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Abstract
Dominant synoptic moisture pathway patterns of vertically integrated water vapor transport (IVT) in winter and spring over 
Canada West and East were identified using the self-organizing map method. Large-scale meteorological patterns (LSMPs), 
together with synoptic moisture pathway patterns, were related to the variability in seasonal precipitation totals and occur-
rences of extreme precipitation events. Changes in both occurrences of LSMPs and seasonal precipitation occurred under 
those LSMPs were analyzed to explain observed changes in seasonal precipitation totals and occurrences of extreme pre-
cipitation events. The effects of large-scale climate anomalies on occurrences of LSMPs were also examined by composite 
analyses. Results show that synoptic moisture pathways and LSMPs exhibit the propagation of jet streams resulting from 
the Rossby wave resonance, as the location and direction of ridges and troughs, and the strength and center of pressure lows 
and highs varied considerably. Even though LSMPs resulting in positive precipitation anomalies are associated with more 
frequent occurrences of extreme precipitation events than those resulting in negative precipitation anomalies, the patterns 
featured with anomalously low IVT are sometimes associated with more frequent occurrences of extreme precipitation events. 
Significant decreases in occurrences of synoptic moisture pathway patterns that are favorable with positive precipitation 
anomalies and more precipitation extremes in winter over Canada West, and significant decreases in seasonal precipitation 
and occurrences of precipitation extremes under most synoptic moisture patterns resulted in decreases in seasonal precipita-
tion and the occurrence of extreme precipitation events. LSMPs resulting in a hot and dry (cold and wet) climate and less 
(more) frequent extreme precipitation events over the Canadian Prairies in winter and northwestern Canada in spring are 
more likely to occur in years with a negative (positive) phase of PNA. Occurrences of LSMPs for a wet climate and frequent 
occurrences of extreme precipitation events over southeastern Canada are associated with a positive phase of NAO. In El 
Niño years or negative PDO years, occurrences of LSMPs tend to associate with a dry climate and less frequent precipita-
tion extremes over western Canada.

Keywords  Vertically integrated water vapor transport · Synoptic patterns · Large-scale meteorological patterns · Seasonal 
precipitation · Extreme precipitation · Self-organizing maps, climate anomalies

1  Introduction

The northern high-latitude regions have experienced the 
most rapid warming compared with mid- and low-latitudes 
over the past half century (IPCC 2013; Najafi et al. 2015). 
The warming rate of annual mean temperature over the high-
latitude regions was almost twice that of the global average 
(Walsh 2014), commonly referred to as Arctic amplification 
(Cohen et al. 2012; Screen and Simmonds 2010). Canada 
has a vast high-latitude landmass that has been experiencing 
rapid warming by a nationwide average warming of 1.5 °C in 
annual mean surface air temperature over 1950–2010 (Vin-
cent et al. 2015). The warming was accompanied by both 
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positive and negative changes in annual precipitation totals 
and extremes in different part of Canada (Mekis and Vincent 
2011; Vincent et al. 2015), albeit pan-Arctic precipitation is 
consistently projected to increase over the twenty-first cen-
tury by climate models as a by-product of Arctic amplifica-
tion (Bintanja and Selten 2014; Barry and Gan 2011).

A warmer climate has resulted in an intensified hydro-
logic cycle of northern Canada (Déry et al. 2009) and an 
increased poleward moisture transport to the Eurasian Arctic 
river basins (Zhang et al. 2013), even though no significant 
changes in meridional moisture transport over Northern 
Canada were found in reanalyses data (Dufour et al. 2016). 
The intensified water cycle may have some implications to 
the magnitude, frequency, and severity of extreme weather 
phenomena, such as droughts, intensive storms, and floods 
that are costliest natural disasters for Canada (White and 
Etkin 1997). However, the physical mechanisms behind 
changes in water-related regional climate extremes are com-
plicated, since both thermodynamic and dynamic changes, 
and their interactions could result in changes in precipita-
tion extremes (Collins et al. 2018; Wang et al. 2017; Zhang 
et al. 2017).

Changes in precipitation during the cold seasons 
over Canada have widespread impacts on regional water 
resources availability, the ecosystem, agriculture, forestry, 
and economic activities (Barnett et al. 2005). For southern 
Canada, snowmelt streamflow and rainfall-induced run-
off are important water sources for municipal water sup-
ply, hydropower production, and agricultural production 
(Schindler and Donahue 2006; Gan 2000). Snowpack is of 
great significance to ski recreation (Gilaberte-Búrdalo et al. 
2014). For northern Canada, because warming is proceed-
ing more rapidly, and precipitation is projected to increase 
more substantially (Bintanja and Selten 2014) and to shift 
from snow-dominated to rain-dominated precipitation (Bin-
tanja and Andry 2017), northern ecosystems are particularly 
sensitive to warming and precipitation changes. Therefore, 
it is beneficial to understand the variability and change in 
seasonal precipitation totals and extremes that have profound 
implications for Canada dominated by snow.

The interannual and interdecadal variability of precipita-
tion are largely modulated by the coupling of large-scale 
atmospheric circulations (Newton et al. 2014) and water 
vapor transport (Skific et al. 2009). Precipitation processes 
are driven by the mid-tropospheric circulation that forces 
vertical motions of the atmosphere and the advection of 
cold and warm fronts at the surface (Holton 2004). Win-
ter cyclonic activities have become significantly more fre-
quent, durable, and stronger in southern Arctic of Canada, 
but weaker and less frequent in southern Canada, especially 
along southwestern coasts (Wang et al. 2006). Newton et al. 
(2014) linked winter temperature, precipitation totals, and 
droughts across Canada to synoptic circulation patterns. 

However, how circulation patterns are associated with mois-
ture pathway patterns have not been examined to explore 
physical mechanisms behind occurrences of extreme precipi-
tation events in Canada. Effects of changes in atmospheric 
circulation on seasonal precipitation totals and extremes of 
Canada are also needed to be examined, especially under 
effects of Arctic amplification (Vavrus et al. 2017).

The objective of this study is to evaluate seasonal precipi-
tation totals and extremes over Canada using a SOM-based 
clustering method. We first identified synoptic conditions of 
large-scale meteorological patterns (LSMPs) that control the 
magnitude and occurrences of precipitation. Then, we linked 
changes in occurrences of LSMPs to changes in seasonal 
precipitation and occurrences of precipitation extremes. In a 
companion study, Tan et al. (2018b) investigated characteris-
tics of LSMPs conducive to seasonal precipitation totals and 
occurrences of precipitation extremes of Canada in warm 
seasons (i.e., summer and fall). This paper addresses LSMPs 
associated with seasonal precipitation totals and occurrences 
of precipitation extremes of Canada in cold seasons (i.e., 
winter and spring). These efforts will improve our under-
standing of the spatial and seasonal variability of precipi-
tation and occurrences of precipitation extremes that are 
possibly caused by the variability and changes in moisture 
pathways and large-scale atmospheric circulations.

