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Abstract This study focuses on the evaluation of daily
precipitation and temperature climate indices and extremes
simulated by an ensemble of 12 Regional Climate Model
(RCM) simulations from the ARCTIC-CORDEX experi-
ment with surface observations in the Canadian Arctic
from the Adjusted Historical Canadian Climate Dataset.
Five global reanalyses products (ERA-Interim, JRASS,
MERRA, CFSR and GMFD) are also included in the evalu-
ation to assess their potential for RCM evaluation in data
sparse regions. The study evaluated the means and annual
anomaly distributions of indices over the 1980-2004 data-
set overlap period. The results showed that RCM and rea-
nalysis performance varied with the climate variables being
evaluated. Most RCMs and reanalyses were able to simu-
late well climate indices related to mean air temperature
and hot extremes over most of the Canadian Arctic, with
the exception of the Yukon region where models displayed
the largest biases related to topographic effects. Overall
performance was generally poor for indices related to cold
extremes. Likewise, only a few RCM simulations and rea-
nalyses were able to provide realistic simulations of pre-
cipitation extreme indicators. The multi-reanalysis ensem-
ble provided superior results to individual datasets for
climate indicators related to mean air temperature and hot
extremes, but not for other indicators. These results support
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the use of reanalyses as reference datasets for the evalua-
tion of RCM mean air temperature and hot extremes over
northern Canada, but not for cold extremes and precipita-
tion indices.
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1 Introduction

Trends in temperature and precipitation and their extremes
in observations and Global Climate Models (GCMs) have
been a subject of extensive study over the past decade
because of the potential impacts on human society and
ecosystems (e.g. Alexander et al. 2006; Kharin et al. 2007,
2013; Sillmann and Roeckner 2008; Donat et al. 2013; Sill-
mann et al. 2013a, b). There are a number of challenges in
carrying out these studies (e.g. Zwiers et al. 2013; Alexan-
der 2016) especially over data sparse regions such as the
Canadian Arctic which is the focus of this study. In addition
to limited surface observations, a key challenge in model
evaluation is the scale mismatch (e.g. Booij 2002; Fowler
et al. 2005; Zhang et al. 2011) between surface observa-
tions and climate models with resolutions ranging from
~25 to 50 km for the Regional Climate Models (RCMs) to
~100-300 km for the GCMs participating in the Coupled
Model Intercomparison Project Phase 5 (CMIP5; Taylor
et al. 2012). Generally, higher precipitation intensities are
recorded at station (especially for more intense precipita-
tion) than reported on gridded datasets since simulated
gridded products are usually interpreted as mean values
over the grid (for a discussion of this point see e.g. Chen
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and Knutson 2008). Consequences of scale mismatch are
especially obvious for GCMs and reanalyses with coarse
resolution. Different interpolation methods have been
proposed in order to aggregate station information to the
GCM scale. However, these methods can only be used with
some confidence in regions with good spatial coverage.
The Canadian Arctic (which includes the Yukon Territory,
Northwest Territories and Nunavut) is a vast region cover-
ing approximately 3,600,000 km? of land. The number of
stations reporting daily precipitation and daily temperature
over extended periods of time in this region is very limited
(see Sect. 2.3). Northern Canada is also a region of com-
plex topography with a large number of lakes and 94 major
islands. Interpolating information to common grids over
this region of complex topography and ice/water bounda-
ries can have a huge impact on the resulting fields, espe-
cially for extremes (e.g. Hofstra et al. 2010; Gervais et al.
2014). One approach for dealing with the scale-difference
issue is to dynamically downscale GCM simulations using
high-resolution RCM simulations. This has been shown to
provide more realistic simulations of precipitation and pre-
cipitation extremes, with intensities and frequencies com-
parable to those recorded at surface stations (Chan et al.
2013).

The Arctic Coordinated Regional Downscaling Experi-
ment (ARCTIC-CORDEX: Giorgi et al. 2009; Jones et al.
2011; Gutowski et al. 2016; http://www.climate-cryo-
sphere.org/activities/targeted/polar-cordex/arctic) is part
of the CORDEX initiative and there are three experimen-
tal streams consisting of: (1) RCM simulations driven by
the European Centre for Medium-Range Weather Forecasts
(ECMWF) ERA-Interim (ERAI) reanalysis (Dee et al.
2011), (2) RCM historical simulations and (3) RCM projec-
tions driven by GCMs participating in the CMIPS program.
The RCM simulations obtained in the ARCTIC-CORDEX
domain have not previously been evaluated over the Cana-
dian Arctic, and previous RCM studies of Arctic climate
have tended to focus on individual models (e.g. Saha et al.
2006; Matthes et al. 2010; Glisan and Gutowski 2014a, b;
Koenigk et al. 2015). The spatial coverage of the multi-
model ensemble of the North American Regional Climate
Change Assessment Program (NARCCAP; Mearns et al.
2009) only partially covered the Canadian Arctic, which
makes this analysis of the CORDEX multi-model ensemble
novel.

The main motivation for this study was the need to pro-
vide decision-makers in northern Canada with information
about the ability of current RCMs and reanalysis to simu-
late a range of commonly used temperature and precipita-
tion indices. The need for this information is underscored
by the rapid warming observed over the Arctic in the past
several decades (Hansen et al. 2010; Vincent et al. 2015),
which recent studies suggest may be underestimated (Way

@ Springer

et al. 2016; Cowtan and Way 2014). Climate extremes are
expected to change more rapidly than mean warming (Fis-
cher and Knutti 2015) with non-linear impacts that can
pose challenges for adaptive capacity (Knutti et al. 2016).
This study represents an important addition to previous
regional climate based change projections provided for
the Canadian Arctic (Allard and Lemay 2012; Stern and
Gaden 2015) which did not include any analysis of climate
extremes.

The aim of the present study is to evaluate the ability
of CORDEX regional climate models to simulate key tem-
perature and precipitation-based climate indices over the
Canadian Arctic land areas. Fifteen temperature and ten
precipitation climate and extremes indices were selected
based on Arctic climate characteristics. Both the histori-
cal CMIP5 GCM- and ERAI-driven CORDEX simula-
tions were evaluated. This allowed us to assess the RCM
structural biases as well as the effect of GCM errors on
the RCM simulations (éeparovié et al. 2013; Laprise et al.
2013). The evaluation was carried out by comparing simu-
lated values to station records across the Canadian Arctic.
In spite of their limitations (see Sect. 2.3), station obser-
vations remain the most reliable and the primary source
of information for the historical climate of the region and
are located where most human-related activities take place.
This also avoids introducing potential errors into the evalu-
ation from interpolation associated with gridded surface
datasets, or from the numerous sources of errors associated
with reanalyses. A second goal of the study was to evalu-
ate how well recent reanalyses perform at reproducing the
observed climate indices, and to determine if they can be
used in model evaluation to complement station data in
data-sparse regions.

The remainder of the paper is organized as follows:
the RCMs, reanalyses and observed datasets used in the
model evaluation are described in Sect. 2, while the evalu-
ation methodology (i.e. computation of climate indices
and evaluation metrics) is presented in Sect. 3. Section 4
presents the results of evaluating the reanalysis and GCM-
driven simulations over a reference period of 25 years,
while Sect. 5 presents the comparison of the GCM-driven
and ERAI-driven simulations over a common period of
17 years. The final section (Sect. 6) summarises results and
presents conclusions.

2 Dataset descriptions
2.1 RCMs
This study used four RCMs (AWI-HIRHAMS, CCCma-

CanRCM4, SMHI-RCA4 and UQAM-CRCMS) that are
part of the ARCTIC-CORDEX experiment (http://www.
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climate-cryosphere.org/activities/targeted/polar-cordex/arc-
tic). Table 1 provides information on the RCM simulations,
their characteristics and relevant references for each model
with the ARCTIC-CORDEX domain shown in Fig. 1. The
simulations are driven by CMIP5 GCMs over a histori-
cal period, mainly from 1951 to 2005 and by ERAI over a
more recent period, mainly from 1989 to 2008. Some mod-
els used spectral nudging while others did not. For SMHI-
RCA4 both configurations, with (identified as SMHI-
RCAA4SN) and without (identified as SMHI-RCA4) spectral
nudging, were considered. The CCCma-CanRCM4 simula-
tions were provided on a rotated grid at two horizontal grid
spacings, 0.44° and 0.22°, while the other model simula-
tions were only available at the 0.44° (about 50 km) hori-
zontal resolution. The CORDEX-ARCTIC ensemble was
supplemented with three 0.44° horizontal-resolution simu-
lations carried out with the UQAM-CRCMS5 model over a
North America domain, which completely covers Canada
(Fig. 1), unlike the North America CORDEX simulations.
These three simulations are identified as UQAM-CRC-
MS5NA (NA for North America) to differentiate them from
the runs carried out over the CORDEX-ARCTIC domain.
The CCCma-CanRCM4 simulations at 0.22° are identi-
fied as CCCma-CanRCM4-022. In total this provided 12
GCM-driven simulations and six ERAI-driven simulations
for analysis. The analysis was carried out over the Cana-
dian Arctic land areas contained in the ARCTIC-CORDEX
domain represented in Fig. 1 by the dark green shading.

