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Extreme precipitation events are becoming more common in the Arctic as the climate
warms, but characterizing these events is notoriously challenging. Atmospheric reanalyses
have become popular tools for climate studies in data-sparse regions such as the Arctic.
While modern reanalyses have been shown to perform reasonably well at reproducing
Arctic climate, their ability to represent extreme precipitation events has not been
investigated in depth. In this study, three of the most recent reanalyses, ERA-5,
MERRA-2, and CFSR, are compared to surface precipitation observations in the
Eastern Canadian Arctic and Greenland from 1980 to 2016 to assess how well they
represent the most intense observed events. Overall, the reanalyses struggled to match
observed accumulations from individual events (−0.11 ≤ r ≤ 0.47) but matched the
observed seasonality of precipitation extremes. The region with the strongest match
between observations and reanalyses was Southwest Greenland. Performance varies by
event, and the best match between reanalyses and station observations may have a
spatial/temporal offset (up to one grid cell or 1 day). The three products saw similar
performance in general; however, ERA-5 tends to see slightly higher correlations and lower
biases than MERRA-2 or CFSR. Considering the limitations of in situ observations, these
results suggest that the reanalyses are capable of representing aggregate extreme
precipitation (e.g., seasonal or annual time scales), but struggle to consistently match
the timing and location of specific observed events.
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1 INTRODUCTION

In situ precipitation measurements are notoriously difficult to obtain in the Arctic. Factors that
increase their uncertainty include systematic errors due to instrument design and specifications (e.g.,
Collier 2000; Jain and Singh 2003), gauge undercatch (e.g., Goodison, Louie, and Yang 1998; Wagner
et al., 2021), and wetting loss (e.g., Groisman and Legates 1994; Collier 2000), along with a relatively
sparse observational network (Serreze and Barry 2011). Satellite-based precipitation retrieval
methods have been developed since the 1990s (Levizzani, Laviola, and Cattani 2011), providing
a broader spatial estimate of precipitation patterns, yet uncertainty remains due in part to
microphysical assumptions and lack of ground truth (e.g., Liu and Curry 1997; Levizzani,
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Laviola, and Cattani 2011). In addition to uncertainties associated
with measurement methods, precipitation has low spatial
autocorrelation (Jones 2013). These issues combined with a
generally sparse surface observational network (Xie and Arkin
1997; Mekis and Vincent 2011) make it challenging to obtain
spatially and temporally continuous datasets that are
representative of the Arctic region via interpolation. Because
of this, atmospheric retrospective analyses, or reanalyses, have
become a very popular tool for climate studies in the Arctic where
observations are lacking.

Atmospheric reanalyses are produced by numerical models
run over a specified historical time-period that assimilate
observations at regular intervals to ensure that the model
remains close to observed conditions (Riddaway 2014). These
products are designed to provide a more spatially and temporally
homogeneous record of atmospheric variables (Riddaway 2014).
The use of a model means that many observations can be used,
sometimes numbering in the millions, and ensures that
observations will be incorporated and interpreted consistently
(Parker 2016). Spatial and temporal gaps are filled on a physical
and dynamical basis rather than interpolation alone, which can
help maintain realistic patterns (Parker 2016).

Given the general paucity of observational networks,
reanalyses are commonly used to assess precipitation patterns
and amounts in the Arctic and Antarctic (Bengtsson et al., 2011;
Rapaić et al., 2015; Boisvert et al., 2018; Koyama and Stroeve
2019). Several studies have evaluated the veracity of various
reanalysis data products (e.g., Boisvert et al., 2018; Barrett,
Stroeve, and Serreze 2020). In terms of precipitation, there is
generally more spread between reanalyses in total precipitation
and snowfall amounts than other variables, such as air
temperature, because of limited observations for data
assimilation and thus more dependence on model setup
(Rapaić et al., 2015) in addition to the high variability seen in
precipitation patterns. Several studies have found that most
reanalyses exhibit a warm and wet bias in the Arctic,
producing rain rather than snow and more precipitation
overall (e.g., Lindsay et al., 2014; Rapaić et al., 2015; Boisvert
et al., 2018; Barrett, Stroeve, and Serreze 2020). While reanalyses
can help to fill in observational gaps, they produce accumulations
representing the average over an area, meaning they are not
expected to match point observations and may lose
representation of sub-grid resolution extremes.

