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1 | INTRODUCTION

Extreme precipitation events in the Arctic—recorded as
SNOW, Fain, or rain-on-snow—can have large impacts on
Arctic ecosystems, wildlife, and human activities {Bjerke
el al., 2015; Christensen et al., 3021} Rain-on-snow with
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Abstract

Given growing interest im extreme high-latitude weather events, we use
records from nine meteorological stations and atmospheric reanalysis daga
o examine extreme daily precipitation evenis (leading, 99th and 95th per-
centile} over Arctic Canada. Leading events span 90 mm at Cape Dyer,
along the southeast coast of Baffin Island, to 26 mm at Sachs Harbour, on
the southwest coast of Banks Island, The 95th percentiles range from 20 (o
0% of leading evenl sizes, Extreme evenis are mast common on o near the
month of climatological peak precipitation. Contrasting with Eurasian con-
timental sites having a July precipitation peak corresponding to the seasonal
peak in precipitable water, seasonal cycles in precipitation and the fre-
quency of extremes over Arclic Canada are more varied, reflecting marine
influences. At Cape Dyer and Clyde River, mean precipitation and the fre-
quency of extremes peak in October when the atmosphere is quickly cool-
ing, promoling strong evaporation from Balfin Bay, AL all stations, leading
events involved snowfall and strong winds and were associated with cyclone
passages (mostly of relatively sirong storms). They also involved sirong
vapour fluxes, sometimes associated with atmospheric rivers or their rem-
nants, The most unusual sequence of events identified here occurred at
Clyde River, where the three largest recorded precipitation evenis occurred
in April of 1977, Obtaining frsi-hand accounts of this series of evenis has
proven elusive, Identified links between extremne events and atmospheric
rivers demonstrates the need 1o better understand how the characieristics of
such features will change in the future,
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subsequent re-freezing, occurring even in events with
low precipitation amounts overall, have been linked to
massive stanvation-induced die offs of semidomesticated
reindeer and musk oxen (Rennert ef al, 20087 Forbes
ef al., 2016; Serreze ¢f al., 2021). Large Arctic precipita-
tion events have been linked to fooding, slush
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avalanches and permafrost warming (Hansen ef al., 2014;
Serrese el al., 2015) as well as amplified melt and runoff
from the Greenland lee Sheet (Daoyle er al., 2015).

Results from numerous studies, taken together,
describe a future Arctic with more precipitation, a transi-
tion from snowfall- to rainfall-dominated climates, and a
shorter meturnm  period  for  high-intensity  evenis
(e.g., Kharin ¢f al, 2013; Sillmann er al, 2013; Toreti
et al., 2013; Kusunoki e al., 2015 McoCrystall et al., 3021;
Dou et al., H22) However, as reviewed by Walsh ef al.
(20200, trend assessments of precipitation and precipita-
tion extremes across the Arctic over the period of ohser-
vations show no coberent pattern. Results reported in
different studies depend on the time period and region
examined and the type of analysis utilized with the
research, Some studies relied on gauge records, while
others relied on output from atmospheric reanalysis
prodducts. Most recentlly, Yu and Zhong (2021) examined
trends in seasonal precipitation and extremes over the
1979-2016 period based on outpul from the ERA-Interim
reanalysis. While more regions were found to have statis-
tically significant positive (rather than negative} trends,
especially in avtumn and winter over the Arctic Ocean
and the northern Morth Atlantic, negative trends were
maore the rule in areas of northern Euwrasia and MNorth
America.

To provide context for interpreting projections of
change from modelling studies {in addition to the mixed
findings on trends from observational studies), it is useful
o take a step hack to get a better handle on the observed
characteristics of extreme Arctic precipitation events.
Here, we examine exireme precipitation events over the
Canadian Arctic based on station data obaervations {ning
stations with precipitation measuremenis spanning sev-
eral decades) and aimospheric circulation fields from the
European Centre for Medium Range Weather Forecasts
(ECMWTF) ERAS atmospheric reanalysis. We focus on
the largest (leading) evenis, along with those in the 99th
and 95th percentile. How large are extreme precipitation
events in the Canadian Arctic? What is their seasonality,
bearing on whether they are associated with snow versus
rain? What are the atmospheric circulation patterns that
give rise to them? Are they commonly associabed with
atmospheric river events? Qur study addresses these
questions.

The approach is as follows: (a) select stations with
long records of daily precipitation across the Canadian
Arctic; (b) assess the size of extreme precipitation evenis
and their peographical differences, focusing on the single
largest event (leading event), 99th and 95th percentile
events at each site; (¢} assess the seasonality of exireme
events in relation to the mean seasonal cycles of precipi-
tation at each selected site and whether they fall as rain

or snow; (d) look at the synoptic weather patierns associ-
ated with the largest (leading) evenis at each site and pos-
sible links with atmospheric rivers, narrow bands of high
water vapour transport originating in the tropics or sub-
tropics (Ralph and Dettinger, 2011; Ralph et al., 2017);
(&) examine April 1977 as a special case study, which con-
tains the three largest evenis in the daily record for Clyde
River, a small Inuit community that lies on the northeast
coast of Baffin [=land.

