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Abstract

Classifications of atmospheric weather patterns (WPs) are widely used for the descrip-
tion of the climate of a given region and are employed for many applications, such as
weather forecasting, downscaling of global circulation model outputs and reconstruc-
tion of past climates. WP classifications were recently used to improve the statistical
characterisation of heavy rainfall. In this context, bottom-up approaches, combining
spatial distribution of heavy rainfall observations and geopotential height fields have
been used to define WP classifications relevant for heavy rainfall statistical analysis.
The definition of WPs at the synoptic scale creates an interesting variable which could
be used as a link between the global scale of climate signals and the local scale of
precipitation station measurements. We introduce here a new WP classification cen-
tred on the British Columbia Coastal region (Canada) and based on a bottom-up ap-
proach. Five contrasted WPs composed this classification, four rainy WPs and one
non-rainy WP, the anticyclonic pattern. The four rainy WPs are mainly observed in the
winter months (October to March), which is the period of heavy precipitation events
in Coastal BC and is thus consistent with the local climatology. The combination of
this WP classification with the seasonal description of rainfall is shown to be useful for
splitting observed precipitation series into more homogeneous sub-samples and thus
identifying, for each station, the synoptic situations that generate the highest hazard
in terms of heavy rainfall events. El Nino Southern Oscillations significantly influence
the frequency of occurrence of two Coastal BC WPs. Within each WP, ENSO seem
to influence only the frequency of rainy events and not the magnitudes of heavy rain-
fall events. Consequently, MEWP heavy rainfall estimations do not show significant
evolution of heavy rainfall behaviour between Nino and Nina winters. However, the WP
approach captures the variability of the probability of occurrences of synoptic situations
generating heavy rainfall depending on ENSO and opening interesting perspectives for
the analysis of heavy rainfall distribution in a non-stationary context.
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1 Introduction

Traditionally in the framework of the extreme value theory, the probability of extreme
rainfall is estimated by fitting an extreme value distribution over a sample of rainfall
observation series at a given location (Fréchet, 1927; Gumbel, 1958; Pickands, 1975;
Coles et al., 2003). This approach assumes (strongly) that the sample used is inde-
pendent, stationary and homogeneous. However, the heaviest rainfall events can have
various atmospheric geneses (convective rainfall and frontal rainfall, for example) and
they show generally strong seasonal variability (Djerboua and Lang, 2007). In a re-
cent study, Allamano et al. (2011) showed the significant bias induced by neglecting
the seasonality of hydrological extremes in determining extreme value probabilities.
In this general framework, Garavaglia et al. (2010, 2011) proposed a multi-exponential
weather pattern (MEWP) probability distribution for extreme rainfall based on a weather
pattern (WP) and seasonal sub-sampling. Other authors recently used the WP concept
to characterise extreme rainfall events (e.g. Ducic et al., 2012). More generally, since
early WP classifications such as the subjective classification produced by Pague and
Blandford (1897) over the Northwestern US, the definition of WP classification at the
synoptic scale has been shown to be useful for the estimation of statistical character-
istics of hydroclimatic records such as precipitation or streamflow series at the local
scale. Moreover, WP frequency of occurrence has been linked to global signals such
as North Atlantic Oscillation (NAO) or EI Nino Southern Oscillations (ENSOs). For ex-
ample, Fernandez-Gonzalez et al. (2011) investigated the dependence between NAO
frequencies and Spanish WPs. Several studies showed the significant correlation be-
tween WP frequency and ENSO climate signals over Northwestern America (Kimoto
and Ghil, 1993; Chen and van den Dool, 1999; Robertson and Ghil, 1999; Sheridan,
2002; Stahl et al., 2006) or even over Louisiana (McCabe and Muller, 2002). Con-
sequently, the link between global signals and hydroclimatic variables, which is investi-
gated for instance by Fernandez-Gonzalez et al. (2011) and Schubert et al. (2008), can
be explored through a WP classification approach. Casola and Wallace (2007) found
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significant correlations between ENSOs and the frequency of occurence of the four
winter WPs they previously identified using a limited-contour clustering algorithm to
the pentad (5-day average) 500 hPa geopotential height field data for the Pacific—North
American region. They also showed the existing link between frequency of occurence
of extreme weather (coldest and wettest winter days) and the frequency of occurence
of WPs, highlighting that this signal is much weaker for precipitation than for tempera-
ture extreme events. In conclusion and explaining the limits of the methodology used,
they stated that “with the exception of the Pacific Northwest, the clustering method
performs poorly in segregating incidences of extreme precipitation. We speculate that
precipitation is inherently dependent on synoptic scale events that are associated with
patterns smaller in spatial scale and shorter in time scale than the patterns captured
here.”

