Augusta 7:7e � 01� 3:8e � 01� 0 0

Birmingham 4:8e � 03 4:5e � 04 0 0

Charlotte 8:5e � 01� 3:5e � 01� 0 0

Memphis 3:4e � 05 2:3e � 05 0 0

Nashville 5:6e � 06 8:5e � 09 0 0

Raleigh 2:1e � 01� 7:0e � 01� 0 0

Tallahasse 2:0e � 03 1:7e � 03 0 0

intensity process. The 0's in the table are to be interpreted as values not distinguishable

from zeroo up to the 12th decimal point. The same results can be summarized graphically by

looking at the frontier of performance for models that include monthly pressure and models

that include daily pressure, when it comes to predicting wet or dry days: at di�erent

threshold values for the probability of a wet day, the Receiver Operating Characteristic

curves look very similar to a straight line for the monthly models, while the curve is pushed

towards the upper right corner when including the daily pressure index. See Figure 10. As

for the �t of the amounts in rainy days, the images in Figure 11 compare the predicted

values (just about the mean value) for the monthly model and the predicted values (more

spread out) for the daily model, plotted against the observed ones. The di�erent shading

hints to the distribution of the points predicted on the plane. In this case as well, only the

inclusion of daily circulation information makes the predicted values closer to the observed

ones.

A further representation is given in Figure 12 where monthly statistics derived from

three of the four models described (all but the 'daily (4 svd)') are compared. The plots

shown are for Atlanta, but are representative of what happens at the other 7 stations as

well. We �rst �t the model to the �rst half of the series, and use the parameters to predict

the second half. The �rst row of plots compares the monthly total number of wet days

as predicted by the models to the observed. The second row compares the monthly total

amounts as predicted by the model (conditionally on the true number of wet days observed)

to the observed. THe third row uses the of wet days together with the intensity parameters

as predicted by the three models, to produce the same quantity and compares it to the
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Figure 10: ROC curves showing the predictive performance of the models with monthly

pressure index (almost straight lines) and daily pressure index (curves) as covariate. One

line for each station. The di�erent points on a line are obtained by varying the threshold

for the probability of a wet day used to predict a wet day { one day ahead.

observed. As it is clear from the �rst and third row the models that use low frequency

information have a poor performance in terms of predicting an independent set of test data,

while the inclusion of daily information achieves a better reproduction of reality.

5 Hidden Markov Models' estimation

Results consistent with the chain dependent process estimation were obtained by �tting

homogeneous hidden Markov models (HMM) and nonhomogeneous HMM with monthly

or daily pressure as covariates. The speci�cs of these models are as follows (Hughes and

Guttorp, 1994 and Hughes et al. 1999): it is hypothesized that the atmospheric conditions

determine an unobserved, latent weather state; then the rainfall outcome is a stochastic

result of the underlying weather state. Consider a �rst-order Markov chain fSt; t = 1; 2; : : :g

Associate to each state St a random variable Rt with distribution PR
t

. Each PR
t

is di�erent

and independent of PR
k

, conditionally on the states St; Sk. We observe a sequence of

realizations R (the rainfall outcome at each station through time), whose components are

independent of each other, conditionally on the corresponding, unobservable S (the sequence

of weather states). The time-dependence acts only through P (St = SijSt�1 = Sj), the

transition matrix of the hidden Markov process. In the case of nonhomogeneous HMM the

transition probabilities depend on a set of covariates associated to each t in the process

(atmospheric variables). More speci�cally,

P (St = ijSt�1 = j;Xt) / ij � (Xt � �ij)V
�1(Xt � �ij)

0
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Figure 11: Fitted versus observed values of amounts in wet days. Each pair of plots (row-

wise) correspond to one of the stations. The �rst plot of each pair compare the �ts of the

model with monthly values of the pressure index as covariate to the observed values. The

second compares the �ts of the model with daily values of the pressure index as covariate.
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Figure 12: Atlanta. Predicted versus observed number of wet days in a month (�rst row) and

total monthly amounts (second and third row). Column one corresponds to the '0-1 monthly'

model; column two to the 'continuous monthly' and column three to the 'continuous daily'

models.

Notice that the form of this transition consists of a baseline transition probability, ij , and

a normal kernel which involves the atmospheric variables.

Conditionally on St the observed process is just a sequence of independent random vari-

ables distributed as either Gamma or Negative Binomial (after transforming the amounts

into integers), when the intensity is modelled, or as Bernoulli when just the occurrence

is modelled. The parameters' estimation is performed via an EM/MCML (Monte Carlo

Maximum Likelihood) algorithm (Dempster et al.,1977; Geyer and Thompson, 1992).

We present results from a suite of di�erent models.

� We �rst �t three models for only the occurrence process, with three hidden states

(the number of states is a free parameter, chosen by trial and error by the modeler),

without covariates (homogeneous HMM), with monthly pressure index as covariate

(monthly NHMM) and with daily pressure index as covariate (daily NHMM). The

value of BIC shows a signi�cant drop only when the daily model is compared to the

two others.

