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Abstract. Classifications of atmospheric weather patternsquency of occurrence of two coastal BC WPs. Within each
(WPs) are widely used for the description of the climate WP, ENSO seem to influence only the frequency of rainy
of a given region and are employed for many applications,events and not the magnitudes of heavy rainfall events. Con-
such as weather forecasting, downscaling of global circulasequently, heavy rainfall estimations do not show significant
tion model outputs and reconstruction of past climates. WPevolution of heavy rainfall behaviour betweerfidiand Niia
classifications were recently used to improve the statisticalinters. However, the WP approach captures the variabil-
characterisation of heavy rainfall. In this context, bottom-upity of the probability of occurrences of synoptic situations
approaches, combining spatial distribution of heavy rainfallgenerating heavy rainfall depending on ENSO and open-
observations and geopotential height fields have been useidg interesting perspectives for the analysis of heavy rainfall
to define WP classifications relevant for heavy rainfall sta-distribution in a non-stationary context.

tistical 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 & Introduction

new WP classification centred on the British Columbia (BC)

coastal region (Canada) and based on a bottom-up approacﬁraditionally, in the framework of the extreme value theory,
Five contrasted WPs composed this classification, four rainyhe probability of extreme rainfall is estimated by fitting an
WPs and one non-rainy WP, the anticyclonic pattern. The€xtreme value distribution over a sample of rainfall obser-
four rainy WPs are mainly observed in the winter months Vation series at a given locatiofrréchet 1927 Gumbe]
(October to March), which is the period of heavy precipi- 1958 Pickands1975 Coles et al.2003. This approach as-
tation events in coastal BC and is thus consistent with thesSumes (strongly) that the sample used is independent, station-
local climatology. The combination of this WP classification ary and homogeneous. However, the heaviest rainfall events
with the seasonal description of rainfall is shown to be usefulc@n have various atmospheric geneses (convective rainfall
for splitting observed precipitation series into more homoge-and frontal rainfall, for example) and they show generally
neous sub-samples (i.e. sub-samples constituted by days ha$trong seasonal variabilityoferboua and Lang2007). In a

ing similar atmospheric circulation patterns) and thus identi-fecent studyAllamano et al.(2011) showed the significant
fying, for each station, the synoptic situations that generatdias induced by neglecting the seasonality of hydrological
the highest hazard in terms of heavy rainfall events. BdNi ~ €xtremes in determining extreme value probabilities. In this

Southern Oscillations (ENSO) significantly influence the fre- general framework(Garavaglia et al201q 2019 proposed
a multi-exponential weather pattern (MEWP) probability
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1456 P. Brigode et al.: Linking ENSO and heavy rainfall events over coastal BC through a WP classification

distribution for extreme rainfall based on a weather pat-difference between El Kb winter extremes (defined as the
tern (WP) and seasonal sub-sampling. Other authors recentllargest amount of daily precipitation over a single day and
used the WP concept to characterise extreme rainfall eventgver 5 days) and other winters over BC. In a recent study
(e.g. Ducic et al, 2012. More generally, since early WP on the influences of climate mode variability on global ex-
classifications such as the subjective classification producetteme precipitationi-eldl and Rog2011) showed that warm
by Pague and Blandforl 897 over the northwestern US, phases of ENSOs implied both changes of mean precipita-
the definition of WP classification at the synoptic scale hastion and precipitation distribution shapes over the American
been shown to be useful for the estimation of statistical charWest. Zhang et al.(2010 also noted the clear influence of
acteristics of hydroclimatic records such as precipitation orENSOs and PDO on daily winter extreme precipitation val-
streamflow series at the local scale. Moreover, WP frequencyles over North America, but with an unclear signal over BC,
of occurrence has been linked to global signals such as Nortl region that is poorly studied due to a limited number of
Atlantic Oscillation (NAO) or El Nilo-Southern Oscillations available data. FinallyMass et al(2011) mentioned natural
(ENSOs). For exampldrerrandez-Gonalez et al.(201]) variability as a possible explanation for the low increasing
investigated the dependence between NAO frequencies artlend of extreme precipitation found over the Pacific Coast.
Spanish WPs. Several studies showed the significant correléstudying the genesis of Northern Washington flodésiman
tion between WP frequency and ENSO climate signals ovelet al.(2011) showed that most floods are produced by “atmo-
northwestern Americakimoto and Ghil 1993 Chen and  sphericriver” (AR) situations, which are relatively narrow re-
van den Dogl 1999 Robertson and Ghil1999 Sheridan gions of the atmosphere that are responsible for most of the
2002 Stahl et al. 2006 or even over LouisianaMcCabe  horizontal transport of water vapor outside of the tropics (the
and Muller, 2002. Consequently, the link between global “Pineapple Express” is a well-known example of a strong AR
signals and hydroclimatic variables, which is investigated forthat brings moisture from the Hawaiian tropics region to the
instance byFerrandez-Gonalez et al.(2011) andSchubert  North American west coasbgttinger 2004). In AR situa-
et al. (2008, can be explored through a WP classification tions over northwestern Washington, they showed that floods
approachCasola and Wallac€007) found significant cor-  are observed on several watersheds depending on the orien-
relations between ENSOs and the frequency of occurencéation of the AR and the elevation distribution over the water-
of the four winter WPs they previously identified using a shed areas. These results suggest some correlations between
limited-contour clustering algorithm to the pentad (5-day av- climate signals and rainfall behaviour over the Coastal re-
erage) 500 hPa geopotential height field data for the Pacific-gion of BC. Even so, scientific questions on the nature of the
North American region. They also showed the existing link correlations remain open. The WP classification appears thus
between frequency of occurence of extreme weather (coldegb be a “medium-scale disaggregating tool” between climate
and wettest winter days) and the frequency of occurence o$ignals and local rainfall observations and it deserves to be
WPs, highlighting that this signal is much weaker for precipi- tested in this context of ENSO driving rainfall observations
tation than for temperature extreme events. In conclusion andf the Northern Pacific coastal region.
explaining the limits of the methodology used, they stated The aim of this paper is thus to define a WP classifi-
that “with the exception of the Pacific Northwest, the clus- cation based on a bottom-up approach introducedshy
tering method performs poorly in segregating incidences ofavaglia et al(2010, which is useful for heavy rainfall anal-
extreme precipitation. We speculate that precipitation is in-ysis of the coastal BC region and to use the WP approach
herently dependent on synoptic scale events that are assodnb study the links between ENSOs and BC heavy rainfall
ated with patterns smaller in spatial scale and shorter in timesvents. In coastal BC, the rainy season is mainly constituted
scale than the patterns captured hef@agola and Wallage by the winter months both for the common and the heaviest
2007). events. Heavy rainfall analysis has thus been limited in this
In this framework, the Coastal region of British Columbia study to a six winter months season, from October to March.
(BC) represents a very interesting playground, since numerMore specifically, magnitude and frequency of heavy rainfall
ous authors have studied the links between the rainfall probevents will be quantified over different winter sets (all winter
ability distribution over the Pacific Coast of North America sets, Niio winter sub-sets and R winter sets). The method
and some large-scale climatological phenomena, such as ENtsed for the WP classification and heavy rainfall analysis is
SOs, the Pacific Decadal Oscillation (PDO) or the Pacificsummarised in Sec2. The data sets used in the study are
North America pattern (PNA). These oscillations are linked described in SecB, while Sect4 presents and discusses the
to both average winter rainy eventéafnal and Diaz1986 results obtained. Finally, Se&draws conclusions.
Shabbar et 311997 and winter extreme event&érshunoy
1998 Cayan et al.1999 all over the North Pacific Coast.
Concerning extreme rainfallliggins et al.(2000 pointed 2 Methodology
out the highest frequency of heavy rainfall events during
the neutral years preceding warm ENSO winters. HoweverThis section aims at presenting the methodology used in
Kenyon and Heger(2010 did not find a clear, significant this study. The methodology used for the WP definition is
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presented in the Se@.1, the multi-exponential weather pat- geopotential height fields simulated by the General Circula-
tern (MEWP) rainfall probabilistic model is described in the tion Models could be considered for predicting future WP
Sect.2.2 and the methodology used for the quantification of frequencies for example.