While previous studies have assessed the general performance
of reanalyses in the Arctic, how well these products reproduce
observed extreme precipitation events remains unknown. It is
vital to understand how well current products represent extreme
precipitation events because slight changes in mean precipitation
conditions can cause a more significant shift in the intensity and
frequency of extreme events an area receives (e.g., Pendergrass
2018). Reanalyses are commonly used as forcing datasets for
regional climate models, so their performance can directly impact
the quality of climate projections. With shrinking Arctic sea ice
cover, the potential for extreme precipitation in the Arctic may
increase substantially (Landrum and Holland 2020; McCrystall
et al., 2021). However, climate models currently produce less
realistic extreme precipitation in the Arctic than the mid-latitudes

(Abdelmoaty et al., 2021). This amplifies the need to better
understand and represent extreme precipitation in
atmospheric reanalyses.

The eastern Canadian Arctic and Greenland region is particularly
vulnerable to changes in extreme events because of the risk they pose
to the Indigenous communities of the region and the substantial
amount of land ice nearby. Changes to these events could have
substantial impacts on the physical climate system and severe
implications for local communities through increased flooding
and degradation of permafrost (Rinke et al., 2012), which can
threaten infrastructure (Ford, Bell, and St-Hilaire-Gravel 2010)
and access to both traditional and western food sources (Ford
2009). Additionally, these events can cause abrupt increases or
decreases in the surface mass balance (SMB) of the region’s land
ice. Doyle et al. (2015) suggested that the late-summer timing of an
extreme precipitation event inWestern Greenland led to widespread
ice flow acceleration and a more substantial mass loss from the
Greenland Ice Sheet. On the other hand, Oerlemans et al., 2004
illustrated how a heavy summer snowfall event dramatically reduced
melt due to the increased albedo of the fresh snow cover on a glacier
in Switzerland. As such, the difference in the timing, intensity, or
frequency of extreme events can substantially impact the SMB of
glaciers and ice caps. Given the Greenland Ice Sheet and glaciers and
ice caps of the eastern Canadian Arctic account for approximately
11% of global land ice mass (Bamber et al., 2018), understanding
SMB changes in response to a warming Arctic is essential. Recent
projections estimate that Greenland Ice Sheet melt will contribute
10.2 ± 4.8 cm (Hofer et al., 2020) over the 21st century under a
moderate warming scenario, with the Canadian Arctic contributing
an additional 0.35 ± 0.24mm yr−1 (Lenaerts et al., 2013).

In this paper, the most recent reanalyses from the European
Centre for Medium-Range Weather Forecasts (ECMWF), the
National Aeronautics and Space Administration (NASA), and the
National Centers for Environmental Prediction (NCEP) are
compared to station precipitation observations in the Eastern
Canadian Arctic Archipelago and Greenland for 1980–2016 to
assess agreement in extreme precipitation events. Similarities and
differences between reanalyses regarding seasonal and spatial
variability of extreme precipitation are investigated. Finally, a
case study details performance of these reanalyses during the
event highlighted in Doyle et al. (2015).

2 MATERIALS AND METHODS

2.1 Reanalyses
2.1.1 ERA-5
ERA-5 is the fifth-generation reanalysis product from the
ECMWF (Hersbach et al., 2020). Hourly data is available from
1979 to 2021 on a 0.25° × 0.25° grid (Hersbach et al., 2020). ERA-5
provides improved spatial and temporal resolution and an
increase in the number of observations assimilated relative to
its predecessor, ERA-Interim (Hersbach et al., 2020). The most
notable change with respect to the previous generation is the
increase in vertical atmospheric layers represented in the model
from 60 to 137 (Hersbach et al., 2020). This increase in vertical
resolution has been shown to improve the representation of
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processes in the upper atmosphere (Barrett, Stroeve, and Serreze
2020). Other changes include improvements to the 4D-Var data
assimilation system and more observations assimilated into the
model (Hennermann and Giusti 2021). ERA-5 has also been
shown to produce a more realistic representation of the near-
surface climate of Greenland than ERA-Interim, though the
differences between the two were not substantial (Delhasse
et al., 2020).