This paper is organized as follows: In Sect. 2 we briefly 
describe observed precipitation data and large-scale mete-
orological data obtained from atmospheric reanalysis includ-
ing vertically integrated water vapor transport (IVT), geo-
potential height, and temperature. In Sect. 3, we describe 
the method of self-organizing mapping (SOM) and methods 
used to relate seasonal precipitation totals and extremes to 
moisture pathway patterns and atmospheric circulations. 
Results are presented in Sect. 3. Summary and conclusions 
are presented in Sect. 4.

2 � Data and methods

2.1 � JRA‑55 IVT reanalysis and Canadian ANUSPLIN 
precipitation data

To create a catalog of dominant LSMPs, we analyzed the 
gridded (0.5625° × 0.5616°) daily IVT, surface mean daily 
temperature, and 500 hPa geopotential height (GPH) fields 
of 1958–2013, taken from the Japanese 55-year Reanalysis 
(JRA-55) (Kobayashi et al. 2015) dataset using the self-
organizing maps (SOMs) method. The JRA-55 dataset is the 
second Japanese global atmospheric reanalysis dataset which 
is a comprehensive dataset suitable for studying multi-dec-
adal variability and climate change. The JRA-55 IVT data 
were widely used for water cycle analyses for northern high-
latitude regions including Arctic regions (e.g., Bintanja and 
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Andry 2017; Hu et al. 2016; Vihma et al. 2015) and Canada 
(Kochtubajda et al. 2017) because of its good performance 
in representing water cycle and water balance of northern 
high-latitude regions (Harada et al. 2016) and relatively long 
data set beginning in 1958. For this study, we analyzed the 
atmospheric fields for cold seasons, i.e., winter (Decem-
ber–February) and spring (March–May).

To relate seasonal precipitation totals and occurrences 
of extreme precipitation events to LSMPs, high-resolu-
tion (~ 10 km) gridded daily Canadian precipitation data 
(1958–2013) recently developed by Hutchinson et al. (2009) 
using the Australian National University Spline (ANUSP-
LIN) interpolation scheme, were used to identify seasonal 
precipitation totals and days with extreme precipitation at 
each grid box over Canada West and East. The ANUSPLIN 
dataset that covers the landmass of Canada was derived from 
observed precipitation data of nearly 3000 stations of Envi-
ronment Canada. Even though there are some minor discrep-
ancies between station extreme precipitation and ANUSP-
LIN extreme precipitation (Benyahya et al. 2014; Hopkinson 
et al. 2011), the ANUSPLIN dataset provides country-wide, 
high-resolution daily precipitation data for historical climate 
analysis. Until now, the ANUSPLIN dataset is likely the 
best published station-based, gridded daily precipitation 
dataset that has been widely used to study historical cli-
mate of Canada (e.g., Benyahya et al. 2014; Cannon et al. 
2015; Gizaw and Gan 2016; Newton et al. 2014; Radić et al. 
2015). To validate the gridded ANUSPLIN precipitation 
data for analyzing extreme precipitation in this study, we 
have also analyzed 164 (131) stations of daily precipitation 
data of Canada West (East) over 1958–2005 obtained from 
Mekis and Vincent (2011) which were incorporated into the 
ANUSPLIN precipitation dataset, with the same method 
adopted in this study. The station analysis results for regions 
with dense stations are consistent to those obtained from 
the ANUSPLIN precipitation dataset. Therefore, we only 
we present the analysis results based on the ANUSPLIN 
precipitation dataset.

2.2 � Large‑scale meteorological patterns (LSMPs) 
identified by the SOMs method

The SOMs method (Kohonen 1998) is a relatively new 
approach to cluster synoptic climatology, and diverse appli-
cations of SOMs have been increasing (Sheridan and Lee 
2011). Because SOMs are capable of reducing the dimen-
sionality of climate data to a representative size for spatial 
pattern analysis, extreme weather or climate events could be 
linked to representative circulation patterns. Thus, changes 
in climate extremes could be attributed to changes in rep-
resentative circulation patterns identified from the applica-
tion of SOMs for studying climate extremes. SOMs have 
been widely used to display and to analyze the characteristic 

behavior of atmospheric and oceanic circulation patterns, as 
well as to link regional climate variables (i.e., temperature 
and precipitation) to these patterns (Cassano et al. 2015, 
2016; Gibson et al. 2017; Horton et al. 2015; Lennard and 
Hegerl 2015; Loikith et al. 2015). SOMs, a type of neural 
network algorithm, use an unsupervised learning approach 
to cluster input data into limited representative groups (pat-
terns). The neighboring output patterns are generally more 
similar than distant output patterns. Because SOMs, being 
a nonlinear clustering method, can isolate nonlinear pat-
terns, SOMs have advantages over linear methods such as 
empirical orthogonal function analysis that could be prob-
lematic for highly nonlinear systems (Reusch et al. 2005). 
Given geoscience data are ever growing with higher spatial 
and temporal resolutions, and becoming more complex, 
SOMs have been useful to reduce the dimensionality and 
the organization of large geoscience data set. Swales et al. 
(2016) has hierarchically trained SOMs on the magnitude of 
the standardized IVT anomaly (|IVT|′) to identify different 
moisture delivery mechanisms for extreme rainfall in the US 
Mattingly et al. (2016) has applied SOMs to IVT data with 
the seasonal cycle removed to link the trends of mass loss 
of Greenland ice sheet with increases of moisture transport 
to Greenland.

In this study, we applied SOMs to cluster the |IVT|′ to 
examine different moisture pathway patterns associated with 
seasonal precipitation totals and extremes across Canada. 
The anomaly of the magnitude of IVT were computed by 
subtracting the monthly means from the total field and were 
then normalized by dividing the anomaly values by the 
standard deviation of the local daily data in that month over 
all years to obtain the |IVT|′. For every season and region, 
the SOM was first trained on the |IVT|′ to examine synoptic 
moisture pathways. The regional domains for |IVT|′ extend 
from 180°W to 100°W and 40°N to 80°N for Canada West, 
and 100°W to 25°W and 40°N to 80°N for Canada East, 
respectively, which include both land and marine areas 
(Fig. 1). Since we aimed to identify the variability of syn-
optic moisture transport over both land and ocean regions, 
we trained the land and ocean |IVT|′ together, instead of 
highlighting IVT anomalies over land to cluster synoptic 
moisture transport that were done in Swales et al. (2016) and 
Alexander et al. (2015).