ENSO influence on rainfall characteristics is presented in the The main limit of this methodology is that the WPs de-

Sect.2.3 fined are only characterized by particular dynamical atmo-
spheric situations (e.g. typical spatial distribution of low and
2.1 Definition of a weather pattern classification high pressure systems over a given area) and not particu-

lar thermodynamic atmospheric situations (e.g. typical dis-
WPs are identified at the daily time step using a “bottom-up” tribution of moisture amount over a given area). For exam-
approach: firstly, identifying rainfield patterns using rainfall ple, considering dynamical and thermodynamical (such as
information (“bottom” step); and secondly, projecting them moisture fluxes) description of atmospheric situations sig-
into a geopotential height space for the final definition of WP nificantly improves the forecast performancé&bled et al.
(“up” step). 2002, approach also included in statistico-dynamical down-
The goal of this weather pattern classification methodol-scaling methods (e.gBeaulant et a).2011) or statistical
ogy is to group days having a similar atmospheric circula-downscaling methods (e.lezghani and Hingrgy2009.
tion pattern in a limited number of typical weather patterns. The weather pattern classification methodology is fully de-
The weather pattern classification is thus defined at a regionacribed and used iBaravaglia et al2010 for the definition
scale and consists of the attribution of each observed day tof eight French WPs and Brigode et al(2013 for the defi-
one weather pattern. This regional weather pattern classificanition of five Austrian WPs. It is summarised in the following
tion is then used at the local scale, for each daily rainfallfour steps.
series considered: the observed rainfall series is split into
several rainfall sub-samples according to the weather pat2.1.1 Selection of a rainy day population
tern classification. This splitting is based on the hypothesis
that rainfall events observed over a given area have differA sub-sample of the heaviest daily precipitations of the con-
ent atmospheric geneses and thus a rainfall series samplingjdered domain is selected using a spatial averaging crite-
based on days having similar atmospheric circulation pat+ion, whereby for each observed day, the average precipita-
terns produces more homogeneous rainfall sub-samples thamn on the considered domain is calculated. All the observed
considering the observed rainfall series as a unique seriedays are ranked using this criterion. An arbitrary threshold
(Garavaglia et al2010. Geopotential height fields are used (noted T hereafter) typically within the 10 to 25% range
for the definition of WP classification since they clearly ex- (representing the balance between number of rainy days and
plain the variance of regional rainfall patterns (d.igtmann, precipitation magnitude of rainy day) is then used for defin-
2000. ing rainy days sub-population. Thug,% of observed days
The main advantage of this methodology is that it producesare considered as “rainy days”, whil@00— T') % of ob-
a rainfall-oriented WP classification, but days without any served are considered as “non-rainy days” and are grouped
rainfall observations are also classified: the approach onlyn a non-rainy class.
needs a limited calibration period (typically 20 yr) where
both observed rainfall series and geopotential height field2.1.2 Hierarchical ascendant classification of the rainy
are available over a given region in order to define several day “shapes” fields
typical WP. The generated WP classification is finalized by
using geopotential information. Then, it is possible to ex- The need for a classification more closely focused on “where
tend the classification beyond the calibration period by us-it rains” than on “how much it rains” (i.e. having classes re-
ing only geopotential height fields. Since long geopotentialgrouping days that are particularly rainy in the same area
height reanalyses exist, such as the National Oceanic and Atather than having classes regrouping days with the same
mospheric Administration (NOAA) 20th Century Reanalysis amount of rain) is fulfilled by looking at the rainfall spatial
— a global 6 hourly geopotential height fields from 1871 to distribution of each rainy day. For each rainy day, a rain-
2011 Compo et al.201]) — or as the EMULATE reanalyses fall shape field over the considered domain is estimated by
—a daily mean sea level pressure reconstruction over Europeormalising the daily amount of precipitation observed over
for the 1850—-2003 perioddfsell et al, 2009 — the classifi-  each site of the considered domain by the daily average pre-
cation could be extended over significantly long peridaise cipitation observed over the entire domain. A hierarchical as-
and Terray(2008 applied a similar methodology combining cendant classification (HAC) is then performed on the rainy
both sea level pressure fields with daily precipitation fieldsday “shape” fields previously identified. The rainy classes
for defining WPs over France and studying the link betweenare generated using the Ward methdd§3, which itera-
WP frequency evolution and anthropogenic forcing for ex- tively chooses the grouping presenting the minimum intra-
ample. Applications of such approaches are particularly in-class inertia Cheng and Wallagel993. The final number
teresting for climate change impact studies, since only theof rainfall classes is determined first by examining numerical
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criteria such as changes in intra-class inertia as a function othe day considered and all the class centroids. The need to
the number of classes and second by looking at the spatidbcus on the field shapes is the main criterion for choosing
distribution of each rainfall field class in the selected area.this distance, which considers the synoptic circulation gra-
This choice is thus a mixture of objective numerical criteria dients Obled et al. 2002. The final Teweles—Wobus dis-

analysis and subjective climatological assessment. tance between one particular day and one class centroid is
defined as the sum of the four Teweles—Wobus distances be-