2.2 Atmospheric reanalyses and gridded surface
observations

The second goal of the study was to evaluate how well rea-
nalyses and gridded surface observation datasets capture
the observed local climate from station records to deter-
mine if they can be used in model evaluation to comple-
ment the observed station data. Six datasets were consid-
ered comprising four recent reanalyses (CFSR, ERAI,
JRAS5, MERRA), and one product that corrects the NCEP-
R1 reanalysis with observed temperature, precipitation
and radiation (GMFD). Dataset descriptions and relevant
references are presented in Table 2. For the Arctic region
and the period used in this study, the temperature obser-
vations used by GMFD are mainly from the CRU TS3.0
gridded (0.5° x 0.5°) dataset, precipitation is corrected
for undercatch and is downscaled based on relationships
developed with the Global Precipitation Climatology Pro-
ject daily product. Corrections were also made to high-
latitude wintertime rain day statistics to remove a spuri-
ous wavelike pattern (Sheffield et al. 2006). The gridded
surface observation dataset (NRCan) was included in the
study to investigate the potential impacts of interpolating
data from sparse surface observations on climate indices.

The NRCan dataset provides daily precipitation and tem-
perature from Environment and climate change Canada
stations gridded on a horizontal grid of ~10 km using the
thin plate smoothing spline implemented in the ANUSP-
LIN climate modelling software (Hutchinson et al. 2009).
A two-stage approach was applied for interpolating daily
precipitation by estimating the spatial domain where pre-
cipitation occurred prior to carrying out the interpolation
of observed precipitation amounts. Trace precipitation
amounts for solid precipitation were assigned values from
0.03 to 0.07 mm that varied inversely with latitude follow-
ing Mekis and Vincent (2011).

CFSR, MERRA and ERA-Interim monthly mean tem-
perature and precipitation data were previously evaluated
over the Canadian Arctic by Rapai¢ et al. (2015) and over
the entire Arctic by Lindsay et al. (2014). Both papers indi-
cate that MERRA and ERA-Interim have relatively small
warm and wet biases compared to other reanalyses, while
CFSR was found to have particularly large positive precipi-
tation biases.

2.3 Surface observations

As previously mentioned, the number of stations with
long-term daily temperature and precipitation records
across the Canadian Arctic remains small. The interpo-
lation errors in gridded products based on sparse station
networks can be high, especially for extremes and climate
indices (e.g. Hofstra et al. 2010; Contractor et al. 2015;
Way et al. 2016). As a consequence, climate model evalu-
ations over such regions are often carried out using sta-
tion observations or reanalyses (e.g. Lindsay et al. 2014;
Glisan and Gutowski 2014a, b; Matthes et al. 2010, 2015;
Wilson et al. 2012). In this study, we use surface observa-
tions of mean, minimum and maximum daily temperature
(Tmean, Tmin and Tmax, respectively) and daily pre-
cipitation (Pr) from the climate stations included in the
National Climate Data and Information Archive at Envi-
ronment and Climate Change Canada (http://ccds-dscc.
ec.gc.ca/index.php?page=download-obs) that have at
least 15 valid years in the 1980-2004 validation period
of GCM-driven RCM simulations. Where stations were
adjusted and corrected for known systematic errors, we
used the corrected station data from the Adjusted Histori-
cal Canadian Climate Data set (AHCCD; Vincent et al.
2002, 2012; Mekis and Vincent 2011). The AHCCD takes
account of systematic errors from changes in observing
programs, instrumentation and station moves (the lat-
ter for temperature data only), and also includes station
joining to produce longer records. Precipitation records
in the AHCCD have undergone rigorous quality con-
trol and adjustments to account for known measurement
issues such as wind-induced undercatch, evaporation
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Table 1 Main characteristics of CORDEX and RCM simulations used in this study

Regional climate model (refer- Simulation name Lateral boundary conditions Period Main characteristics
ence) (reference)
AWI-HIRHAMS (Christensen = AWI-HIRHAMS5-MPI-ESM- ~ MPI-M-MPI-ESM-LR (Gior-  1949-2005 0.44° Resolution without
et al. 2007; Dethloff et al. LR getta et al. 2013) spectral nudging; ARCTIC-
1996) CORDEX domain
CCCma-CanRCM4 (Scinocca  CCCma-CanRCM4- CCCma-CanESM?2 (Arora 1950-2005 0.22° Resolution with spectral
et al. 2016) CanESM2-022 etal. 2011) nudging; ARCTIC-COR-
DEX domain
CCCma-CanRCM4-CanESM2 CCCma-CanESM2 (Arora 1950-2005 0.44° Resolution with spectral
etal. 2011) nudging; ARCTIC-COR-
DEX domain
CCCma-CanRCM4-ERAI-022 ERA-Interim (Dee et al. 2011)  1989-2009 0.22° Resolution with spectral
nudging; ARCTIC-COR-
DEX domain
CCCma-CanRCM4-ERAI ERA-Interim (Dee et al. 2011)  1989-2009 0.44° Resolution with spectral
nudging; ARCTIC-COR-
DEX domain
UQAM-CRCMS (Takhsha UQAM-CRCMS5-MPI-ESM- ~ MPI-M-MPI-ESM-LR (Gior- ~ 1949-2005 0.44° Resolution without
et al. 2017) LR getta et al. 2013) spectral nudging; ARCTIC-
CORDEX domain
UQAM-CRCMS-ERAI ERA-Interim (Dee et al. 2011)  1979-2014  0.44° Resolution without
spectral nudging; ARCTIC-
CORDEX domain
UQAM-CRCMS5NA (Martynov UQAM-CRCMS5NA-MPI- MPI-M-MPI-ESM-LR (Gior-  1949-2005 0.44° Resolution without spec-
et al. 2013; Separovic et al. ESM-LR getta et al. 2013) tral nudging; North America
2013) domain
UQAM-CRCM5NA-CanESM2 CCCma-CanESM?2 (Arora 1949-2005 0.44° Resolution without spec-
etal. 2011) tral nudging; North America
domain
UQAM-CRCMS5NA-ERAI ERA-Interim (Dee et al. 2011)  1979-2014  0.44° Resolution without spec-
tral nudging; North America
domain
SMHI-RCA4 (Samuelsson SMHI-RCA4-CanESM2 CCCma-CanESM?2 (Arora 1951-2005 0.44° Resolution without
etal. 2011) etal. 2011) spectral nudging; ARCTIC-
CORDEX domain
SMHI-RCA4-NorESM1-M NCC-NorESM1-M (Bentsen 1951-2005 0.44° Resolution without
et al. 2013) spectral nudging; ARCTIC-
CORDEX domain
SMHI-RCA4-EC-EARTH ICHEC-EC-EARTH (Hazel- 1951-2005 0.44° Resolution without
eger et al. 2012) spectral nudging; ARCTIC-
CORDEX domain
SMHI-RCA4-MPI-ESM-LR MPI-M-MPI-ESM-LR (Gior-  1951-2005 0.44° Resolution without
getta et al. 2013) spectral nudging; ARCTIC-
CORDEX domain
SMHI-RCA4-ERAI ERA-Interim (Dee et al. 2011)  1980-2010 0.44° Resolution without
spectral nudging; ARCTIC-
CORDEX domain
SMHI-RCA4SN (Berg et al. SMHI-RCA4SN-EC-EARTH  ICHEC-EC-EARTH (Hazel- 1951-2005 0.44° Resolution with spectral
2013) eger et al. 2012) nudging; ARCTIC-COR-
DEX domain
SMHI-RCA4SN-MPI-ESM- MPI-M-MPI-ESM-LR (Gior-  1951-2005 0.44° Resolution with spectral
LR getta et al. 2013) nudging; ARCTIC-COR-
DEX domain
SMHI-RCA4SN-ERAI ERA-Interim (Dee et al. 2011)  1980-2010 0.44° Resolution with spectral

nudging; ARCTIC-COR-
DEX domain
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Fig. 1 Spatial domains for

the UQAM-CRCMS5NA
simulations (in light green) and
ARCTIC-CORDEX simulations
(in cyan). The Canadian Arctic
analysis domain is shown in
deep green

UQAM-CRCM5NA domain

Table 2 Main characteristics of reanalyses and gridded observation datasets used in this study