2.1.2 MERRA-2
MERRA-2 is the second-generation version of NASA’s Modern-
Era Retrospective analysis for Research and Applications (Gelaro
et al., 2017). Data is provided on a 0.5° × 0.625° grid with
72 hybrid-eta vertical levels and version 5.12.4. of the Goddard
Earth Observing System data assimilation system (Bosilovich
et al., 2015; Gelaro et al., 2017). MERRA-2 was designed to
build upon shortcomings of the first-generation product, namely,
to decrease imbalances in the water cycle, reduce erroneous
abrupt changes in precipitation, and incorporate new satellite
observations (Gelaro et al., 2017). Previous analysis of MERRA-2
precipitation in the Arctic showed that it is often wetter than
observations, particularly producing too much light precipitation
(e.g., Boisvert et al., 2018; Barrett, Stroeve, and Serreze 2020).

2.1.3 CFSR
The NCEP Climate Forecast System Reanalysis (CFSR) was
developed to improve upon the first version of the Climate
Forecast System (Saha et al., 2010). CFSR covers the period of
1979–2009 with a 0.5° × 0.5° spatial resolution poleward of 30°

(Saha et al., 2010). While it works as a stand-alone data product, it
was designed to provide consistent and stable calibration for the
second version of the Climate Forecast System (CFSv2), which
became operational in 2011 (Saha et al., 2014). Both CFSR and
CFSv2 are spectral models with 64 sigma-pressure hybrid levels
(Saha et al., 2014). While some slight differences exist between
CFSR and CFSv2, discontinuities are minimal (Saha et al., 2014;
Barrett, Stroeve, and Serreze 2020), so they are used in concert to
provide a continuous record from 1979 to 2009 and will be
referred to collectively as CFSR for simplicity.

2.2 Observations
Canadian observations were retrieved from the Second
Generation Adjusted Daily Precipitation Dataset, detailed in
Mekis and Vincent (2011). Data is available from station
installation until 2016. This dataset includes daily rainfall
gauge and snowfall ruler observations for 464 stations that
have been adjusted manually to account for common issues.
Most of the selected stations are protected, meaning that they
cannot be closed in the near future. Rainfall observations were
corrected for wind undercatch, evaporation, and retention with
unique corrections applied to each type of rain gauge used
(copper MSC, plastic MSC, and Type B gauges). Snow-water
equivalent (SWE) was calculated using spatially-varied fresh
snow density values determined based on concurrent Nipher
gauge and snow ruler observations from 175 climatological
stations with over 20 years of data (Mekis and Brown 2010).
Stations were selected to be included in the dataset based on the

availability of manual snowfall and rainfall measurements and the
length of observational records. No observations from automated
gauges were included in the dataset.

Synoptic station precipitation observations for Greenland
were retrieved from the Danish Meteorological Institute
(Cappelen et al., 2014). This dataset provides observations
from 88 surface stations across Greenland for 1958–2013. The
temporal resolution varies between stations from hourly to daily.
Most included stations are automated. The Danish
Meteorological Institute performed manual quality controls to
ensure the removal of erroneous data from issues such as frozen
instrumentation or calibration errors (Boas and Wang 2011).
Raw 24 h accumulations were corrected for wind-induced
undercatch following the Yang et al. (1999) method, which
factors precipitation phase and windspeed into the calculation
of bias. Precipitation phase is not explicitly included in the
observations so a simple temperature-based threshold is used
to determine phase, as in Koyama and Stroeve (2019). If all the
day’s observations are above (below) 0°C, it is designated as rain
(snow); otherwise, it is mixed precipitation.

In this study, 18 stations are used from the Canadian dataset
and 21 stations from Greenland. Details of each station included
in the analysis are shown in Supplementary Table S1. It must be
noted that because the corrections applied to the two datasets
differ, it is not possible to make direct comparison of reanalysis
biases between Canada and Greenland. However, relative
comparisons of performance can still be made. Also important
to note is that none of the selected reanalysis products assimilate
surface precipitation observations.