2.1.3 Projection of the rainy classes into one tween the four geopotential height fields (700 and 1000 hPa
geopotential height field space at 0h and 700 and 1000 hPa at 24 h) of the considered day

and of the considered centroid. The major changes between
The daily synoptic situation over the area of interest is de-the rainy days classification (hierarchical ascendant classifi-
scribed using gridded geopotential height fields at two pres-cation step) and the final weather pattern classification are
sure levels (700 and 1000 hPa), twice a day (at 0 and 24 hmainly due to the distribution of previous “non-rainy days”
allowing a dynamical description of the geopotential heightto rainy weather patterns. The arbitrary thresh@ldused
fields over 24 h). Thus, each day)(is characterised by two for defining rainy days has no influence on this final step
couples of geopotential height fields: the first couple is com-since all observed days are classified in terms of distance be-
posed of a 700 hPa geopotential field at 0h and a 700 hPaween average geopotential situations of the identified WPs
geopotential at 24 h (equivalent to the 700 hPa geopotentigand geopotential situations of each day, grouping days having
field of the day § + 1) at 0 h) and the second couple is com- similar synoptic situations and not considering their observed
posed of a 1000 hPa geopotential field at 0h and a 1000ainfall fields.
hPa geopotential field at 24 h (equivalent to the 1000 hPa
geopotential field of the day/@1) at 0 h). These options are 2.2 The multi-exponential weather pattern (MEWP)
the results of previous studies on quantitative precipitation ~ rainfall probabilistic model

forecasting using the analogue method in Frari&eilpaud ) ) -
and Obled 1998 Obled et al. 2002 Bontron 2004. The The multi-exponential weather pattern (MEWP) probabilis-

1000 hPa fields are strongly correlated to the rainfall onediC model Garavaglia et al.201Q 2011 has been applied
since they describe the pressure situation near the surfacd! each rainfall series considered over the studied domain, in
and catch the local patterns, while the 700 hPa fields giveorQer to compute a cumulative distribution function of daily
information at a larger scale and catch the synoptic systeméa'nfa” amount for each series up to extreme return period.

and movements. The geopotential space used for the FrencT‘hiS rainfall probabilistic m_odel is t_)ased ona seasonal and
WP classification Garavaglia et a].2010 and the Austrian weather pattern sub-sampling of rainfall series and thus used

WP classification Brigode et al. 2013 was composed of & regional weather pattern classification previously defined.

these four geopotential fields defined, respectively, on 11¢-0 €ach season and each weather pattern, an exponential

grid points centred on southeastern France and on 54 griE"W is fitted on the heaviest rainfall observations of the con-

points centred on the Western Alps. Defining the geopoten-Sidered daily rainfall sub-sample (defined with a threshold

tial height space that gives robust information for explaining V&lue: typically the quantile 0.70). Note that MEWP distribu-

the rainfall-generating processes coming from the synoptiéions are fitted on a sample of “centred rainy events”, noted

scale is the critical point of these “up” steps. Once one geopo_CR hereafter. The CR population is defined, for each rain-

tential space is defined, the centroids of the rainy classes anid! Series, as days having higher precipitation values than
of the non-rainy class previously identified are calculated int"€ Previous and following days. Using this sub-sampling al-
this space, by estimating the four average geopotential field! WS working on a distribution of (so-considered) indepen-
of the days composing each rainy class. Note that at thiglent events, which is much denser than annual maximums
stage of the methodology, the non-rainy class is constituted®” €xample. , , S

by (100— T) % of all the observed days (the less rainy days For a given rainfall series, the MEWP distribution is

in average over the studied domain) while the rainy classedhus characterized by three parameters for each season and
are composed by % of all the observed days (the most €ach WP:

rainy days in average over the studied domain). 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).

— the frequency of the CR observation sub-sample (noted
p hereafter, expressed in percentage), estimated as the
ratio between the number of CR observations of each
WP and the total number of CR observations within the

, considered season;
2.1.4 Re-assignment of each day to a weather pattern

— the threshold quantile (notad hereafter, expressed in
The last classification step consists in the re-assignment of mm 24 h 1), estimated as a quantile of the CR observa-
each day (considered as rainy or non-rainy) to a given WP tion sub-sample (typically the quantile 0.70);
in estimatingTeweles and Wobugl954) distances between

Hydrol. Earth Syst. Sci., 17, 14554473 2013 www.hydrol-earth-syst-sci.net/17/1455/2013/



P. Brigode et al.: Linking ENSO and heavy rainfall events over coastal BC through a WP classification 1459

— the scale parameter (noted hereafter, expressed in 2.3.2 Bootstrap simulations for testing the difference
mm24h1), estimated as the difference between the significance
mean value of the CR observations which are higher
than the previously defined threshold quantile value (theThe significance of WP frequency, MEWP parameters and
parameter) and the previously defined threshold quan- MEWP heavy rainfall estimation differences between the
tile value (the parametes). It is equivalent to the scale three different winter sets has been evaluated by performing
parameter of an exponential law fitted on the CR obser-nonparametric bootstrap simulations, initially proposed by
vations greater the threshold quantile values. Efron (1979 and classically used in statistical characteriza-
tion of uncertainty and sensitivity analysis. The idea is thus to
Formulation of seasonal MEWP distribution is reported in g\ 5juate ENSO influences on WP frequency, MEWP param-
the Eq. (), wherei is the season studied, CR are the centraleters and MEWP heavy rainfall estimations regarding to nat-
rainfall event observationg,is the WP studiedawp is the ) variability which is quantified by sub-sampling observed
number of WPsp is the CR event probability of occurrence yinters without consideration of their ENSO characteristics.
of the WPF is the marginal distributionyis the threshold for For testing the significance of the WP frequency difference
heavy rainfall observation selection ands the parameter petween the three different winter sets, 2000 random winter
of the exponential law. Note that hereafter, parametés  compinations are generated among all the winters available
estimated for each season and WP as the 0.80 CR quantile.q\er the period considered. Each of the 1000 random win-

ter combinations is composed by the same number of win-

n
Fi(CR) = ZWSF;(CR) % p;_ ters, which is equal to half of the total number of winters of
=1 the period considered, i.e. for a given period composed of
_ nwp CR— il ) (1) 20 winters, 1000 combinations of 10 winters will be gen-
FI(CR =Y |:1 - exp(— — >i| * P erated. Note that the bootstrap simulation performed does
j=1 not allow having a particular winter more than once in one

combination of winters. WP frequency will be finally esti-
mated on each of the 1000 combinations generated, in or-
0ﬁjer to quantify the natural variability of WP frequency and
thus to compare the frequency estimated on particular ENSO
winter sub-sets compared to all the sub-sets (without con-
sideration for ENSOs) generated by bootstrap simulations.
Note that a similar methodology has been applieChgola
and Wallace(2007) for identifying the correlation between
ENSO and the frequency of occurrence of four Pacific—North
American winter WPs.

The same methodology is applied for each rainfall series
considered in order to quantify the significance of MEWP
parameter differences and MEWP heavy rainfall estimation
differences. MEWP parameters will be defined for each sta-

Each observed winter (ONDJFM) will firstly be charac- tion on 1000 random winter combinations, in order to quan-
terised as “Niio winter” or “Nifia winter”, according to SST tify the impact of the natural variability (without considera-
Nifio 3.4 Index Trenberth 1997, described in SecB.2.2 tion for ENSOs) on the MEWP parameters and distributions
Three winter sub-sets will thus be defined (All wintersaaii ~ @nd thus to compare the parameters estimated on particular
winters and Niia winters). The frequency of each WP is then ENSO subsets with all the subsets generated by bootstrap
estimated on the three winter sets and compared for eacfimulations.