In this framework, the Coastal region of British Columbia (BC) represents a very
interesting playground, since numerous authors have studied the links between the
rainfall probability distribution over the Pacific Coast of North America and some
large-scale climatological phenomena, such as ENSOs, the Pacific Decadal Oscilla-
tion (PDO) or the Pacific North America pattern (PNA). These oscillations are linked
to both average winter rainy events (Yarnal and Diaz, 1986; Shabbar et al., 1997) and
winter extreme events (Gershunov, 1998; Cayan et al., 1999) all over the North Pa-
cific Coast. Concerning extreme rainfall, Higgins et al. (2000) pointed out the highest
frequency of heavy rainfall events during the neutral years preceding warm ENSO win-
ters. However, Kenyon and Hegerl (2010) did not find a clear, significant difference
between El Nino winter extremes (defined as the largest amount of daily precipitation
over a single day and over 5 days) and other winters over BC. In a recent study on the
influences of climate mode variability on global extreme precipitation, Feldl and Roe
(2011) showed that warm phases of ENSOs implied both changes of mean precipita-
tion and precipitation distribution shapes over the American West. Zhang et al. (2010)
also noted the clear influence of ENSOs and PDO on daily winter extreme precipitation
values over North America, but with an unclear signal over BC, a region that is poorly
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studied due to a limited number of available data. Finally, Mass et al. (2011) mentioned
natural variability as a possible explanation for the low increasing trend of extreme pre-
cipitation found over the Pacific Coast. Studying the genesis of Northern Washington
floods, Neiman et al. (2011) showed that most floods are produced by “atmospheric
river” (AR) situations, which are relatively narrow regions of the atmosphere that are
responsible for most of the horizontal transport of water vapor outside of the tropics
(the “Pineapple Express” is a well-known example of a strong AR that brings moisture
from the Hawaiian tropics region to the North American west coast Dettinger, 2004). In
AR situations over North-Western Washington, they showed that floods are observed
on several watersheds depending on the orientation of the AR and the elevation dis-
tribution over the watershed areas. These results suggest some correlations between
climate signals and rainfall behaviour over the Coastal region of BC. Even so, scien-
tific questions on the nature of the correlations remain open. The WP classification
appears thus to be a “medium-scale disaggregating tool” between climate signals and
local rainfall observations and it deserves to be tested in this context.

The aim of this paper is thus to define a WP classification based on a bottom-up
approach introduced by Garavaglia et al. (2010), which is useful for heavy rainfall anal-
ysis of the Coastal BC region and to use the WP approach to study the links between
ENSOs and BC heavy rainfall events. The method used for the WP classification and
heavy rainfall analysis is summarised in Sect. 2. The rainfall and geopotential data sets
used in the study are described in Sect. 3, while Sect. 4 presents and discusses the
results obtained. Finally, Sect. 5 draws conclusions.

2 Methodology

2.1 Bottom-up approach for the definition of a weather pattern classification

WQPs are identified using a “bottom-up” approach: firstly identifying rainfield patterns us-
ing rainfall information (“bottom” step) and secondly projecting them into a geopotential
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height space for the final definition of WP (“‘up” step). The methodology which is de-
scribed and used in Garavaglia et al. (2010) for the definition of eight French WPs and
in Brigode et al. (2012) for the definition of five Austrian WPs, is summarised in the
following four stages.

2.1.1 Selection of a rainy day population

A sub-sample of the heaviest daily precipitations is selected using a spatial averag-
ing criterion, whereby for each day in the record, the daily average precipitation of all
stations is calculated. The top 20 % days are selected as “rainy days” in this study.
For a 20-yr record period, this 20 % threshold selects 1524 rainy days. The other 6136
days are at this stage combined in a non-rainy class. The need for a classification more
closely focussed on “where it rains” than on “how much it rains” (i.e. having classes re-
grouping days that are particularly rainy in the same area rather than having classes
regrouping days with the same amount of rain) is fulfilled by using the “shapes” of the
daily rainfall fields. For each day, a rainfall shape field is estimated by normalising the
daily precipitation observed at each station by the average precipitation observed over
the entire region of interest.

2.1.2 Hierarchical Ascendant Classification of the rainy day “shapes” fields

A Hierarchical Ascendant Classification (HAC) is then performed on the rainy day
“shapes” fields previously identified. The rainy classes are generated using the Ward
method (1963), which iteratively chooses the grouping presenting the minimum intra-
class inertia (Cheng and Wallace, 1993). The final number of rainfall classes is deter-
mined by first examining numerical criteria such as changes in intra-class inertia as
a function of the number of classes and second by looking at the spatial distribution
of each rainfall class in the selected area. This choice is thus a mixture of numerical
criteria analysis and climatological assessment.
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2.1.3 Projection of the rainy classes into one geopotential height field space