Dataset (reference) Download Period Type of dataset and spatial resolution
Global Meteorological Forcing Dataset for http://rda.ucar.edu/datasets/ds314.0/ 1948-2008 Reanalysis, 0.25° (~28 km)
Land Surface Modeling (GMFD; Sheffield
et al. 20006)
National Centers for Environmental Predic-  http://rda.ucar.edu/datasets/ds093.1/ and 1979-2010 Reanalysis, T382 (~38 km)
tion (NCEP) Climate Forecast System http://cfs.ncep.noaa.gov/cfsr/
Reanalysis (CFSR; Saha et al. 2010)
Japanese 55-year Reanalysis (JRAS55; Kob-  http://rda.ucar.edu/datasets/ds628.0/ 1958-2010 Reanalysis, TL319 (~60 km)
ayashi et al. 2015)
Modern Era Reanalysis for Research and http://gmao.gsfc.nasa.gov/merra/ 1979-2010 Reanalysis, 0.667° longitude x 0.5°
Applications (MERRA; Rienecker et al. latitude (~65 km)
2011)
ECMWF ERA-Interim Reanalysis (ERAI; http://apps.ecmwf.int/datasets/data/interim- ~ 1979-2010 Reanalysis, T255 (~79 km)
Dee et al. 2011) full-daily/levtype=sfc/
Natural Resources Canada gridded surface ftp://ftp.nrcan.gc.ca/pub/outgoing/canada_ 1950-2013 Gridded observations ~10 km

data (NRCan; Hutchinson et al. 2009)

daily_grids

loss, and adjustments for trace observations that are par-
ticularly important for the frozen and light precipitation
regimes that dominate the Canadian Arctic (Devine and
Mekis 2008; Mekis 2005). The water equivalent of the

snowfall was adjusted based on climatological estimates
of fresh snowfall density obtained from stations where
both Nipher gauge (solid precipitation) and snowfall
were measured (Mekis and Brown 2010). Trace snowfall
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amounts were assigned values between 0.03 and 0.07 mm
that varied inversely with latitude.

This resulted in a total of 47 stations for the air tem-
perature indices evaluation and 78 stations for the pre-
cipitation indices evaluation, with the spatial distribution
shown in Fig. 2. For the 1989-2005 period used in the
comparison of the GCM-driven and ERAI-driven simula-
tions, these conditions were relaxed to at least 10 valid
years, which led to similar numbers of stations: 48 sta-
tions for temperature and 79 for precipitation. Details
concerning the station selection criteria for climate indi-
ces computation are provided in Sect. 3.

It is important to note that none of the reanalyses
considered in this study assimilated surface precipita-
tion data and that CFSR, MERRA, and JRAS5S5 do not
assimilate surface air temperature. Surface air tempera-
tures from Canadian synoptic stations are assimilated in
ERA-Interim through an analysis based on the Optimal
Interpolation procedure, while GMFD is using a post-
processing procedure based on the CRU TS3.0 gridded
(0.5° x 0.5°) monthly dataset that contains Canadian cli-
mate station data. Consequently, surface air temperature
fields from ERA-Interim and GMFD are not completely
independent from the temperature field of the AHCCD
dataset.

3 Methodology

The five reanalyses and the GCM- and ERAI-driven simu-
lations cover different periods of time. In the first part of
this study, the reanalyses and GCM-driven simulations
were evaluated over a common reference period of 25 years
(1980-2004) while, in the second part, GCM- and ERAI-
driven RCM simulations were evaluated over a common
period of 17 years (1989-2005).

3.1 Climate indices computation

The Expert Team on Climate Change Detection and Indices
(ETCCDI; Klein Tank et al. 2009) proposed a large number
of climate indices that characterize many aspects (not only
extremes) of daily temperature and precipitation distribu-
tions relevant for climate change detection and climate-
related applications. Also the ArcticNet Network of Cen-
tres of Excellence of Canada has identified several climate
indices relevant for climate change impacts and adaptation
studies in the Canadian Arctic (Allard and Lemay 2012;
Stern and Gaden 2015). The reported indices were selected
based on regional interests after due consultation of local
representative involved in natural, health, social, and Inuit
organizations, northern communities and federal and

Fig. 2 Topography and location of stations with at least 15 valid years over the 1980-2004 period. The blue points show stations used in pre-
cipitation indices evaluation, while the red points show the location of stations used in temperature indices evaluation
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provincial agencies. In our study, 15 daily temperature and
ten daily precipitation climate indices associated with key
characteristics of the precipitation and temperature regimes
of the Arctic region were selected from those proposed by
the ETCCDI and Arctic impacts-relevant indices provided
by the Canadian ArcticNet program (Table 3).

It was however, necessary to adapt the nomenclature
of certain ETCCDI indices to take account of Arctic con-
ditions. A large portion of the analysis domain is located
north of the Arctic Circle (66°32'N) that experiences polar
days and nights with a less distinct diurnal cycle. Because
the notion of night and day is different for the Arctic, the
term “day” will be used to denote a calendar day of 24 h
and not the period of sunlight, and the indices were named
as in Table 3. The annual “cool” temperature indices were
related only to the variable “daily minimum temperature”

(TNn, TN10 and TN10p), while the annual “warm” tem-
perature indices are related only to the variable “daily max-
imum temperature” (TXx, TX90 and TX90p).

While total precipitation is generally low over much of
the Canadian Arctic (the Arctic islands being known as
Arctic desert) (Serreze and Barry 2005; Stern and Gaden
2015), increases in extreme precipitation events and pre-
cipitation intensity have been observed over the Arctic
(Cohen et al. 2014; Ye et al. 2015; Wan et al. 2015) and
further increases are expected in response to warming
and increasing atmospheric humidity from reductions
in sea ice extent. Therefore part of this paper is devoted
to evaluating model skill in simulating the upper-tail of
daily-precipitation annual distributions (Rx1day, Rx5day,
R95ptot and R99ptot) and one related to the number of
wet days (Rlmm), with a wet day defined as a day with

Table 3 Definition of annual climate indices and bin sizes used for the estimations of the Perkins skill score (see Sect. 3.2)

Climate index Name (description) Unit Bin size
Annual Tmean Annual mean of daily mean temperature °C 0.5°C
DIJF Tmean December, January and February mean daily temperature °C 0.5°C
JJA Tmean June, July and August mean daily temperature °C 0.5°C
Nthaw Winter thaw events (number of days with Tmax >0°C during a winter period defined by —5 °C crossing Days 1 day
dates from a 40-day centered moving average of daily Tmean)
TDD Thawing degree days (annual cumulative sum of daily degrees of Tmean above 0°C) °C 50°C
FDD Freezing degree days (annual cumulative sum of daily degrees of Tmean below 0 °C, over a winter- °C 100°C
centred year)
HDD Heating degree days (annual cumulative sum of Tmean daily degree days below 17 °C) °C 300°C
GDD Growing degree days (annual cumulative sum of Tmean daily degree days above 5 °C) °C 20°C
SU15 Arctic summer days (annual count of days with Tmax >15 °C) Days 1 day
TXx Warmest annual temperature (annual maximum value of Tmax) °C 0.5°C
TX90 90th percentile of Tmax over the year °C 0.5°C
TX90p Warm days (annual percentage of time when Tmax is >90th percentile of Tmax, which is calculated for % 1%
a 5-day window centered on each calendar day of the reference period)
FD Frost days (annual number of days with Tmin <0°C) Days 2 days
TNn Coldest annual temperature (annual minimum value of Tmin) °C 0.5°C
TNI10 10th percentile of Tmin over the year °C 0.5°C
TN10p Cold days (annual percentage of time when Tmin is <10th percentile of Tmin, which is calculated fora % 1%
5-day window centered on each calendar day in the reference period)
Annual Pr Annual mean of daily precipitation mm/day 0.2 mm/day
DIJF Pr December, January and February mean daily precipitation mm/day 0.2 mm/day
JJIA Pr June, July and August mean daily precipitation mm/day 0.2 mm/day
Rlmm Wet days (annual count of days when daily precipitation is >1 mm/day) Days 5 days
RX1day Maximum 1-day precipitation amount (annual maximum of daily precipitation) mm/day 2 mm/day
RX5day Maximum 5-day precipitation amount (annual maximum of 5-day accumulated precipitation) mm/day 3 mm/day
R95pTOT Precipitation due to very wet days (annual total precipitation from days with daily precipitation >95th mm 20 mm
percentile of wet-day precipitation over the reference period)
R95p Very wet days (annual number of days with daily precipitation >95th percentile of wet-day precipitation Days 0.6 day
over the reference period)
R99pTOT Precipitation due to extremely wet days (annual total precipitation from days with daily precipita- mm 20 mm
tion >99th percentile of wet-day precipitation over the reference period)
R99p Extremely wet days (number of annual days with daily precipitation >99th percentile of wet-day precipi- Days 0.6 day

tation over the reference period)
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precipitation >1 mm/day as these may be impacted by cli-
mate change.