WP. Then, more local tests will be performed to determine

the influence of ENSO on rainfall characteristics over sev-

eral coastal BC rainfall stations. A MEWP distribution will 3 Data

be defined for each rainfall series considered and for each of

the three winter sets (All winters, Rid winters and Nia win- This section aims at presenting the two data sets used in this
ters). The MEWP distribution parameters are then compare@tudy. The first data set, used for the coastal BC WP defini-
for each rainfall station. Finally, the three MEWP heavy tion and described in the Se8t1, consists of 177 daily rain-
rainfall estimations are compared for each station and eacf@ll series available over the 1983-2003 period and 338 daily

winter set considered, by looking at 1000 yr return period 9eopotential height grid points available over the 1871-2008
precipitation values. period. The second data set, used for the quantification of

ENSO influence on rainfall characteristics and described in
the Sect3.2, consists of 45 daily rainfall series available over

The Eq. @) gives the relation between MEWP probability
and return period, in years, whameas the size of the rainfall
observation sample considered (for example, the number
winter CR events of the weather pattern one) &ha the
number of years of the CR series considered.

_ 1
TCR = 1-F(CRN (2)

2.3 Quantification of ENSO influences on
rainfall characteristics

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

www.hydrol-earth-syst-sci.net/17/1455/2013/ Hydrol. Earth Syst. Sci., 17, 1485473 2013
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Fig. 1. (a)Location of the 177 rainfall series used for the coastal BC WP definition (blue and red dots) and of the 45 rainfall series used for
the quantification of the influence of ENSO on rainfall characteristics (red dots). Elevation data has been extracted from the SRTM 90 m data
set Jarvis et al.2008. (b) Elevation distribution of the 177 coastal BC rainfall series used for the coastal BC WP defifdjibacation of

the 338 geopotential height grid points used for the coastal BC WP definition.

the 1951-2001 period and an index describing the ENSQlots, and elevation distribution of these stations is plotted in
characteristics of each observed winter over the 1871-2008&ig. 1b.

period.
3.1.2 Geopotential height fields

3.1 Data sets used for WP definition
The geopotential height fields, provided by the Twentieth

WPs have been defined combining both rainfall information, Century Reanalysis Project data s€ompo et al. 201
captured by daily precipitation series, and synoptic informa-from the National Oceanic and Atmospheric Administration

tion, captured by daily geopotential height reanalysis. (NOAA,) are defined on a 2grid spacing from 1871 to 2008
for both 700 and 1000 hPa. The geopotential space was cho-
3.1.1 Rainfall series sen and is defined on 338 points centered on the Washington

State coast, from-150° W to —100° W and from 36 N to
A total of 177 stations were selected for the definition of 60° N. This assessment was made looking at several histori-
coastal BC rainfall classes in order to have a good representaal storm synoptic situations: the geopotential space size and
tion of local climatology and local rainy patterns. Daily pre- position has to be defined in order to catch these storm sys-
cipitation data is available on each of the 177 stations for theems, which mainly come from the Pacific Ocean, but also
1983-2003 period, allowing the definition of rainfall classes from inland systems. Since no optimization procedure has
for this 21 yr period. Note that the stations used are located irbeen applied in order to select the final geopotential space
the coastal BC region (Canada) and also in the Western padize and position, it could be an interesting perspective for
of the Washington State (USA). Hereafter, this region will be further research, by applying the methodology introduced by
called coastal BC. The data quality has been checked, lookBrigode et al(2013 for example. Spatial coverage of the 338
ing for statistically abnormal trends for each series comparegoint grid is shown on Figlc with black dots. Note that us-
to the nearest ones and looking for aberrant data. Location oing both 500 and 1000 hPa (instead of using 700 and 1000
the rainfall stations is reported in Figja with blue and red hPa) fields was also tested, showing no major differences
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Fig. 2. Classification of 1872—2007 winters (ONDJFM) using SSTidNB.4 Index Trenberth 1997, resulting in La Niia winters (blue
colour), neutral winters (grey colour) and EIfidi winters (red colour). The 1951-2001 period (the period used for quantification of the
influence of ENSO on rainfall characteristics) is highlighted by black vertical lines.

in terms of the patterns identified. Thus, the geopotentialters with SST anomalies above 0@ are considered as El
space further used is made up of four fields of 338 pointsNifio winters. The ENSO winter classification is illustrated
for each day: 700 and 1000 hPa at 0 h and 700 and 1000 hRan Fig. 2, showing that 53 Nio winters and 48 Nia win-
at 24 h. The geopotential height data set was first extracteders are identified over the 1872—2007 period (the first period
over the 1983-2003 period, which is the time period coveredused for the quantification of the influence of ENSO on WP
by the rainfall data set. In the second step, the entire availablérequency) and that 20 Ro winters and 17 Nia winters are
geopotential height data set (1871-2008) was used, extenddentified on the 1951-2001 period (the second period used
ing the WP classification defined on the 1983—-2003 periodfor the quantification of the influence of ENSO on WP fre-
over a longer period. guency and the period used for quantification of the influence
of ENSO on rainfall characteristics).
3.2 Data sets used for the quantification of ENSO
influence on rainfall characteristics
4 Results
3.2.1 Rainfall series
4.1 Empirical evidence of the relation between ENSOs
Long precipitation records are needed when impacts of cli- and coastal BC rainfall distribution
mate signals such as ENSO on rainfall are studied. 45 series
with 51 yr of data (from 1951 to 2001) were selected. The po-EmpiricaI evidence on the correlation between coastal BC
sition of the stations is shown in Fi@ia with red dots. Note  rainfall distribution and ENSO are investigated first.
that these stations are mainly in low-elevation areas and are Figure3 presents the relative differences between rainfall
included in the rainfall data sets used for the definition of characteristics of all the record periods (51 winters) and over
weather patterns. The influence of ENSO on rainfall characthe Nifa winters (17 winters) and the relative differences be-
teristics will thus be assessed over this 51 yr period, startingween rainfall characteristics of all record periods (51 win-

in 1951 and finishing in 2001. ters) and over the Wb winters (20 winters) estimated for
each of the 45 rainfall stations. Four characteristics were es-
3.2.2 ENSO classification timated: (a) the average of winter precipitation values, (b) the

frequency of the days when more than 20 mm were observed,
El Nifio-Southern Oscillations are further described with the(c) the 0.70 percentile and (d) the 0.95 percentile of the rain-
SST Nio 3.4 Index, which consists in monthly sea surfacefall distributions. The blue and red histogramms represent for
temperature (SST) anomalies in degrees Celsius estimateghch of the four graphs the distributions of the x and the y
on the 3.4 Nio region, bound by 120/-170 W and 5 S—  axis values. Each point represents one of the 45 rainfall se-
5°N (Trenberth 1997. A classification of ENSO winters ries. For the majority of the 45 coastal BC rainfall series con-
has been defined using this data set: each winter (ONDJFMsidered, the average winter amount of rain is higher during
is characterised by an average monthly SST anomaly estiNifia winter compared to all winters since numerous points
mated on the December, January and February months. Wirare in the right part of the Fi®a and average winter amount
ters with SST anomalies below0.5°C are considered as of rain is lower during Nilo winter compared to all winters
La Nifla winters, winters with SST anomalies abev@.5°C since numerous points are in the bottom part of the Bag.
and below 0.4C are considered as neutral winters and win- Thus, significant differences are observed in terms of average
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Fig. 3. Relative difference between rainfall characteristics of the whole record period (51 winters) and oveiaheimers (17 winters)
and relative difference between rainfall characteristics of the whole record period (51 winters) and ovérothentérs (20 winters) for
each station considered and for four rainfall characterigtigshe average of winter precipitation valués) the frequency of the days when
more than 20 mm were observéd) the 0.70 percentile an@l) the 0.95 percentile of the rainfall distributions. Blue fidiwinters) and red
(Nifo winters) histograms represent for each of the four graphs the distributions of the (x) and the (y) axis values.