The daily synoptic situation over the area of interest is described using gridded geopo-
tential height fields at two pressure levels (700 hPa and 1000 hPa), twice a day (at Oh
and 24 h, allowing a dynamical description of the geopotential height fields over 24 h).
Thus, each day (d) is characterised by two couples of geopotential height fields: the
first couple is composed of a 700 hPa geopotential field at 0h and a 700 hPa geopo-
tential at 24 h (equivalent to the 700 hPa geopotential field of the day (d + 1) at 0 h) and
the second couple is composed of a 1000 hPa geopotential field at 0 h and a 1000 hPa
geopotential field at 24 h (equivalent to the 1000 hPa geopotential field of the day (d +1)
at 0h). These options are the results of previous studies on quantitative precipitation
forecasting using the analogue method in France (Guilbaud and Obled, 1998; Obled
et al., 2002; Bontron, 2004). The 1000 hPa fields are strongly correlated to the rainfall
ones since they describe the pressure situation on the ground and catch the local pat-
terns, while the 700 hPa fields give information at a larger scale and catch the synoptic
systems and movements. The geopotential space used for the French WP classifica-
tion (Garavaglia et al., 2010) and the Austrian WP classification (Brigode et al., 2012)
was composed of these four geopotential fields defined, respectively, on 110 grid points
centred on South-Eastern France and on 54 grid points centred on the Western Alps.
Defining the geopotential height space that gives robust information for explaining the
rainfall-generating processes coming from the synoptic scale is the critical point of
these “up” steps. Once one geopotential space is defined, the centroids of the rainy
classes and of the non-rainy class previously identified are calculated in this space, by
estimating the four average geopotential fields of the days composing each rainy class.
Finally, each class centroid is characterised by two couples of geopotential height fields
(700 hPa at 0 h, 1000 hPa at 0 h, 700 at 24 h and 1000 hPa at 24 h).
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2.1.4 Re-assignment of each day to a weather pattern

The last classification step consists in the re-assignment of each day (considered as
rainy or non-rainy) to a given WP in estimating Teweles and Wobus (1954) distances
between the day considered and all the class centroids. The need to focus on the field
shapes is the main criterion for choosing this distance, which considers the synoptic
circulation gradients (Obled et al., 2002). The final Teweles-Wobus distance between
one particular day and one class centroid is defined as the sum of the four distances
between the four geopotential height fields (700 and 1000hPa at O0h and 700 and
1000 hPa at 24 h) of the day considered and of the centroid considered.

2.2 Multi-exponential weather pattern distributions

MEWP distributions are estimated for each rainfall series following the approach intro-
duced by Garavaglia et al. (2010). Note that MEWP distributions are fitted on a sample
of “centred rainy events” over a threshold, noted CR hereafter. The CR population is
defined as days having higher precipitation values than the previous and following days.
Using this sub-sampling allows working on a distribution of (so-considered) indepen-
dent events, which is much more dense than annual maximums for example. Moreover,
note that seasonal MEWPs are defined, where seasons generally consist in grouping
three or four continuous months of similar rainfall hazard values. In BC, the rainy sea-
son is mainly constituted by the winter months both for the common and the heaviest
events. Heavy rainfall analysis has thus been limited in this study to a critical season of
6 winter months, from October to March. This “long” winter season allows working on
relatively long rainfall sub-populations. Formulation of MEWP distribution is reported in
the following:

11740

HESSD
9, 11733-11768, 2012

Linking ENSO and
heavy rainfall events
over Coastal British

Columbia

P. Brigode et al.

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/11733/2012/hessd-9-11733-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/11733/2012/hessd-9-11733-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

) Mwe )
F'(CR) = 2 F/(CR)-p;
Jj=1
. Nwe CR-U/ ,
F'(CR)= D> |1-exp| - 7 ! P
j=1 j

where / is the season studied, CR are the central rainfall event observations, j is the
WP studied, nyp is the number of WPs, p is the CR event probability of occurrence of
the WP, F is the marginal distribution, v is the threshold for heavy rainfall observation
selection and A is the parameter of the exponential law. Thus, the MEWP distribution
defined on a given rainfall series is characterised by two parameters per WP and per
season (scale parameter 1 (called Gradex and values in mm/24 h) and threshold pa-
rameter u — values in mm) and one extra parameter per WP and per season, which is
the frequency of occurrences of the WP CR observations (parameter p). The following
expression gives the relation between MEWP probability and return period, in years:

T(CR) = L

"~ TR @

where n is the size of the rainfall observation sample considered (for example, the
number of winter CR events of WP1) and N is the number of years of the CR series
considered.

2.3 Influence of ENSO on WP frequency and on MEWP parameters and
distributions

Each observed winter (ONDJFM) will firstly be characterised as “Nino winter”, “neutral

winter” or “Nina winter”, according to SST Nino 3.4 index (Trenberth, 1997), described