We tested four SOM configurations: a 4-node SOM (2 
columns × 2 rows), a 9-node SOM (3 columns × 3 rows), a 
12-node SOM (4 columns × 3 rows), and a 16-node SOM 
(4 columns × 4 rows) applied to |IVT|′ data. For each test, 
SOM nodes were explored using a variety of SOM node 
configurations and parameters, such as neighborhood func-
tion, learning rate, and radius. Results show that domi-
nant patterns were not sensitive to the SOM configuration 
and parameters. From results of these tests, we eventually 
chose the 9-node |IVT|′ SOM as the best clustering for 
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analyzing precipitation of Canada. Each SOM node rep-
resents a |IVT|′ pattern. The nine-output |IVT|′ patterns 
derived from the 9-node SOM is sufficient to show some 
infrequently occurred |IVT|′ anomalies and to represent the 
continuum of moisture pathway patterns without involv-
ing excessive intra-node variability. The nine output |IVT|′ 
patterns are also easier to interpret than those derived from 
the 16-node SOM.

Once the 3 × 3 SOM array for |IVT|′ has been created, 
the |IVT|′ data were ‘mapped’, in which each daily |IVT|′ 
was compared with each |IVT|′ pattern to identify the pat-
tern to which a daily |IVT|′ best matches. Thus, each daily 
|IVT|′ was classified to one of the nine |IVT|′ patterns. 
This mapping procedure generated a list of node num-
ber corresponding to each daily |IVT|′, which allows us 
to determine the occurrence frequency of each |IVT|′ pat-
tern. For each |IVT|′ pattern, the composite averages of 
GPH, surface temperature, and IVT vector fields were also 
computed by relating each daily field to that |IVT|′ pattern 
occurring on that day. To more clearly identify the atmos-
pheric circulations and maximally capture an entire low 
or high-pressure system that links to each |IVT|′ pattern, 
the regional domain of these composites was expanded to 
the whole country. In this study, |IVT|′ patterns and com-
posites of GPH, surface temperature, and IVT vector are 
together referred to as LSMPs.

2.3 � Mapping mean and extreme precipitation

We defined extreme precipitation events as the top 5% 
and 1% of days of daily precipitation larger than 0.2 mm 
that occurred in each season during the 56-year period. 
This definition of precipitation extremes results in about 
6.0 (top 5%) and 2.0 days (top 1%) of extreme precipita-
tion events per season in a year, which ensures sufficient 
samples for this study. For seasonal precipitation totals, 
the daily precipitation at each grid box on each day was 
related to the |IVT|′ pattern occurring on that day. Daily 
precipitation anomaly corresponding to a |IVT|′ pattern 
was derived by subtracting the mean daily precipitation for 
that |IVT|′ pattern from the overall mean daily precipita-
tion for all days of each season. For extreme precipitation 
events, a day with extreme precipitation was related to 
a |IVT|′ pattern that occurred on that day. For each grid 
box, the frequency of extreme precipitation events that 
have occurred on a |IVT|′ pattern was the ratio of the total 
number of extreme precipitation events for that |IVT|′ pat-
tern to that for all the nine |IVT|′ patterns. These analyses 
produced maps relating each |IVT|′ pattern to seasonal 
precipitation anomalies and the occurrence frequency of 
extreme precipitation events across Canada. By so doing, 
we can identify LSMPs that are responsible for seasonal 
precipitation and extreme precipitation events.

Fig. 1   Provinces and ecoregions of Canada. The red vertical line 
divides Canada into Canada West and East analyzed in this study. 
The Provinces or Territories of Canada are: AB Alberta, SK Saskatch-
ewan, MB Manitoba, NL Newfoundland and Labrador, PE Prince 

Edward Island, NS Nova Scotia, NT Northwest Territories, NU Nuna-
vut, ON Ontario, NB New Brunswick, YT Yukon Territory, British 
Columbia, QC, Quebec
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2.4 � Changes in occurrences of LSMPs 
and precipitation

Transition frequencies from one pattern to other pattern 
could show how LSMPs are temporally related to each other 
(Mieruch et al. 2010; Swales et al. 2016). Because |IVT|′ 
patterns and composites (LSMPs) result from |IVT|′ and 
GPH, surface temperature, and IVT vector fields of indi-
vidual days, we further examined all days involved in each 
|IVT|′ pattern and trends of each LSMP occurred in each 
year for each season during 1958–2013. Here we calculated 
following characteristics of LSMPs: (1) the total number 
of days on which each |IVT|′ pattern had occurred (occur-
rence, day year−1); (2) the mean length of consecutive occur-
rences of each |IVT|′ pattern (persistence, day event−1); and 
(3) the longest consecutive occurrence (maximum duration, 
day event−1); (4) the 1-day lead transition frequency for all 
nine |IVT|′ patterns (transition matrix, %). For the former 
three characteristics, a trend analysis over 1958–2013 was 
conducted by the nonparametric Mann–Kendall (MK) test 
(Kendall 1975) at the 0.05 significance level. The trends of 
seasonal precipitation totals and the extreme precipitation 
events occurred in each |IVT|′ pattern were also tested by the 
MK test. The magnitude of changes in these characteristics 
was estimated by the Theil–Sen estimator (Sen 1968).

2.5 � Teleconnections between LSMPs and large‑scale 
climate anomalies

Some interannual and interdecadal variabilities in dominant 
atmospheric circulations and hydroclimatic variables over 
Canada are related to large-scale teleconnections (Couli-
baly 2006; Gan et al. 2007; Newton et al. 2014; Tan et al. 
2016), such as Pacific North American (PNA) pattern, El 
Niño-Southern Oscillation (ENSO), Pacific Decadal Oscil-
lation (PDO), North Atlantic Oscillation (NAO) and Arctic 
Oscillation (AO). We used climate indices that represent the 
above five climate oscillations to evaluate the teleconnection 
between occurrences of LSMPs and precipitation for each 
season over Canada West and East. The multivariate ENSO 
index (MEI) (Wolter and Timlin 2011) was used to repre-
sent ENSO. The cold (warm) ENSO phase, i.e., La Niña (El 
Niño), is represented by negative (positive) values of the 
MEI. Daily values of the MEI, PNA, PDO, NAO, and AO 
indices were obtained from the Climate Prediction Centre 
(http://www.cpc.ncep.noaa.gov/).

Each daily teleconnection distribution was divided into 
three conditions, i.e., positive, neutral, and negative con-
ditions of the 56 years included in the study period. This 
procedure was widely used to categorize teleconnections 
(e.g., Bonsal et al. 2001; Newton et al. 2014). We linked 
MEI, PDO, PNA, NAO and AO conditions to each |IVT|′ 
anomaly pattern as composite teleconnection conditions, on 

daily, monthly and seasonal scales. To show the possible lag 
effects of teleconnection on LSMPs, we calculated the 0-, 
1-, 2-, and 3-month lag time composites of teleconnection 
conditions for each |IVT|′ pattern. We used the two-sample 
nonparametric Kolmogorov–Smirnov test to evaluate the dif-
ferences in synoptic type frequency distributions for each 
positive–negative pair at the 0.05 significance level.