Some annual indices were defined using thresholds asso-
ciated to percentiles computed over a reference period (e.g.
TN10p, TX90p, R95ptot and R99ptot). The 1980-2004
period (25 years) was used as reference period for stations,
reanalysis and GCM-driven simulations. For the compari-
son of GCM- and ERAI-driven simulations, these indices
were estimated over the 17-year period 1989-2005.

In addition to these ETCCDI indices, annual, summer
(June, July and August) and winter (December, January
and February) mean daily precipitation, annual, summer
and winter mean daily temperatures, heating degree days
(HDD), growing degree days (GDD), freezing degree days
(FDD), thawing degree days (TDD) and number of winter
thaw events (Nthaw) were also estimated.

The GDD index is important in the Arctic for studies
related to the growth, timing of vegetation green-up onset,
insect development and migration (Herms 2004; Sridhar
and Reddy 2013), which are key variables for caribou pop-
ulation, a major resource for local communities (Moerschel
and Klein 1997; Stern and Gaden 2015). The TDD index
is closely related to snow melt processes, the depth of the
permafrost active layer and the initialisation of snowpack
ablation (Stern and Gaden 2015), while the FDD index is
related to ice growth and the depth of ground frost penetra-
tion (Stern and Gaden 2015) which are relevant for trans-
portation (e.g. ice roads) and infrastructure. The Nthaw
index is related to the production of ice layers within or
under the snowpack that may limit caribou access to forage.

The climate indices were computed at each point of the
original grid for each simulation/reanalysis as suggested in
Diaconescu et al. (2015). For stations, annual indices were
computed only for years with less than 20% missing values,
defined as a valid year.

3.2 Evaluation metrics

Evaluation of models and reanalyses is usually carried out
by comparing area-averaged statistics (e.g. mean values,
variances) or by comparing the distributions of values of
co-located pairs. The latter approach is difficult in our situ-
ation due to the limited number of years of data. Hansen
et al. (2012) and Hansen and Sato (2016) proposed to pool
data from different stations within a region into a single
sample in order to increase the sample size. This approach
is reasonable as long as the value of interest over that
region can be considered homogeneous, i.e. that the local
values can be described by a unique distribution. A simi-
lar method was adopted by Alexander et al. (2006) in the
analysis of global climate annual indices from a subset of
200 temperature and 350 precipitation stations across the
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globe. Donat and Alexander (2012), Hansen et al. (2012),
and Hansen and Sato (2016) used probability density dis-
tributions of temperature anomalies over specific regions
rather than absolute-value distributions because the anoma-
lies have a higher spatial correlation, while absolute mean
temperatures can vary over short spatial scales (Hawkins
and Sutton 2016). Consequently, even a few stations can
capture the temporal characteristics of anomalies over a
large region. We therefore chose to use this approach and
pooled the anomalies to compare the distributions.
Consequently, each local climate index value
Y(lon, lat, t) was decomposed into the local climatological
mean, Y(lon, lat), and the local anomalies Y’ (lon, lat, t):

Y(lon, lat,t) = Y(lon, lat) + Y'(lon, lat,t) (1)

The local climatological mean corresponds to the mean
value over the reference period at a specific site. The local
anomalies were obtained by subtracting the local climato-
logical mean from the local annual index value. The spatial
distribution of the climatological mean and the distribution
of anomalies were then estimated. Model and reanalysis
skill in simulating the spatial patterns of the climatological
mean were evaluated (Sect. 4.1.1) as well as the distribu-
tion of anomalies (Sect. 4.1.2).

For the spatial pattern evaluation, the Mean Squared
Skill Score (MSSS; see e.g., Murphy 1988; Murphy and
Epstein 1989) was used. It compares the Mean Square
Error (MSE) of a forecast (a given RCM simulation or rea-
nalysis) with respect to the observations (f;0) to the MSE of
a selected reference dataset with respect to the observations
(r,0):

MSE(f,0)

MSSS=1— ——=
MSE(r,0) @

A positive value indicates that the forecast has a greater
skill than the reference, with MSSS=1 indicating a per-
fect forecast skill and MSSS~0 similar forecast and ref-
erence skills. For instance if the forecast values more
closely match observed values than the reference dataset
then MSE(f,0) <MSE(r,0) and 0<MSSS<1 (otherwise
MSSS <0).

In this study, two versions of the MSSS were used to
evaluate reanalysis and RCM skill in simulating the spatial
patterns of climatological mean of indices over the Cana-
dian Arctic:

1. MSSS with reference to the variance of observations
also known as the Reduction of Variance (RV) metric.
For a given climate index, this score compared the
MSE between the mean for a given dataset (RCM sim-
ulation or reanalysis) to the spatial variance of the cli-
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matological mean of observations over the region

N
2= X~ (D>)2>:

MsEk0) __ Z (Ta=0)’
5 2L (0= (0)’

RV, =1- 3)

with ¥, representing the climatological mean of dataset
k (a RCM simulation or a reanalysis) at the grid point
closest to station i, Ol- the recorded observational clima-
tological mean at station i, (O) the spatial mean over
the analysis region (see Fig. 1) of observational clima-
tological mean at stations and N the number of stations
in the region. The model/reanalyses MSE is computed
with respect to observations

N
<MSE(k, 0) = 11\7 Y (Y- Di)2>. A value of RV, >0
=1

means that dataset k has a smaller MSE value than the
spatial variance in observations.

2. Another version of the MSSS compares the MSE of
the index climatological mean of a given dataset to the
MSE value averaged over all reanalyses:

MSE(k,O
MSSS, =1- ﬁ 4)
5 Lr=1 0%
with MSE(k,O) representing the MSE of a given data-
set k (either model simulation or reanalysis) and MSE,
representing the MSE of reanalysis . The denomina-
tor sum in Eq. 4 is over all five reanalysis datasets.
This version is particularly useful because it compares
individual RCM performance to mean reanalysis per-
formance (a value of MSSS, >0 means that dataset k
outperformed the mean reanalysis performance). It also
provides information regarding the use of reanalyses as
reference datasets for model evaluation in the Arctic
region.

Evaluation of anomaly distributions, for each given
index, was performed by pooling all annual anomalies
at stations and corresponding grid-point values over the
Canadian Arctic Region. Corresponding empirical distribu-
tions were then constructed.

The ability of reanalyses and models in simulating sta-
tion anomaly distributions was assessed with the Kuiper
goodness-of-fit metric (Kuiper 1960) and the Perkins met-
ric (Perkins et al. 2007). The two metrics were considered
to check whether they provided consistent conclusions.
Both metrics have the advantage of not depending on the
shape of the underlying distribution and they can be applied
to any variable.

The Kuiper metric, inspired from the Kolmogo-
rov—Smirnov test, is one of the most commonly used
methods to compare distributions from two samples
(Smirnov 1939; Stephens 1970). It measures the distance
between the two empirical cumulative distributions and
is defined as the sum of the absolute values of the maxi-
mum positive and negative distances between the two
empirical cumulative distributions:

Dy = max [ECDF;(x) — ECDF ,(x)|

—oo<x<o0

+_max [ECDF,(x) — ECDF(x)| 5)
with ECDF, and ECDF, representing the empirical cumu-
lative distributions of dataset k£ and of recorded datasets
respectively. Dy values range between zero and one, with
zero indicating a perfect overlap of the two distribu-
tions while a value of one corresponds to no overlapping
distributions.

The Perkins metric is defined as the overlap between
the two empirical probability density functions (EPDF)
and has been used in evaluating temperature and pre-
cipitation series simulated by GCMs (Perkins et al. 2007,
2012; Maxino et al. 2008; Pitman and Perkins 2009;
Perkins 2009) as well as RCMs (Kjellstrom et al. 2010;
Kabela and Carbone 2015; Boberg et al. 2010). Here we
extend its use by evaluating climate index anomaly distri-
butions. Normalised histograms of indices from reanaly-
ses and simulations were compared with corresponding
index histograms from recorded datasets. The size of the
bin used for each index is presented in Table 3. The bins
were selected to cover the whole range of values of both
datasets. The common area between the two distributions
was computed as:

PSS, = Z min imum(EPDF(x), EPDF ,(x)) ©)

x=1

where # is the number of bins used to calculate the normal-
ised histograms, EPDF), (x) is the frequency in bin x for the
dataset k, EPDF (x) is the corresponding frequency for the
recorded dataset in bin x. PSS values range from zero to
one, a zero value corresponding to no overlap between the
two histograms and one to identical histograms. To ease the
comparison with Kuiper metric, the (1 — PSS) metric will
be used in the following.

In summary, the RV and MSSS metrics were used to
compare the performance of the climatological mean,
while the Kuiper and Perkins metrics were used to com-
pare the performance of the distribution of annual anom-
alies (i.e. the annual departures from the climatological
mean).
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4 Evaluation of GCM-driven RCM and reanalyses  are evaluated using the RV metric, biases and the MSSS
indices metric (Sects. 4.1.2, 4.1.3 and 4.1.4).