in Sect. 3.3. Three winter sub-sets will thus be defined (Nino, neutral and Nina winters).
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The frequency of each WP is then estimated on the Nino and the Nina winter sub-sets.
Bootstrap simulations are then performed in order to test the significance of the fre-
quency difference between the Nino and the Nina winter sub-sets. For a given period,
1000 random winter combinations are generated among all the winters available over
the period considered. Each of the 1000 random winter combinations is composed by
the same number of winters, which is equal to half of the total number of winter of the
period considered, i.e. for a given period composed of 20 winters, 1000 combinations
of 10 winters will be constructed. Note that the bootstrap simulation performed does not
allow having a particular winter more than once in one combination of winters. WP fre-
quency will be finally estimated on each of the 1000 combinations generated, in order
to quantify the natural variability of WP frequency and thus to compare the frequency
estimated on particular ENSO sub-sets compared to all the sub-sets (without consider-
ation for ENSOs) generated by bootstrap simulations. Note that a similar methodology
has been applied by Casola and Wallace (2007) for identifying the correlation between
ENSO and the frequency of occurrence of four Pacific—North American winter WPs. Af-
ter discussing the influence of ENSOs on Coastal BC WP frequency, more local tests
will be performed to determine the influence of ENSO on rainfall characteristics over
several Coastal BC rainfall stations. MEWP parameters will first be identified over each
rainfall station considered and over all the available winters. These parameters (three
per station) will then be compared with the MEWP parameters obtained over the same
stations but over two different winter sub-sets, the Nino and the Nina winter sub-sets.
Final heavy rainfall MEWP estimations will be compared with the 1000-yr return period
precipitation values for each station identified over the different winter sub-sets. The
significance of potential parameter changes between the different sub-sets will also be
tested with bootstrap simulations. The bootstrap methodology is the same as the one
used for testing the influence of ENSOs on Coastal BC WP frequency: MEWP param-
eters will be defined for each station on 1000 random winter combinations, in order to
quantify the natural variability of the different parameters studied and thus to compare
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the parameters estimated on particular ENSO subsets with all the subsets generated
by bootstrap simulations.

3 Data
3.1 Data sets used for WP definition

WPs have been defined combining both rainfall information, captured by daily precipita-
tion series, and synoptic information, captured by daily geopotential height reanalysis.
A total of 177 stations were selected for the definition of Coastal BC rainfall classes
in order to have a good representation of local climatology and potential local rainy
patterns. Daily precipitation data is available on each of the 177 stations for the 1983—
2003 period, allowing the definition of rainfall classes for this 20-yr period. Note that
the stations used are located in the Coastal BC region (Canada) and also in West-
ern Washington (USA). In the following, this region will be called Coastal BC. The data
quality has been checked, looking for statistically abnormal trends for each series com-
pared to the nearest ones and looking for aberrant data. Location of the rainfall stations
is reported in Fig. 1a with blue dots.

The geopotential height fields, provided by the Twentieth Century Reanalysis Project
data set (Compo et al., 2011) from the National Oceanic and Atmospheric Administra-
tion (NOAA) are defined on a 2-degree resolution grid from 1871 to 2008 for both 700
and 1000 hPa. The geopotential space was chosen and is defined on 338 points cen-
tered on the Washington State coast, from —150° W to —100° W and from 36°N to 60°N.
This assessment was made looking at several historical storm synoptic situations: the
geopotential space size and position has to be defined in order to catch these storm
systems, which mainly come from the Pacific Ocean, but also from inland systems.
Spatial coverage of the 338-point grid is shown on Fig. 1b with black dots. Note that
using both 500 hPa and 1000 hPa (instead of using 700 hPa and 1000 hPa) fields was
also tested, showing no major differences in terms of the patterns identified. Thus, the
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geopotential space further used is made up of four fields of 338 points for each day:
700 and 1000 hPa at 0h and 700 and 1000 hPa at 24 h. The geopotential height data
set was first extracted over the 1983—2003 period, which is the time period covered by
the rainfall data set. In the second step, the entire available geopotential height data
set (1871-2008) was used, extending the WP classification defined on the 1983-2003
period over a longer period.

3.2 Rainfall series used for the quantification of ENSO influence on rainfall
characteristics

Long precipitation records are needed when impacts of climate signals such as ENSO
on rainfall are studied. Forty-five stations with 50 yr of data (from 1951 to 2001) were
selected. The position of the stations is shown in Fig. 1a with red dots. Note that these
stations are mainly in low-elevation areas and are included in the rainfall data sets used
for the definition of weather patterns. The influence of ENSO on rainfall characteristics
will thus be assessed over this 50-yr period, starting in 1951 and finishing in 2001.

3.3 Data set used for ENSO classification

El Nino Southern Oscillations are further described with the SST Nino 3.4 Index, which
consists in monthly sea surface temperature (SST) anomalies in degrees Celsius es-
timated on the 3.4 Nifo region, bounded by 120° W-170° W and 5° S-5° N (Trenberth,
1997). A classification of ENSO winters has been defined using this data set: each
winter (ONDJFM) is characterised by an average monthly SST anomaly estimated
on the December, January and February months. Winters with SST anomalies below
—0.5°C are considered as La Nina winters, winters with SST anomalies above —-0.5°C
and below 0.4°C are considered as neutral winters and winters with SST anomalies
above 0.4 °C are considered as El Nifio winters. The ENSO winter classification is illus-
trated on Fig. 2, showing that 53 Nino winters and 48 Nina winters are identified over
the 1872—2007 period (the first period used for the quantification of the influence of
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ENSO on WP frequency) and that 20 Nino winters and 17 Nina winters are identified
on the 1951-2001 period (the second period used for the quantification of the influence
of ENSO on WP frequency and the period used for quantification of the influence of
ENSO on rainfall characteristics).

4 Results

4.1 Empirical evidence of the relation between ENSOs and Coastal BC rainfall
distribution

Empirical evidence on the correlation between Coastal BC rainfall distribution and
ENSO are investigated first.