2 | DATA SOURCES

2.1 | Precipitation records

Duaily records for Canadian meteorological stations were
downloaded at  hopss//climatedata.ca/downboad/ #station-
download. The records contain: iofal precipitation, total
rainfall, total snowfall, the depth of snow on the ground,
daily maximum, minimum and mean surface air empera-
ture, wind speeds, heating degree days, and other variables.
Cruality flags are also provided. Mot all stations contain all
these variables, and some stations have a large amount of
missing data. Canada is on the World Meteorological Orga-
nization’s {WMO's) standard 06Z o 062 Climate Day; the
precipitation data are for the 24-hr period ending 062
Hence, an event reported (for example) on December
21 corresponds to the accumulated precipitation from DBEZ
December 21 to 062 December 22,

We selected the nine stations across the Canadian
Arctic (north of the Arctic circbe) with the longest and
most complete records (Figure 1 and Table 1). Station ele-
vations range from 9 m (Hall Beach} i 393 m (Cape
Drver) above sea level. Some stations have undergone site
re-locations through the years, and records are provided
a5 separate files with different station names. The records
may also overlap. For example, records for Chyde River
(Baffin Island) are provided in files listed for CLYDE A,
CLYDE RIVER A, and CLYDE RIVER CLIMATE, with
slightly different geographical coordinates. In bwo cases
(Hall Beach and Cambridge Bay), separate files were
available under the same station name but span different
time periods. Data from the most complete multiple
records were combined into single records, using the lon-
gest records as the base to build from. Some records from
automated stations were also available but were not used.

Daily precipitation in the Canadian network is mea-
sured fo the nearest 0.2 mm for precipitation totals
greater than 02 mm (zee section 3.7 of MANORBS,
htips:/ forww. canada ca/content/dam/eccc/migration)
main/manobs/73bc31 52-g 142-daee-acTd-cf 30daffermy
manchs_Te-aly_eng web.pdf). As such, our analysis is
based on statistics that include all nonzero precipitation
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FIGURE 1 Loction of the nime selected siations with long records, along with the sizes of the lesding, ®ith and 95th percentile events
(in mim). Statinn ebevations ane given in Tabie 1

TABLE 1 Characieristics of the siathon records

Inuvik* BH.30 =] 344 [ 1557 i,

) INUNIE A

Sachs T =282 b 155 2 13 SACHS HARBOUR A, SACHS
Harbour HARBOUR CLIMATE

Cambridge  &0.11 — 105,14 3 1529 221 14 CAMBRIDGE BAY A {1wo files combined)
Bay®

Resodute 7472 =ik 97 L] 14547 2021 1 RESOLUTE CARS, RESOLUTE BAY A
Bay

Alert 8252 —B2IR 3 1950 2021 1 ALERT, ALERT CLIMATE

Eureka 798 —B5.93 10 1947 2021 1 EUREKA A, EUREEA CLIMATE

Hall Beach®  68.78 Rl o 1957 221 7 HALL BEACH A {1wo files combied )

Clyide AT —68.51 27 1933 2021 2 CLYDE A, CLYDE RIVER CLIMATE
River!

Cape Dyer® 06,58 =tl 2 ELx ] 1954 1993 3 CAPE DYER A

Nofe: In the case of staticens with mudtiple records thal were combined., Ehe loegis! recoed (used % thee Base) is sted firs in bold.

"IMUYLE UA exmemds froen 1995 oo 2007; INUYTE COA covers I.H:l-m}gl.

*Thineo files lssed usder CAMBRIDWGE BAY A tho bongest runs from 1929 o 3005, the other feo from 3005 and 3618 sowants, CAMBRITSGE BAY GSN runs
from 2002 anwards.

“Twe fibes listed under FLALL DEACT A, the Gt froem 1957 8o 2014 and e seoomd from 3012 40 J021.

'L'L‘HJE RIVER A extends ferm 2003 1o 2021; CLYTHE AWOS, an sulemalic sietion, runs from 2008 o 2053,

"CAFL DYER contains 1955, then russ from 1993 onwords, but with ae precipitation (assussed 1o be from an sutemated stalionh

events, Most Arctic precipitation events are quite small—  precipitation less than 0.2 mm, Trace events arg consid-
for most of the stations studied here, more than 50% of  ered “nonaccumulating” precipitation and are usually
daily precipitation totils are less than 1 mm (8ee later dis-  indicated by a =T in the observational record, rather
cussion), There are also many e events with  than an amount of accumulation.
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2.2 | ERAS atmospheric fields
T assess associated atmospheric conditions, reliance is
placed on data from the ECMWF ERAS atmospheric rea-
nilysis {Hershach e al., 2030 Bell e al, 2021} ERAS
data are available from 1950 onwards, but the quality of
the output is more reliable starting in 1979, the start of
the modern satellite era. Satellite data provide a wealth of
information that may be assimilated into the analvsis and
forecasting system. The ERAS data prior to 1979 is con-
sidered a “preliminary version,” according to information
provided on the Copernicus Climate Data website, where
atmospheric reanalysis datasets can be obtained. ERAS is
the latest in what is now a long peneration of aimo-
spheric reanalysis efforts, and it performs slightly better
than other atmospheric reanalyses at matching observed
precipitation totals from extreme evenis in the eastern
Canadian Arctic {Loeb e al., 2022