2.3 Methodology
The study region was split into subregions to help illustrate spatial
differences in performance (Figure 1). Baffin and Ellesmere Islands
were selected as subregions of interest in the Canadian Arctic
Archipelago. Greenland was divided into subregions following
glacier regimes and surface mass balance characteristics (Rignot
et al., 2011; Rignot and Mouginot 2012). These basins were
introduced in the European Space Agency’s 2016 Ice sheet Mass
Balance Intercomparison Exercise. Since the observational network
is relatively sparse, some regions have little data available. The
northern (NO) Greenland subregion has no stations and was not
included in the analysis. All other subregions were included;
however, several subregions have few stations available
(particularly, NW and SE Greenland), meaning that the analysis
performed may be less robust.

In this study, an extreme event is defined as the top 5% of daily
precipitation totals where at least 1 mm of accumulation occurred,
which is one of the definitions outlined in Pendergrass (2018).
Extreme event occurrence is compared between products and
subregions using a normalized event frequency (fe);

fe � Ne

No
× 365 � ∑

i
ne,i

∑
i
no,i

× 365 (1)

where Ne and No represent the total number of extreme events
and daily observations, respectively, in a subregion. The
extreme event threshold for each station (i) is calculated
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relative to the observations and then applied to the
corresponding grid cell in each reanalysis product to find
the local number of extreme events. Each subregion’s
normalized event frequency (fe) is then calculated as a
weighted average: the sum of station event frequency (ne)
divided by the sum of station observations (no). Values of Ne

and No used in Eq. 1 can be found in Table 1.
Extreme events are, by definition, rare, and fewer than 20% of

all stations in this region have timeseries exceeding 30 years. To
obtain sufficient data, stations were combined within subregions
for statistical comparisons. However, observations from nearby
stations are not entirely independent, so any statistical error is
likely an underestimate. Taylor diagrams are created that show
the Pearson correlation coefficient, root-mean-square error
(RMSE) between each reanalysis and the observations, and the

standard deviation of each product (Taylor 2001). These
statistical comparisons for a given station are performed using
only those days for which the station observations are within the
top 5% of daily precipitation totals.

To assess potential spatial offsetting, a three-by-three cell group
centered on each station is analyzed. Similarly, 3-day running
accumulations are examined to account for single-day offsets in
the timing of events. Details of these tests can be found in the
Supplementary Figures S1–3. The extreme threshold of each
product is also compared to the observations to illustrate
differences in the distributions. The Heidke skill score (HSS) is
used to compare the occurrence of extreme days between the
reanalyses and observations (Doswell, Davies-Jones, and Keller
1990). The HSS is a skill score for categorical forecasts with
correct results that occur due to chance taken into account. It is
calculated based on a 2 × 2 contingency table (Table 2) and the
following equation;

FIGURE 1 | Map of the study region. Coloured circles show station locations and identification numbers within each subregion.

TABLE 1 | Number of stations (Ns), observations (No), and extreme events (Ne)
within each subregion.

Region Ns [stations] No [days] Ne [days]

Baffin Island 14 74,888 843
Ellesmere Island 4 33,870 219
NW Greenland 1 8,325 41
CW Greenland 3 16,343 152
SW Greenland 10 65,068 750
NE Greenland 4 30,055 241
SE Greenland 3 13,659 175

TABLE 2 | 2 × 2 contingency table.

Observations

Reanalysis Extreme Non-extreme

Extreme A B
Non-extreme C D
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HSS � 2(AD − BC)
(A + B)(B +D) + (A + C)(C +D) (2)

where the variables are those of the contingency table (Hyvärinen
2014). For rare events, the contingency table is dominated by
correct non-occurrences (D), causing the HSS to be artificially
lowered. In this case, an approximation of the HSS can be used

HSS ≈
2A

2A + B + C
(3)

which removes the bias due to the event’s rarity (Doswell, Davies-
Jones, and Keller 1990). This approximation is used for assessing
reanalysis performance for extreme events since correct non-
extreme detections comprise the vast majority of the dataset.