For each of the 45 stations considered, Fig. 3 presents the relative differences
between rainfall characteristics of all the record periods (50 winters) and over the
Nina winters (17 winters) and the relative differences between rainfall characteristics of
the all record periods (50 winters) and over the Nino winters (20 winters). Four charac-
teristics were estimated: (a) the average of winter precipitation values, (b) the frequency
of the days when more than 20 mm were observed, (c) the 0.70 percentile and (d) the
0.95 percentile of the rainfall distributions. The blue and red histogramms represent
for each of the four graphs the distributions of the (x) and the (y) axis values. Signifi-
cant differences are observed in terms of average winter amount of rain over Coastal
BC, with about 8 % more rain during Nina winters compared to all winters, and -8 %
rain during Nino winters compared to all winters. The difference between Nino and
Nina winters is less significant in terms of frequency of heavy rainy days (here days
with 20 mm or more observed). Finally, heavy (percentile 0.70) and extreme quantiles
(percentile 0.95) also show an unclear signal, with percentile values slightly lower dur-
ing Nino winters and slightly higher during Nina winters, especially for the heavy rainfall
event percentile.
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4.2 Coastal BC WP definition for heavy rainfall analysis

In this section, the Coastal BC WPs are presented in terms of geopotential height
anomaly fields, spatial precipitation fields and monthly frequency of occurence.

Figure 4a shows the geopotential height anomaly fields (1000 hPa at 0h) and 4b
the station ratio between the mean precipitation amount and the general precipitation
amount (considering all WPs) for each of the five Coastal BC WPs. Finally, Fig. 4c
presents the monthly frequency of each WP. WP1 (9 % of all days) groups rainy days
throughout the Coastal BC region. WP2 (15 % of all days) is characterised by almost
North-South circulation which engendered particularly rainy events in the Washington
State stations and Vancouver City area. WP3 (17 % of all days) groups days with more
South-Western—North-Eastern circulations, which bring a lot of rain in the central part
of the Vancouver Island region. WP4 (27 % of all days) is characterised by the same
oriented circulations but with a northern latitudinal translation and thus rainy days in
the northern part of the Coastal BC region. Finally, the non-rainy pattern WP5 (32 % of
all days) comprises typical anticyclonic situations, with essentially non-rainy days.

Table 1 summarises yearly and seasonal frequencies of the five Coastal BC WPs
for the 1871-2003, 1951-2001 and 1983-2003 periods. The WP frequencies exhibit
a clear seasonal signal, with rainy patterns (WP1 to WP4) occurring mainly in the win-
ter months, while summer months are characterised mostly by the anticyclonic pattern
WP5 (more than 50 % of summer days are assigned to anticyclonic weather pattern).
WP frequencies seem to be relatively stationary over time since frequencies over the
1983-2003 period (20-yr period used for the definition of the WP centroids) are equiv-
alent to frequencies over the 1871-2007 period.

4.3 MEWP parameters and distributions

In this section, a spatial analysis of the Gradex values (1 parameters of Eq. 1) obtained
over 45 rainfall stations and an example of a MEWP distribution are illustrated.
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Figure 5a shows ratios estimated for each rainfall station and each WP between
the Gradex value of the WP considered and the average value of the five Gradex val-
ues for the station considered. One particular station (McMillin reservoir, Washington
State) is highlighted on this map since it will be used as an example of the construction
of a MEWP distribution. Thus, Fig. 5b shows for each WP a comparison between the
whole CR distribution of the McMillin reservoir rainfall series and CR sub-samples of
the WP considered. Finally, Fig. 5¢ presents the final MEWP distribution of the McMillin
reservoir rainfall series, which is a combination of the five WP exponential distributions
weighted by the central rainfall occurrence of each WP, using Eq. (1). Return periods
are obtained using Eq. (2). Spatial mapping of the relative importance of each Gradex
value compared to the other one for each station shows the same tendencies observed
when looking for “where it rains?” for each WP (Fig. 4): the Gradex values of WP1 are
close to the average value of the five Gradex values for each station, highlighting a pat-
tern with the same relative importance over the whole domain. WP2 Gradex values
are clearly the most important Gradex values for the Washington State stations, coher-
ent information with the rainfall spatial distribution of the WP2 days (shown in Fig. 4),
which are particularly rainy in this coastal area. Similarly, stations with particularly high
WP3 and WP4 Gradex values compared to the other Gradex values are located in the
Vancouver City area and on the Vancouver Island West Coast. Finally, WP5 Gradex
values are regionally the lowest Gradex values since these days are mainly days with-
out any observed rain. This figure highlights that the Coastal BC WP classification is
useful for splitting observed precipitation series into more homogeneous sub-samples
and thus identifying for each station the synoptic situations that generate the highest
hazard in terms of heavy rainfall events. Thus, in this area of Coastal BC, the highest
heavy rainfall hazard is mainly generated by WP2 for the major part of the Northwest-
ern Washington region and Vancouver City region, by WP3 for the Vancouver Island
region and by WP4 for the Northern Coastal BC region. Finally, an example of a MEWP
probability distribution is shown with the McMillin reservoir rainfall series. This station
is located in North-Western Washington State at 157 m above mean sea level. The WP
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sub-sampling illustrated in Fig. 5b reveals five sub-populations characterised by differ-
ent heavy rainfall records. WP2 thus clearly contains the heaviest rainy days of this
rainfall series. Note that the final MEWP distribution illustrated in Fig. 5c fits relatively
well with the heaviest observations and that the tail of the distribution is equivalent to
the tail of the WP2 exponential distribution.