3 � Results

3.1 � Changes in precipitation totals and occurrence 
of extreme precipitation events

Figure 2 shows changes in precipitation totals and occur-
rences of extreme precipitation events in winter and spring 
derived from the ANUSPLIN precipitation dataset. Changes 
in seasonal total precipitation in both winter and spring are 
statistically significant over entire Canada as detected by the 
MK test. Winter precipitation has mainly increased in north-
ern Canada but decreased in southern and central Canada 
during 1958–2013, although some areas in southern Ontario, 
southern British Columbia have also experienced significant 
increasing trends (Fig. 2a). However, spring precipitation 
increased in southern and northern Canada but decreased in 
Yukon Territory, southern Northwest Territories, and north-
ern Canadian Prairie provinces (Fig. 2b). The seasonal pre-
cipitation totals averaged over the west (east) indicate a sig-
nificant decrease (increase) of − 21.5 (25.9) mm in winter, 
while spring precipitation over the west and east increased 
by 39.0 and 77.1 mm, respectively, during the past 56 year.

Similar to trends of seasonal precipitation totals, the 
occurrence of heavy (5%) precipitation and extreme (1%) 
precipitation events also showed an overall decrease in 
winter and a marginal increase in spring (Fig. 2c), while 
a statistically significant increase in northern Canada in 
both winter and spring (Fig. 2d). Statistically significant 
changes in the occurrence of heavy and extreme precipita-
tion identified by Poisson regression were denoted with blue 
contours in Fig. 2c–f. As expected, there are more spatial 
variabilities in occurrences of extreme precipitation events 
than those of precipitation totals. The occurrence frequency 
of heavy precipitation events is much more significant and 
more spatially consistent than that of extreme precipitation 
events (Fig. 2c–f). Therefore, we only further report results 
of heavy precipitation as an indicator of the extreme pre-
cipitation, unless otherwise specified. Because both Canada 
West and East have experienced a mix of increasing and 
decreasing trends in extreme precipitation, the overall areal-
weighted average of decrease (increase) in occurrences of 
extreme precipitation is − 0.025 (0.156) events per year over 
Canada West in winter (spring), and Canada East has expe-
rienced an increase of 0.167 and 0.245 events per year in 

http://www.cpc.ncep.noaa.gov/
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winter and spring, respectively, during the past 56 year. Note 
that the average number of all seasonal extreme precipitation 
is about 2 events per year.

3.2 � LSMPs features

Daily |IVT|′ was classified into nine patterns (nodes) on a 
3 × 3 SOM array (Fig. S1 for winter and Fig. S2 for spring, 
respectively) for Canada West (Figs. S1a and S2a) and East 
(Figs. 3b, 4b). Nine synoptic |IVT|′ patterns exhibit varying 
centers of extremely high and low |IVT|′ from Node S1 to S9 

for both regions and both seasons. Neighboring nodes show 
the strongest similarities while the largest variance of the 
spatial distribution of |IVT|′ is shown in nodes with the larg-
est separation, particularly for nodes in opposing corners. 
Different spatial distributions of |IVT|′ result from differ-
ent pathways for transporting moisture to different regions, 
which can be identified by integrated interpretation of |IVT|′ 
patterns and circulation patterns (Figs. S3, S4). To more gen-
erally describe LSMPs and moisture pathway patterns, we 
grouped some similar |IVT|′ nodes for each season and each 
region, based on the central locations and their evolution of 

Fig. 2   Changes in the mean 
seasonal precipitation (a, b), 
occurrence of heavy precipita-
tion events defined with days 
when precipitation exceed 95% 
of daily precipitation of wet 
days in a season (c, d), and 
occurrence of extreme precipi-
tation events defined with days 
when precipitation exceed 99% 
of daily precipitation of wet 
days in a season (e, f). Grid 
cells with statistically signifi-
cant trends in the occurrence of 
heavy and extreme precipitation 
identified by Poisson regression 
were within blue contours. All 
grid cells are with statistically 
significant trends in seasonal 
precipitation totals. The left 
column (a, c, e) shows trends 
for the winter season while the 
right column (b, d, f) shows 
trends for the spring season
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extremely large |IVT|′ values (dark blue regions in Figs. S1, 
S2). Each node was assigned to one of four pattern clusters 
which are the dry, north, west and central pattern clusters 
for Canada West, and the dry north, south and east pattern 
clusters for Canada East, respectively. The latter three pat-
tern clusters are wet |IVT|′ patterns showing anomalous high 
|IVT|′ over particular regions, while the dry pattern cluster 
exhibits a nationwide anomalous low |IVT|′. As expected, for 
both regions and both seasons, the regions with extremely 
high |IVT|′ are located around the ridge for each node, and 
the magnitude of the extremely large |IVT|′ on each node is 
associated with the strength of high-pressure ridge shown 
on that node. The dry pattern generally corresponds to a 
typical circulation without an evident high-pressure ridge 
over the study region.

To avoid presenting too many details, we only show four 
|IVT|′ patterns and their associated seasonal precipitation 
totals and occurrences of precipitation extremes in the main 
text, while all the 9 patterns are presented in Supplementary 
Figures. In the 9 patterns, the selected four patterns (the 
first row of Figs. 3, 4, 5, 6) represents four pattern clusters 
that are primarily associated with spatiotemporal variabili-
ties of regional precipitation. The corresponding compos-
ites of 500-hPa GPH, surface temperature anomalies, and 
IVT fields for the nine |IVT|′ patterns were shown in the 
second row of Figs. 3, 4, 5 and 6 for winter and spring, 
respectively. The composite maps show comprehensive cli-
matological features of LSMPs identified from a variety of 
spatial clusters of surface temperature anomalies, IVT vec-
tors, pressure highs and lows, and ridges and troughs over 
North America, North Pacific, North Atlantic and Arctic. 
For atmospheric systems where the trough points south and 
the ridge points north, regions of mid-tropospheric con-
vergence (divergence), located to the right (left) of a ridge 
axis and left (right) of a trough, are concurrent with sur-
face divergence (convergence), consequently suppressing 
(facilitating) cloud formation and precipitation. Therefore, 
mid-tropospheric ridges and troughs generally determine the 
location of regions where precipitation events occur. For the 
region that is located in the east of the Rocky Mountains, lee 
cyclogenesis is of great importance for efficiently generat-
ing precipitation (Lackmann and Gyakum 1996; Spence and 
Rausch 2005).

For LSMPs over Canada West in winter, the North 
(Fig. 3e) and West pattern (Fig. 3g) clusters exhibit a high-
pressure system with the center shifted southeast from the 
Gulf of Alaska to southwestern Canada which shows the 
movement of pathways for transporting moisture to Canada 
West. A strong ridge over the Pacific Ocean in Nodes S1-S2 
results in northerly meridional flow directing cold Arctic air 
over the south of Canada West, while an Aleutian Low and 
Gulf cyclone across Canada West and Alaska in Nodes S3 
(Fig. 3e) forces moisture from North Pacific to the north of 

Canada West. Nodes S3–S5 also show various ridges over 
western North America with different strengths and posi-
tions which block the flow of cold Arctic air into the south 
of Canada West (Bonsal et al. 2001; Newton et al. 2014; 
Rutz et al. 2015). Nodes S1–S5 indicates a significantly 
wavy mid- and high-latitude atmospheric circulation over 
North America (Fig. S3a) for moisture pathways that could 
associate with jet streams resulting from the anticyclonic 
or cyclonic nature of the Rossby wave breaking event (Liu 
and Barnes 2015). The dry pattern depicts more zonal flow 
(Fig. 3d) and a split-flow blocking high (Fig. S3a), resulting 
in anomalously high temperature over Canada West.