ERAS data are used in several ways. To assess the
seasonality of extreme evenis, within the contexi of the
mean seasonal cycles of precipitation at the different
sibes, use is made of fields of precipitable water {col-
umn integrated water vapour]), 1,00{-500 mb thickness
and output from a cyclone detection and tracking algo-
rithm applied to 3-hourly ERAS sea level pressure
[SLF)} fields. SLP fields are regridded to a 25-km Lam-
bert Azimuthal Equal-Area projection prior to applving
the detection and tracking algorithm. The algorithm is
described in detail by Crawford and Serreze (2016) and
builds on the algorithm originally designed by Serreze
(1995} It has been used by our group in studies that
include cyclone response to the summer Arclic frontal
zone {Crawford and Serreze, 2017) and the sensitivity
of cyclone detection and tracking resulis to different
temporal and spatial resolutions of input SLP fields
(Crawford er al., 2021). Cyclone depth (the pressure at
the edge of the storm minus the ceniral pressure) is

used as a metric of cyclone intensity/strength. To assess
the meteorological conditions associated with the lead-
img (largest) precipitation event at each station, and for
the April 1977 case study, reliance is placed on ERAS
fields of SLF and the vertically integrated water vapour
transport (VT

3 | EVENT MAGNITUDES

3.1 | Basic statistics

A precipitation event requires the availability of sufficient
water vapour as well as a lifting mechanism {variously
frontal uplift, low-level convergence, convection or oro-
graphic uplift) o cool air parcels to their dewpoint. While
the basic precipitation statistics from the nine Canadian
stations {Figure 1 and Table 2} document the general
aridity of the Arctic environment—reflecting the air tem-
perature control on the saturation vapour pressure—
maritime influences are alsp prominent at some sites.
The leading event sizes range from 90 mm at Cape Dyer
(the southernmost station on the western side of Baffin
Bay and the station with the highest elevation) to 26 mm
at Sachs Harbour on the southwest coast of Banks Island.
The 95th percentile evenis range from about 10 to 25% of
the leading event sizes, from 1% mm at Cape Dyer o a
paltry 4-8 mm at other sites. In turn, the 99h percentile
events are only 20-50¢% of the leading events. As seen in
Table 2 and at most of the sites, half of the precipitation
events are less than 1 mm.

3.2 | Seasonality and marine influences

The preferred seasonal occurrence of extreme precipita-
tion events should reflect the seasonality in awvailable

TABLE 2 Perceniile values of
procipiation (mm) al the mine Sations

Percentile (mm])
Station % 5% 1% 25N SOW TSR 90N 95W  WEN 1e0%
Inunvik 02 o2 03 05 1.0 L3 A 7.1 13y 5x2
Sachs Harbour 03 02 02 0% L] 1.5 i1 i1 114 20
Cambridge Bay 0 02 02 0% 06 1.5 i6 5.6 1.9 358
Resolute Bay 02 02 02 0% EL] 1.5 i3 53 1.9 350
Alert 0 @2 02 O oT 1.5 i3 48 kX 18
Eureka 0.2 02 02 0% HE] 1.2 2.4 an 20 417
Hall Beach 02 02 02 L 0E il 4.8 1.2 154 3:6
Clyde Biver 02 02 02 04 ne X3 5.0 T 165 4010
Cape Dyer 02 o2 O3 05 1.6 N | 122 188 81 02
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TABLE 3 The fracticn of daily toaal precipitation greater than the 95th percentile daily total precipitation falling in esch month

expressed a8 a perceniyge
a5th percentile events in each month as %

Station Jan  Feb  Mar  Apr  May
Inuvik 2 1 il 2 %
Sachik Harbour il 1 4 f &
Cambridge Bay i i il 1 F 4
Resoluie Bay i (1] il 1 2
Abert 1 L] il i s
Fureka i 1 1 1 i
Hall Beach Ll 1 c 2 4
Clyde River 1 1 1 4 s
Cape Dhver 9 7 2 4 4

Jan  Jul  Aug Sep Oct Nov  Dee

12 1% x7 o ] 3 2
11 10 1t T 3 1
24 £ L ¥ 1 i)
24 o 1 i 1 o

H . d A s & 2 -

11 el | Pt 17 i 4 (W]

7 20 n 1 7 3 1

H ] e i} 18 11 g 4

4 ! 9 12 19 I )

Nare: Fractiond in the mosth of the dimatologieal maonihly peoci pilalion maximam afe in boll, Fractions kave boen poundid 3o 1he ieared inceger,

water vapour and lifting mechanisms, which should also
be expressed in the mean seasonal cycles of precipitation.
Al five of the nine stations, precipitation peaks in August
(prime examples being Sachs Harbour and Resolute Bay),
1 month after peak precipitable water and the maximum
surface air femperature (see later discussion) (Figure 2).
Clyde River and Cape Dyer have October precipitation
maxima. Alert has an overall summertime precipitation
maximum. Eureka has a summer maximum but amaounts
are very small—this is the driest of the nine stations.
However, consistent with earlier reasoning and at all
locations, the frequency of the 95th percentile precipita-
tion events is highest at or near the month of the seasonal
precipitation maximum (Table 3). Looking back o Fig-
ure 2, even in mid-summer, some precipitation events
represent snowfall,

In an earlier study, Serreze and Etringer {2003} used
gauge data to examine the characteristics of precipitation
averaged over the highly continental and moisture-
limited major Arctic-draining Eurasian watersheds (The
Ob, Yenisey, Lena). For each watershed they highlighted
the existence of a distinct July precipitation maximum,
coincident with the seasonal maximum in precipitable
water {moisture availability} and surface air temperature.
The largest events also tend to occur in July, with both
convection and the summer peak in cyclone activity act-
ing as moisture convergence and uplift mechanisms. This
contrasts sharply with the Atlantic sector Arctic, in the
vicinity of the Icelandic Low. Here, precipitation has a
cold season maximum, reflecting the dominant roles of

vapour flux convergence linked o frequent cyclone activ-
ity {Serreze and Etringer, 2003).