� Then two models with four states are �tted, only to the occurrence process, comparing

HMM and daily NHMM, and the drop in BIC value is still signi�cant.

� The same is true when models for both occurrence and intensity are �tted using three
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Table 3: BIC values for di�erent HMM/NHMM models �tted.

Occurrence

3 States (records 58-96)

BIC number of parameters

Homogeneous 20370 27

Monthly Pressure 20350 30

Daily Pressure 19152 30

3 States (records 49-96)

BIC number of parameters

Homogeneous 25072 27

Daily Pressure 23601 30

4 States (records 49-96)

BIC number of parameters

Homogeneous 23798 40

Daily Pressure 22225 44

Occurrence & Intensity

3 States (records 49-96)

BIC number of parameters

Homogeneous 175178 69

Daily Pressure 173660 72

4 States (records 49-96)

BIC number of parameters

Homogeneous 173030 96

Daily Pressure 171394 100

and four states, and HMM versus daily NHMM.

A detailed list of results is presented in Table 3

Even if the gain in the penalized loglikelihood is signi�cant, pictures of the resulting

�ts from the HMM and NHMM with four states and daily pressure don't show a striking

improvement with respect to any of the diagnostic quantities: the meaning of the four states

is the same, and so are the model-based simulated values of rainfall amount at the stations,

consistent with the observed for both models and all the stations. The pairwise dependence

between the stations is fairly well reproduced, even if on average underestimated, by both

models almost identically. The model itself doesn't contain spatial dependence features and

all what is observed in the synthetic series of multivariate rainfall processes is induced by

the underlying common atmospheric states.

The only evident improvement is the better �t of the NHMM to the observed wet spells

distributions, as shown by their observed and estimated survival curves.

Figure 13 through 16 detail the above described results.

6 Discussion

The exercise performed in this paper clearly demonstrate the need for high frequency circu-

lation information when trying to downscale large scale pattern to local rainfall processes,

in the region and at the stations under study.
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Figure 13: The four states identi�ed by an HMM and a NHMM, in terms of probability of

a wet day at the stations.
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Figure 14: Consider the quantity log n00n11
n01n10

. Here nij refers to the entry of a contingency

table that for a given pair of stations collects the number of days that at one the occurrence

process assumed value i and at the other station value j. Each point on the graph compares

observed values of this quantity to one obtained by simulation. In the left panel the simula-

tion is based on the model estimated by the four-state HMM; in the right panel on the model

estimated by the four state NHMM that uses daily pressure as a covariate.
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Figure 15: Quantile-quantile plots of observed vs. model-based simulated amounts in a wet

day. One plot for each station. The model is a four-states HMM in the left panel and a

four-states NHMM with daily pressure as covariate in the right panel.

We propose a few directions for further work on the issue, and for this speci�c dataset,

in particular. Given that models with more svd-derived covariates show consistent improve-

ment in their explanatory power, it is worth pursuing a search for more/better predictors.

Other information about the circulation over the area may be of value, like temperature, or

relative humidity or some measure of vertical motion (though the latter is probably more

interesting in seasons of convective activity). One can also use the output of an HMM (a

model with no covariates) to derive a classi�cation of days into di�erent unobserved states.

The days belonging to the same state may be analysed/averaged in order to detect inter-

esting features in the circulation that may explain the di�erent characteristics of rainfall.

We performed this exercise using a 3 state HMM and deriving three indices of pressure

\dictated" by the proximity of each daily pressure pattern to the average ones in the three

states. Models �tted by using the three HMM-dictated indices as covariates delivered results

similar in explanatory power to the model with a single svd-derived covariate.

The analysis performed in the EDA stage and by GLM estimation has not tackled the

issue of spatial dependence among stations. The larger values of correlations are observed

in the number of wet days in a month, while the actual amounts don't show correlations

above :5 between any couple of stations. It would be interesting to build a model able to

induce the right amount of correlation by the action of the index of pressure. Right now,

predicting occurrence and intensity at each station separately by using the models �tted

independently produce \perfectly correlated sequences" in the sense that when it rains at

one station it rains everywhere else and viceversa. When generating synthetic sequences
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Figure 16: Survival curves for the length of a wet spell; solid line is the observed, the dotted

lines correspond to model-simulated series, for both HMM and daily NHMM.
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from the independent models at each station, with daily pressure driving the parameters,

the amount of correlation induced between couple of stations is on the order of :5; :6, too

uniformly high compared to the observed one. On the other hand, generating the same

series from models using monthly pressure (continuous and discretized) produces series

totally uncorrelated.

Conditionally on �nding interesting and relevant circulation information for our rainfall

process in the area, it can be worth investigating the relation between large scale circulation

and teleconnection patterns. Quantities like pressure and temperature may in fact be more

inuenced by these low frequency signals than local intermittent processes like precipitation.

A three-tier model can ensue, in which the teleconnections indices \drive" the large scale

circulation over the area, whose signal, in turn, will impact the precipitation statistics at

local stations.
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