4.4 Link between ENSOs and Coastal BC WP frequencies

In this section, the link between EI Nino Southern Oscillation anomaly and the fre-
quency of each Coastal BC WP is analysed.

Figure 6 presents winter frequencies of the five Coastal BC WPs estimated on dif-
ferent year sets. First line summarises empirical winter frequency observed on the 53
Nino winters and 48 Nina winters over the 1871-2007 period (blue and red dots, re-
spectively) while the second line summarises the empirical winter frequency observed
on the 20 Nino winters and 17 Nina winters over the 1951-2001 period (blue and red
dots, respectively). In order to characterise the statistical significance of the frequency
change between these different year sets, bootstrap simulations were performed. A to-
tal of 1000 random combinations of, respectively, 68 and 25 winters among 136 and
50 winters were generated for each period considered. The combinations were made
without consideration of the ENSO values and therefore assumed to be representative
of climate variability. Frequency changes are assumed to be significant when empirical
frequencies are out of the boxplots and thus could not be considered as coming from
“natural’ climate variability. Significant changes are mainly observed for WP2 and WP3:
WP2 is more common during Nina winters rather than during Nino winters and WP3
is clearly more common during Nino winters rather than during Niha winters. Although
these changes are statistically significant, the magnitudes of changes are smaller: WP2
is observed 22 % of all days during Nino winters, whereas it is observed 27 % of days
during Nina winters and WP3 is observed 17 % of all days during Nina winters, whereas
it is observed 22 % of days during Nino winters. Other tendencies were observed, with
WP1 more common during Nina winters than during Nino winters over the 1871-2007
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period, meaning that on average there are more rainy days throughout Coastal BC
during Nina winters.

This observation is emphasised when the frequency of WPs is estimated on the
“extreme ENSO winters”. Table 2 shows the Coastal BC WP winter (ONDJFM) fre-
quency of 1982—-1983 and 1997-1998 Nino winters and of 1973-1974 and 1988-1989
Nina winters. These years are the most severe El Nino and La Nina years observed
over the 50-yr 1951-2001 period. The frequency changes observed over all the winters
are found again with these winter sub-sets, with WP2, which is clearly more common in
La Nina years (32 % of all days versus 22 %) and WP3, which is clearly more common
in Nino winters (37 % of all days versus 17 %). It also seems that for this set of 4 “ex-
treme ENSO winters”, WP5, which is the anticyclonic one, appears to be less common
in Nino winters (15 % of all days against 8 %). This tendency is not clear when we are
considering all winter sets in the Fig. 6. The most significant signal is thus a “trade-off”
between WP2 and WP3 frequency of occurence.

4.5 Link between ENSOs and MEWP distributions

In this section, MEWP parameters and distributions are identified on each of the 45
rainfall series, in order to quantify the link between ENSO and MEWP parameters and
MEWP distributions. First the MEWP parameters obtained over the whole set of winter
precipitation records are compared with those obtained over the Nino and Nina winter
sets. Second, the final MEWP distributions are compared in order to assess the impact
of using different parameters on the final MEWP distributions.

Figure 7 compares the parameters of the 45 Nino MEWP distributions with the pa-
rameters of the 45 Nina MEWP distributions. It is organised as a table, with each col-
umn representing one Coastal BC WP and each line representing a parameter of the
MEWP distributions. Each point represents one of the 45 rainfall series studied. Note
that first two lines (1 and u) are the parameters of the exponential distribution of each
WP, while the third line (p) is the mean number per year of CR events of each WP
for each station. Gradex value variability using different winter sets is significant (from
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—40 % to +40 %) but the impact of ENSO on this variability is not straightforward. Vari-
ability of the u parameters is slightly more limited (from —30 % to +30 %) but the ENSO
impact on their values is also not clear. Nevertheless, WP1 v values seem to be sig-
nificantly higher during Nina winters than during Nino winters. Finally, the variability
of CR frequency for each WP is limited (from —20 % to +20 %), but ENSOs seem to
significantly impact their values: WP1 and WP2 CR events are more frequent during
Nina winters, while WP3 and WP4 CR events appear to be more frequent during Nino
winters, as shown for WP frequency in Sect. 4.4.