The different precipitation characteristics seen at the
Canadian sites as compared to northern Eurasia can in
turn be undersionsd from the combination of marine
influences and aspects of the large-scale atmospheric cir-
culation. Marine influences are most obvious at Cape
Drver and Clyde River, where mean precipitation and the
frequency of extremes peak in October. This follows in
that these sites are exposed to the open water of Baffin
Bay. In October, the overlying atmosphere is quite cool
(Figure 2}, implying high evaporation rates due to the
lower atmospheric wvapour pressure paired with the high
saturation vapour pressure at the warmer open water sur-
face. Simnilar effects are seen at Great Bear Lake in the
Canadian Arctic and Lake Superior, where there are high
late-season evaporation rates linked to the high heat
capacity of the open water underlving a cool atmosphere
(Blanken ef al, 200d; 2011} At both Clyde River and
Cape Dyer, sea ice typically forms in November, reducing
the latent heat flue This is consistent with the drop in
mean precipitation and the frequency of extremes with
respect to Ocioher.,

The August precipitation peak seen at five of the
stations appears to reflect more local marine influences
{Hall Beach, Sachs Harbour, Inuvik, Cambridge Bay,
Resolute Bav)y The islands of Arctic Canada are inter-
spersed with oceanic channels. While most of these are
largely ice-covered in summer, they still provide a
moisture source due to the availability of liguid water

FIGURE 2

Mean scasonal cycles af tolal precipétation {mm; ietal length of upper columns], divided into the amouwnd of precipitation

falling as snow (grey) and rin (blee), the daily maximum, minimum and mean temperatare (°C; black lines), relative requency of snaw
cower an the groand (green shading) and the mean number of cychone passaiges {loswer colamns)
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FIGURE 3

on the sea ice surface, The effects of this surface mois-
ture source will be prevalent in August, when the atmo-
sphere begins 0 cool from (15 mid-summer peak, The
exposed areas of melting ice or open waler, coupled
with the lower air temperatures, increases the vapour
pressure gradient between the open water and lower
atmosphene, thus enabling evaporation at a time when
ample energy is still available, This helps o delay the
seasonal precipitation peak (and the month of most fre-
gquent 95th percentile events) 1 month later compared
10 Eurasia, This effect is also apparent when comparing
continental and more marine Canadian sites south of
the Arctic Circle. For example, Thompson Manitoba
has a July peak in precipitation, whereas Churchill
Manitoba, which lies on the shore of Hudson Bay, has
an August peak {nod shown),

Marine influences, in concert with the overall
colder summer climate of the Canadian Arctic Archi-
pelago compared 10 the Eurasian watersheds, also
tends to limit convective precipitation; this is consistent
with the observations that summer precipitation overall
is bower over the Canadian Arclic than over highly
continental northern Burasia (Serrese and Barry, 2004),
As seen in Figure 3, the July seasonal peak in precipi-
table water is considerably lower over Arctic Canwda
than over nornhern Eurasia, and July surface air tem-
peratures are also lower, These features are also consis-
fent  with the Canadian  Arctic  Iyving within a
prominent trough in the tropospheric polar vortes,
depicted in Figure 4 as the surface to 500 hPa thick-
ness, which is a function of mean temperature in the
low 1o middie roposphere,

R ——————

o 4 [} 12 16 20
kgm-?

Average 2-m abr tempernture and precipitable water (kilograms per square meter, same as mm waier depth) for July

FIGUKE 4

Mean surface to 300 mb thickness for July

3.3 | Influence of synoptic-scale cyclones
An obvious question that arises regarding Canadian
Arctic precipitation is the role of cwlone activity as an
uplift mechanism, Figure 2 shows by month the average
number of cyclones passing within 800 km of each Cana-
dian site. This recognizes that precipitation al a site can
be influenced by cvclones centred a considerable distince
Tromm thad site (e.g., the site could Lie within the region of
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fromtal uplifi of a cyclone centred well o the westh At
most sites, the seasonal oycle in cyclone influence is fairly
weak—stated differently, dynamic uplift mechanisms are
common year-round. At several sites, including Clyde
River and Cape Dyer, a slight annual peak occurs in
Movember. Cyclone influences assessed for radii of
600 km or 1,000 km do not change the story,

To assess whether exireme precipitation evenis are
more likely in the presence of synoptic-scale cyclones,
especially when those cyclones are strong, we con-
structed two contingency tables for each station (Table
4). Contingency Table A is limited to days with nonzero
precipitation and counts the number of extreme and
nonextreme precipitation evenis, along with the num-
ber of precipitation days with or without a cyclone

FABLE 4 Contingency tables for comparing counds of {non:)
extreme precipdlation events o {lop) cyclone presence or absenoe
and {hodbom} the presence of weak (depth is below Shh percentile)
or strong cyclones (depth exceeds S0th percentile) wathin 800 km of
the station of inlerest

Mo nearky Twarky
Contingency Table A cyclone cyclone
Mamcdreme A B
preciplation
Exireme precipitation & 0
Weak Strong
Contingency Table B evelone cyclong
Moneireme A H
precipitation
Extreme precipitalion C D

More “Exireme” i defined is exceeding the 951h percentile.

