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ABSTRACT

Changes in the form of precipitation have a considerable impact on the Arctic cryosphere and ecological system by
influencing the energy balance and surface runoff. In this study, station observations and ERA-Interim data were used to
analyze changes in the rainfall to precipitation ratio (RPR) in northern Canada during the spring–summer season (March–July)
from 1979–2015. Our results indicate that ERA-Interim describes the spring–summer variations and trends in temperature and
the RPR well. Both the spring–summer mean temperature [0.4◦C–1◦C (10 yr)−1] and the RPR [2%–6% (10 yr)−1] increased
significantly in the Canadian Arctic Archipelago from 1979–2015. Moreover, we suggest that, aside from the contribution of
climate warming, the North Atlantic Oscillation is probably another key factor influencing temporal and spatial differences
in the RPR over northern Canada.
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1. Introduction
Climate change has amplified in the Arctic (Serreze et

al., 2009; Screen and Simmonds, 2010; Pithan and Mau-
ritsen, 2014), and Arctic surface temperatures are rising at
a rate more than twice the global average (Bekryaev et al.,
2010; Miller et al., 2010). As a result, there have been un-
precedented declines in the Arctic sea-ice area, leading to
larger open water areas that are exposed for longer periods
of time (Cavalieri and Parkinson, 2012) and the Arctic be-
coming warmer and wetter (Przybylak, 2007; Overland et al.,
2014; Boisvert and Stroeve, 2015).

Precipitation is more susceptible to warming trends in
high-latitude regions (Irannezhad et al., 2016); however, most
studies of precipitation change in high-latitude regions have
concentrated on analyses of total precipitation (Serreze et al.,
2000; Yao et al., 2012; Irannezhad et al., 2016), as well as
heavy and extreme precipitation (Zhang et al., 2001; Grois-
man et al., 2005). However, the precipitation form is equally
as important as the quantity and intensity for understanding
the seasonality of hydrological cycles and the health of the
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ecosystem in the cryosphere (Hasnain, 2002; Putkonen and
Roe, 2003; Ye, 2008).

Precipitation falls to the ground as rain, snow, sleet, and
other forms, each of which has considerable impacts on the
surface runoff and energy balance (Loth et al., 1993; Ding et
al., 2014). As the air temperature rises, more precipitation
falls as rain instead of snow (Knowles et al., 2006; Screen
and Simmonds, 2012; Ye and Cohen, 2013). This rain brings
heat to the snow cover and affects the snow morphology and
albedo (Stirling and Smith, 2004), causing the surface to
absorb more solar energy and accelerating snow cover and
sea-ice melt (Perovich and Polashenski, 2012). Conversely,
snowfall can stop or reverse the decline in albedo during the
initial melting phase (Perovich et al., 2017). This emphasizes
the importance of different precipitation forms in the rapidly
changing Arctic climate system.

Previous studies of precipitation forms have concentrated
on the number of rain days during the cold season (Aanes
et al., 2000; Putkonen and Roe, 2003; Cohen et al., 2015).
There are relatively few stations in the Arctic, and only a mi-
nority of them have recorded liquid and solid precipitation;
thus, changes in precipitation forms over the Arctic during the
spring–summer transition period are poorly understood. The
transition from the cold season (snow accumulation period)
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to the warm season (melting period) generally occurs during
late-spring through mid-summer in Canada. Thus, the vari-
ability and potential trends of the rainfall to precipitation ra-
tio (RPR) in Canada north of 60◦N during the spring–summer
period were analyzed in the present study.

We used observational data and ERA-Interim data to an-
alyze changes in the proportion of precipitation occurring as
rain in northern Canada and discuss its possible causes. The
remainder of this paper is organized as follows: Section 2 in-
troduces the data and method used in this study. Section 3.1
compares the ERA-Interim with the observational data dur-
ing 1979–2007. Section 3.2 presents the variations in surface
air temperature and RPR in northern Canada during 1979–
2015. Section 3.3 discusses the variability associated with the
North Atlantic Oscillation (NAO). Finally, Section 4 summa-
rizes and discusses the conclusions.