Past studies have examined some moisture pathways that 
can lead to mild or extreme precipitation events for some 
particular regions of Canada. Brimelow and Reuter (2005) 
found that the Gulf of Mexico can be moisture sources for 
precipitation in southern Canada when the Great Plains low-
level jet stream (storm track) to Dakotas is concurrent with 
cyclogenesis centered over the Canadian Prairies. Negative 
anomalies of precipitation over central and western Cana-
dian Prairies were linked with low moisture transport from 
the Pacific Ocean (Gulf of Mexico) in the winter (summer) 
(Liu et al. 2004). Both the Arctic and Pacific Oceans are 
moisture sources of winter precipitation for the Saskatch-
ewan River Basin in the Canadian Prairies (Liu and Stewart 
2003). The transport of moisture for the Mackenzie River 
Basin with 1.8 million km2 in basin area, has high spati-
otemporal variabilities (Smirnov and Moore 1999, 2001). 
Specifically, during autumn, winter, and spring, extratropi-
cal cyclones transport moisture from the subtropical and 
mid-latitude central Pacific Ocean into the Mackenzie River 
Basin, while moisture from the Arctic Ocean enters the Mac-
kenzie River Basin during the summer. Characterized by 
a relatively elongated band of concentrated moisture and 
strong, low-level wind in the atmosphere (Dettinger 2011; 
Tan et al. 2018a), atmospheric river events in mid-latitude 
Pacific Ocean trigger extreme precipitation events in British 
Columbia (Roberge et al. 2009; Spry et al. 2014; Tan et al. 
2018a).

The waviness of circulation in spring for Canada West 
is less evident than that in winter (Fig. 4e–h), even though 
the Aleutian Low and Gulf cyclone across Canada West 
and Alaska are evident in some nodes (Fig. 4f). The North 
pattern cluster (Fig. 4e) exhibits strong ridges over western 
Canada and the ridge shifts eastward from British Colum-
bia to Canadian Prairie Provinces. The West pattern cluster 
(Fig. 4f) shows a weak trough over western Canada, while 
the dry pattern (Fig. 4h) shows significant zonal flow. How-
ever, the Central pattern cluster (Fig. 4g) indicates both 
troughs over the North Pacific and ridges over western 
Canada.

For LSMPs over Canada East in winter (Fig. 5e–h), nine 
nodes generally show troughs stretching from Arctic Canada 
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to Canada East with varying directions and strength, even 
though ridges stretching from particular regions of North 
Atlantic intrude to Canada East. Specifically, the North pat-
tern cluster (Fig. 5e) exhibits troughs stretching from the 
Hudson Bay to the Atlantic Maritime concurrent with ridges 
stretching from the North Atlantic to Arctic Canada. The 
South pattern cluster (Fig. 5f) only shows troughs over Can-
ada East, while the East pattern cluster (Fig. 5g) also shows 
troughs that westward shift to Canada East compared to 
those of the North pattern cluster. The dry pattern (Fig. 5h) 
shows a typical zonal flow across Canada East. LSMPs over 
Canada East in spring (Fig. 6e–h) is pairwise similar to those 
in winter (Fig. 5e–h), except that low-pressure troughs are 
weaker in spring and high-pressure ridges westward shifts 
to Canada East, compared to those in winter.

For eastern Canada, synoptic structures that are responsi-
ble for precipitation events over different regions were rather 
disparate both in the warm season (Milrad et al. 2014) and 
cold season (Milrad et al. 2009a, b). For example, precipi-
tation over the south of Canada East is related to a strong 
anticyclone downstream of the center of Canada East. Pre-
cipitation over the southwest of Canada East is related to a 
strong cyclone centered over the Gulf of Mexico, and pre-
cipitation over the west of Canada East is related to a weak 
Alberta clipper system that intensifies rapidly before reach-
ing the Atlantic Ocean (Milrad et al. 2010). While moisture 

studies had generally been focusing on particular regions of 
Canada, Tan et al. (2018a) identified some moisture sources 
and dominated pathways that are associated with precipita-
tion extremes of different seasons and regions across the 
whole country.

3.3 � Changes in occurrence characteristics of LSMPs

We estimated three occurrence characteristics of LSMPs 
(frequency, persistence and maximum duration) for two sea-
sons and two regions in each year. Thus, we obtained 108 
(3 × 9 × 2 × 2) time series of the pattern occurrence charac-
teristics (the third row of Figs. 3, 4, 5, 6). Trend analyses on 
these time series indicate that 19 (17.6%) occurrence char-
acteristics of LSMPs show statistically significant trends 
during 1958–2013 (Fig.  7). More spring LSMPs show 
significant trends in occurrence characteristics (11 out of 
54) than winter LSMPs (8 out of 54). More |IVT|′ patterns 
experienced trends in the occurrence frequency (8 out of 
36) than persistence (5 out of 36) and maximum duration (6 
out of 36). Canada East (12 out of 54) shows trends that are 
more significant in occurrence characteristics than Canada 
West (7 out of 54).

For Canada West in winter, the significant increase in the 
occurrence of the wet pattern (Fig. 3i) and non-significant 
increase in the occurrence of Nodes S1, S4, S5, and S9 coin-
cide with the non-significant decrease in the occurrence of 
anomalously high |IVT|′ over Alaska (Nodes S2 and S4). 
The increase in the occurrence of Nodes S1, S3, S4 and 
S5 indicates an increase of IVT to the landmass of Canada 
West in winter, which agrees on the increase in the poleward 
moisture transport from the North Pacific to Arctic (Liu and 
Barnes 2015; Zhang et al. 2013). However, the IVT over 
the southern landmass of Canada East in winter increased 
while those of the north decreased, as many patterns show-
ing anomalously high |IVT|′ over southern part of Canada 
West (Fig. 3b) have replaced patterns showing anomalously 
high |IVT|′ over Arctic Canada (Fig. 3a).