TABRLE 5

present within 800 km of the station. The 95th percen-
tile is used to define “extreme.” Contingency Table B is
more limited: only days that have both nonzero precipi-
tation and a cyclone present are considered. Precipita-
tion events are again defined as extreme or
nonextreme, but now they are compared to days for
which a “weak” cyclone or “strong” cyclone was pre-
sent. The 50th percentile of cyclone depth is used (o
distinguish cyclone categories.

These tables are summarized in two ways. First, we
calculate the ratio difference (R} as B = IJC — BfA,
where A-I} are counts from the contingency tables. For
Contingency Table A, a positive ratio difference indi-
cates that extreme precipitation is more likely when a
cyclone is present nearby (Table 5). For Contingency
Tahle B. a positive ratio difference indicates that
extreme precipitation is more likely when a strong
cyclone (rather than weak cyclone) is present. Ram-
domly distributed events would, on average, have a
positive ratio difference of 0. To test the null hypothesis
of no relationship between extreme precipitation and
cyclone presence/strength, we use the likelihood ratio
G-test (Cressie and Read, 1984},

Results of these tests show that extreme precipita-
tion events are universally more common {a) when a
cyclone is nearby compared and (b} when a nearby
cyclone is stronger than the 50th percentile. In all bug
one case (presence/absence at Eureka), the distribu-
tion of events is significantly different from random
chance at a 95% confidence level. Howewer, storm
intensity is just one modable factor; similar fables (not
shown) comparing extreme storms [(exceeding the
95th percentile} to nonextreme storms does not vield
such clear resulis.

Influence of {1ef ) cyclone presence or {right) the presence of o strong versus weak oyclone with 800 km of each station an

whiethser precipitation that oocurs is extreme (exossding the 9516 percentile)

Cyclone presence va, absence Strong va. weak eyvelone presence

Htation Ratio difference G statistic {pvalue) Ratho difference G statkstic (p-value)
Tk L A7 A (= 0 14 17.58 {=.01)
Sachs Harbmar 125 21,44 (<00 ) I-&5 B6.52 (0]
Cambridge Ray 1.36 AP0 (KL p .35 LEIE{=01)
Resnduie fay L3 JET (1) ix 3n01 {<01)
Aberi 0,56 LN 01,54 P N0 {<01)
Eurcika LB EX 51 1788 {<01)
Hall Beach 2K ALAS (b a0 GEAZ {=01)
Clyde River ER 10,44 (=00 ) ES L 4,06 {04)
Cape Dyver 2.12 25.6% (00 ) 232 L0 {01}

Woie: A posithve rabio difforenoe means that exireme procipilation s meore likely il a ovlone = present {rather than absent), and when present, o cydione's

depih exconds the Snh percentile for that locstion.
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4 | CHARACTERISTICS OF THE
LEADING EVENTS

4.1 | Approach

While the frequency of 95th percentile events al each sine
corresponds broadly to (within a month of} the climato-
logical monthly maximum precipitation, it is evident
from Takble 6 that this correspondence does mol necessar-
ily hold for the leading {largest) events in the records, As
wo oulstanding examples, the leading events at Cape
Dver (90 mm) and Clyde River (41 mm) occurred in
January and April, respectively, when Baffin Bay was
completely fee-covered, cutting off the local mofsture
source, This implies a more remole modsiure source. In
turn, the leading event at Hesolute Bay (35 mm) occurmed
in Movember—ihe mean precipitation for that month is
oaly & mm. Al of the unusual evenis that took place out-
side of the climatological monthly maximum precipita-
tion, and owside of the expected maximum  95th
percentile event frequency, fell as snow, Note that the
leading event listed for Alert (28 mm) represenis the sec-
ol largest event in the Alent record, The Eargest reported
event of 44 mm (April 6, 2008) was flagged by us as an
obvious error, based both on the atmospheric patiern
(which is entirely inconsistent with a precipitation event)
and the very low temperatures of that day {a maximum
of =22'C), Hence, we take the second largest event in the
record, April 11, 2013, as the leading event,

Here, we examing the meteorological conditions asso-
ciated with the leading event at each site, For events at
eight of the siwes, we plot the field of sea-level pressune
and the vertically integrated waler vapour Iransport
(IVThan the timse of day that most clearly reflects the sim-
ation Favouring precipitation, A more detailed assessment

of Chmadology

is first provided for Clyde River, where the leading single
day event on Aprll 7, 1977 was associated with a storm
that first wreaked havoc across paris of the eastern
United States, That was followed by a two-day evenl on
Apell 27 (27 mm, third highest daily 1odal in the record)
and April 28 {38 mm, second highest daily wotal in the
record), This led o o remarkable monthly fotal of
106 mm at Chyde River from the three storms, all precipd-
tation falling as smsow. While obtaining eyvewitness
accounis of April 1977 has so far been elusive, it can only
be assumed that life in the community was greatly
disrupted.