2. Data and methods
2.1. Data

We obtained the daily data from the Canadian Daily Me-
teorological database for 11 meteorological stations in north-
ern Canada from Environment and Climate Change Canada
(Table 1). All of the selected stations include the daily mean
temperature (◦C), precipitation (mm), rainfall (mm) and
snowfall as water equivalent (mm during March–July from
1979 to 2007. All data were subjected to quality control us-
ing “DLY04” daily network programs (DLY is the term used
to refer to the Monthly Record of Daily Data) that are based
on observations made at manned and automated sites (see
http://climate.weather.gc.ca/about the data index e.html).
The stations were culled according to the following steps:

(1) Any station that was missing one or more elements
(daily mean temperature, precipitation, rainfall, snowfall)
was excluded.

(2) It was considered incomplete in one month if there
were missing data for five or more days in this month.

(3) It was considered incomplete in one year if there were
missing data for one or more months between March and July
in this year.

(4) Any station that was missing more than three years of
data in 1979–2007 was excluded.

Because of the sparse distribution of station locations and
a lack of recent observational data, we used reanalysis data
(ERA-Interim) in this study. ERA-Interim is the global at-
mospheric reanalysis produced by the European Centre for
Medium-Range Weather Forecasts (ECMWF). When com-
pared with previous reanalysis data, significant advances
have been made in the hydrological cycle, the quality of the
stratospheric circulation, and the consistency in time of the
reanalyzed fields via many model improvements, the use
of four-dimensional variational analysis, a revised humid-
ity analysis, the use of variational bias correction for satel-
lite data, and other improvements in data handling (Dee et
al., 2011). Screen and Simmonds (2012) found no obvious
tendencies or discontinuities in the snowfall-to-precipitation
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ratio (SPR) difference between observations and ERA-
Interim as a function of time. The precipitation and snowfall
are the 12-h accumulated totals, while the temperature is the
12-h mean in ERA-Interim. Therefore, we summed the 12-h
accumulated totals to have daily accumulated precipitation
and snowfall (Screen and Simmonds, 2012) and averaged the
two 12-h mean temperatures to have a daily mean temper-
ature. ERA-Interim daily data in March to July from 1979
to 2015, including precipitation (mm d−1), snowfall as water
equivalent (mm d−1) and 2-m temperature (K) for midday
and midnight, at time step of 12-h, are provided at a horizon-
tal resolution of 0.75◦ × 0.75◦ The ERA-Interim data can be
downloaded from ECMWF (http://apps.ecmwf.int/datasets/
data/interim-full-daily/levtype=sfc/), while the AO and NAO
indices can be downloaded from NOAA/CPC (http://www.
cpc.ncep.noaa.gov/products/ precip/ CWlink/ daily ao index/

teleconnectiote.shtml).

2.2. Methods
We focused in this study on the spring–summer season,

defined here as March to July. The spring–summer mean
temperature (T̄ ) here is the average of the daily mean temper-
ature (T ) from March to July. The spring–summer AO/NAO
index (AO: Arctic Oscillation) is also the averaged monthly
AO/NAO index during the same period.

The SPR is widely used to reflect the proportion of pre-
cipitation occurring as snow. However, here we focus on the
rainfall in spring–summer and express the proportion of pre-
cipitation occurring as rain as a rainfall-to-precipitation ratio
(RPR):

RPR =
R
P
×100% ,

where R is the total rainfall and P is the total precipitation in
spring–summer. We obtained the rainfall data by subtracting
the snowfall from the total precipitation in the ERA-Interim
data.

To validate the performance of the ERA-Interim data, we
compared the station value with the nearest reanalysis grid
that covers the station site. The reanalysis–observation com-
parison of the mean value and standard deviation were con-
ducted based on the two-tailed t-test and F-test, respectively.
The trends of the spring–summer mean temperature, rainfall,
total precipitation and RPR were determined based on least-
squares linear regression. The trends were tested using the
ordinary Student’s t-test. A confidence level above 95% was
deemed statistically significant.