The estimations of 1000-yr return period precipitation values (noted P, 4o hereafter,
exprimed in mm) were then compared. First, three MEWP distributions were defined for
each of the 45 precipitation series: one considering all 50 winters, one considering 20
Nino winters and one considering 17 Nina winters and thus using the MEWP parame-
ters illustrated in Fig. 7. A bootstrap test was then performed for each of the 45 stations
in order to test the significance of eventual changes between heavy rainfall estimation
over Nino winters and heavy rainfall estimation over Nina winters. Differences between
these different heavy rainfall estimations were examined at the regional scale. The
result of a significance test is plotted in Fig. 8, which represents the degree of signifi-
cance between P, values defined on Nino winters or on Nina winters for each of the
45 stations. The colour assigned to each rainfall station represents the position of the
Piooo Values defined by MEWP distributions on Nifno winters (left plot) or on Nina win-
ters (right plot) within the distribution of 1000 values of P, values defined by MEWP
distributions on a random combination of 25 winter precipitation observations. Roughly
speaking, blue stations are stations where the P,y values defined on Nina winters are
significantly different from the total distribution and red stations are stations where P,
values defined on Nino winters are significantly different from the total distribution. The
number of stations where significant differences are observed is five for Nino winters
and six for Nina winters, which represents, respectively, 11 % and 13 % of all stations.
Note that by definition of the HO hypothesis of the test performed, at least four stations
are found as statistically different (10 % of station number). These results show that the
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MEWP parameters for a given season and a given WP are not regionally statistically
significantly influenced by ENSOs. On the other hand, the frequency of occurrence of
WP and consequently the number of rainfall event observations per WP per year signif-
icantly depends on ENSOs. However, in coherence with empirical evidence on rainfall
event frequency of occurrence, it is not enough to give significant trends on heavy
rainfall estimation. Nevertheless, some interesting local behaviours are detected: for
example, stations close to the Vancouver City area seem to be characterised by P, g
values greater during Niha winters and on the contrary, P, values are lower during
Nino winters.

Finally, the difference between Nino and Nina winter heavy precipitation is illustrated
through the McMillin reservoir precipitation series on Fig. 9a for Nino winter observa-
tions and MEWP distributions and on Fig. 9b for Niha winter observations and MEWP
distributions.

5 Conclusions

A WP classification has been defined on the Coastal BC region using 177 rainfall sta-
tions and geopotential height fields over a larger area in order to analyse winter heavy
rainfall events in this region. Five contrasted WPs composed this classification, four
rainy WPs and one non-rainy WP, the anticyclonic pattern. The four rainy WPs are
mainly observed in the winter months (October to March), which is the period of heavy
precipitation events in Coastal BC and is thus consistent with the local climatology.
The combination of this WP classification with the seasonal description of rainfall is
shown to be useful for splitting observed precipitation series into more homogeneous
sub-samples and thus identifying for each station the synoptic situations that generate
the highest hazard in terms of heavy rainfall events. Thus, in this area of Coastal BC,
the highest heavy rainfall hazard is mainly generated by WP2 for the major part of the
North-Western Washington region and Vancouver City region, by WP3 for Vancouver
Island area and by WP4 for the Northern Coastal BC region.
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El Nino Southern Oscillations significantly influence the frequency of occurrence of
two Coastal BC WPs: WP2 is more common during Nina winters rather than dur-
ing Nino winters and WP3 is clearly more common during Nino winters than during
Nina winters. These changes are statistically significant, but the magnitudes of changes
are not great: WP2 is observed 22 % of all days during Nino winters, whereas it is ob-
served 27 % of days during Nina winters, and WP3 is observed 17 % of all days during
Nina winters, whereas it is observed 22 % of days during Nino winters. Within each WP,
ENSOs seem to only influence the frequency of rainy events (MEWP parameter p) and
not the magnitude of heavy rainfall events (MEWP parameters 1 and u). Logically,
MEWP heavy rainfall estimations do not show significant evolution of heavy rainfall
behaviour between Nino and Nina winters. Finally, the WP approach allows catching
the variability of the probability of occurrences of synoptic situations generating heavy
rainfall depending on ENSOs. WP classification is thus useful to explain local regional
patterns.

The main difference between Nino and Nina winter precipitation is thus found in the
frequency of rainy events and in the mean annual amounts of precipitation, probably
explaining the differences observed in the hydrological cycle (snowfall amount, flood
magnitudes, etc.) previously highlighted in the literature. Thus, many “small” and “aver-
age” rainy events during a Nina winter will saturate watersheds and increase snowpack,
which could produce heavy floods even from these “small” or “average” rainy events
compared to a Nino winter when even a heavy rainfall storm could fall on dry soil or
on below-average snowpack and result in a insignificant flood event. These hypothe-
ses could be tested in future studies by applying methods for extreme flood estimation
such as the SCHADEX method (Paquet et al., 2006) on Coastal BC catchments with
the same methodology: comparing flood estimations made using all available winters
with estimations made using only Nina winters, only Nino winters, and using randomly
associated winter sub-sets. Future investigations could focus on other climate signals
relevant for the region such as the Pacific Decadal Oscillation (PDO), an oscillation
which has a significant impact on hydro-climatology in Western Canada (see Whitfield
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et al., 2010, for a review). Combinations of different climate signals with different oscil-
lation periods could also be important to consider.

Finally, these results open interesting perspectives in the fields of climate change
prediction on heavy rainfall distribution, where WP classifications could be “medium-
scale disaggregating tools” between general circulation model outputs and local rainfall
observations.
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Table 1. Yearly and seasonal frequencies of the five Coastal BC WP for 1871-2007, 1951-2001

and 1983-2003 periods.