4.2 | Clyde River sequence
Six panels are used o illustrate the April 7, 1977 evenl as
well as the April 27 and April 28 eveniz. The April Tth
event (Figure 5) began with a storm system that origi-
nated in norhern Mexico and generated a severe weather
outbreak across the southeastern United States before
reaching the Canadian Arctic, This included twormadoes
and significant hail, causing a major aircralt accident
when hail was ingested into the engines of a DC-9 jet
(The New York Times, 1977} This cyclone also produced
NMooding across parts of Kentucky, Tennessee, Virginga,
and West Virginia (US Department of Commerce, 1977),
By April 6th, the stomm svstem was a very deep low
centred over southwestern Quebec (00Z panel) with
siromg moisture ransport (maximum IVT values greater
than 1,200 kg-m™"s™") spreading south 1o north along
the U5 eastern seaboard, This cyclone then travelled
north through Cuebe, and the cyclonme centre neared the
southern tip of Baffin Island on the evening of April
6 CApril 7 at 00E), This molsture transport feaiure

TABLE & Date and size of the leading [largest) events

Vear Maonth Day Skze (mm) Precipitation phase Relative eyclone strength
Inuvik 155 Aupgust 2 LE Mod reporicd T2
Sachs Harbour 14HH) April 21 24 Snra B7
Cambridge Bay T5HS July 24 0 Rain 3
Resnduie Bay B0 Movember 17 35 S 82
Alert 23 April 1 b Nt reported 73
Bureka® 1953 Ampast 17 42 Rain 41
Hall Beach T5H0 Auigust 27 53 Rain Hi
Clyde River" 1977 April 7 1 Snow 42
Cape [hyver 1950 January i3 1 Sravw HES

Mofr: Relathw eyelone strengih 35 the penoentile of mademum cyclons dogh For ol storm passiog wilhin 800 km of the station,

"Wery early im the record, atmespheric fiehd sxgpecr

j "The thren Larpest evenis in the Chde Biver record wene i Aprill 1977,
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FIGURE 5 Pancls of MSLP comtours, with IVT overladd (a8 vectars and vector magnitades), produced from ERAS reanalysis data for

April -8, 1977, lor one of the Clyde Biver (dark blue “X7) precipitatbon evenls




SERREZE v ai. Interrdatsnal Joiinfal ST
= =

—p ox

LEE L |

20, 1977 ak (2T

e

I

¥ gy

FIGURE &  Panels of MSLP contours, with IVT overlaid (25 vectors and vector magnitudes), produced from ERAS reanalysis data for
@ April 27-29, 1977, for anc of the Clyde River (dark “X™) precipitation events
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FIGUKRE 7 [Image containing MSLF

qualifies as an atmospheric river (AR} based on the
=2,000-km length threshold of =250 kg-m ™5™ IVT used
in other AR siudies (e.g.. Ruiz ef al., 2004). Given that
Arctic temperatures are generally lower than in middle
latitudes, limiting how much water vapour the aimo-
sphere can camry, the threshold of what counis as an
atmespheric river im the Arctic could arguably be set
lower (eg., Guan and Waliser, 2009) Naote also that while
our focus here is on IVT 50 as to easily identify moisture
source regions and pathways, precipitation is more
directly associated with the convergence of IVT than with
the IVT magnitude itself (Benton and Estogue, 1954; Mo
e al, H21).The cyclone then made its way to southem
Baffin [sland on April 7 (Figure 5, 00Z panel), enveloping
a smaller system that was previpusly developing in Baffin
Bay during April & (Figure 5, top panels) and reaching a
central pressure of 980 hPa, IVT values remained ele-
vated through Baffin Bay, with maximum values between
600 and %00 kgm™'s"'. Even as the system began to
weaken on the April 7 (122) panel, IVT remained high
between 200 and 400 kg-m™'-s™". This strong cyclone led
i the largest precipitation event ever recorded at Clyde
River, with all of the precipitation falling as snow. With
average wind speed exceeding 40 kmhr™' for 16 hr on

comiours, with 1%7T overladd (as veciors
and vector magnitudes), produced from

EREAS reanalysis data for January
22, 1550, at (6 for the Cape Dyer
[precipitation event

-

]

o

e -

-’
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=

April 7 and visibility as low as (L0 km, this also developed
into a strong blizzard,

The residents of Clyde River could not have foreseen
what was o happen later in the month. The two-day
Clyde River event of April 27 and 28 was associated with
a low-pressure system that moved towards Baffin Island
from the west, and then was directed north into Baffin
Bay by a blocking pattern in the Norih Atlantic
(Figure &). This storm system, combined with a weaker
area of low pressure over Quebec, led to a meridionally
extensive area of cyclonic circulation. An AR seems likely
in the Morth Atlantic, extending northeast just off the
eastern seaboard of the United States and Canada on
April 27 (1272 panell. Even though the enhanced muois-
ture corridor flowed south of Baffin Island, enough mois-
ture was sitripped off and directed north with the
low-pressure features fo foster extreme precipitation.
Most noticeable was the slightly elevated IVT (filled con-
tours of 200-400 kg-m™"-s™') moving north into Baffin
Bay on the April 27 (127) and April 258 (00Z) panels, IVT
vectors continued directing moisture towards the eastern
edge of Baffin Island on the April 28 (12Z) panel. Again,
all precipitation fell as snow, but this time it was accom-
panied by even stronger winds, Wind speeds exceeding
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FIGURE & Image containing MSLP
conboiars, with IVT overlald (as vectoms
and vegior magnitudes), produced from
ERAS reanalysks data for November