The occurrence of anomalously high |IVT|′ over north-
western Canada and the Gulf of Alaska had decreased sig-
nificantly in spring because of decreases in the occurrence 
frequency, persistence and maximum duration of Node S5 
(Fig. 4k). |IVT|′ over the south of Canada West (Node S6) 
and the west of Arctic Canada (Node S1) shows a significant 
increase in spring. Similar to changes in |IVT|′ anomaly pat-
terns for Canada East in winter, decreases in the occurrence 
of dry patterns (Fig. 4l) had led to increases in the occur-
rence of most nodes included in the North and South pattern 
clusters (Nodes S1 and S4–S7). Patterns for Canada East 
(Nodes S2–S3 and S8–S9) showing a decrease in occur-
rences in spring are associated with a region shifted east-
ward with anomalously high |IVT|′, compared to patterns 
(Nodes S1 and S4–S7) showing an increase in occurrences 

Fig. 3   Spatiotemporal variability of moisture transport patterns and 
their associated seasonal precipitation totals and extremes in winter 
over Canada West. a–d Four SOM nodes of standardized integrated 
vapor transport anomaly (|IVT|′) were selected from the 3 × 3 SOM 
nodes showing in Supplementary figures. e–h Composite large-scale 
atmospheric circulation patterns shown by geopotential heights in 
contours, IVT fields in vectors and surface temperature anomalies 
in shaded colors. i–l Time series of SOM |IVT|′ pattern occurrences 
(occurrences; %) in black, the mean length of consecutive occur-
rence (persistence; days event−1) in red, and maximum duration (max 
duration; days  event−1) in blue. m–p Four patterns of daily precipi-
tation anomalies derived form high-resolution ANUSPLIN precipita-
tion dataset mapped onto SOM |IVT|′ patterns shown in a–d. Daily 
precipitation anomalies were calculated as the percentage of mean 
daily precipitation occurred in days with a SOM |IVT|′ pattern in 
each grid cell relative to the 1958–2013 mean daily precipitation 
at each grid cell in all days. q–t Probability of heavy precipitation 
occurred in each SOM |IVT|′ patterns shown in a-d derived from 
high-resolution ANUSPLIN precipitation dataset. u–x Time series 
of the area-weighted mean of seasonal average daily precipitation 
(black; mm  day−1), number of heavy (red) and extreme (blue) pre-
cipitation events (days) per pattern occurrence, referred to throughout 
the text as a measure of the seasonal precipitation totals and occur-
rence frequency of precipitation extremes associated with each pat-
tern. In i–l and u–x, the corresponding mean values (the first row of 
numbers) and the Theil–Sen slope of the trend line (the second row 
of numbers) in 1958–2013 are also presented. Statistically significant 
trends (5% significance level) are shown by bold font in the scatter 
plots. The area-weighted mean daily precipitation and occurrences 
of extreme precipitation events for all winter days over Canada West 
are 0.876 mm day−1 and 2.2 days (average of 0.245 days for 9 SOM 
|IVT|′ patterns), respectively

◂



2672	 X. Tan et al.

1 3



2673Synoptic moisture pathways associated with mean and extreme precipitation over Canada for…

1 3

(Fig. S2b). This indicates that pathways for moisture trans-
porting from the North Atlantic to the Arctic have experi-
enced a westward shift, resulting an increase in IVT through 
the Canada East in spring.

Figure 8 shows matrices of the transition probability 
within the neighboring days between four |IVT|′ anomaly 
pattern clusters, while those between nine SOM |IVT|′ anom-
aly nodes are shown in Fig. S9. Because the persistence of 
LSMPs is ~ 2 days, a node or a pattern cluster tends to tran-
sit to itself with a predominantly high probability (≥ 0.45). 
Most patterns tend to transit to the dry pattern because of 
the extremely high occurrence frequency of the dry pattern. 
However, for Canada East, there has been a higher transition 
probability of LSMPs in spring between wet patterns (north, 
south and east pattern clusters) than those in winter (Fig. 8), 
which also shows the relatively low occurrence frequency of 
the dry pattern for Canada East in spring (Table S1).

Because patterns within a particular pattern cluster have 
similar LSMPs (but with different centers of extremely high 
|IVT|′ anomalies) so that as the synoptic patterns evolved, 
it was highly likely that a pattern could transit to another 
node within the same pattern clusters as that pattern for both 
regions and both seasons. For example, for Canada West, 
a |IVT|′ pattern at Node S4 (S5) is more likely to transit to 
Node S5 (S6). The sequential occurrences of Nodes S4–S6 
show the movement of the Aleutian Low and a ridge over 
Canada West propagating with the westerly from the north-
west of Canada West and the jet stream extending from 
Pacific to western North America, respectively (Fig. S5). 
This sequential pattern transitions also results in the weaken-
ing or strengthening of the ridge over northeastern Pacific 
and western Canada, and the Aleutian Low for Canada West. 
For Canada East in winter, a frequent transition from Nodes 
S1 to S3 means a weakening and the Arctic Low shifted in 
the southeast direction, while the frequent, sequential transi-
tion from Nodes S6 to S9 causes the poleward movement of 
the low-pressure system over Canada East and a shift of the 
ridge over the North Atlantic in the northeast direction (Fig. 
S5b). The pattern transitions for Canada East in spring are 
similar to those in winter, but with less evident movement 
and less weakening/strengthening of ridges and troughs.

3.4 � Precipitation totals and extremes associated 
with LSMPs

Related to the first and second rows of Figs. 3, 4, 5 and 
6, the fourth (fifth) row of Figs. 3, 4, 5 and 6 illustrates 

how the spatial distributions of winter and spring precipita-
tion anomalies (occurrences of precipitation extremes) over 
Canada vary with the occurrence of LSMPs. The sixth row 
of Figs. 3, 4, 5 and 6 shows changes in area-weighted mean 
seasonal precipitation totals and occurrence of precipitation 
extremes under each LSMP pattern. As expected, regional 
positive (negative) seasonal precipitation anomalies across 
Canada generally occurred in the right (left) of the ridge 
axis and left (right) of the trough, in the case that the trough 
points south and the ridge points north (Holton 2004). Dif-
ferent spatial variability of precipitation across Canada 
among nine nodes results from different center locations 
and strength of low- and high-pressure systems, and ridges 
and troughs.

For Canada West in winter, Nodes S7 (S3 and S5) cor-
respond to anomalously wet (dry) condition over the south 
while dry (wet) condition over the north of Canada West 
(Fig. 3m-p). The dry (wet) climate over Canada west is 
associated with Nodes S1–S4 and S7–S8 (S5–S6 and S9). 
During those days under Nodes S4 and S7–S8, almost the 
entire Canada West shows negative precipitation anomalies 
(Fig. S5a). Because the occurrence of dry (wet) nodes for the 
south of Canada West has increased (decreased), the south of 
Canada West had become drier. However, the occurrence of 
dry (wet) nodes for the north of Canada West has decreased 
(increased), thus resulting in an increase of precipitation 
over the north of Canada West. More precipitation extremes 
over the Canadian Prairies are associated with Nodes S6 and 
S7 (Fig. 3s), while British Columbia with Nodes S6 and 
S9 (Fig. 3t), and the north of Canada West with Nodes S5 
and S9 (Fig. 3r, t). The occurrence of precipitation extremes 
under Node S6 has significantly decreased, so the occur-
rence of winter extreme precipitation over the Canadian 
Prairies has decreased over 1958–2013 (Sect. 3.1). However, 
both occurrences of Nodes S3–S5 and S9 and their occur-
rences of precipitation extremes have increased, so there was 
an increase in occurrences of extreme precipitation over the 
north of Canada West where the high occurrence frequency 
of precipitation extremes is associated with Nodes S3–S5 
and S9 (Sect. 3.1).