Spatial comparisons are also performed to compare the
performance of the reanalyses to each other and determine the
relative importance of extreme events to overall precipitation across
the domain. These comparisons are based on the extreme threshold
of each product since observations are not available across much of
the domain, so only relative comparisons can bemade. Additionally,
perfectmatches with station observations are not expected due to the
spatial averaging inherent to the reanalyses.

3 RESULTS

3.1 Climatological Comparisons
Table 3 summarizes daily accumulations constituting an extreme
event and fe in each region. Threshold values in Table 3 represent
the weighted mean of extreme accumulations at each station
(thresholds for each station provided in Supplementary Table
S2). Overall, the reanalyses reproduced extreme event thresholds
similar to the observational data, generally within 5 mm. The
normalized event frequency saw higher variability, particularly in
SE Greenland, where the reanalyses produced higher frequencies.
Here, two of the three stations see many more days with at least
1 mm of accumulation than observed, causing large differences in
the calculated event frequency (Supplementary Table S2). While
these frequencies provide an estimate of how often extreme
events occur, it must be noted that the low sample size in
some subregions adds uncertainty.

The relationship between reanalysis and station-measured
accumulation for each subregion is summarized in Figure 2.

In CW and SW Greenland, CFSR has a higher standard deviation
and RMSE than the other reanalyses. On the other hand, ERA-5
tends to have a lower RMSE than the other reanalyses and similar
standard deviations to observations, particularly in SW and SE
Greenland. While some regions have considerable performance
differences, NE Greenland saw an almost equivalent performance
from all three reanalyses.

Correlations between reanalyses and the observations for
extreme precipitation days were poor to moderate in each
subregion (Table 4). The 95% confidence interval (CI) for
each subregion is provided in Supplementary Table S3.
However, recall that because of how data are processed, these
confidence intervals are likely underestimates. The highest
correlations are seen in SW Greenland, with all products
showing correlations between 0.34 and 0.47. While the
correlations are relatively low, Table 4 shows that the
correlations for all daily precipitation are typically 0.10–0.30
higher than that of extremes, with the smallest differences
seen in SW Greenland. One notable exception is the
substantial drop in correlation that each product exhibits for
extremes over Ellesmere Island and NW Greenland; the
correlation is moderate for all daily observations but becomes
approximately zero when only extreme events are considered.

Correlations are useful for comparing variability in the
magnitude of events, but non-linearities in the data may
bias results. Therefore, we also constructed contingency
tables (Figure 2) that compare how often extremes recorded
in observations align with extremes for the atmospheric
reanalyses. These tables were then summarized using HSS
analysis (Table 5). The HSS values for extreme events range
from 0.15 to 0.58. While these results are generally higher than
the correlations for extreme events, the agreement with
observations generally remains poor. This indicates that the
reanalyses struggle in reproducing events on the same days as
observed. However, SW and SE Greenland produce relatively
high HSS (>0.50), which is notably higher than any of the other
subregions (HSS ≤ 0.32). Here, the HSS of extreme events is
almost equal to that of all precipitation events. It can also be
noted that the HSS of extreme events in the other subregions
was roughly half that of the broader precipitation days shown
in Table 5, suggesting that the reanalyses particularly struggle
with matching dates of extreme events, rather than all
precipitation.

TABLE 3 | Extreme daily accumulation thresholds and the event frequency for each subregion relative to the observational threshold. Extreme thresholds are the mean of the
individual thresholds from each station in the region weighted by the station’s number of observations.