17, 200, at DOZ for the Resodwie Bay

precipdtation event

FIGURE S Image contmining MSLEP
conbours, with IVT owverlaid {as vectogs
and vecior magnitudes), produced from
ERAS reanalysis data for Augusi

I7, 19480, at 122 for the Hall Beach
precipitation event
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FIGURE 12  Image contalning

of Chmadology

MELF comowrs, with IVT overlald

(a8 vectoss and voctor magninsdes),
produced from ERAS reanalysts data for
Aungust 19, 1995, a1 18E for the Inuvik

precipitatbon cven)

August 29, 1995 at 182

EENEEE
AT fhg =S5}

40 km-hr™' persisted for 35 he, and wind speeds over
50 km:hr™" for 27 he,

43 | Cape Dyer

Like Clyde River, Cape Dyver is situated on the east coast
of Baffin [sland. As such, it makes sense o examing this
site next, One image was ulilized that best represented
the synoptic setup that led o the extreme precipitation
evenl in this case, This same approach will be used for
the remaining stations,

Al 90 mm, the leading event at Cape Dyer, which
pecurred on January 22, 1980, is by far the largest of the
nine stations, This event was associated with a oclone
that approached the region from the southeast, A storm
system first formed off Mew England, headed nomheas,
then stalled on January 20, The cyclone then split up,
one piece heading southeast and a second stronger piece
diverging northwest towards northern Quebec, Similar to
the Clyde River case on April 7, 1977, the situation on
January 22 associated with the Cape Dyver event
(Figure 75 featured an AR setup over the North Atlantic,
However, the Cape Dyer case represented an instance of
an AR making direct landfall, likely contributing 1o the

extreme precipitation {which fell as snow), The AR on
January 22 was associated with a blocking pattern, East
of the deep cvclone on the northern edge of Quebes was
a deep, high-pressure system over Greenland, with a
chosed low positioned over the United Kingdom amd
Ireland. The Canadian low and Greenland high, boih
abnormally deep, guided the AR o extend far north and
made this case even more interesting because it oecurned
in one of the main winter months of January, when low
air temperaiures keep modsture availability low, Given
the fairdly high elevation of the Cape Dyer station (393 m,
Table 1) it is ressonable o speculate that orographic
uplift contributed o the already large size of this leading

avienl.
44 | Resolute Bay, Hall Beach, and
Cambridge Bay

These three sites lie largely in the central part of the
Canadian Arclic Archipelago and are hence examined as
a group, For all of these cases, an extratropical eyclone
wis likely the main contributor 1o the precipitation inii-
ation. However, IVT values did not necessarily reach the
criteria for an AR. The Resolute Bay event, occurring on
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FIGURE 13 |EI'l:I.F-CI;IJ1.1.:Ii‘I1.irI=

August 17, 1953 at 002
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November 17, 2004 (Figure B), was linked to a mulii-
centre cyclone that stalled over Baffin Island afier mow-
ing east from the Northern Rockies. lis elongated shape
may have helped it tap into more southerly moisture
sources. The Hall Beach case (rain} (Figure 9) occurred
in August with higher temperatures, so there was maore
local water vapour available. This was also a notably
strong storm system—the BTth percentile of cyclone
depth for cyclones that come within 800 km of Hall
Beach., The Cambridge Bay event (Figure 10} can be
traced to a low-pressure area that originated in the lee of
the Mackenzie range. By July 24, this low was centred
over the norihwestern edge of Munawvut. This storm
attained a depth in the 93rd percentile for cyclones com-
ing within 800 km of Cambridge Bay. It was able to draw
# large area of high IVT from mear Hudson Bay north
into the location of interest. IVT wvalues in the 600-
500 kg-m~'s”" range were located through the corridor
of enhanced moisture transport. Since these high IVT
vialues did not originate from a tropical or subtropical
(or even maritime} source, this would not be considered
a true AR. An AR was more likely present over the North
Pacific, making landfall aleng the Canadian coast north
of Vancouver [sland, which may have supplied some of
the moisture associated with the separate high IVT fea-
ture linked to the precipitation at Cambridge Bay.

MSLF contours, with IVT overlaid

{as vectors and veclor magnitudes),
produced from ERAS reanalysis data for
Augus 17, 1953, at 00Z for the Eureka
precipitation event

T iy m=T1g=T§

4.5 | Sachs Harbour and Inuvik

These itwo stations are grouped together as being the
westernmost stations in the Camadian Arctic Archipel-
agn. The Sachs Harbour case on April 26, 1990 (snow) is
intriguing, since the associated cyclone crossed over the
ice-covered Arctic Ocean (Figure 11). Therefore, the
mnisture source was likely more remote, such as the I'VT
maximum associated with the storm passing near Kam-
chatka and through the Bering Strait, that is. a Pacific
source, Looking at the August 29, 1995 Inuvik case
(Figure 12}, an AR-like feature was present over the
Morth Pacific, linked to the combination of a deep
cyclone centred over the Bering Sea and a strong Facific
high (an eggbeater effect). Enhanced moisture transport
took place along the pressure gradient between these two
features, with IVT values maxing out between 1.000-
1200 kgpm™ 57" at 127 on August 29. Precipitation that
imitiated over [nuvik seems o be associated with the
small low positioned just 1o the north of the location of
interest, While seemingly weak {15 hPfa depth), this
storm system actually ranks in the 72nd percentile of
strength for cyclones within 300 km of Inuvik. Therefore,
in a relative sense, uplift dynamics were likely fairly
strong for this region. The deeper sysiem over Banks
Island had been swirling around the Canadian Arctic
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FIGURE 14  Image contalning