winter amount of rain over coastal BC, with about 8% in- this study for identifying rainfall classes and correspond here
crease in rain during Ria winters compared to all winters on to days where the spatial rainfall average over the considered
average over the 45 stations considered, and 8 % decrease 177 rainfall stations is greater than 8 mm. For a 20 yr record
rain during Nfio winters compared to all winters on average period, this 20 % threshold selects 1524 rainy days. The other
over the 45 stations considered. The difference betwea Ni 6136 days are, at this classification stage, grouped in the non-
and Nia winters is less significant in terms of frequency of rainy class.

heavy rainy days (here days with 20 mm or more observed). Figure4 presents (a) the dendogram, (b) the evolution of
Nevertheless, a majority of points are in the bottom part ofthe intra-class inertia and of (c) the 1l-order intra-class in-
the Fig.3b, highlighting a lower frequency of heavy rainfall ertia differences with the number of rainfall classes. Each
events during Nio winters compared to all the winters for difference “Dn” (plotted in Fig.4c) has been estimated as
the 45 considered stations. Finally, heavy (percentile 0.70the absolute value of the difference between the intra-class
and extreme empirical quantiles (percentile 0.95) also shownertia estimated fofr + 1) rainfall classes and the inertia
an unclear signal, with percentile values slightly lower dur- estimated forn) classes. Note that good classifications are
ing Nifio winters compared to all winters and slightly higher characterized by high intra-class inertia values, and that a
during Nifla winters compared to all winters, especially for peak of intra-class inertia value f@r) classes followed by a
the heavy rainfall event percentile. significant loss of intra-class inertia value f@r+ 1) classes
means a good classification ¢f+ 1) classes. The change

in intra-class inertia clearly suggests the choice of four rain-
fall classes (highlighted with four red boxes in the dendo-

This subsection aims at presenting the five coastal BC WPgram presented in Figa) moving from three to four rainfall
defined. The top 20% days are selected as “rainy days” in

4.2 Coastal BC WP definition for heavy rainfall analysis
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Table 1. Teweles—Wobus distances estimated between the 16 Oceoastal BC region. Finally, the non-rainy pattern WP5 com-
tober 2003 synoptic situation and the five class centroids estimategrises typical anticyclonic situations, with essentially non-
for the 1000 and 700 hPa geopotential height fields at 0 h and fOI’rainy days over coastal BC region.

the 1000 and 700 hPa geopotential height fields at 24 h. In this case, Taple 2 summarises yearly and seasonal frequencies of
the 16 October 2003 is finally attributed to the third weather pattern.ihe five coastal BC WPs for the 1871-2008, 1951-2001 and
Note that Teweles-Wobus distances are unitless. 1983-2003 periods. The WP frequencies exhibit a clear sea-
sonal signal, with rainy patterns (WP1 to WP4) occurring
mainly in the winter months, while summer months are char-

RC1 RC2 RC3 RC4 RC5

1000hPaat0Oh 57 52 56 66 76 acterised mostly by the anticyclonic pattern WP5 (more than
1000hPaat24h 52 53 48 58 78 50 % of summer days are assigned to anticyclonic weather
700hPaatOh 74 75 70 7 92 pattern). Note that WP1 exhibits a constant seasonal fre-
700hPaat24h 65 68 59 0 94 quency throughout the year compared to the other ones. WP1
Distance sums 248 248 233 273 340 is not clearly defined in terms of geopotential height anomaly

and rainfall pattern (showed in Fi§) and could thus be con-
sidered as a mix of different rainy days over the entire coastal
BC region which is consequently not characterized by a clear
classes leads to a limited intra-class inertia decrease, whilseasonal frequency signal. WP frequencies seem to be rela-
moving from four to five rainfall classes leads to a large intra- tively stationary over time since frequencies over the 1983—
class inertia decrease. Finally, the rainy days classification i2003 period (21 yr period used for the definition of the WP
composed by four rainfall classes and of one supplementargentroids) are equivalent to frequencies over the 1871-2008
non-rainy class constituted at this stage of the 80 % less rainperiod.
days (with spatial average below 8.1 mm in this case).

Tablel illustrates the final WP classification method step 4.3 MEWP parameters and distributions
(Re-assignement of each day to a WP) and shows the 20
Teweles—Wobus distances estimated between the five rainfalh this section, a spatial analysis of the scale parameter values
class centroids (Rainfall Class (RC) 1 to 5) and the 16 Octo{(A parameter of Eql) obtained over 45 rainfall stations and
ber 2003 synoptic situation over coastal BC for the 1000 hPaan example of a MEWP distribution are illustrated.
geopotential height fields at 0 h, the 1000 hPa geopotential Figure6a shows ratios estimated for each rainfall station
height fields at 24 h, the 700 hPa geopotential height fields aind each WP between the scale parameter value of the WP
0h and the 700 hPa geopotential height fields at 24 h. Noteonsidered and the average value of the five scale parame-
that the 16 October 2003 day was classified as a member dér values for the station considered. One particular station
the non-rainy class (in 80 % of all the observed days consid{McMillin reservoir, Washington State) is highlighted on this
ered as non-rainy days) at the end of the hierarchical ascemap since it will be used as an example of the construction of
dant classification step. The sum of the four Teweles—Wobus MEWP distribution. Thus, Figeb shows for each WP the
distances is minimal for the third weather pattern (233); theCR sub-samples of the WP considered and the exponential
16 October 2003 is thus attributed to the third weather pat-distribution fitted. Finally, Fig6c presents the final MEWP
tern. This example highlights the major changes between théistribution of the McMillin reservoir rainfall series, which
rainy days classification (hierarchical ascendant classificais a combination of the five WP exponential distributions
tion step) and the final weather pattern classification whichweighted by the CR occurrence of each WP, using EJ. (
are mainly due to the distribution of previous “non-rainy Return periods are obtained using E). (
days” to rainy weather patterns. The comparison of the relative scale parameter values plot-