Extreme threshold (mm) fe [Events (yr)−1]

Subregion Obs. ERA-5 MERRA-2 CFSR Obs. ERA-5 MERRA-2 CFSR

Baffin Island 14.3 11.4 10.6 10.4 4.1 3.0 2.8 2.6
Ellesmere Island 10.0 7.0 8.4 8.1 2.4 0.9 2.5 3.1
NW Greenland 11.2 12.4 10.0 10.9 1.8 5.0 2.9 4.5
CW Greenland 14.2 11.0 11.5 12.4 4.0 2.0 3.0 4.4
SW Greenland 22.3 17.9 20.7 18.6 4.4 3.7 6.3 4.4
NE Greenland 15.4 17.4 15.6 14.5 3.0 6.3 5.2 4.8
SE Greenland 21.2 23.3 25.6 26.0 4.8 14.5 16.9 18.8
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FIGURE 2 | Taylor diagrams comparing accumulations for extreme events between products in each subregion (A–G). CFSR is not visible in (B) due to the
correlation falling below 0 and MERRA-2 is overlain by ERA-5 in (F).

TABLE 4 | Correlation coefficient between the reanalyses and observations for precipitation amounts in each subregion. Values in the overall column represent the
correlations between the reanalyses and observations for all precipitation days with at least 1 mm of accumulation, while the extreme events column only includes days at
or above the observed extreme threshold.

Overall correlation Extreme event correlation

Subregion ERA-5 MERRA-2 CFSR ERA-5 MERRA-2 CFSR

Baffin Island 0.48 0.43 0.36 0.23 0.14 0.13
Ellesmere Island 0.36 0.29 0.19 0.02 −0.01 −0.11
NW Greenland 0.27 0.26 0.29 −0.03 −0.05 −0.03
CW Greenland 0.46 0.37 0.41 0.20 0.17 0.12
SW Greenland 0.60 0.54 0.49 0.47 0.41 0.34
NE Greenland 0.42 0.38 0.37 0.23 0.23 0.21
SE Greenland 0.50 0.47 0.49 0.31 0.26 0.22

TABLE 5 | HSS for the reanalyses in each subregion. HSS ≥ 1mm refers to that of all precipitation days with at least 1 mm of accumulation (Eq. 2), and HSSextreme refers to
extreme events using (Eq. 3).

Subregion HSS≥1mm HSSextreme

ERA-5 MERRA-2 CFSR ERA-5 MERRA-2 CFSR

Baffin Island 0.50 0.45 0.45 0.30 0.24 0.21
Ellesmere Island 0.46 0.40 0.35 0.22 0.16 0.14
NW Greenland 0.36 0.33 0.32 0.17 0.15 0.19
CW Greenland 0.52 0.51 0.53 0.28 0.22 0.32
SW Greenland 0.55 0.50 0.52 0.58 0.53 0.55
NE Greenland 0.59 0.54 0.53 0.25 0.21 0.19
SE Greenland 0.55 0.49 0.51 0.53 0.51 0.50
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Figure 3 demonstrates the seasonality of extremes by
subregion seen in each product normalized by the number of
events. While the HSS showed that the reanalyses failed to match
event days accurately, the seasonality of events matches quite well
between the products and observations. Some subregions have
almost perfect agreement, such as SW Greenland. The most
notable differences are a negative bias in SE Greenland during
the winter that becomes positive in spring, and a positive bias in
Baffin and Ellesmere Islands during the summer and early
autumn months. Correlations for seasonal extreme
accumulations are provided in Supplementary Table S4,
showing generally higher correlations than for daily events.

The distribution of the mean percentage of annual precipitation
attributed to extreme events across the domain is shown in Figure 4.

Here, values are relative to the extreme threshold for each grid cell
rather than that of station observations. It also should be noted that
the observational record at each station is generally shorter than the
length of the reanalyses, so the fraction attributed to extreme events is
not expected to match perfectly. Overall, the patterns seen from each
product are very similar, with coastal regions generally seeing
higher dependence on extreme events than further inland.
Generally, the southern coastal regions have the highest
dependence on extremes, with lower dependence inland and at
higher altitudes.

3.2 Case Study
In the late summer of 2011, a low-pressure system brought
extended heavy precipitation across much of southern

FIGURE 3 | Percent of all extreme events in each product occurring in each month for all subregions (A–G).