4.1 Climatological means 4.1.1 Observed climatological means

Index climatological means are presented first at stations ~ The spatial coherence of the observed climate indices
over the Canadian Arctic (Sect. 4.1.1). Next the skill of  at stations was first examined visually (see Figs. 3, 4 for

models and reanalyses at reproducing the observed values  the climatological means of selected indices). Most of the
temperature indices showed important spatial gradients
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Fig. 3 Climatological mean of some daily temperature indices at stations over the 1980-2004 period
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Fig. 4 Climatological mean of daily precipitation indices at stations over the 1980-2004 period. In order to improve the readability of the map,
the stations in the South—West region are represented by smaller dots than the stations in the North

over the Arctic, consistent with the radiative forcing. The
only exception was the annual coldest temperature (TNn;
Fig. 3k), which is influenced by local scale factors such
as proximity to open water and topography that influence
inversion layer formation (Rapai€ et al. 2015).

For precipitation indices, the entire domain is char-
acterised by relatively small amounts of precipitation,
with most stations having mean annual precipitation
rates of less than 1.0 mm/day (Fig. 4a). More precipita-
tion arrives in the summer period than winter (Fig. 4b,
c) because warmer temperature in summer and the pres-
ence of ice-free water (lakes and Arctic Ocean) increase
atmospheric moisture. The fraction of total precipitation
falling in solid form is varying from 30 to 90% over the
region (Fig. 4d). Solid precipitation (PRSN/PR between
60 and 100%) dominates in the north where the mean
annual precipitation is very low (less than 1 mm/day),

while liquid precipitation is more important over the
southern regions (PRSN/PR between 40 and 20%) where
mean annual precipitation has values between 1.2 and
2.8 mm/day. Analysis of daily-precipitation distributions
shows that higher intensity daily precipitation can occur
especially in the southern part of the domain and in some
coastal regions with open water during the summer. Also,
in summer, extratropical cyclones can penetrate further
north and can reach the Hudson Bay, in winter such tra-
jectories are unlikely (Reitan 1974). Consequently, pre-
cipitation is generally less extreme over the northern
regions of the study area (RX1day/RXS5day less than
20/30 mm/day; R99pTOT less than 16 mm and R95pTOT
less than 45 mm) and more extreme over southwestern
regions and south of Baffin Island (RX5day between 30
and 70 mm/day and R99pTOT with values between 20
and 40 mm).
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4.1.2 RV metric

The performance of the models and reanalysis in simulat-
ing the spatial patterns of the climatological means of the
precipitation and temperature indices was first evaluated
using the RV metric (Eq. 3), which was computed using the
station records as a reference as described in Sect. 2.3 and
presented in Sect. 4.1.1. Heat maps in Fig. 5 summarize the
estimated RV values with columns representing the indi-
ces, and rows the datasets. The last two columns denoted
“All T” and “All Pr” present the average performance of
each data set in simulating all temperature indices (All T)
and all precipitation indices (All Pr), and corresponds to
the mean RV value over all temperature or precipitation
indices of the corresponding dataset. The top two rows of
Fig. 5 present the RV of the ensemble mean of reanalyses
(identified as REM and corresponding to the RV values of
the corresponding index averaged over all five reanalyses)
and of the model ensemble mean (identified as MEM and
corresponding to the RV values of the corresponding index
averaged over all simulations). In the following, for ease of

MEM

REM

AWI-HIRHAMS5-MPI-ESM-LR

CCCma-CanRCM4-CanESM2-022
CCCma-CanRCM4-CanESM2
UQAM-CRCMS-MPI-ESM-LR
UQAM-CRCM5NA-MPI-ESM-LR
UQAM-CRCM5NA-CanESM2
SMHI-RCA4-CanESM2
SMHI-RCA4-NorESM1-M
SMHI-RCA4-EC-EARTH

SMHI-RCA4SN-EC-EARTH

SMHI-RCA4-MPI-ESM-LR

SMHI-RCA4SN-MPI-ESM-LR
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interpretation, ‘good skill’ (or ‘good performance’) will be
associated with positive RV values (blue boxes in Fig. 5),
for which the squared differences between model/reanalysis
and station indices were smaller than the recorded spatial
variance among stations, while ‘poor skill’ (or ‘poor per-
formance’) will be associated with negative RV values (red
boxes in Fig. 5), for which the MSE of a model/reanalysis
were greater than the spatial variance among stations.
Figure 5 shows that the overall model and reanalysis
performance was better for the temperature indices (first
14 columns) than for the precipitation indices (last eight
columns). Ten of the temperature indices (annual Tmean,
DIJF Tmean, JJA Tmean, Nthaw, TDD, FDD, HDD, GDD,
SU1S5 and TX90) were well simulated by all reanalyses and
almost all RCM simulations. The reanalyses demonstrated
a good ability at simulating the FD and TXx indices (only
ERALI has a negative RV for TXx), while many RCM simu-
lations were less effective for these two indices. The TNn
index was poorly reproduced by most of the reanalysis and
RCM simulations. The reanalyses’ performance was better
than the RCMs for 11 of the 14 temperature indices, as also

8 008 <Ot (S0 S G
deqf)"?@)g? L

Fig. 5 Heat map showing the reduction of variance metric for the
mean temperature and precipitation indices over the 1980-2004
period for the Canadian Arctic. MEM model ensemble mean, REM
reanalysis ensemble mean. All T corresponds to the RV value aver-
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aged over all temperature indices and All Pr to the RV value averaged
over all precipitation indices. The RV metric is computed against the
station observations described in Sect. 2.3 and presented in Figs. 3
and 4
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indicated by the REM and MEM performances. For Nthaw
and TN10, MEM was better than REM, while for TNn both
MEM and REM had negative RV values.

The climatological means of DJF Pr (16th column of
Fig. 5), RX1day (19th column of Fig. 5) and RX5day (20th
column of Fig. 5) indices were well reproduced by most
reanalysis and by the CCCma-CanRCM4 and UQAM-
CRCMS5 simulations. The ability to reproduce these indi-
ces was also reflected by the positive RV of REM and
MEM. Only two reanalysis (GMFD and MERRA) and the
UQAM-CRCMS5 simulations were capable of reproduc-
ing the climatological mean of R95pTOT (21th column
of Fig. 5) and R99pTOT (22th column of Fig. 5). Also, all
reanalysis and most RCM simulations showed poor perfor-
mance for Annual Pr (15th column of Fig. 5), JJA Pr (17th
column of Fig. 5) and R1mm (18th column of Fig. 5) indi-
ces. Therefore, the reanalyses and some models were able
to effectively reproduce the annual extremes of daily pre-
cipitation (R1days and RXS5days) but show poor perfor-
mance for the annual and summer mean of daily precipita-
tion (annual Pr and JJA Pr) and the annual number of wet
days (R1mm) indicating a frequency bias in the occurrence
of precipitation. While RCMs have similar skill in simulat-
ing the DJF Tmean and JJA Tmean, reanalyses show better
skill for the summer mean temperature. Almost all RCMs
and reanalyses have better scores in simulating DJF Pr than
JJA Pr.

Figure 5 also compares the performances of differ-
ent configurations of the same RCM. For the SMHI-RCA
model, configurations with (SMHI-RCASN) and without
(SMHI-RCA) spectral nudging were evaluated and show
that the configuration without spectral nudging had supe-
rior skill for some temperature indices, while performances
were similar for precipitation indices.

For the CCCma-CanRCM4 model, simulations with
two spatial resolutions were compared. Figure 5 shows
that the model configuration at 0.22° resolution (CCCma-
CanRCM4-CanESM2-022) had better performance than
the 0.44° configuration (CCCma-CanRCM4-CanESM?2)
for DJF Tmean, FDD, GDD, SU15, FD, Annual Pr, DJF Pr,
RX5day and R95pTOT indices. Conversely, the other indi-
ces had similar performances.

4.1.3 Biases

To examine the potential influence of geography in model
performance, the spatial patterns of the differences in cli-
matological mean values between MEM/REM and obser-
vations for the DJF Tmean, JJA Tmean and RX1day indices
are presented in Fig. 6. These patterns are representative of
most RCMs and reanalysis and most indices: DJF Tmean
for cold and winter temperature indices (Nthaw, DIJF
Tmean, TN10, TNn), JJA Tmean for warm temperature and

degree-day indices, and RX1day for precipitation indices.
The analysis of the spatial distribution of the RCM/reanal-
ysis - observations differences for all temperature indices
showed different patterns for cold and winter-time indices
and all other temperature indices. Most reanalyses and
especially RCMs present a larger bias over the Yukon high-
topography region for the warm indices and the annual
daily degree indices (Fig. 6a, b), while the cold indices
don’t display any particular pattern (Fig. 6¢, d). The larger
negative errors observed over the mountain region in indi-
ces incorporating the summer temperatures (Fig. 6a, b) can
be due to the difference in topographic elevation in RCMs/
reanalyses and stations, stations being usually located in
valleys. Consequently, RCMs/reanalysis temperatures are
usually colder than temperatures recorded at stations since
mean grid-point elevations of RCMs/reanalysis are typi-
cally higher than station elevations.