Figure 5 shows, for each of the five coastal BC WPs, ted in Fig.6a reveals that several coastal BC regions have
(a) the 1000 hPa geopotential height anomaly fields, (b) thaVPs which are particularly intense in terms of heavy pre-
station mean precipitation amount, (c) the station ratio be-cipitation events related to the other WPs. Thus, WP2 scale
tween the mean precipitation amount and the general preparameter values are clearly the most important scale param-
cipitation amount (considering all WPs) and (d) the monthly eter values for the Washington State stations, coherently with
frequency estimated over the 1983—-2003 period. WP1 groupthe rainfall spatial distribution of the WP2 days (shown in
rainy days throughout the coastal BC region. WP2 is charac¥ig. 5¢), which are particularly rainy in this southern coastal
terised by a northwestern—southeastern circulation which enarea. Similarly, stations with particularly high WP3 and WP4
gendered particularly rainy events in the Washington Statescale parameter values compared to the other scale parameter
stations and Vancouver City area. WP3 groups days withvalues are located in the Vancouver City area and on the west
south-west-east-north circulations, which bring a lot of rain coast of Vancouver Island. Finally, scale parameter values of
in the central part of the Vancouver Island region. WP4 dayswWP1 are close to the average value of the five scale parame-
are characterised by weaker south-west-north-east circulaer values for each station, highlighting a WP with the same
tion which engendered rainy days in the northern part of therelative importance over the whole domain and WP5 scale
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Table 2. Yearly and seasonal frequencies of the five coastal BC WP for 1871-2008, 1951-2001 and 1983-2003 periods.

1871-2008 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%

parameter values are regionally the lowest scale parametdtig. 6b reveals five sub-populations characterised by differ-
values since these days are mainly days without any observeent heavy rainfall records. WP2 thus clearly contains the
rain. It is thus interesting to note that Figa is similar to  heaviest rainy days of this rainfall series. Note that the final
Fig. 5¢c in terms of spatial distribution of each WP relative MEWP distribution illustrated in Fig6c fits relatively well
importance: each WP is similarly important in terms of av- with the heaviest observations and that the tail of the distri-
erage amount of precipitation and in terms of scale paramebution is equivalent to the tail of the WP2 exponential dis-
ter values compared to the other WPs. This figure highlightdribution. Thus, the heaviest rainfall events observed for the
that the coastal BC WP classification is useful for splitting McMillin reservoir station occurred under WP2, leading thus
observed precipitation series into more homogeneous sulto high scale parameter for WP2 related to other WPs for that
samples (i.e. sub-samples constituted by days having simistation and finally leading to a general rainfall distribution
lar atmospheric circulation patterns) and thus identifying for tail driven by WP2 rainfall distribution tail.
each station the synoptic situations that generate the highest
hazard in terms of heavy rainfall events. Thus, in this area o#.4 Link between ENSOs and coastal BC WP
coastal BC, the highest heavy rainfall hazard is mainly gener- frequencies
ated by WP2 for the major part of the northwestern Washing-
ton region and Vancouver City region, by WP3 for the Van- In this section, the link between El fid-Southern Oscilla-
couver Island region and by WP4 for the northern coastal Bction anomaly and the frequency of each coastal BC WP is
region. analysed.

Finally, an example of a MEWP probability distribution is Figure7 presents winter frequencies of the five coastal BC
shown with the McMillin reservoir rainfall series. This sta- WPs estimated on different year sets. The left graph sum-
tion is located in northwestern Washington State at 157 mmarises empirical winter frequency observed on the S®Ni

above mean sea level. The WP sub-sampling illustrated ifvinters and 48 Nia winters over the 1871-2008 period (red
and blue dots, respectively) while right graph summarises the
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empirical winter frequency observed on the 2@dlwinters (@) (b)
and 17 Nia winters over the 1951-2001 period (red and blue |
dots, respectively). In order to characterise the statistical sig- * T
nificance of the frequency change between these different E
year sets, bootstrap simulations were performed. A total of %
1000 random combinations of, respectively, 68 and 25 win-
ters among 136 and 50 winters were generated for each pe- °
riod considered. The combinations were made without con- T
sideration of the ENSO values and therefore assumed to be. = . E
representative of climate variability. Frequency changes ar% 4
assumed to be significant when empirical frequencies are oug S =
of the boxplots and thus could not be considered as coming:

0.4

0.3
I

. m{
Frequency [-]
0.2
T

from “natural” climate variability. . .
Significant but different changes are observed for WP2 and = == 4

WP3: the WP2 is significantly more common duringiilli 39 . S 155 +

winters and less common during iidi winters, while the T

WP3 is significantly more common during i winters and

less common during Wi winters. Although these changes

are statistically significant, the magnitudes of changes are 2 - =R

small: WP2 is observed 22 % of all days duringibliwin- W1 WP2 WP3 WP4 WPS W1 WP2 WP3 WP4 WS

ters, whereas it is observed 27 % of days duringaNvinters
and WP3 is observed 17 % of all days duringidliwinters,
whereas it is observed 22 % of days duringidliwinters.
Other tendencies were observed, with the WP1 being mor nd blue dots for Nia winters); compared with 1000 random com-

C(?mmon during Nia winters anq less Com'mon duringrisi binations of 68 winters out of 137 and 25 winters out of 50 for
winters over the 1871-2007 period, meaning that on averagg,e 18712008 and the 1951-2001 periods, respectively, produced
there are more rainy days throughout coastal BC durii@Ni - by bootstrap simulations (plotted with boxplots, showing the 0.10,
winters. 0.25, 0.50, 0.75 and 0.90 percentiles).
This observation is emphasised when the frequency of
WPs is estimated on the “extreme ENSO winters”. Teble
shows the coastal BC WP winter (ONDJFM) frequency of assess the impact of using different parameters on the final
1982-1983 and 1997-1998iidi winters and of 1973-1974 MEWP distributions.
and 1988-1989 Nia winters. These years are the most se- Figure8 compares the MEWP parameters estimated over
vere El Nfio and La Niia years observed over the 51 yr the 45 analyzed rainfall stations duringfdi winters with
(1951-2001) period. The frequency changes observed ovehe MEWP parameters estimated over the 45 analyzed rain-
all the winters are found again with these winter sub-setsfall stations during Nia winters. It is organised as a table,
with WP2, which is clearly more common in Laifii years  with each column representing one coastal BC WP and each
(32% of all days versus 22 %) and WP3, which is clearly line representing a parameter of the MEWP distributions.
more common in Nio winters (37 % of all days versus Each point represents one of the 45 rainfall series studied.
17 %). It also seems that for this set of four “extreme ENSONote that the first two panel rows in Fi§. (A andu) are
winters”, WP5, which is the anticyclonic one, appears to bethe parameters of the exponential distribution of each WP,
less common in Nio winters (8 % of all days against 15%). while the third line p) is the mean number per year of CR
This tendency is not clear when we are considering all win-events of each WP for each station. Scale parameter value
ter sets in the Fig7. The most significant signal is thus a variability (plotted in the first line of the Fig8) using dif-
“trade-off” between WP2 and WP3 frequency of occurence. ferent winter sets is significant (from40 to+40 %) but the
impact of ENSO on this variability is not straightforward.
4.5 Link between ENSOs and MEWP distributions Variability of theu parameters (plotted in the second line of
the Fig.8) is slightly more limited (from—30 to+30 %) but
In this section MEWP parameters and distributions are identhe ENSO impact on their values is also not clear. Neverthe-
tified on each of the 45 rainfall series, in order to quan-less, WP1x values (plotted in the second line, first column
tify the link between ENSO and MEWP parameters andof the Fig.8) seem to be significantly higher during i
MEWP distributions. First the MEWP parameters obtainedwinters than during Nio winters. Finally, the variability of
over the whole set of winters are compared with those ob-CR frequency for each WP (plotted in the third line of the
tained over the Nio and Niia winter sets. Second, the fi- Fig. 8) is limited (from —20 to 420 %), but ENSOs seem to
nal MEWP rainfall distributions are compared in order to significantly impact their values: WP1 and WP2 CR events