FIGURE 4 | Mean percent of annual precipitation attributed to extreme events based on (A) ERA-5, (B) MERRA-2, and (C) CFSR. Circles show the relative
contribution of extremes to annual precipitation for each station with at least 4 years of data.
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Greenland. Doyle et al. (2015) illustrated how this event caused
enhanced melt and increased ice flow along the lower ablation
zone of the Kangerlussuaq sector of the Greenland Ice Sheet. A
meteorological overview of the event was produced using data
from the National Centers for Environmental Prediction/
National Centre for Atmospheric Research reanalysis. The

low-pressure system moved across Baffin Bay with a minimum
surface pressure of 992 hPa, bringing warm and moist
southwesterly winds to the west coast of Greenland. As the
warm air moves inland, substantial orographic lift occurs and
can cause a dramatic increase in precipitation (Schuenemann,
Cassano, and Finnis 2009). During this event, some regions along

FIGURE 5 | Daily precipitation (≥5 mm) for 26–28 August 2011 from ERA-5 (A,D,G), MERRA-2 (B,E,H), and CFSR (C,F,I). The columns show data for 26 (A–C),
27 (D–F), and 28 (G–I) August 2011. Stippling indicates grid cells with daily accumulations above the extreme threshold. Stations are shownwith black dots, filled circles,
and filled diamonds if no precipitation, non-extreme precipitation, or extreme precipitation were observed, respectively. The color of filled station markers indicates the
daily precipitation accumulation. The red square highlights the Kangerlussuaq region.
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the central west coast saw over 100 mm of precipitation in less
than 1 week. While Doyle et al. (2015) presented some analysis
from a single reanalysis, it was mainly used as context for the melt
event rather than focusing on the product’s performance. Here,
the performance of the three reanalyses is investigated for the
period of 26–28 August 2011, which were the days of heaviest
precipitation during this event.

Figure 5 shows daily accumulations from each reanalysis
and any stations that recorded precipitation that day. The
reanalyses showed similar patterns overall, but with some
notable differences. Firstly, ERA-5 produced a broader area of
maximum precipitation near Nuuk on 26 August. There are
no surface stations close to the precipitation maximum,
making it difficult to speculate on whether ERA-5
overproduced precipitation or if the other reanalyses
underproduced precipitation. The maximum produced by
CFSR on 27 August was much larger than the other
products near the Qaqortoq station at the southern tip of
Greenland. While 77 mm was observed at the station, making
it an extreme event, CFSR exceeded 100 mm. Additionally,
MERRA-2 saw broader light precipitation; the light
precipitation region reached further inland on all 3 days.
This aligns with the drizzle bias previously observed in
MERRA-2 and its predecessor in the Arctic (e.g., Lindsay
et al., 2014; Rapaić et al., 2015; Boisvert et al., 2018).

4 DISCUSSION AND CONCLUSION

Most previous work assessing Arctic precipitation in reanalyses
has focused on averages rather than extremes, but the presented
results support some previous conclusions. Previous studies
investigating daily and annual precipitation in the Arctic have
demonstrated that many reanalyses are biased low for short-term,
intense precipitation (e.g., Boisvert et al., 2018; Koyama and
Stroeve 2019). Over the Arctic Ocean, MERRA-2 and CFSR
were shown to produce monthly/annual accumulations that
were notably higher than other reanalyses (Boisvert et al.,
2018; Barrett, Stroeve, and Serreze 2020). Here, MERRA-2 and
CFSR have higher biases than ERA-5 across most of the domain,
but the difference in performance is reduced compared to that
seen in previous studies. The little work that has been done
assessing Arctic precipitation fields of ERA-5 (the newest
product) shows that ERA-5 slightly outperforms other
reanalyses over the Arctic Ocean (Barrett, Stroeve, and Serreze
2020) and adequately matches the timing of observed events
during theMOSAiC Expedition (Wagner et al., 2021). Our results
suggest that ERA-5 is the most successful in representing
observed precipitation extremes over Greenland, Baffin and
Ellesmere Islands, but the timing of events often differs from
observations.