These results suggest that some bias correction based
on the temperature climatological lapse rate for this region
should be applied to correct station temperatures. However,
the difference between station altitude and corresponding
RCM/reanalysis mean grid-point elevation does not seem
to affect cold and winter indices (Fig. 6¢, d), for which no
structured spatial distribution of differences was observed.
In Fig. 6, mean temperature from reanalyses are warmer
than observed ones (Fig. 6d) while models simulate colder
mean temperatures over most part of the Arctic (Fig. 6¢).
This difference in spatial pattern of the bias between warm
and cold temperature indices can be explained by the high
frequency of surface and upper tropospheric tempera-
ture inversions during the cold period (December—March)
caused by the radiative surface cooling or by the warmer air
advection over the arctic cold air masses (Lovatt 2009; Ser-
reze and Barry 2005; Przybylak 2016). Important «semi-
permanent» inversions are present especially in the deep
valleys of the Yukon and the Alaska mountainous regions
(Lovatt 2009; Przybylak 2016). Consequently, local pro-
cesses have a high impact on cold indices and a bias cor-
rection based on the climatological lapse rate would not be
appropriate to correct cold daily temperature series. Sta-
tistical methods or more complex physical methods that
incorporate local processes conditioning the seasonal evo-
lution of the local lapse rate would be needed to adequately
correct daily minimum, maximum and mean temperature
indices over this specific region. Precipitation indices do
not present a particular pattern in the bias (see for exam-
ple RX1day bias in Fig. 6e, d) with the exception of higher
bias values for more southerly points and those close to
the Pacific Coast (especially for annual Pr and RImm indi-
ces—not shown) where mean and extreme precipitation
amounts are larger (see Fig. 4).

In summary, for temperature indices, reanalyses
and RCMs generally performed well in simulating the
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(a) MEM JJA Tmean

(b) REM JJA Tmean
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Fig. 6 Differences between the model ensemble mean (a, ¢ and e) and reanalysis ensemble mean (b, d and f), and observations for climatologi-
cal mean of JJA Tmean in °C (a, b), DJF Tmean in °C (¢, d) and RX1day in mm/days (e, f) over Arctic

climatological means of mean-daily and maximum-daily
temperature indices over most Canadian Arctic. The bias
is generally larger over the Yukon region in indices based
on summer temperatures. RCMs and reanalyses were less
effective at simulating the TNn index. Regarding precipi-
tation indices, most reanalyses and some RCMs were able
to reproduce climatological means of DJF Pr, RX1day and
RXS5day indices effectively, but were less effective in simu-
lating the annual Pr and the R1mm indices.
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Violin plots (Hintze and Nelson 1998; computed
using the Seaborn Python package: https://stanford.
edu/~mwaskom/software/seaborn/index.html) were used in
Fig. 7 to examine the climatological mean biases of TNn,
Rlmm (that were poorly represented by reanalyses and
models) and RX1day (that was well simulated by most rea-
nalyses and RCMs). Violin plots show the density of the
distribution of biases over the Canadian Arctic based on a
kernel smoother. The more “squashed” the violin and the


https://stanford.edu/~mwaskom/software/seaborn/index.html
https://stanford.edu/~mwaskom/software/seaborn/index.html

Evaluation of CORDEX-Arctic daily precipitation and temperature-based climate indices over... 2075

Fig. 7 Violin plots showing (a) 25
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closer the median (white dot) is to zero, the closer the val-
ues are to the observations. The first violin of each graph
corresponds to the NRCan dataset and shows the biases
between grid-point index values and corresponding val-
ues at the closest stations. The next three violins, in green,
capture the range of results from the reanalyses i.e. the
reanalysis with the lowest RV metric (left), the reanalysis
ensemble mean (REM) (middle), and the reanalysis with

the largest RV value (right). The range in RCM simulations
is similarly represented by the three magenta violins.

For the TNn index, the interpolation process in NRCan
smoothed the minimum daily temperature values result-
ing in an overall small positive bias on most of the grid
points close to stations, with the median bias equal to
0.63 °C. All reanalyses displayed an overall warm bias in
agreement with previous studies (e.g. Rapaié et al. 2015)
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with a median bias of +3.4 °C for REM. Contrary to rea-
nalyses, RCMs had a cold bias in TNn with MEM bias of
approximately —2.8 °C. A warm bias in reanalyses and a
cold bias in simulations was also observed for the 10th
percentile of minimum daily temperatures (TN10 index),
but with smaller amplitude than for the TNn index (not
shown). The poor performance of RCMs and reanalyses
in simulating the cold extremes, is attributed in part to a
lack of local-scale information related to inversion layer
development. The representation of atmospheric humid-
ity profiles and clouds in models/reanalyses would also
play roles in radiative cooling.

Four of the five reanalyses and all RCM simula-
tions displayed positive Rlmm biases, and therefore a
larger number of wet days than recorded at the stations,
with maximum biases in the southwestern region of the
domain characterised by high topography (see Fig. 2).
Small negative biases were observed for the north-
ern regions. An exception was the GMFD product with
a smaller number of wet days than observations over a
large part of the domain (median bias of —20 days per
year) and the UQAM-CRCMS5-MPI-ESM-LR simulation,
which had the smallest model-and-reanalysis median bias
(approximately 7 days per year) similar to the NRCan
median bias (approximately 6 days per year).

The interpolation procedure has an important impact
on the estimated NRCan RXlday index (see Fig. 7c;
Hutchinson et al. 2009). The interpolation process intro-
duces a smoothing of daily precipitation that results in a
negative bias for RX1day (underestimation of RXlday
values estimated from recorded series) for almost all
NRCan grid points next to stations (only two stations
in the north had positive biases and these stations were
probably not integrated with the NRCan product). NRCan
biases ranged from —9.9 to +1.0 mm/day with a median
bias of —4.0 mm/day, a value larger than the REM
(=0.9 mm/day) and MEM median biases (—1.9 mm/
day). REM good performance was also illustrated by
the RV metric presented in Fig. 5, REM has a greater
RV value than NRCan for this index. The best reanalysis
performance for this index was obtained for JRA55 with
a median bias of —1.6 mm/day. This value was larger
than the REM median bias, the good REM performance
being in part due to bias compensation in the average
process across the five reanalyses (positive and negative
biases compensating each other). The best performance
for RX1day index was obtained by UQAM-CRCMS5NA-
MPI-ESM-LR simulation that has a median bias of
—0.79 mm/day, which was better than all five reanalyses
and the NRCan dataset. Overall, the median biases for
REM and MEM were similar and close to the best RCM/
reanalyses value.
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4.1.4 MSSS metric

The skillfulness of the RCMs and reanalyses simulations
were also compared by using the mean MSE of reanaly-
ses as a reference dataset in the MSSS metric (Eq. 4). The
corresponding heat maps are plotted in Fig. 8 where, as in
Fig. 5, each row corresponds to a dataset and each column
to an index. The top two lines compare REM and MEM
MSE to the mean MSE of the five reanalyses, while the last
two columns show the average value of the MSSS metrics
for all temperatures (‘All T") and precipitation (‘All Pr’)
indices for a given dataset. The positive MSSS values, in
blue, signify that the dataset outperformed the mean rea-
nalysis performance.

The performances of the RCM simulations were below
the mean performances of reanalyses for all temperature
indices (negative values for MSSS metric), except for the
Nthaw and the cool extreme indices TNn and TN10. For
the mean-temperature and maximum-temperature indices
(the first 12 columns), all reanalyses demonstrated good
performances (e.g. Fig. 5), with GMFD performance well
above the mean reanalysis value (positive values for MSSS
metric), CFSR performance close to the mean reanalysis
performance, and ERAI and MERRA performances gener-
ally below the mean reanalysis value.

The overall excellent RV scores obtained for the rea-
nalyses in Fig. 5 suggest that these can be used as refer-
ence dataset for RCM evaluation for mean and maximum
temperature indices. However, most reanalyses were not
effective in simulating the TNn and TN10 indices. Moreo-
ver, Fig. 8 shows that most RCM simulations have errors
smaller than or similar to the mean reanalysis MSE for
these indices.

For precipitation indices, the performances of the five
reanalyses were similar, with GMFD displaying an over-
all higher performance and with CFSR and ERAI having
performances below the average reanalysis value. The five
simulations with CCCma-CanRCM4 and UQAM-CRCM5
had simulation performances superior to the reanalysis
average. This suggests that reanalyses should not be used
as reference datasets for RCM evaluation for precipitation
indices over the Arctic.