3. Results
3.1. Performance of ERA-Interim

To validate the performance of the ERA-Interim data,
we compared the spring–summer mean temperature, rain-
fall, total precipitation and RPR between observations and
ERA-Interim data from 1979–2007. Analysis of the mean
value, trend and standard deviation of the data was car-
ried out to estimate whether the station observations could

be simulated well by the ERA-Interim data. The results
showed that ERA-Interim can reasonably simulate the an-
nual variation of the spring–summer mean temperature. The
observed mean value, trend and standard deviation of the
spring–summer mean temperature were comparable with
ERA-Interim. For the mean value, except for the MAYO
A, RESOLUTE CARS, CAMBRIDGE BAY A and HAY
RIVER A stations, the spring–summer mean temperature
showed a small deviation between the observational data and
ERA-Interim (Table 1, Fig. S1 in electronic supplementary
material). The spring–summer mean temperature showed
an increasing trend at 11 stations, despite a discrepancy in
the slope value (Fig. S1). The increasing trends were signif-
icant at the EUREKA A, RESOLUTE CARS and CORAL
HARBOUR A stations in the observational data and signifi-
cant at the EUREKA A, CAMBRIDGE BAY A, RESOLUTE
CARS, CORAL HARBOUR A, and BAKER A stations in
ERA-Interim. The changes in standard deviation were gener-
ally consistent at 11 stations (Fig. S1). The correlation coeffi-
cients of the spring–summer mean temperature ranged from
0.72–0.98 between ERA-Interim and observations (Table 1).
The correlations were significant at the 99% confidence level.
Figure 1a shows the trends in the spring–summer mean tem-
perature during 1979–2007, and the observations used to val-
idate ERA-Interim. We can see that the trend in the spring–
summer mean temperature at each station was consistent with
the surrounding reanalysis data. The mean temperature in-
creased significantly in northern Canada during 1979–2007,
except in Yukon Territory, which is located in the Rocky
Mountains. The temperature in this region showed a discrep-
ancy between the observational data and ERA-Interim, as did
the MAYO A station. The impact of topography may be the
main reason for this discrepancy.

The amounts of total precipitation and rainfall were over-
estimated in ERA-Interim (Table 1). This is mainly because
the estimates of precipitation are produced by the fore-
cast model, based on temperature and humidity informa-
tion derived from the assimilated observations. Approxima-
tions used in the model’s representation of moist processes
strongly affect the quality and consistency of the hydrological
cycle. Though imperfect, the overestimated precipitation in
ERA-Interim is less pronounced than in ERA-40 (Dee et al.,
2011). These data are widely used in Arctic research (Screen
and Simmonds, 2012; Cohen et al., 2015).

We focused in this study on changes in the proportion
of precipitation occurring as rain. The reanalysis–observation
comparison showed that the mean value of the RPR is repro-
duced well by ERA-Interim, except at the HAY RIVER A,
EUREKA A and CORAL HARBOUR A stations (Table 1,
Fig. S2), and the trend of RPR in ERA-Interim is compara-
ble with the observations, except at the HAY RIVER A and
EUREKA A stations (Fig. S2). There was a significant in-
creasing trend in RPR at RESOLUTE CARS station in ERA-
Interim, while other stations showed no significant trend. The
changes in standard deviation were smaller in ERA-Interim
than in the observational data, except at YELLOWKNIFE
A station (Fig. S2). The correlation coefficient of RPR be-
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( a ) ( b )
Fig. 1. Trend of (a) mean temperature [units: ◦C (10 yr)−1] and (b) RPR [units: % (10 yr)−1] in ERA-Interim during
spring–summer, 1979–2007. The color of dots denotes the value of the trend from the Canadian meteorological stations.
Dashed shading indicates statistical significance at the greater than 95% confidence level.

tween ERA-Interim and observations was calculated to be
about 0.51–0.89, all values of which were significant at the
99% confidence level (Table 1). ERA-Interim agreed well
with the station observations in terms of the changes in the
RPR. The trends of RPR at the 11 stations were consistent
with the surrounding reanalysis data (Fig. 1b). The spring–
summer RPR increased significantly in the Canadian Arctic
Archipelago from 1979–2007. In general, ERA-Interim can
be used to analyze the changes in spring–summer tempera-
ture and the RPR in northern Canada.