While the presented analysis showed that the reanalyses
struggled to reproduce observed extreme events across the
domain, several factors contribute to the disagreement.
Firstly, many of the surface stations in the domain are near
complex topography, and there is likely a high degree of
variability in local precipitation (Gascon, Stewart, and

Henson 2010; Ohmura and Reeh 1991). The spatial
resolution of the analyzed products is too low to adequately
represent much of the local topographic effects that may lead to
extreme precipitation. The highest precipitation values are
effectively smoothed out. Additionally, surface precipitation
observations suffer from a variety of biases, as discussed in
Section 1, that may not be accounted for in quality control
measures (e.g., Adam and Lettenmaier 2003; Yang et al., 2005;
Mekis and Vincent 2011; Ye et al., 2021). This suggests that the
observations may be quite different than the average of a
larger area.

Conversely, the reanalyses performed well in a relative
sense. With the low HSS, it is evident that the event days
are not always the same, but the reanalyses accurately
reproduce the seasonality of observed extremes (Figure 3).
This presents problems for analyzing specific events but
optimism for climatological studies. Previous studies have
shown much higher correlations, particularly for ERA-5 and
MERRA-2, when looking at monthly or annual accumulations
(e.g., Barrett, Stroeve, and Serreze 2020; Boisvert et al., 2018).
Based on Supplementary Table S4, seasonal accumulations
from extremes generate notably higher correlations with
observations for ERA-5 and MERRA-2, but yielded mixed
results in CFSR. CFSR was also noted to perform more
poorly than other reanalyses in the Arctic (Barrett, Stroeve,
and Serreze 2020). Since extreme precipitation accounts for up
to ~25% of annual totals across parts of the domain (Figure 4)
and Table 3 shows that most regions see higher event
frequencies than the observations, it can be inferred that
the extreme precipitation events are accounted for at
seasonal, annual, and longer timescales.

Spatial lag analysis shows that most stations produce higher
correlations with one of the surrounding cells rather than the
cell containing the station (Supplementary Figures S1, S2).
Most subregions see slight correlation increases (increase in r ≤
0.10) when the surrounding cells are considered. Baffin Island
improved the most with spatial lag, with the correlation
improving by 0.18. Ellesmere Island and NW Greenland,
which have virtually no correlation with the observations, do
not improve substantially with spatial offsetting but Ellesmere
Island does see improvements in temporal lag tests
(Supplementary Figures S3), suggesting that single-day
offsets are a major contribution to the low correlations in the
region.

In general, the products better agreed with observations in the
regions with the best data availability. The best agreement was found
in SW Greenland, which had six stations with observational records
exceeding 20 years long (Supplementary Table S1) and the second-
most observations overall (Table 1). The regions with the best data
availability also tend to be those with higher average precipitation
and extreme occurrence, which may also play into the higher
agreement. Contrarily, the fewest observations were available for
Ellesmere Island and the Northern Greenland subregions, both of
which saw poorer agreement with observations.

Based on the presented analysis, ERA-5 slightly outperforms
MERRA-2 and CFSR in representing extremes in our domain of
interest. Seasonally, ERA-5 and MERRA-2 perform very similarly,
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but ERA-5 seems to be the most consistent, with standard
deviations lower than or close to observations and with higher
correlations for daily event accumulations in most regions. It is
hypothesized that a major factor in the differences between
products is spatial resolution. The higher resolution of ERA-5
allows for better representation of regional topography, as well as
the pivotal topographic effects influencing precipitation (e.g.,
Gascon, Stewart, and Henson 2010; Ohmura and Reeh 1991).
This may be seen in Figure 4, where ERA-5 yields higher
dependence on extremes along the coast of SE Greenland,
where there is dramatic topography. This agrees with previous
studies that have found that increased spatial resolution improves
agreement with precipitation observations, particularly in regions
of complex topography (e.g., van Kampenhout et al., 2019;
Bacmeister et al., 2014). Notably, ERA-5 produces a lower event
frequency than the other reanalyses in the region (Table 3). This
may be explained by the other reanalyses producing more light
precipitation, which has been documented for MERRA-2 in the
Arctic (e.g., Boisvert et al., 2018; Barrett, Stroeve, and Serreze 2020).
While the presented results are not particularly positive, the newer
products (particularly ERA-5) show promise in representing
extreme precipitation and may be further improved using
dynamical downscaling.
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