As for the individual models, the performance of the
MEM for the warm and mean temperature extremes was
below the average reanalysis performance, while for the
cold extremes (TNn and TN10), the Nthaw, the R1mm,
R95pTOT and R99pTOT indices, it was above. Bias com-
pensation was more effective for REM presenting posi-
tive MSSS metric for all indices. Nevertheless, the per-
formances of UQAM-CRCMS5 simulations were better
than the REM performance for TNn, Mean Pr, Rlmm,
R95pTOT and R99pTOT.
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Fig. 8 Heatmap showing the MSSS metric for mean temperature and precipitation indices over the 1980-2004 period for the Canadian Arctic.
MEM model ensemble mean, REM reanalysis ensemble mean. All T and All Pr as defined in Fig. 5

In summary, reanalyses outperformed RCM simula-
tions for mean and warm daily temperature indices and the
best performances were obtained by GMFD and CFSR.
This suggests that they could be used as a reference in
the RCM evaluation of daily temperature indices over the
region. However, for daily precipitation indices, the perfor-
mances of reanalyses were lower and some RCM simula-
tions even outperformed all reanalyses. Caution is therefore
recommended when using reanalyses as reference datasets
when evaluating RCM performance for daily precipitation
indices.

4.2 Anomaly distributions

Empirical distributions of anomalies from RCMs/rea-
nalyses and surface observations were compared to deter-
mine the skill of reanalyses and models in simulating the
observed distributions. Anomalies from all station records
in the Canadian Arctic were pooled and ECDF and EPDF
were computed. The skills of reanalyses and models in sim-
ulating the observed distribution were evaluated using Kui-
per metric (D; Eq. 4) and Perkins skill scores (PSS; Eq. 5).

The values obtained for each climate index and for each
dataset are plotted in Fig. 9 using a diagram inspired by the
Performance Portrait diagram of Gleckler et al. (2008).
Figure 9 shows that the two metrics gave similar
results in all cases (as a reminder a value of zero corre-
sponds to a perfect match of the two distributions). Rea-
nalyses and RCMs were very effective in simulating the
anomalies’ distribution for most indices. Lower scores
were obtained by RCM simulations for GDD and SU15
indices and by RCM simulations and reanalyses for the
R99p index. Among the RCM simulations, the AWI-
HIRHAMS-MPI-ESM-LR simulations poorly reproduced
anomaly distributions for R99p, Rxlday, Rx5day and
SU15 indices, but had excellent scores for DJF Tmean,
NThaw, FDD, TXx, TX90p, TNn and R1mm indices. Fig-
ure 10 presents an example of the observations (in blue)
and AWI-HIRHAMS5-MPI-ESM-LR (in red) Rxlday and
TNn anomaly ECDFs and EPDFs. The figure highlights
the similarity of simulated and observed anomaly distri-
butions for TNn index, characterised by a Kuiper distance
of 0.05 and (1 — PSS) value of 0.06 (Fig. 10b). For the
RX1day index, the range of values of model anomalies is
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Fig. 9 Heatmaps showing the Kuiper distance values (upper-left
triangles) and the (1-PSS) values (bottom-right triangles) between
RCM or reanalysis anomaly distributions and the observed anomaly
distributions for the Canadian Arctic over the 1980-2004 period. The
central part of the figure presents results obtained for the individual

smaller than that of observations, resulting into a smaller
inter-annual variability. This is added to an already poor
performance for the climatological mean RX1day index
(12th column in Fig. 5).

When anomalies from all reanalyses or all simulations
were pooled together (top two rows of Fig. 9), the result-
ing distributions resembled closely the recorded anomaly
distributions (D<0.1 and 1 — PSS<0.1) for a majority
of the indices. Therefore, for reanalyses and RCM cli-
mate indices over the Canadian Arctic, the main errors
are related to bias in the mean index values, while these
datasets showed an overall good performance in simu-
lating the anomaly distribution over the region. These
results suggest that, once the climatological mean of indi-
ces have been bias corrected, some datasets, displaying
good performance in reproducing the observed anomalies
over the Arctic region for a given index, can be used to
assess its mean value over the Arctic, but also its inter-
annual variability.
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datasets. The ‘Combined simulations’ (fop row) and ‘Combined rea-
nalysis’ (second top row) correspond to the cases where the anomaly
distributions were constructed by pooling the index anomalies from
all simulations or all reanalyses. All T and All Pr as defined in Fig. 5

5 Comparison of GCM-driven and ERAI-driven
simulations

The skill of GCM-driven and ERAI-driven RCMs in sim-
ulating climate indices were compared over a common
period of 17 years (1989-2005). Most of the published
RCM evaluation studies have been conducted using RCM
simulations driven by reanalyses, which presumably repre-
sents the most realistic lateral boundary conditions. How-
ever, GCM-driven simulations are used to develop climate
projections and therefore the errors introduced by GCMs in
these simulations should be assessed. The comparison of
errors in simulations driven by GCM with those driven by
reanalyses provides some information on the contributions
of RCM structural bias and GCM bias to the total errors.
Figure 11 presents the results of this comparison for six
RCM configurations (CCma-CanRCM4 at 0.22° and at
0.44° resolution, UQAM-CRCMS5 over Arctic and North-
America domains; SMHI-RCA with and without spectral
nudging). Some RCM configurations where driven only by
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Fig. 10 Comparison of the ECDFs and EPDFs for AWI-HIRHAMS-
MPI-ESM-LR simulation (in red) and observations (in blue) for
RXl1day (a) and TNn (b) indices for the Canadian Arctic over the

one GCM (CCCma-CanRCM4; CCCma-CanRCM4_022;
UQAM-CRCMS), while some others were driven by two
GCMs (UQAM-CRCMS5NA, SMHI-RCASN) or four
GCMs (SMHI-RCA). Figure 11 compares, for each RCM
configuration, the mean performance of the GCM-driven
simulations to that of the ERAI-driven simulation. The
upper-left triangle in Fig. 11 presents the mean perfor-
mance for all simulations from a given RCM configuration
driven by GCMs, while the bottom-right triangle represents
the performance of the same RCM configuration driven by
ERAI. The effectiveness of simulating the climatological
mean (Fig. 11a) was measured using the reduction of vari-
ance as in the previous section, while the performance in
simulating the anomaly distribution (Fig. 11b) was meas-
ured using Kuiper distance.

Figure 11 shows that differences in performance
between GCM- and ERAI-driven simulations were glob-
ally more pronounced for climatological means than for
anomalies. In general, anomaly distributions were very
well reproduced by RCMs whether they were driven by
GCMs or by ERAI (in most cases D was smaller than 0.2).
For a majority of indices, ERAI-driven simulations showed
better performance at simulating climatological means.
SMHI-RCA4 and SMHI-RCA4SN had negative RV met-
rics for TXx, FD and RX1day when driven by GCMs, but
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1980-2004 period. The dashed lines appearing in the EPDF graphs
highlight the common area of the two EPDFs

positive values when driven by ERAI These two RCM
configurations poorly simulated TNn, Annual Pr, JJA Pr,
R1mm, R95pTOT and R99pTOT mean indices even when
driven by ERAI Note that ERAI did not effectively simu-
late either of the latter indices (see Fig. 5).

Negative RV values were also obtained for the CCCma-
CanRCM4 simulations for TNn, Annual Pr, JJA Pr and
Rlmm indices when driven by GCM or ERAI. Never-
theless, for R95pTOT and R99pTOT indices, CCCma-
CanRCM4_022, CCCma-CanRCM4, UQAM-CRCM5
and UQAM-CRCMS5NA, driven by GCMs and by ERAI,
performed well, while ERAI did not (see Fig. 5 for RV of
ERAI). Surprisingly, UQAM-CRCMS5 and CCCma-Can-
RCM4 produced better simulations when driven by a GCM
than when driven by ERAI for these two precipitation
indices. This suggests that the simulated fields within the
domain can be improved by these RCMs, therefore adding
value to the representation of ERAI for these indices.