3.2. Changes in surface air temperature and RPR
When it comes to the reasons for the changes in precipi-

tation forms, the changes in surface air temperature are con-
sidered first, and we find that the RPR has a good connection
with the surface air temperature (Fig. 2). As the temperature
rises, the RPR increases obviously. Below, we analyze both
the changes in surface air temperature and RPR over northern
Canada.

Analysis based on ERA-Interim showed that the spring–
summer mean temperature is about −20◦C to 7.5◦C in north-
ern Canada (Fig. 3a). The spring–summer mean temperature� � � � � � � � � � � � � � � � � ��� �� �� �� �� � � T e m p e r a t u r e ( ° C )RPR(%)

Fig. 2. RPR as a function of mean surface air temperature at 11
stations during spring–summer, 1979–2007. Dashed line means
the proportation of precipitation occurring as rain when the sur-
face air temperature is 0◦C.

increased significantly over most of northern Canada from
1979 to 2015, in addition to some areas in Yukon Territory
(Fig. 3b). An increase of 0.4◦C–1◦C (10 yr)−1 is apparent in
the Canadian Arctic Archipelago, which is concurrent with
the results of previous studies showing that the temperature
has increased rapidly in these areas, based both on observa-
tional data (Przybylak, 2007) and other reanalysis data (Over-
land et al., 2014).

The analysis based on ERA-Interim showed that the RPR
ranges from 25% to 85% from northeast to southwest (Fig.
3c). The spatial distribution of the RPR is closely related
to the distribution of surface air temperature. Against the
background of warming, the RPR also increases over most
of northern Canada, except near the Mackenzie Mountains,
Bake Lake, and the north coast of Ellesmere Island (Fig. 3d,
Fig. S3). We find that the total precipitation trend is not sig-
nificant, but the rainfall increases significantly over Baffin Is-
land, Banks Island, M’Clure Strait, and other islands (Figs.
S3 and S4). The change in rainfall is greater than that of total
precipitation over most of the Canadian Arctic Archipelago.
The RPR increases by 2%–6% (10 yr)−1 (significant at the
95% confidence level) in the Canadian Arctic Archipelago,
except near Queen Elizabeth Island and Baffin Bay.

The spring–summer mean temperature shows a signifi-
cant positive correlation with the RPR in northern Canada
(60◦–70◦N, 70◦–140◦W), and a significant negative corre-
lation in the area near Queen Elizabeth Islands (Fig. 3e).
There is a significant regional difference in the relationship
between air temperature and the RPR in the Canadian Arctic
Archipelago, due to the complicated impacts of topography.

3.3. Variability associated with the NAO
Temperature has important impacts on the form of pre-

cipitation, with increasing temperatures causing the precipi-
tation form to change from snow to rain earlier (Knowles et
al., 2006; Ye, 2008). Against the background of warming in
the Arctic, the rising temperatures have a greater impact on
changing the form of precipitation (rain/snow) than altering
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( a ) ( b )
( c ) ( d )

( e )
Fig. 3. Climatology of (a) mean temperature (units: ◦C) and (c) RPR (units: %), along with trends of (b) mean tem-
perature [units: ◦C (10 yr)−1] and (d) RPR [units: % (10 yr)−1], and (e) the correlation between mean temperature and
RPR, in northern Canada during spring–summer, 1979–2015. Dashed shading indicates statistical significance at the
greater than 95% confidence level.

the total precipitation amount (Screen and Simmonds, 2012).
Further analysis indicated a consistent temperature in-

crease over northern Canada, while there are regional differ-
ences for the RPR. Aside from the impact of topography, pre-
cipitation can also be influenced by atmospheric circulation
and moisture supply. Thus, teleconnection patterns may also
contribute to changes in the RPR in spring–summer. The AO
and NAO are the most important atmospheric teleconnection

patterns in the Arctic. Based on correlation analysis of both
the AO and NAO indices with the RPR in northern Canada
over the past few decades, the NAO shows identifiable re-
gional signatures in the changes in the RPR.