1871-2007 1951-2001 1983-2003
Year ONDJFM AMJJAS Year ONDJFM AMJJAS Year ONDJFM AMJJAS
WP1 11% 11% 10% 10 % 9% 10 % 9% 7% 10%
WP2 14% 23% 5% 15% 24 % 6 % 15% 23% 7%
WP3 15% 20% 10% 16 % 19% 12% 17 % 21% 13%
WP4  25% 33 % 17 % 28% 36 % 19% 27 % 36 % 19%
WP5 35% 12% 58 % 32% 12% 53 % 32% 12% 51%
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Table 2. Average Coastal BC WP winter (ONDJFM) frequency of 1982—1983 and 1997-1998
Nifo winters and of 1973—-1974 and 1988-1989 la Nina winters.

ENSO Winters WP1

1982-1983 and 1997-1998 EIl Nino winters 9%
1973-1974 and 1988-1989 La Nina winters 10%

WP2 WP3 WP4 WP5

22% 37% 24% 8%
32% 17% 26% 15%
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Fig. 1. (a) Location of the 177 rainfall series used for the Coastal BC WP definition (blue dots)
and the 45 rainfall series used for the quantification of the influence of ENSO on rainfall char-
acteristics (red dots). (b) Location of the 338 geopotential grid points used for the Coastal BC
WP definition.
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Fig. 2. Classification of 1872—2007 winters (ONDJFM) using SST Nifo 3.4 Index, resulting
in La Nina winters (blue color), neutral winters (grey color) and El Nifo winters (red color).
The 1951-2001 period (the period used for quantification of the influence of ENSO on rainfall

T
1910-1911

T T
1940-1941

characteristics) is highlighted by black vertical lines.
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Fig. 3. Relative difference between rainfall characteristics of the whole record periods (50 win-
ters) and over the Nifa winters (17 winters) and relative difference between rainfall character-
istics of the whole record periods (50 winters) and over the Nifo winters (20 winters) for each
station considered and for four rainfall characteristics: (a) the average of winter precipitation
values, (b) frequency of the days when more than 20 mm were observed, (¢) 0.70 percentile
and (d) 0.95 percentile of the rainfall distributions. Blue (Nina winters) and red (Nino winters)
histograms represent for each of the four graphs the distributions of the (x) and the (y) axis
values.
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Fig. 4. Geopotential height anomaly fields (1000 hPa at 0 h) and station ratio between the mean
precipitation amount and the general precipitation (considering all weather patterns) for each of
the five Coastal BC WPs. Black boxes indicate the spatial coverage of the geopotential space

used.

WP2 (15%)

WP3 (17%)

WP (27%)
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Fig. 5. (a) Ratios estimated for 45 rainfall stations and each Coastal BC WP between the
Gradex value of the WP considered (parameter 1) and the average value of the five Gradex
values for the station considered. The McMillin reservoir rainfall series is highlighted with a black
circle. (b) Comparison between the whole CR distribution of the McMillin reservoir rainfall series
and CR sub-samples of the five Coastal BC WPs. (¢) MEWP distribution of the winter season
(ONDJFM) of the 1951-2001 period for the McMillin reservoir rainfall series.
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(b) 1951-2001 winters (20 Nifio winters and 17 Nifia winters)
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Fig. 6. Winter frequency of the five Coastal BC WPs estimated on Nifio and Niha winters over
(a) the 1871-2007 period and over (b) the 1951—-2001 period; compared with 1000 random
combinations of 68 winters out of 136 and 25 winters out of 50 for the 1871-2007 and the
1951-2001 periods, respectively, produced by bootstrap simulations. The boxplots show the
0.10, 0.25, 0.50, 0.75 and 0.90 percentiles.
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Fig. 8. Degree of significance between P,yy, values estimated by MEWP distributions defined
over 20 Nino winters or on 17 Nina winters for each of the 45 stations and P, values estimated
by MEWP distributions defined over random combination of 25 winter precipitation observations
generated by bootstrap simulations.
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WP3 6.2 mm/24h 13 mm 19% WP3 6.9 mm/24h 17 mm
WP4 6.3 mm/24h 10 mm 2% WP4 6.5 mm/24h 10 mm
WPS 3.8 mm/24h 12 mm 7% WPS 6 mm/24h 12 mm
WP1 7.9 mm/24h 15 mm 9% WP1 7.9 mm/24h 15 mm
wp2 10.3 mm/24h 23mm 45 % WP2 10.3 mm/24h 23 mm
WP3 8 mm/24h 15 mm 14 % WP3 8 mm/24h 15 mm
WP4 7 mm/24h 10 mm 21% WP4 7 mm/24h 10 mm
'WPS5 5 mm/24h 11 mm 10% WP5S 5 mm/24h 11 mm
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Fig. 9. MEWP distributions for the winter season (ONDJFM) defined over the 1951-2001 pe-
riod, Nino winters, Nina winters and 1000 random combinations of 25 winters for the McMillin
reservoir rainfall series.
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