Fig. 7. Winter frequency of the five coastal BC WPs estimated on
Nifio and Nia winters over(a) the 1871-2008 period and over
b) the 1951-2001 period (plotted with red dots fofiNiwinters
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Table 3. Average coastal BC WP winter (ONDJFM) frequency of 1982-1983 and 1997-1998 &lwtiters and of 1973-1974 and 1988—
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Fig. 8. Comparison of the MEWP distribution parameters obtained over all winter sets and@@viiters (x-axis) and over all winter sets
and 17 Nia winters (y-axis) for each the 45 stations and for each of the five coastal BC WPs.

are more frequent during Ra winters (plotted in the second of the 45 stations in order to test the significance of eventual
line, first and second columns of the FB).respectively), changes between heavy rainfall estimation ovérdNvinters
while WP3 and WP4 CR events appear to be more frequenand heavy rainfall estimation over i winters.
during Niflo winters (plotted in the second line, third and  First, the difference between fb and Nila winter heavy
fourth columns of the FigB, respectively), as shown for WP  precipitation estimations is illustrated through the McMillin
frequency in Sect4.4. It is important to note that MEWP reservoir precipitation series on Figa for Niflo winter ob-
parameters are strongly not independent: for a given rainfalservations and estimations and on Bigfor Nifia winter ob-
station and a given WP, the scale parameter values are teervations and estimations. The grey envelopes corresponds
tally dependent on the quantile threshold values consideretb the 90 % confidence interval (Cl) estimated with the boot-
for the definition of the heavy rainfall events sub-population strap simulations. For the McMillin reservoir precipitation
(the 0.80 quantile in this study). series, heavy rainfall estimations performed using th&oNi
The estimations of 1000 yr return period precipitation val- winter sets are lower than heavy rainfall estimations per-
ues (notedP1ggp hereafter, expressed in mm) were then com-formed using all winter sets and thefidi winter sets. Never-
pared. First, three MEWP distributions were defined for eachtheless, the estimations performed using thgdNwinter sets
of the 45 precipitation series: one considering all 50 win- and the Niia winter sets are in the 90 % CI generated through
ters, one considering 20 filb winters and one considering the bootstrap simulations.
17 Nifia winters and thus using the MEWP parameters illus- Differences between the different heavy rainfall estima-
trated in Fig8. A bootstrap test was then performed for each tions were then examined at the regional scale. The result of
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Nifio winters CR observations +  Nifia winters CR observations
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90% CI Bootstrap MEWP distributions 90% CI Bootstrap MEWP distributions
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Precipitation (mm)
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Precipitation (mm)
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T T T T T T
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Return period (years) Return period (years)
MEWP PARAMETERS MEWP PARAMETERS
WP Aj (mm/24h)  u; (mm/24h)  p; (%) WP Aj (mm/24h)  u; (mm/24h)  p; (%)
WP1 4.5 12 9 WP1 8.3 17 10
WP2 10.3 23 43 WP2 111 23 50
WP3 6.2 13 19 WP3 6.7 17 13
WP4 6.3 10 22 WP4 6.5 10 21
WP5 3.8 12 7 WP5 4.8 11 7
WP1 7.8 16 9 WP1 7.8 16 9
WP2 10 23 47 WP2 10 23 47
WP3 8.2 15 15 WP3 8.2 15 15
WP4 7.4 11 22 WP4 7.4 11 22
WP5 4.8 10 8 WP5 4.8 10 8

Fig. 9. MEWP distributions for the winter season (ONDJFM) defined d@gall winter sets (black line), Nio winters (red line) and 1000
random combinations of 25 winters (grey envelopes) and defined(byedl winter sets (black line), Mia winters (blue line) and 1000
random combinations of 25 winters (grey envelopes) for the McMillin reservoir rainfall series.

a significance test is plotted in Fi@j0, which represents the green colour and purple colour highlight the stations where
degree of significance betwe®ggo values defined on Ko P1000 vValues estimated on particular winter set are signifi-
winters or on Niia winters for each of the 45 stations. The cantly different from the totaP;ggp distribution. Some inter-
colour assigned to each rainfall station represents where aresting local behaviours are detected: for example, northern
the P1pop Values estimated using fib winters as inputs of stations seem to be characterisedfayogvalues greater dur-
the MEWP model (Figl0a) and thePiggo values estimated ing Nifia winters and, on the contramgpo values are lower
using Niha winters as inputs of the MEWP model (Figb) during Niflo winters. Nevertheless, none regional tendency is
within the distribution of 100QP1ggp values estimated using observed over the 45 coastal BC station considered.

1000 random winter combinations, for each of the 45 rain-

fall stations. A station plotted with a green colour means that

the P1000 Niio OF the P1ooo Nia Values are lower than the 0.05 5 Conclusions

quantile of the 100®1ggpvalues, while a station plotted with

a purple colour means th&0oo0 Nio OF P1ooo Nia Values are A WP classification has been defined on the coastal BC re-
greater than the 0.95 quantile of the 10®@gpvalues. Thus, gion using 177 rainfall stations and geopotential height fields

www.hydrol-earth-syst-sci.net/17/1455/2013/ Hydrol. Earth Syst. Sci., 17, 1455473 2013



1470 P. Brigode et al.: Linking ENSO and heavy rainfall events over coastal BC through a WP classification

(b)

© _|
n
<
[Te}

< C 8

() ()

=} =}

2 2

T T o |

- -
o _|
<
©o |
<

T T T T T T T T T T T T
-132 -130 -128 -126 -124 -122 -132 -130 -128 -126 -124 -122
Longitude (°) Longitude (°)
. I T .
0 0.05 0.25 0.75 095 1

Where are P1gg0 g nifio () @nd P1ggo La nifia (P) Within the distribution of 1000*Pogq ?