The NAO is characterized by a north–south dipole, with
its centers located in the area of the Icelandic low and the
Azores high, respectively (Wallace and Gutzler, 1981; Barn-
ston and Livezey, 1987). During positive (negative) phases
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of the NAO, the Azores high is strengthened (weakened) and
the Icelandic low is deepened (shallowed). The meridional
circulation is strong during positive NAO. Dry tropical condi-
tions are much more common with positive NAO throughout
much of North America in spring (Sheridan, 2003). Figure 4a
shows the NAO dominates the variations in RPR over north-
ern Canada. Negative NAO resulted in a larger RPR in north-
ern Canada from 1979–2015, and was significant in most ar-
eas of northern Canada (−0.6 to −0.3), except the region near
Baffin Bay (Fig. 4a). We find that the NAO has different ef-
fects on rainfall and snowfall (Figs. 4b and c). Positive (neg-
ative) NAO results in less (more) rainfall and a slight change
in total precipitation in south Nunavut, overall leading to a
small (large) RPR. In the Northwest Territories, meanwhile,
positive (negative) NAO results in more (less) snowfall and
a slight change in total precipitation, also leading to a small
(large) RPR. However, the NAO has little influence on the
rainfall and total precipitation in areas near Baffin Bay. In
general, the changes in RPR in northern Canada may include
the effects of both warming and the NAO.

4. Discussion and conclusions
Few studies of different precipitation forms have been

conducted in Arctic regions. In view of the important effects
of the local hydrology and ecology in the Arctic climate sys-
tem, we analyzed the changes in the spring–summer RPR
over northern Canada and discussed the potential causes.

The precipitation form is determined by the vertical tem-
perature of the atmosphere, particle size distribution and the
microphysics scheme. Among these factors, the temperature
is dominant (Sankaré and Thériault, 2016). In this study, we
focused on the changes in the RPR in northern Canada and
its link with surface air temperature changes. ERA-Interim
agrees well, qualitatively, with observations of the spring–
summer mean temperature and RPR. Evaluation of the ERA-
Interim data indicated that the spring–summer mean temper-
ature increased significantly [0.4◦C–1◦C (10 yr)−1], as did
the rainfall and the RPR [2%–6% (10 yr)−1], in the Canadian
Arctic Archipelago from 1979 to 2015.

We also paid attention to the regional differences in the
RPR. Correlation analysis of both the AO and NAO indices
with the RPR in northern Canada over the past few decades
indicated the NAO plays a dominant role in the variations
of RPR over northern Canada. Positive (negative) NAO re-
sulted in a small (larger) RPR in northern Canada from 1979–
2015. Specifically, positive (negative) NAO resulted in less
(more) rainfall in south Nunavut, but more (less) snowfall in
the Northwest Territories, all leading to a small (large) RPR.
Therefore, aside from the contribution of climate warming,
the NAO is probably another key factor resulting in the
temporal and spatial variations in the RPR over northern
Canada.

The results presented herein improve our understanding
of climate change over the Canadian Arctic and the potential
impacts of precipitation phase changes on the cryosphere. It

( a )
( b )

( c )
Fig. 4. Correlation of (a) RPR, (b) rainfall, and (c) snowfall with
the NAO during spring–summer, 1979–2015. Dashed shading
indicates statistically significant correlations at the greater than
95% confidence level.

is, however, important to note that the temporal coverage of
the ERA-Interim data employed here is not long enough to
capture the interdecadal signal of the NAO. The changes in
the RPR in northern Canada may include the effects of both
warming and the NAO. Further studies are needed to better
understand the ecological environment in the Arctic climate
system.
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