MELF comowrs, with IVT overlald

(a8 vectoss and voctor magninsdes),
produced lrom ERAS reanalysts data for
April 12, 2013, a1 00Z for the Alen

precipitatbon cven)
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Archipelago for several days without causing notable pre-
cipitation, but then this small system barrelled in from
the west, dragging modsture with it

46 | Eurekaand Alert

Eureka and Alert are the most northerly of the two sites
and furthest removed from significant oceanic moisture
souwrces from the Atkantic or Pacific. Because il occurred
early in the ERAS record (August 17, 1953), the meteono-
Iogical setup associated with the Eureka leading event
should be viewed with appropriate caution; the resulis in
Figure 13 nevertheless serve 1o illustrate the effects of this
strong continentality, The event was associated with a
weak cyclong (maximum depth of 10 hiPa) centred over
the nofhwestern part of the Canadian Arctic Archipel-
apgo, which split off from a storm system that had stalled
in the Gulf of Alaska, While IVT values on the east side
of the low, associated with Now from the south, were ele-
vated around the Eureka site compared (o the surrownd-
ings, values are modest—this was clearly not an
AR, There was sombe suggestion that the elevated VT
was o remoant of an AR that used w extend from the
Pacific—associated with a stronger, stalled cyclone in the

Gull of Alaska. Note from Table & that this August event
Tell as rain.

The Alert case on April 11, 2013 (Figure 14) was
associated with a similarly weak low-pressure system,
but centred further west, just north of Banks Island,
and with a notably weak moisture flow, IVT values
between 100 and 200 kg-m™"s™" are seen extending
from just northwest of Hudson Bay 1o the norhern-
most tip of Ellesmere [sland, Moisture likely travelled
with this weak cyclone from when it had originated as
a deeper cyclone over the Gull of Alaska several days
earlier. While not reported, this was presumably a
snow evenl,

5 | DISCUSSION AND
CONCLUSIONS

Apart from perhaps Cape Dyver, the size of the leading
events al the Canadian sites examined here would merit
little attention in areas such as the Adlantic seaboard of
North America, where moisture is abundant and strong
winter cyclones associated with the North Atlantic
cyclone track are common, But, as noted in the introdc-
lion, extreme précipilation evenis in the Anctic, albeit
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comparably small, can have significant effects on physi-
cal, bintic, and human systems. While first-hand acoounts
of the remarkable series of three major events in April
1977 at Clyde River (the three largest evenis in the pre-
cipitation records) are at present lacking, it can only be
assumed that they caused great dismuption at this small
and isolated Inuit community, especially because the
associated high winds would have cavsed extensive
drifting.

Although not surprising, while the frequency of
G5th percentile precipitation evenis at the nine sites
examined tends o be greatest during or near the month
of maximum mean precipitation, the leading events can
occur at any time of year, even when the background
climate conditions seem unfavourable. The best exam-
ple of this was at Cape Dyer, where the leading event
occurred when Baffin Bay, a significant local moisture
source, was iced over. The leading evenis at each site
were associated with unigue synoptic-scale setups.
Extreme events were pgenerally more likely when
cyclones (especially strong cyclones) were present, and
maost, but not all, leading events were associated with
refatively strong cyclones. In one of the cases, the April
7 event at Clyde River, the cyclone associated with the
event could be clearly traced back to the southerm
United States, where it left a path of destruction as it
made its way north. However, the common thread
between the events, apart from the two highest latitude
sites of Alert and Eureka, was significant moisture
transport, in some cases directly associated with atmao-
spheric rivers. The recent effort by Vowveris (2022},
which focuses on Arctic rain-on-snow evenis with
known significant impacts, also shows a clear associa-
tipn between these events and direct or indirect influ-
ences of aimospheric rivers. Mot studied here but
meriting further analysis is the imporance of moisture
advection against local topography (e.g., Gilsan and
Guiowski Jr., 2014), such as what we speculate contrib-
uted to the especially large (90 mm) leading event at
Cape Dyer. Given the impacts of Arctic precipitation
extremes, northerm communities will benefit from
improved forecasting of the features identified here as
of key importance, notably, blocking situations, strong
cyclones, the evelution of atmospheric rivers and local
topography. For example, several days advance warning
might be sufficient for reindeer herders fo organize for
supplemental feeding of their animals,

As nofed in the intreduction, while the observational
evidence for systematic trends in Arctic precipitation and
precipitation extremes is spotty (Walsh e al,, 2020; Yu
and Fhong, 2021), resulis from numerous modelling
siudies point i a future Arctic with more precipitation, a
transition from snowfall- o rainfall-dominated climates,
and a shorter return peried for high-intensity events

(e.g., Kharin ef al., 2013; Sillmann e al., 2013; Toreti
el al., 2013; Kusunoki e al., 2005; MoCroystall ef al., 2021).
Given that these high-intensity evenis pose the greatest
threais to Arctic ecosystems, the built environment, and
human activities and that significant infrastructure gaps
and wvulnerahilities exist in the Canadian Arctic
(Canadian Climate Instibute, 2022), a focus on the char-
acteristics of extreme evenis—and the apparent mis-
match between observations and model projections—
should also be a high research priority.
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