Fig. 10.Degree of significance betwedhgggvalues estimated by MEWP distributions defined over 20oNiinters or on 17 Nia winters
for each of the 45 stations amj ggg values estimated by MEWP distributions defined over random combination of 25 winter precipitation
observations generated by bootstrap simulations.

over a larger area in order to analyse winter heavy rainfalltential height fields. Empirical evidence of ENSO influence
events in this region. Five contrasted WPs composed thi®n rainfall characteristic has been observed. Significant dif-
classification, four rainy WPs and one non-rainy WP, the an-ferences are observed in terms of average winter amount
ticyclonic pattern. The four rainy WPs are mainly observedof rain over coastal BC, with about8 % rain during Niia
in the winter months (October to March), which is the period winters compared to all winters on average over the 45 sta-
of heavy precipitation events in coastal BC and is thus con+ions considered, and 8 % rain during Niio winters com-
sistent with the local climatology. The combination of this pared to all winters on average over the 45 stations consid-
WP classification with the seasonal description of rainfall isered. A lower frequency of heavy rainfall events (here de-
shown to be useful for splitting observed precipitation seriesfined as days with 20 mm or more observed) duringdNi
into more homogeneous sub-samples and thus identifying fowinters compared to all the winters for the 45 considered sta-
each station the synoptic situations that generate the highesibns seems to be observed. Finally, heavy (percentile 0.70)
hazard in terms of heavy rainfall events. Thus, in this area ofand extreme empirical quantiles (percentile 0.95) seems to be
coastal BC, the highest heavy rainfall hazard is mainly gen-slightly lower during Niio winters compared to all winters
erated by WP2 for the major part of the northwestern Wash-and slightly higher during Niia winters compared to all win-
ington region and Vancouver City region, by WP3 for Van- ters. Within each WP, ENSOs seem to only influence the fre-
couver Island area and by WP4 for the northern coastal BQyuency of rainy events and not the magnitude of heavy rain-
region. fall events: WP1 and WP2 central rainfall events are more
El Niflo-Southern Oscillations influence significantly the frequent during Nia winters, while WP3 and WP4 central
frequency of occurrence of two coastal BC WPs: WP2 israinfall events appear to be more frequent duringd\in-
more common during Nia winters rather than during ho ters. MEWP heavy rainfall estimations do not show signif-
winters and WP3 is clearly more common duringibliwin- icant evolution of heavy rainfall behaviour betweenfibli
ters than during Nia winters. These changes are statisticallyand Niia winters: ENSO is not influencing significantly the
significant, but the magnitudes of changes are small: WP2L00O yr return period precipitation values estimated over the
is observed 22 % of all days during i winters, whereas coastal BC region through the MEWP rainfall probabilistic
it is observed 27 % of days during i winters, and WP3 model. Natural variability seems thus to be predominantly
is observed 17 % of all days during iNi winters, whereas explaining the differences of heavy rainfall values estimated
it is observed 22 % of days during i winters. These re- through the MEWP rainfall probabilistic model over coastal
sults are consistent with findings @asola and Wallace BC region. These results are consistent with the findings of
(2007, who showed that ENSO significantly influences the Feldl and Rog€2011) which showed that ENSO could influ-
frequency of their four weather regimes defined over theence differently mean rainfall values and the extreme rain-
Pacific—North American Sector with winter 500 hPa geopo-fall quantiles and with studies that did not find a significant

Hydrol. Earth Syst. Sci., 17, 14553473 2013 www.hydrol-earth-syst-sci.net/17/1455/2013/



P. Brigode et al.: Linking ENSO and heavy rainfall events over coastal BC through a WP classification 1471

influence of ENSO on extreme rainfall values over coastal
BC region (e.gKenyon and Hegerl2010andZhang et al.
2011).

The main difference between fd and Nfia winter pre-
cipitation is thus found in the frequency of rainy events and
in the mean annual amounts of precipitation, probably ex-
plaining the differences observed in the hydrological cycle

Cox, N. J., Della-Marta, P. M., Drebs, A., Founda, D., Ger-
stengarbe, F., Hickey, K.,6dsson, T., Luterbacher, J., Nordli,
g., Oesterle, H., Petrakis, M., Philipp, A., Rodwell, M. J., Sal-
adie, O., Sigro, J., Slonosky, V., Srnec, L., Swalil, V., Garc
Suarez, A. M., Tuomenvirta, H., Wang, X., Wanner, H., Werner,
P., Wheeler, D., and Xoplaki, E.: Daily Mean Sea Level
Pressure Reconstructions for the European-North Atlantic Re-

(snowfall amount, flood magnitudes, etc.) previously high-

gion for the Period 1850-2003, J. Climate, 19, 2717-2742,
doi:10.1175/JCLI3775,12006.

lighted in the literature. Thus, many “small” and “average” geaylant, A.-L., Joly, B., Nuissier, O., Somot, S., Ducrocg, V., Joly,

rainy events during a NMa winter will saturate watersheds

A., Sevault, F., Deque, M., and Ricard, D.: Statistico-dynamical

and increase snowpack, which could produce heavy floods downscaling for Mediterranean heavy precipitation, Q. J. Roy.
even from these “small” or “average” rainy events compared Meteor. Soc., 137, 736—7480i:10.1002/qj.7962011.
to a Nifio winter when even a heavy rainfall storm could fall Bog, J. and Terray, L.: A Weather-Type Approach to Analyzing

on dry soil or on below-average snowpack and result in a in-

Winter Precipitation in France: Twentieth-Century Trends and

significant flood event. These hypotheses could be tested in the Role of Anthropogenic Forcing, J. Climate, 21, 3118-3133,

future studies by applying methods for extreme flood estima- U e L
Bontron, G.: Pevision quantitative des @cipitations: adapta-

tion such as the SCHADEX methoBdquet et a].2006 on

coastal BC catchments with the same methodology: compar-

ing flood estimations made using all available winters with
estimations made using only i winters, only Nio win-
ters, and using randomly associated winter sub-sets.

doi:10.1175/2007JCLI1796,.2008.

tion probabiliste par recherche d’analogues. Utilisation @es r
analyses NCEP/NCAR et application auegipitations du Sud-

Est de la France, Ph.D. Thesis, Institut Polytechnique de Greno-
ble, 2004.

Brigode, P., Bernardara, P., Gailhard, J., Garavaglia, F., Ribstein,

Future investigations could focus on other climate signals p., and Merz, R.: Optimization of the geopotential heights in-
relevant for the region such as the Pacific Decadal Oscilla- formation used in a rainfall-based weather patterns classifi-

tion (PDO), an oscillation which has a significant impact on
hydro-climatology in Western Canada (Sé#hitfield et al,

cation over Austria, International J. Climatol., 8, 1563-1573,
doi:10.1002/joc.35352013.

2010for a review). Combinations of different climate signals €asola, J. H. and Wallace, J. M.: Identifying Weather Regimes

with different oscillation periods could also be important to
consider.

Finally, these results open interesting perspectives in the

fields of climate change impact prediction on heavy rainfall
distribution, where WP classifications could be “medium-

scale disaggregating tools” between General Circulation siates, J.

Model outputs and local rainfall observations.
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