For spring in Canada West, widespread negative (posi-
tive) precipitation anomalies over Canada West, i.e., Nodes 
S3, S5 and S9 (Nodes S4; Fig. S2a), are associated with 
extremely low (high) |IVT|′ and low (high) surface tempera-
ture anomalies over the landmass of Canada West. Nodes 
showing north–south (Nodes S6 and S8) or east–west (Nodes 
S2 and S7) contrasting spring precipitation anomalies are 
associated with the location and direction of a ridge over 
western North America. Except for Nodes S1–S2 and S6 
under which spring precipitation increased, spring precipita-
tion under other six nodes shows a non-significant decrease 
(Fig. 7). Because both the trends in spring precipitation and 
spatial variability of spring precipitation anomalies vary 

Fig. 4   Same as Fig.  3, but for spring over Canada West. The area-
weighted mean daily precipitation and occurrences of extreme 
precipitation events for all spring days over Canada West are 
0.756  mm  day−1 and 1.8 days (average of 0.201 days for 9 SOM 
|IVT|′ patterns), respectively
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Fig. 5   Same as Fig. 3, but for winter over Canada East. The area-weighted mean daily precipitation and occurrences of extreme precipitation 
events for all winter days over Canada East are 0.912 mm day−1 and 2.8 days (average of 0.309 days for 9 SOM |IVT|′ patterns), respectively
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Fig. 6   Same as Fig. 3, but for spring over Canada East. The area-weighted mean daily precipitation and occurrences of extreme precipitation 
events for all spring days over Canada West are 1.023 mm day−1 and 2.4 days (average of 0.261 days for 9 SOM |IVT|′ patterns), respectively
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greatly between different nodes, it is difficult to attribute 
changes in spring precipitation (Sect. 3.1) to changes in the 
occurrence of LSMPs or the precipitation associated with 
these LSMPs.

Frequent occurrences of spring extreme precipitation 
events are associated with both extremely high |IVT|′ and 
surface temperature anomalies (Nodes S4), and low-pres-
sure blocking systems (Nodes S8 and S9; Fig. S4a), while 

regions in western British Columbia, Canadian Rockies and 
the north of Canada West exposed to a ridge shifted east-
ward also exhibit high occurrence probability of precipita-
tion extremes (Nodes S4 and S6; Fig. S6a). Occurrences of 
extreme precipitation events under four out of nine LSMPs 
have significantly increased, and the occurrence of these 
four patterns has also increased, but only one is statistically 
significant (Fig. 7). The total increasing magnitude of the 

Fig. 7   Trends in land surface precipitation and moisture transport pat-
terns. Trends are calculated for the Canada West and East in winter 
and spring seasons. Region domains (see Fig.  1) in which a SOM 
pattern demonstrate statistically significant, increasing (decreasing) 
trends in the occurrence (O), persistence (P) and maximum duration 
(M) of standardized integrated vapor transport anomaly (|IVT|′) is 

shown in red (blue). Regional domains with positive (negative) trends 
in the average seasonal precipitation (A), occurrence of heavy pre-
cipitation (H) and extreme precipitation (E) occurred in each SOM 
pattern of |IVT|′ is shown in red (blue) which are covered with semi-
transparent, grey rectangles. White boxes indicate no statistically sig-
nificant trends

Fig. 8   One day lead transi-
tional frequencies between the 
4 pattern clusters defined in 
Table S1. The transition prob-
ability shows how probable 
a pattern in a day transits to 
another pattern (or persist in 
that pattern) in the following 
day. For example, the value of 
0.19 (0.59) for the Dry pattern 
of Canada West in winter means 
that if today’s weather is the 
Dry pattern, then tomorrow’s 
weather would be the North 
(Dry) pattern with a probability 
of 19% (59%)
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occurrence of extreme precipitation significantly exceeds 
that of the total decreasing magnitude. This means that 
occurrences of spring precipitation extremes have increased 
over Canada West.

For Canada East in winter, extremely low precipitation 
anomalies are associated with a low-pressure system shifted 
in the northeast direction (e.g., Nodes S2, S4 and S7–S9; 
Fig. 5g, h, o, p and S5b) while frequent occurrences of 
extreme precipitation events are associated with extremely 
high |IVT|′ anomalies (Nodes S5). As both winter precipi-
tation totals under Nodes S2 and S4–S6 and occurrences 
of these nodes have increased, the winter precipitation has 
increased over Canada East. Even though Node S9 shows 
widespread negative |IVT|′ anomalies, a high percentage 
of precipitation extremes occurred in days showing similar 
|IVT|′ patterns as Node S9 (Fig. 5t). This is partly because 
of its extremely frequent (38%) occurrences and the frequent 
occurrence of convective precipitation not fully controlled 
by LSMPs. Although only occurrences of precipitation 
extremes under Node S5 had significantly increased, the 
occurrence of precipitation extremes under Nodes S4–S8 
associated with frequent precipitation extremes had also 
increased, but not significant. The increase in occurrences of 
precipitation extremes under these patterns were concurrent 
with increasing occurrences of these patterns, thus result-
ing in more frequent occurrences of winter precipitation 
extremes over Canada East.

For Canada East in spring, regions with positive (nega-
tive) spring precipitation anomalies over Canada East show 
extremely positive (negative) |IVT|′ anomalies for all pat-
terns (Fig. 6a–d, m–p), while frequent occurrences of spring 
precipitation extremes are associated with both extremely 
positive |IVT|′ anomalies (Nodes S5–S7) and uniformly 
westerly zonal flow (Node S9). Node S1, which shows posi-
tive |IVT|′ anomalies for most areas and a trough shifted 
southeast centered over the landmass of Canada East and 
a ridge shifted northwest centered over the North Atlantic, 
are associated with positive spring precipitation anomalies, 
but precipitation extremes have occurred less frequently. 
The frequency of precipitation extremes occurring over 7 
out of 9 LSMPs has increased, even though the occurrence 
of corresponding patterns shows both negative and positive 
trends (Fig. 7). However, the spring precipitation over 6 out 
of 9 LSMPs has decreased, but most trends are not statisti-
cally significant. Because both occurrences of Node S1 and 
occurrences of precipitation extremes under Node S1 have 
experienced a significant increase, the occurrence of extreme 
precipitation has increased.

3.5 � Teleconnections

MEI, PDO, PNA, NAO and AO daily indices were classified 
into nine groups based on the days occurred with each of the 

nine patterns. There are significant differences in synoptic 
type frequency distribution between positive and negative 
teleconnection conditions for both regions and both seasons 
(Fig. 9), which demonstrates significant effects of large-scale 
climate anomalies on occurrences of LSMPs identified by 
SOM of |IVT|′ anomaly patterns. Additional composite anal-
yses of the teleconnection between the occurrence of LSMPs 
and the 0-, 1-, 2-, and 3-month lagged climate indices pro-
duced similar results as those shown in Fig. 9.