The RCM-added value, with respect to ERAI, can also
be assessed through the ratio of RCM MSE and ERAI
MSE as presented in Fig. 12 for each mean climate index.
CCCma-CanRCM4_022, CCCma-CanRCM4, UQAM-
CRCMS5, and UQAM-CRCMS5NA produced smaller MSE
than ERALI for precipitation indices. The better representa-
tion of precipitation indices by some RCMs is probably due

@ Springer



2080

E. P. Diaconescu et al.

(a)

CCCma-CanRCM4_022
CCCma-CanRCM4
UQAM-CRCMS5
UQAM-CRCM5NA
SMHI-RCA4

SMHI-RCA4SN

K

1

X Z RVeem-comy,
k=1

RVyem-prar

«© “Wzb Fe@ @ B (P P i g @ a0 (T P 6@4 «o
A w ®
e
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1
RV
CCCma-CanRCM4_022 (K = 1)1 2 // VA /// /
% / L
7 ; o K
eeemeCanBCMaii =1 I8 / // / ,// / %z Dgem-cemy
UQAM-CRCMS5 (K = 1) i / /// /- L
UQAM-CRCMSNA (K = 2) s | £ // / //
% > Dicy-
SMHI-RCA4 (K = 4) / // ) y / S/ RCM-ERAL
SMHI-RCA4SN (K = 2) 7 - - J I / / // /,/'/ ‘
& @ o 0 (P (¥ S W RGP o® © xov R R o] .ac,v ‘oﬂ 99? ,\oﬂ
o _‘,\(“\ \Qﬂ‘\ o e O VTV g R «\x SR A AR LR o
o
0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

Kuiper distance

Fig. 11 Heat maps comparing the mean performance of RCMs
driven by GCM simulations (upper-left triangles) with the perfor-
mance of RCM driven by ERAI simulation (bottom-right triangles)
for a climatological mean of indices based on the RV metric; and b
anomaly distribution over Canadian Arctic based on the Kuiper dis-

tance (D). The equations are presented on the right-hand side dia-
gram. The period of analysis is 1989-2005. K next to simulation
names, corresponds to the number of GCMs used as lateral boundary
conditions for each RCM configuration
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Fig. 12 RCM added-value diagram for the climatological mean
of indices over Canadian Arctic. The upper-left triangles cor-
respond to the mean MSE of RCM simulations driven by GCMs
(MSEgcm-gemy) divided by the MSE of ERAI (MSEgg,p), with
the corresponding equation in the upper-left triangle of the right-
hand side diagram. The corresponding bottom-right triangles cor-

to a better representation of the physics in these models as
well as to their higher spatial resolution. The comparison
of the CCCma-CanRCM4_022 MSE with the CCCma-
CanRCM4 MSE also demonstrated that, for the Annual Pr,
DIJF Pr, JJA Pr, RImm, R95pTOT and R99pTOT indices,
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respond to the MSE of the corresponding RCM driven by ERAI
(MSEgcm-grap) divided by the MSE of ERAI with the correspond-
ing equation in the bottom-right triangle of the right-hand side dia-
gram. The period of analysis is 1989-2005 (only valid years are con-
sidered). K as defined in Fig. 10

the higher resolution simulation provided a better simula-
tion of mean climate values.

Added value was also observed in GCM-driven and
ERAI-driven UQAM-CRCMS5 and UQAM-CRCMS5NA
simulations of Nthaw, TNn and TN10 indices compared
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to ERAI For SU15, TXx and TX90, slightly better scores
were obtained by some ERAI-driven RCMs than for ERAL
For these indices, the RCM’s higher resolution may explain
the slight improvement with respect to ERAI The fact that
the corresponding GCM-driven simulations had lower per-
formance than ERAI for SU15, TXx and TX90 indices, is
explained by the presence of larger errors in GCM tempera-
ture fields than in the ERAI fields applied at the RCM lat-
eral boundary conditions.

As expected, the overall performance in reproducing
temperature indices depended on lateral boundary datasets,
ERAI-driven RCMs tending to have generally better scores
than GCM-driven RCM for these indices.

6 Summary and conclusions

The present study used climate station observations
across the Canadian Arctic to evaluate five daily precipi-
tation and ten daily temperature indices simulated by (1)
an RCM ensemble of 12 GCM-driven simulations and six
ERAI-driven simulations participating in the CORDEX
experiment, (2) five reanalyses products (GMFD, CFSR,
MERRA, JRA-55 and ERAI) and (3) one high-resolution
gridded observational product (NRCan). The reanalysis
and GCM-driven simulations were first evaluated over a
reference period of 25 years (1980-2004). Records from
47 stations for temperature and 78 stations for precipita-
tion were used. Climatological means and annual anomaly
distributions were evaluated separately for each index and
compared to corresponding index values estimated from
recorded datasets. The impact of lateral boundary condi-
tions was also analyzed by comparing the GCM-driven
simulations to the corresponding ERAI-driven simulations
over a common period of 17 years (1989-2005). In this
case, records from 48 stations for temperature and 79 sta-
tions for precipitation were used.

The analysis of mean climate indices over the reference
period showed that:

— The RCMs, and especially the reanalyses, demonstrate
good performance at simulating the mean and warm
daily temperature indices over most Canadian Arctic.

— Few RCMs and reanalyses performed well in simulating
the TN10, RX1day, RX5day, R95pTOT and R99pTOT
indices. UQAM-CRCMS simulations outperformed the
five reanalyses for these precipitation indices.

— Most RCM simulations and reanalyses performed
poorly for the TNn, Mean Pr and R1mm indices.

— The gridded product NRCan showed similar values
to observations (for grid points next to stations) for
temperature indices, but the interpolation procedure
appeared to have an impact on precipitation indices. The

most impacted index was RXl1day for which NRCan
had biases similar to those of reanalyses and some RCM
simulations.

The evaluation of the spectral nudging impact on SMHI-
RCA4 simulations has shown that the configuration with-
out spectral nudging had better performances for most
temperature indices. However, both configurations poorly
performed for the precipitation indices. Similar results
were obtained for the climatological means of mean daily
temperature and precipitation in agreement with Berg et al.
(2013).

The impact of increasing the spatial resolution from
0.44 to 0.22 was analysed for CCCma-CanRCM4. Some
improvement was observed for the GDD, SU15, FD and
RXS5day indices in higher-resolution simulation. In a recent
analysis of daily precipitation indices using CCCma-
CanRCM4 simulations at 0.22° and 0.44° resolutions, but
integrated over the North-America CORDEX domain,
Diaconescu et al. (2016) also found that the simulation
at 0.22° resolution was more effective for some summer-
time indices over Canada south of 60°N, but not for win-
ter-time indices, the skill in simulating the winter indices
being already good in the 0.44° version of the model. Prein
et al. (2016) also showed that added value can be obtained
in higher resolution simulations for regions with complex
orography.

Empirical anomaly distributions from RCMs/reanaly-
ses and recorded series were compared using two metrics:
the Kuiper and Perkins metrics. Anomalies from all station
records and corresponding grid-points in the Canadian Arc-
tic were pooled and corresponding empirical distributions
were computed. Kuiper and Perkins metrics produced simi-
lar results and demonstrated, for most reanalyses and RCM
simulations, very good agreement between simulated and
recorded empirical anomaly distributions for most indices
(metrics values smaller than 0.2). Comparing the relative
performances of RCM/reanalysis in simulating climatologi-
cal mean of the selected indices and their anomaly distribu-
tion suggests that the main errors are associated with mean
climate estimation of indices. Therefore a simple bias cor-
rection (post-treatment) of the mean of indices could result
in a good representation of the analysed indices across the
Arctic. It must be noted that this conclusion concerns only
the indices presented in the study. Also, since metrics that
were used to compare annual index anomaly distributions
(i.e. Kuiper and Perkins metrics) are not tailored to assess
specifically the performance in distribution tails, a more
detailed analysis would be needed to assess the perfor-
mance for more extreme index values (e.g. anomalies asso-
ciated with large return periods).

The present study also demonstrates that the tempera-
ture indices were impacted by the type of lateral boundary
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conditions, ERAI-driven RCM having in general better per-
formances than GCM-driven RCM for these indices. For
precipitation indices, the comparison of UQAM-CRCMS,
UQAM-CRCMS5NA, CCCma-CanRCM4 and CCCma-
CanRCM4_022 simulations to ERAI demonstrated that
these RCMs, driven by ERAI or GCM, outperformed
ERAI The accuracy of the simulated precipitation indi-
ces depend on the RCM physics and added value can be
obtained in some simulations by improving the precipita-
tion representation. Some ERAI-driven RCMs have also
slightly better scores than ERAI for SU15, TXx and TX90
indices. This added value may be attributed to the higher
resolution of RCM compared to ERAI, RCM resolution
being closer to the point resolution of observations then
ERAL

In conclusion, the very good performance of reanalyses
for mean and warm temperature indices supports their use
as reference dataset for RCM evaluation. However, the per-
formance of reanalyses for the TN10, Mean Pr and RImm
indices was poor and some RCM simulations even pro-
duced better scores than reanalyses in simulating extreme
precipitation. Therefore, we do not recommend that rea-
nalyses be used as a reference dataset in RCM evaluations
of these indices. Additionally, given the observed impact
of the interpolation procedure on estimated NRCan indices
and especially extreme indices even at grid-points adjacent
to stations, we do not support the use of this dataset as a
reference for data-sparse regions such as the Arctic.
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