Effects of PNA on occurrences of LSMPs in winter and 
spring over Canada West are extremely important as occur-
rences of 8 out of 9 LSMPs significantly correlated with the 
teleconnection condition of PNA. For Canada West, winter 
Nodes S3–S5 and S9 (S1–S2 and S6–S7) that are related to 
hot and dry (cold and wet) climate, and less (more) frequent 
precipitation extremes over the Canadian Prairies tend to 
occur during the positive (negative) phase of PNA (Figs. 3, 
9). This agrees with low winter precipitation observed over 
southwestern Canada in winter during negative PNA years 
(Gan et al. 2007). Spring Nodes S2–S3 (S1 and S4–S6) that 
are associated with low (high) spring precipitation, low 
(high) occurrence probability of precipitation extremes, 
and extremely low (high) |IVT|′ over northern landmass of 
Canada West, are also more likely to occur during the nega-
tive (positive) phase of PNA (Figs. 4, 9). Effects of PNA on 
occurrences of LSMPs for Canada East are generally not 
significant.

The effects of AO and NAO on the occurrence of various 
LSMPs are significant in both winter and spring, especially 
for Canada East. Since AO and NAO are highly positively 
correlated, differences between the occurrence frequency of 
LSMPs between positive and negative AO and NAO are 
similar to each other. For Canada East in both winter and 
spring, Nodes S1–S4 which correspond to a hot and dry 
climate, and less frequent precipitation extremes over the 
south of Canada East have mostly occurred during the nega-
tive phase of NAO while Nodes S6–S9 which are associated 
with a cold and more frequent extreme precipitation events 
over the north of Canada East are associated with the posi-
tive phase of NAO.

ENSO is found to be significantly associated with occur-
rences of LSMPs for Canada West that is significantly 
correlated with MEI, and there were some significant dif-
ferences in the occurrence frequency of LSMPs between 
positive and negative MEI for Canada East in winter. Win-
ter Nodes S2–S4 and S7–S9, and spring Nodes S3, S5–S6 
and S9 for Canada West correspond to a dry climate and a 
low occurrence frequency of extreme precipitation events 
over the south of Canada West tend to occur in years of 
positive ENSO (El Niño) condition. This is consistent with 
the results found in other studies (e.g., Bonsal et al. 2001; 
Gan et al. 2007; Tan and Gan 2017; Tan et al. 2016). How-
ever, for Canada East, LSMPs that tend to occur in negative 
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ENSO years (Node S6–S9) are associated with both wet 
(Nodes S6–S7) and dry (Nodes S8–S9) climate, which indi-
cates a weak correlation between ENSO and precipitation 
in Canada East. Differences in the occurrence frequency 
between positive and negative phases of PDO are similar to 
those of ENSO regarding the synoptic types of nine LSMPs, 
as positive PDO also corresponds to a dry climate and low 
occurrence frequency of extreme precipitation.

4 � Summary and conclusions

This study identified dominant synoptic moisture pathway 
patterns using the SOM algorithm on |IVT|′ over Canada 
West and East in winter and spring. Composite mean val-
ues of IVT fields, GPH, and surface temperature for each 
SOM |IVT|′ pattern were calculated to obtain LSMPs that 
can comprehensively describe synoptic moisture pathways. 
Moisture pathways and LSMPs were linked to seasonal pre-
cipitation totals and widespread occurrences of precipitation 
extremes. We evaluated changes in characteristics of LSMPs 
including frequency, persistence and maximum duration. 
One-day lag transitions between different LSMPs were also 
estimated. Changes in seasonal precipitation totals and the 
occurrence frequency of precipitation extremes under each 
LSMP were also identified. Thus, observed changes in sea-
sonal precipitation totals and occurrences of precipitation 
extremes were attributed to both the occurrence of LSMPs 

and the precipitation under those LSMPs. To study the 
effects of large-scale climate anomalies on the occurrence 
of LSMPs, composite teleconnection condition of selected 
climate indices for each LSMP were also analyzed. The find-
ings of the study are summarized as follows:

1.	 Synoptic moisture pathways and LSMPs for seasonal 
precipitation totals and occurrences of extreme precipi-
tation events that had impacted Canada West and East 
in winter and spring were featured by various regions 
exposed to anomalously high IVT, deepened high and 
low pressures, and strengthened troughs and ridges. The 
identified circulation patterns exhibit the propagation of 
jet streams resulted from the Rossby wave resonance, as 
the location and direction of ridges and troughs, and the 
strength and center of pressure lows and highs varied 
considerably. Compared to spring, winter shows a wav-
ier and more amplified jet stream capable of producing 
extreme precipitation (Mann et al. 2017).

2.	 Regions showing positive (negative) precipitation 
anomalies for each LSMP are generally located to 
the right (left) of the ridge axis and left (right) of the 
trough which favorably lead to moisture convergence 
(divergence). Even though LSMPs resulting in positive 
precipitation anomalies are associated with more fre-
quent occurrences of extreme precipitation events than 
those resulting in negative precipitation anomalies, the 
dry patterns featured with anomalously low |IVT|′ are 

Fig. 9   Comparison of synoptic 
type frequency distribution 
between positive and negative 
teleconnection conditions. Sta-
tistically significant differences 
in synoptic type frequency dis-
tributions detected by the two-
sample Kolmogorov–Smirnov 
test are denoted with * over the 
pair-wise bars
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sometimes associated with more frequent occurrences 
of extreme precipitation events. Further studies should 
be conducted to examine whether high frequency of 
precipitation extremes occurred under dry patterns is 
caused by the high occurrence frequency of dry patterns 
or/and particular physical processes that are not associ-
ated with LSMPs (e.g., local convective precipitation).

3.	 Only 17.6% of the annual occurrence characteristics of 
LSMPs identified show statistically significant changes 
for winter and spring. There was a significant decrease 
in occurrences of moist synoptic patterns that are favora-
ble to positive precipitation anomaly and more precipita-
tion extremes in winter over Canada West. The seasonal 
precipitation and occurrence of precipitation extremes 
under most moist synoptic patterns had also decreased. 
Therefore, the seasonal precipitation and the occur-
rence of extreme precipitation events had dramatically 
decreased over Canada West in winter.

4.	 LSMPs resulting in a hot and dry (cold and wet) climate 
and less (more) frequent extreme precipitation events 
over the Canadian Prairies in winter and northwestern 
Canada in spring are more likely to occur in years with 
the negative (positive) phase of PNA. LSMPs resulting 
in a wet climate and frequent occurrences of extreme 
precipitation events over southeastern Canada are asso-
ciated with the positive phase of NAO. In El Niño years 
and negative PDO years, occurrences of LSMPs tend to 
associate with a dry climate and less frequent precipita-
tion extremes over western Canada.
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